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The Cortical and Subcortical Controls of Postural Instability in People with Parkinson's
Disease

Jessica Bath

Abstract

Statement of the problem: Gait initiation and turning are fundamental human motor
tasks requiring adept postural control. People with Parkinson’s Disease (PD) often exhibit
postural control dysfunction during these tasks, which can be quantified using
biomechanical tools. A very limited amount of research has characterized these data with
the neural circuits underlying postural control in PD. In fact, it is normally not possible to
record from the deep structures of the brain while performing motor tasks in humans.
However, developments in deep brain stimulation (DBS) now allows the recording of local
field potentials from different areas in the brain while performing motor tasks. Further
research is needed to decipher the relationships between the circuitry of postural control
involved in balance tasks, levodopa’s effects, and metrics of task quality because current
interventions do not offer a complete resolution for postural instability in PD. This
dissertation is the first body of work combine neurophysiological and biomechanical data
during gait initiation and turning under varied levodopa medication states to begin to
understand these phenomena for implementing effective therapies for these symptoms.

Methods and procedures: Five individuals with PD exhibiting gait and balance issues
were implanted with an investigational bidirectional neural interface (Summit RC+S,
Medtronic Inc) connected to deep brain stimulation (DBS) electrodes at the globus

pallidus and cortical paddle electrodes overlying the premotor and primary motor cortices.



Subjects performed multiple gait initiation trials and 180-degree turns under “ON” and
“‘LOW” levodopa states utilizing force plates or body worn sensors for quantifying postural
control abilities. The tasks were broken into epochs to examine neural modulation across
the task under differing postural control demands, as well as inputted into linear mixed
models (gait initiation) or multiple linear regressions (turns) for understanding the
respective influences of brain region, medication state, epoch neural data across
canonical frequencies, and their relationships to postural control task metrics.

Summary of findings: Much individual variation was observed among subject responses
to levodopa for both dynamic neural modulation across the task and balance task quality
metrics. Neural modulation across the task did not produce consistent effects on the
observed task metrics. These results support theories regarding the diversity of the neural
circuits underlying different balance components (i.e. they are not dopaminergic-
exclusive) and PD’s variable effects. In gait initiation, low frequency power generally
decreased globally in a stepwise fashion across the task from quiet standing to weight
shift to stepping, where the opposite pattern was seen at higher, pro-kinetic frequencies.
Coherence was also dynamically modulated across the task, with significance exhibited
in influencing weight shift amplitudes and timing. Turn results were similar, with
pronounced modulation between turn preparation and turn itself variably shared among
subjects at beta and gamma frequencies among pallidal and cortical locations. These
results offer a preliminary framework and methodology for characterizing balance in this
population, suggesting its potential application in the future using adaptive and

individualized neuromodulatory interventions.
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Chapter 1. Introduction

1.1 Overview of postural instability in Parkinson’s disease

Postural instability (PI) is a common and disabling motor symptom of Parkinson’s
disease (PD), associated with more severe disease progression and mortality'S. This
‘cardinal symptom” has been shown to occur in 20% of people at disease onset,
increasing to 90% after 15 years of disease®%°. While many definitions exist, it's generally
thought that PI results from alterations in one’s static posture and/or postural reflexes,
creating abnormal difficulty when an individual’s balance is challenged through static and
dynamic environmental or task constraints®’-'". These deficits are thought to be caused
by the underlying pathophysiology of PD, which includes dopaminergic and cholinergic
neuronal dysfunction, leading to deficits in cognitive function and sensory integration, grey
matter atrophy and white matter abnormalities, and decreased connectivity at motor
cortical and brainstem motor areas®'%1214, These deficits often are detrimental to one’s
quality of life, among other negative sequelae, largely due to increased fall risk, loss of
autonomy, and fear of falling®'°. Despite the significance of these symptoms, existing
interventions for PD-Pl+ such as medication, deep brain stimulation (DBS), and gait-
based rehabilitation do not usually produce wholly-effective or long-term improvements
and can even worsen postural responses®'5-1%. Due to its impact and prevalence, it is
imperative that research begin to explore the underlying neurophysiology of postural

instability to begin the development of effective therapeutics.
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Figure 1.1 Balance domains and Parkinson’s effects

Figure notes: The different blue boxes represent the domains of postural control: static, reactive,
anticipatory, and dynamic (gait). The common findings for each in PD are in bold. Red text indicates
common measurement tools in research or clinic. The phrases outside of the boxes are hypothesized or
demonstrated findings stemming from the disease’s pathophysiology or patient experience which underlie
each domain and contribute to postural instability’-°2%-34, Abbreviations: IMU = inertial measurement unit,
MiniBEST = Mini Balance Evaluation Systems Test, UPDRS = Unified Parkinson’s Disease Rating scale
(motor subscale, part IlI).

Balance is often considered to be comprised of static, reactive, and anticipatory
domains, in addition to dynamic control throughout movement®? (Figure 1.1). While PD is
thought to affect each domain due to shared underlying basal ganglia-thalamocortical
circuits, deficits in anticipatory postural control are often exhibited during postural
transitions with rapid changes in sensory and motor demands and can result in festination
(taking shortened, fast steps) and freezing of gait (‘FoG”)>'121:35, FoG is often defined as
an episodic, sudden, and unplanned stoppage of walking or decreased forward
progression despite the intention to walk, often leading to falls?'.

One such postural transition occurs during gait initiation, when a person moves

from static standing to dynamic locomotion. Successful gait initiation is thought to consist
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of anticipatory postural adjustments (APAs), involving a sequence of muscle activations
prior to the step when the body’s center of mass (CoM) moves forward and over the
stance foot while the center of pressure shifts to the stepping foot?%36. While APAs are
generally thought to be stereotyped in healthy individuals, deviations in APA timing and
amplitude are often found in patients with Parkinson’s disease (PD)?*%” and can be a
hallmark of postural instability. Much robust biomechanical research utilizing forceplates
and body-worn sensors has demonstrated APAs to be variable, prolonged, and
hypometric in PD-PI+ individuals compared to healthy subjects, theorized to contribute to
problems initiating walking and other negative sequelae including falls®?20.3437-39,

Another prominent and often dysfunctional postural transition seen in people with
PD occurs during turning. Performing successful turns while walking involves multiple,
sequential APAs to rotate the body and alternate loading and unloading of the stepping
limb to change direction*°. Difficulty with turning is a common symptom and mobility
challenge in people with PD, but quantifying kinematic and kinetic changes during APAs
in this population while turning has been less explored. Data which currently exists using
body-worn sensors has consistently reported turns in people with PD are more variable,
less stable, and consist of more steps®232441,

Clinical tests utilizing these tasks are commonly used by neurologists and physical
therapists to evaluate for the presence and severity of balance impairments in people with
PD. Assessments of balance in PD include the Mini Balance Evaluation Systems Test
(Mini-BEST), which tests multiple postural control domains including anticipatory (an APA
proxy), and Part Il of the Movement Disorder Society’s (MDS) Unified Parkinson’s

Disease Rating Scale (UPDRS II1)>7:1942 Scores on the MDS-UPDRS are often used to



classify PD symptoms into motor subtypes, including one called “Postural Instability (and)
Gait Difficulty-predominant” disease (PIGD)>43. While the purpose of clustering motor
subtypes was to streamline treatment approaches, identifying reliable classifications and

effective treatments tailored towards PIGD symptoms remain elusives44.

1.2 The neural substrates underlying postural control

The cortical-basal ganglia neural activities underlying postural control are complex
and not widely understood. Despite theories that dysfunctional APAs are linked to
postural instability in people with PD, little research has identified potential neural regions
and/or circuits which may be altered in these patients. Much research conceptualizing the
neural circuitry of postural control has been done in cats and monkeys due to
methodological constraints, despite these species not being bipedal, suggesting unknown
transferability to humans. This body of work has offered popular hypotheses, however,
suggesting that PD-associated balance impairments stem from increased inhibition from
the diseased basal ganglia on various functional centers of gait and posture, rendering
the impacts of PD far-reaching and complex#546.

Inferring from these animal studies, gross human postural control is thought to be
governed by dopaminergic and non-dopaminergic circuits spanning cortical and
subcortical areas with various sensory inputs®. A recent review*® provides an in-depth
overview of prevalent theories related to the neural controls of APAs and gait initiation
(Figure 1.2). Broadly, sensory input regarding the environment (e.g. proprioceptive,
vestibular, and visual inputs) prior to stepping are sent to the supplementary motor area

(SMA) and premotor cortex (PMC) for production of a motor program for APA and/or



stepping®4%46. This program is then sent to the basal ganglia, where tonic inhibition is
dampened, sending the signal on to downstream targets including the brainstem
locomotor centers and reticulospinal tracts*®46. For precise stepping, the additional
recruitment of primary motor cortex (M1) is presumed to facilitate the selection and
execution of a stepping program following the release of basal ganglia inhibition and
transmission to downstream corticospinal tracts in the lower extremities*s. The basal
ganglia, particularly relevant to PD, is also thought to serve important roles in postural
control besides motor refinement and execution, including somatosensory integration,
automatic postural responses, and muscle tone maintenance®4.

While this general schema is thought to be shared among other fundamental
human motor tasks such as gait, additional circuits are implicated in postural control®.
One critical element is the maintenance of appropriate muscle tension and length
(“muscle tone”) throughout the body, largely driven by spinal reflexes using inputs from
receptors in the soft tissues and joints®#849. These spinal reflexes also receive input from
supraspinal regions including the motor cortical areas, cerebellum, reticular formation,
and vestibular nuclei, which contribute to the descending reticulospinal and
vestibulospinal tracts in the spinal cord®454649  Prevailing theories suggest that the
postural control domains discussed in this review result from dynamic combinations of
reflexes, multisensory integration and reweighting, and changes in one’s internal schema
of body posture, which are driven by different underlying neuronal populations®45:46:48.50
It is also hypothesized that various postural responses are mediated by different neural
circuits, which are automatically selected by factors such as the magnitude and

predictability of a perturbation, latency allowed, and/or one’s own capabilities®59-51.



The neuronal circuits underlying these processes are also thought to be diverse
and interrelated, which further complicates the study and treatment of postural control
impairments®. In PD, the loss of dopaminergic neurons in the substantia nigra pars
compacta (SNpc) alters their efferent striatal neuronal activities and their subsequent
downstream targets in the basal ganglia thalamocortical circuit, which likely results in the
characteristic motor symptoms®4%47. Additionally, the basal ganglia have additional
downstream GABAergic connections with the thalamus, brainstem, SMA and PMC, as
well as the pedunculopontine nucleus (PPN)°. The PPN, in turn, sends cholinergic
projections onto the SNpc, with various cholinergic and non-cholinergic synapses at the
cortex, thalamus, basal ganglia, cerebellum, and spinal cord locomotive network54%-47.
Thus, it is likely that dysfunction among these overlapping circuits contributes to the

various postural control deficits seen in PD and complexity of treatment intervention®.
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Figure 1.2 Conceptualization of the circuits underlying APA and gait initiation

Figure footnotes: Image displaying APA and gait initiation used from Takakusaki et al.%t:
(https://onlinelibrary.wiley.com/doi/full/10.1111/ncn3.12683). This work is licensed under the Creative
Commons Attribution-Noncommercial-NoDerivs License (https://creativecommons.org/licenses/by-nc-
nd/4.0/); no modifications were made. PM = premotor cortex, SMA = supplementary motor area, M1 =
primary motor cortex, S1 = primary somatosensory cortex, BG = basal ganglia, MLR = mesencephalic
locomotor region, Thal = thalamus, RF = reticular formation.
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1.3 Cortical neurophysiology of postural control in Parkinson’s disease

Cortical involvement of human postural control has been predominantly studied
using non-invasive electroencephalogram (EEG) recordings and motor tasks eliciting
postural responses®. Cortical power across multiple frequency bands: delta (1-3 Hz),
theta (4-8 Hz), alpha (8-13 Hz), beta (13-30 Hz), and gamma (30-50 Hz), have been
shown to exhibit much modulation during bipedal postural responses®. EEG data
recorded during static balancing on foam, theorized to decrease one’s ability to use
proprioceptive and vestibular input for maintaining balance®?, reflected much lower theta
(6) power at mid-frontal and cerebellar locations in people with PD exhibiting Pl (PD-Pl+),
compared to those without Pl (PD-PI-) and healthy controls®3. Additionally, people with
PD were found to have increased postural sway and widespread cortical power
differences among alpha (a) and beta () bands during a static, semi-tandem balance
task (decreasing the base of support to increase task difficulty) while “ON” levodopa
medication compared to “OFF” periods®4.

In another study comparing EEG changes during anticipatory postural responses
between healthy young adults and people with PD, movement-related potentials (MRPSs)
at the central cortical area differed between the two groups for early slope and peak
amplitude metrics; furthermore, early slope of the MRP was found to be inversely related
to stride length in the PD-PI- sub-group®®°. Thus, it was suggested stride length during
gait initiation may be coded early in MRPs, with this phase disrupted in PD-Pl+
individuals®°.

Another study characterizing EEG activity during gait over planned and unplanned

obstacles (requiring both anticipatory and reactive postural responses, respectively),



found that people with PD “ON” medication exhibited altered 8 and 3 cortical modulation
compared to age-matched control subjects during multiple phases of the task®%6. During
the pre-stepping phase, 6 power was observed to be attenuated in people with PD for
steps over unplanned obstacles (reactive responses); this contrasted with 3 power, which
remained higher-than-expected in people with PD under both types of obstacles®%.
Within the post-stepping phase, the authors also observed a lower-than-expected 6 and
B “rebound” in people with PD during both obstacle types®°¢. These findings suggest that
people with PD may experience dysfunctional cortical modulation, which likely mediates
impairments in cognitive-motor control and resulting anticipatory and reactive postural
response deficits®8.

Also examining reactive postural responses, a study found that people with PD
were shown to display similar architecture of the elicited N1 potential while “OFF”
medication during unexpected perturbations compared to healthy older adults, however
its correlations with various balance metrics and individuals’ abilities differed®%’. In PD,
earlier and narrower N1 peak widths correlated with more severe PIGD scores and lower
balance abilities and confidence®>’. While these findings suggest a potential link between
cortical activity and falls in PD, more investigation is warranted to characterize the
presumably overlapping domains of cognitive function and balance ability, as well as the
effects of dopamine medication and patients’ perceptions of falling and balance ability
during such tasks®®".

In summary, PD+PI individuals have been shown to exhibit altered modulation
among 9, a, and B frequencies compared to healthy subjects during static, anticipatory,

and reactive postural tasks®. This highlights the importance of widespread cortical



network activity in regulating postural control® and suggests that postural control is

governed via multiple overlapping motor circuit components.

1.4 Invasive neurophysiology recordings associated with balance in
Parkinson’s disease

Invasive neurophysiological studies in PD have largely relied on local field
potentials (LFPs) recorded from implanted deep brain stimulation (DBS) electrodes in
patient who underwent surgery for treatment of their Parkinson’s symptoms®. While these
studies have greatly expanded our understanding of human basal ganglia
neurophysiology in different medication and movement states in PD, very little is known
about oscillatory changes that occur in the basal ganglia during postural transition tasks,
such as gait initiation and turningl®. In fact, gait initiation and turning are more difficult to
measure than straight overground gait and pre-processing from expert skills is needed to
characterize these motor tasks. However, since balance is even more impaired in those
people with PD who exhibit FOG%® and since postural transition tasks often elicit FoG®, |
will review existing studies that have characterized basal ganglia LFP activity associated
with FoG in this population®.

The subthalamic nucleus (STN) is a primary region in which neurophysiological
data during gait and FoG episodes have been examined®. Relating to lower frequencies,
0 and low 3 modulation may serve as spectral correlates with FoG, as increased STN
LFP 6 and low B power were observed during periods of “vulnerable” gait™. 6
modulation was also implicated in comparisons between “effective” gait and FoG periods,

with STN LFPs and cortical EEG recordings exhibiting low frequency (4-13 Hz)
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synchronization during “effective” walking and FoG associated with cortical-subthalamic
decoupling in the hemisphere with less striatal dopaminergic innervation®8'. These
findings have led to the idea that theta cortical-subthalamic decoupling may be associated
with a transition from gait to FoG in this population®2.

For a and 3 frequencies, STN LFPs recorded during forward gait, stepping in place,
and a turns and barriers course displayed changes in power and entropy between people
with PD who experienced FoG (PD-FoG+) and those who did not (PD-FoG-), as well as
task-specific modulation in these sub-populations®%3. The increased entropy in PD-FoG+
was thought to perhaps serve as a compensatory mechanism for improving FoG in this
population®83. Severe akinesia in FoG was also shown by another study to be correlated
with increased STN low B power when comparing PD-FoG+ to PD-FoG- individuals
during treadmill walking®>%*; more specifically, an 18 Hz frequency band has gained
attention for its potential link to FoG in this population®8°. Another neurophysiological
signature of FoG is sustained 3 burst duration, as this feature differentiated between PD-
FoG+ and PD-FoG- individuals during forward walking and a stepping in place task®65.
The authors found that attenuation of these pathologic bursts using STN-DBS therapy
was linked to gait improvements®-.

While not using neurophysiology, it should be noted that some neuroimaging
studies have also reported differences in sub-populations of people with PD exhibiting
FoG. A functional magnetic resonance imaging (fMRI) study found increased connectivity
between the bilateral insulae in PD-FoG- compared to PD-FoG+ during a leg lifting task,
which negatively correlated with FoG severity; PD-FoG+ individuals also demonstrated

increased SMA reliance during APAs®. A recent resting state functional connectivity
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study using fMRI suggested deficits in single-task anticipatory postural control were
associated with increased activation of prefrontal and parietal cortical regions in people
with PD when compared to older adults, resembling more of a dual-tasking state; this
work also found functional connectivity between frontoparietal and ventral-attention
circuits to predict APAs in people with PD%%7. These works continue to validate the
existence of unique circuits underlying the various domains of postural control and the

likely dysfunction present in PD hypothesized to mediate postural instability.

1.5 Interventions for balance impairments in Parkinson’s disease

Balance impairments remain difficult to effectively treat, likely due to both their
paroxysmal nature and the complex and interrelated nature of multiple motor and sensory
circuits underlying the various domains of postural control®.

Levodopa is often prescribed as a first-line treatment for the motor symptoms of
PD, including Pl. Unfortunately, levodopa can often cause problematic secondary
symptoms including dyskinesia with continued disease progression®. Furthermore,
levodopa has often been shown to have a negligible or even worsening effect on various
Pl symptoms®10.1869-73  perhaps through compromises to one’s postural adaptation and
refinement mechanisms'” or static postural abilities’*. In people with PD, levodopa has
been shown to increase turning speed without affecting dynamic stability’* and is
associated with more consistent turn strategies and taking fewer steps to turn’.
Levodopa has been shown to improve FoG and akinesia, however’®. For gait initiation in
PD, a recent systematic review and meta-analysis reported levodopa to have no

significant pooled effects on various stepping metrics, including amplitude, velocity, and
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timing; the sole exception was a small improvement in the velocity of medio-lateral
steps’3.

Another first-line treatment for motor symptoms in PD, including PI, is physical
therapy (PT). PT is commonly used in conjunction with levodopa and often
neuromodulatory interventions later in the disease. A recent clinical practice guideline
released by the American Physical Therapy Association to summarize the quality and
strength of existing research to guide PTs in treating PD strongly recommended the use
of balance training to improve various domains of postural control in this population,
including static posture (postural sway), as well as anticipatory and reactive responses®’”.
While intervention modalities included by the recommendation were quite varied,
supervised, multimodal balance programs, moderate-to-vigorous aerobic treadmill
training and the use of novel rehabilitation technologies (sensors, exergaming) were all
associated with increased benefit with PT in treating PI>77, however little research exists
studying these interventions in combination or the long-term benefit. It is expected that
continued research characterizing the neural and biomechanical deficits present among
various domains of postural control in this population will also improve the selection of,
appropriateness, and effectiveness of PT interventions®.

Another often-utilized intervention for severe Pl symptoms is DBS applied to the
STN (STN-DBS) or globus pallidus internus (GPi-DBS), as these subcortical regions are
known to be affected by PD. While DBS technology has been used for over twenty years
to treat most of the “cardinal” motor symptoms of PD, controversy remains whether it
improves (or worsens) symptoms of PIl, especially long-term, and which region and

configuration offers the most effective therapeutic benefit> 678, Research has consistently
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shown, however, that medication-responsive Pl symptoms will likely have the greatest
improvement with DBS regardless of target>79:80.

There is greater data (especially short-term) examining STN-DBS’s effects on
PIGD symptoms and postural control in people with PD compared to other DBS targets®.
Specific to static postural control, studies have generally suggested that STN-DBS
improves most postural sway metrics®71728182_For anticipatory postural control, a review
found STN-DBS has a generally positive effect on APAs through amplitude, propulsion,
and alignment improvements’®, with its effects varying with displacement direction,
hemisphere stimulated, and frequency of stimulation®'¢. However, another study
suggested medication and STN-DBS together worsened APAs and their responsiveness
to levodopa during gait initiation upon 6-month follow-up®'°. Similar work also found STN-
DBS and medication together had limited benefit on APA metrics compared to medication
alone, with both treatment groups continuing to displaying abnormal lower-extremity
muscle activation and co-contraction compared to healthy subjects®8.

Related to the reactive postural domain, STN-DBS and medication together have
been found to both impair?®, and partially improve, the speed of postural reflexes and co-
contraction ratios compared to healthy subjects®®. Another study found initial
improvement with STN-DBS in compensatory stepping abilities, however this benefit was
lost and reversed after six months when compared to subjects’ “ON” medication function
prior to surgery®®. The combined effects of STN-DBS (at least 1-year post-implant) and
levodopa during reactive balance responses were also found to have a beneficial effect
on Pl and fall risk, however no treatment combination achieved superior benefit in

postural control compared to both “OFF” medication and stimulation conditions®°.
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Conversely, other studies found STN-DBS with or without medication to improve PIGD
subscores®, postural bradykinesia and abnormal sensory aspects of Pl following 6 to 12
months of therapy?®®, as well as the ability to improve one’s postural strategies 7, despite
them remaining at least partially ineffective compared to controls 58687,

Longitudinally in people with PD classified into the PIGD subtype (PD-PIGD), STN-
DBS’s effects on Pl symptoms has been mixed, likely complicated by individualized
disease progression®8°_ Many studies have reported a loss of therapeutic resolution on
axial symptoms, including PI, within one year® to ten years after implantation of STN-
DBS®8889, Despite this, others have reported continued benefit during that timeframe®8°.
Interestingly, STN-DBS in the PD-PIGD population was shown to become less effective
in treating “ON” medication Pl symptoms over time, while still improving “OFF” medication
symptoms®8°. Factors such as disease progression, outcomes selected, medication and
DBS testing states, and/or pre-surgery Pl symptom levodopa responsiveness are all
probable sources of variability which could have contributed to the mixed results seen in
STN-DBS'’s effects on Pl symptoms?®.

GPi-DBS is also used to resolve motor symptoms in PD-PIGD individuals. While
longitudinal outcomes of Pl symptom resolution using GPi-DBS are relatively limited, GPi-
DBS with medication was shown to be superior to STN-DBS with medication on PIGD
outcomes at six months and two years post-surgery®8491. Other long-term results using
GPi-DBS have suggested that continued therapeutic benefit may be limited to tremor,
rigidity, and dyskinesia symptoms only®8892, GPi-DBS has also been found to have some
benefit on static'® and dynamic postural control while counteracting the negative effects

levodopa may have®%3. In the reactive postural domain, GPi-DBS was found to be
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superior to STN-DBS in improving compensatory stepping and falls, however GPi-DBS
and medication combined were no better than the medication-only state prior to
surgery®>2°. A recent study also suggested GPi-DBS can improve multiple PD-related
postural deformities3!, which may influence postural responses as well®.

These findings collectively have led to the suggestion that GPi-DBS may offer
greater benefit in people with Pl also looking for effective “cardinal symptom” resolution
for issues such as tremor, bradykinesia, and rigidity>8°. Due to the lack of longitudinal
outcomes and limited research exploring the effects of GPi-DBS on various domains of
postural control, much work needs to be done in these areas before strong
recommendations can be made to guide providers and patients®. It is thought that low-
frequency (60-80 Hz) stimulation is most effective for targeting axial PD symptoms such
as PI®*, which is much lower than settings often used to treat other “cardinal symptoms”
of PD such as tremor and bradykinesia®. Thus, commonly used, and continuous high-
frequency settings may not be as effective in treating patients also demonstrating PI°.
Despite the lack of consensus regarding the long-term effects of STN-DBS and GPi-DBS
in treating PI, findings showing that targeting these region affects postural responses

provides confirmation of their roles in human postural control®.

1.6 Knowledge gap, rationale, and study aims

Little is currently known regarding the neurophysiology underlying postural control
due to both a lack of research and prior methodological constraints. Currently, no studies
have examined cortical and basal ganglia interactions during the postural control

mechanisms involved in gait initiation and turning. For this dissertation, | had the unique
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opportunity to study neural activities in the form of field potentials using bidirectional
neural interfaces in freely moving patients®%,

Analyzing population neural activities in the form of field potentials is a promising
method for studying the communication at and between brain regions to elucidate the
neural circuits that regulate postural control. By using bidirectional neural implants while
‘OFF” DBS (recording only), naturalistic neural data can be collected from both the
cortical (premotor and motor cortex areas) and subcortical regions (basal ganglia) thought
to implicated in motor circuits affected by PD. This data is also high-fidelity, allowing for
robust associations of neural data corresponding motor activities. Dr. Wang’s laboratory
is one of the few laboratories in the world that currently is using this set-up to characterize
gait and balance in people with PD. Specifically, we observed low-frequency modulation
across the M1 and STN during specific phases of the gait cycle in people with PD%. These
neurophysiological data have been linked to dysfunctional gait symptoms experienced by
people with PD and are now successfully being studied by researchers (including the
Wang laboratory) for the development of adaptive neuromodulatory therapies to improve
gait function and safety and overcome limitations currently present with continuous DBS
and levodopa.

Using similar methods, my dissertation combines human ambulatory neural
recordings with corresponding biomechanical data collected during a Phase | clinical trial
under principal investigator (Pl) and primary mentor, Dr. Doris Wang, MD, PhD to assess
neural oscillatory changes during gait initiation (Aim 1) and 180-degree turning (Aim 2)
and relates these neural changes to the quality of these movements, quantified with force

plates and wearable sensors.
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This study is the first of its kind to collect and analyze neural data from people with
PD while they perform salient motor tasks designed to characterize postural transitions
and probe levodopa’s effects on such phenomena. It is hypothesized that prior to the start
of the postural transition (either APA onset or turn), low frequency pallidal oscillations and
pallidal-premotor coherences will dynamically change to produce a motor program that
will then engage M1 for task execution.

The overarching goals of this study were to start to build a conceptual framework
regarding the neurophysiological changes underlying bipedal postural control, and shed
light on the pathophysiology of impaired postural transitions in PD. These results may
contribute important information for developing novel, individualized neuromodulation

strategies to improve postural transitions in this population.
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Chapter 2. General Methods

2.1 Study Participants

Five subjects with idiopathic PD undergoing evaluation for DBS surgery were
enrolled in the clinical trial (ClinicalTrials.gov ID: NCT-03582891) at the University of
California, San Francisco (Table 2.1). Study inclusion criteria included subjects who were:
candidates for DBS for motor fluctuations, could walk without an assistive device, and
experienced fewer than 4 falls per month. Study exclusion criteria included: subjects with
‘ON” medication freezing of gait. All subjects provided written informed consent
according to the Declaration of Helsinki and the study was administered under institutional

review board approval.
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Table 2.1 Baseline subject demographics and motor function

Table notes: #Values taken from closest visit prior to DBS implantation; PTest performed virtually by
neurologist so rigidity and pull-test not examined. Abbreviations: MDS-UPDRS-IIl = Movement Disorders
Society’s Unified Parkinson’s Disease Rating Scale, Part Il - motor domain; PIGD = Posture Instability Gait
Disorder (subscores from items 3.9: arising from chair, 3.10: gait, 3.11: freezing, 3.12: postural stability and
3.13: posture); LEDD = L-dopa equivalent daily dose; MiniBEST = Mini Balance Evaluation Systems Test.

Patient Demographics Subject | Subject 2 Subject 3 Subject 4 Subject 5
Age (years) 68 64 62 68 68
Male/Female Male Male Female Male Female

Disease duration (years) 21 12 10 8 4

Baseline Motor Function?

MDS-UPDRS Ill score

b b b b

OFF MED (PIGD subscore) “240) 209 8) 31 A0
MDS-UPDRS Il score 6 5 1 & i
ON MED (PIGD subscore) %6 1943) 42(1) 7@ @)
Baseline LEDD (mg)* 2590 1514 1099 1025 618

MiniBEST score LOW MED
(Anticipatory subscore) 136 ) *) 2169 12
MiniBEST score ON MED 17 3) 19 (4) 7Q) 20 (6) 21 (4)

(Anticipatory subscore)

2.2 Surgery and electrode localization

All subjects underwent implantation of quadripolar DBS leads implanted in the
pallidum (model 3387, Medtronic Inc.), as well as subdural cortical paddle electrodes
(model 0913025, Medtronic Inc.) overlying the PMC and M1 areas. Electrodes were
connected to an investigational bidirectional neural stimulation device which allows
chronic sensing of local field potentials in ambulatory subjects (Summit RC+S, model
B35300R, Medtronic Inc.)%:%.

Precise electrode localization was performed using established image analysis

pipelines for depth and cortical electrodes by fusing preoperative MRI images with a
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postoperative computed tomography scan (CT)%. For group analyses, electrode
locations were normalized into Montreal Neurological Institute space and visualized either
on the FreeSurfer average cortical surface or a standardized subcortical atlas (Figure

2.2). Electrode localization figures provided courtesy of Dr. Thomas Wozny, MD.

A. B.

Figure 2.2 Aggregated subject lead and ECoG visualization

Figure notes. 2.2A: Aggregated subject DBS leads targeting the globus pallidus internus (green) and globus
pallidus externus (blue); 2.2B: Aggregated subject ECoG contacts targeting the premotor cortex and
primary motor cortex (hand-knob region).

2.3 Motor Symptom Outcome Measures

Subjects received baseline gait and balance assessments 1-2 months prior to DBS
surgery, including the Movement Disorders Society’s Unified Parkinson’s Disease Rating
Scale (MDS-UPDRS) Part Il subscore assessed by a movement disorders neurologist,
as well as the Mini Balance Evaluation Systems Test (Mini-BESTest) performed by a
physical therapist (this author) (Table 2.1). These tests were administered during both
“ON” and “LOW” medication states; the “ON” medication state was tested after the subject
took their typical dose(s) of Parkinsonian-medication(s). This period was usually 20-30
minutes after medication was taken, with the individual (and often their partner), and study
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PT, confirming that their present motor functioning was comparable to the expected or
usual optimized “ON” medication functioning. Subjects were also given “warm-up” time
prior to testing if experiencing residual stiffness or other persistent “LOW” medication
motor symptoms. The “LOW” medication state was defined as the subject withholding
one or more scheduled doses of medication; this spanned overnight for one subject to
multiple hours for other patients depending on symptom tolerance, “LOW” medication
function, and dosing regimen. Baseline UPDRS-IlIl and MiniBEST data including

anticipatory balance subscores are provided in Table 2.1.

2.4 Neural data collection and processing

All neural and biomechanical data for this study were collected after the
subjects had been implanted with the bidirectional neural RC+S device, but prior
to DBS ever being turned “ON” (recording in a completely “OFF” DBS state). The
time between DBS surgery and data collection varied among subjects from 14-44 days.

Local field potentials (LFPs) were recorded in a sandwich configuration from the
following two electrode pairs: +2-0 (more ventral, primarily targeting the GPi) and +3-1
(more dorsal, targeting the GPe and striatum). Bilateral cortical data was recorded using
two pairs of contacts: +9-8 (over M1) and +11-10, over PMC. LFPs were sampled at 500
Hz and initially preprocessed using a preamplifier high-pass filter of 0.85 Hz and a two-
staged low-pass filter at 1700 Hz and 450 Hz. Accelerometry data from the Summit RC+S
device was sampled at 64 Hz. All data were extracted using open-source code

(https://github.com/openmind-consortium/Analysis-rcs-data)®.
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Kinematic data were also collected using a wireless surface electromyography
(EMG) system (Trigno, Delsys Inc., Natik, MA) and a wireless inertial measurement unit
(IMU) system (Xsens, Movella, Netherlands). Accelerometer sensors were placed on top
of subjects’ RC+S implants for synchronization between EMG and neural LFP. Trial-by-
trial LFP data were aligned prior to further processing with biomechanical data collected
using peaks in accelerometer data from the Xsens and Delsys systems and RC+S device.
Alignments were verified visually, with a 3-sample difference allowed between
accelerometry peaks in the final alignments. Dropped neural data packets in the RC+S
recordings were also identified and noted (0.01s threshold).

All neural data for the included gait initiation trials (Aim 1) or turn intervals (Aim 2)
were concatenated under similar conditions (e.g. medication state, contact) and
presumable artifacts were identified and labeled with 50 sample buffers on each end
using “NaN” values prior to analysis using MATLAB scripts authored by Kara Presbrey,
BS. Broadly, data was processed using a multitaper spectral transform (filter parameters:
16 voices per octave, 75-150 Hz gamma filter limits, 60 time bandwidth)®®'%, then
normalized using median-based z-scoring. Data was blanked over time intervals where
gamma power surpassed a set threshold of deviations which was tailored to each subject
following visualization. Specific artifact thresholds used for each subject are further
detailed in the methods section for both aims. All localized artifacts and artifact-labeled
spectrograms were visualized to ensure appropriate inclusion and labeling.

All neural data for each gait initiation trial or turn were analyzed using a built-in
MATLAB signal processing function for short-time Fourier transform (“spectrogram”

function) with a 1s window, 90% window overlap, and a transform length of 512 data
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points. Data ran through the spectrogram function were also filtered beforehand through
a high pass, 4"-order Butterworth filter with 2 Hz cutoff to remove low frequency noise.
Average epoch neural power were calculated over time and averaged for the canonical
frequencies. The canonical frequencies analyzed included theta (4-8 Hz), alpha (8-12
Hz), low beta (13-20 Hz), high beta (20-30 Hz), low gamma (30-50 Hz), and broadband

gamma (50-200 Hz).

2.5 Statistical analysis

Each subjects’ postural task quality metrics were compared between “ON” and
‘LOW” medication states using Wilcoxon rank sum tests in R/R Studio to assess
medication-related differences. Group data comparing the neural modulation during each

task and the relationship to task metrics are detailed in the methods for each aim.
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Chapter 3. Gait initiation (Aim 1)

3.1 Task rationale and hypothesis

People with PD often demonstrate gait initiation impairments, thought to be caused
by the presence of one or more dysfunctional APAs stemming from the disease’s effects
on basal-ganglia-thalamocortical circuits underlying these processes. While much
literature has characterized various amplitude and timing deviations (APAs are generally
thought to be more variable, hypometric, and/or delayed in people with PD),?%% it is less-
known which specific neural regions and circuits underlie this fundamental motor task,
how neural modulation changes with levodopa during varying postural control
requirements, and whether relationships exist between dynamic task-related neural
modulation and resulting APA timing and amplitude metrics. This work is a likely important
first step to begin to answer these important questions prior to development of future
neuromodulatory interventions which could effectively treat gait initiation dysfunction (and
potentially, related sequelae such as FoG) in this population.

This project combined forceplate data quantifying subject APAs with neural data
collected during repeated gait initiation trials under both “LOW” and “ON” levodopa
medication states utilizing a simple cueing paradigm. Our hypothesis for Aim 1 (in addition
to the general hypothesis above) is that “ON” medication, APAs would display larger
amplitudes, and be associated with greater overall beta desynchronization across the

task.

25



3.2 Gait initiation methods

3.2.1 Gait initiation task overview

Subjects performed repeated gait initiation trials in both the “ON” and “LOW”
medication states on embedded twin AMTI force plates (1000 Hz sampling rates) using
a self-selected stepping foot in response to a visual cue. Each trial began with the patient
settling on the force plates (choosing their weight distribution with a foot on each force
plate without feedback), with readiness confirmed prior to initiation of cueing paradigm.
Subjects were instructed to begin walking with display of a green “go” screen; no other
feedback was provided for cueing to maximize naturalistic performance. Gait initiation
trials were performed in 5-10 trial bouts depending on patient tolerance, with seated
breaks between sets and as requested. Trials were excluded if patient was unable to
perform a period of quiet standing due to dyskinesia, lacked an APA, or had multiple APAs

with no quiet standing interval between.

3.2.2 Biomechanical data collection and processing

All ground reaction force data from the force plates’ z-axes (GRFz) were processed
using a low-pass, 4""-order Butterworth filter with 50 Hz cutoff frequency?®3°. Kinematic
data were also collected using the Trigno Delsys EMG and Xsens IMU systems.
Accelerometer sensors were placed on top of subjects’ RC+S implants for
synchronization between EMG and neural LFP. The IMU system consisted of 15 units
placed in a standard configuration'' over the subjects’ body and limbs and were used for

data synchronization with an automatic force plate trigger.
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3.2.3 Task analysis

Force plate data were separated into epochs during the gait initiation using custom
MATLAB scripts to demarcate a period of quiet standing, pre-APA onset, APA onset, peak
APA amplitude, and when the stepping foot completely came off the force plate (Figure
3.1A). These points were chosen to gain insight into the differing postural control
requirements of the task, including static (quiet standing), anticipatory postural demands
(APA execution), and motor execution (stepping)'02103,
Quiet standing: The period prior to cue when subjects stood as quietly as possible on
the force plates. Quiet Standing start (trial start) was defined as the last GRFz crossing
of the subjects’ feet on the force plate prior to the “Quiet Standing End” mark; the “Quiet
Standing End” mark was defined as exactly 1.5s before the subjects’ stepping foot
completely left the force plate. (This “rule” was established as patients generally took 0.5-
0.75s to execute the APA and step, creating a 0.75-1s preparatory APA period prior.)
Trials were required to have a minimum of 3s of quiet standing. (For one subject, two
trials were included with 2.5s of quiet standing, to utilize as many trials as possible despite
difficulty with quiet standing.)
APA preparation: The period from “Quiet Standing End to APA Onset” was designed to
be a preparatory APA proxy with the “go” cue; its length and reasoning is above. APA
onset was defined as the instance at which the stepping foot GRFz slope exceeded 3.5
times the standard deviation of its slope averaged during the quiet standing epoch, which
was adapted from previous methods®”-194195  APA onset was manually marked on

occasion if a subject’s APA did not cross this threshold.

27



APA: The period from APA onset to when the stepping foot completely left the force plate
(GRFz crossed ON) was included as a total APA proxy. Note: if a GRFz value did not fully
cross 0 N due to calibration, but approached and plateaued or increased again, the time
at which the local minimum closest to 0 N was used.) Another epoch (“early APA”)

consisted of the interval between APA onset to APA peak amplitude and did not include

stepping.

3.2.4 APA metrics

APA metrics used to assess task quality and performance were: 1) Cumulative
APA area, calculated using the built-in MATLAB “trapz” function (GRFz were integrated
under the curve from APA onset to APA peak amplitude); this was normalized to subjects’
bodyweight in kilograms as a combined length and amplitude APA metric; 2) APA peak
amplitude, also normalized to subject bodyweight and used as a proxy for APA vigor; 3)
APA amplitude A (“Net” APA; the difference between peak and initial APA amplitudes),
also normalized to subject bodyweight and used as a proxy for APA scaling; and 4) Time
to peak APA amplitude, defined as the time between APA onset and APA peak amplitude

(Figure 3.1B).
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Figure 3.1 Gait initiation task epochs and APA metrics

Figure notes: Task epochs (3.1A) marked for each gait initiation trial featuring varying postural control
strategies: “Quiet standing,” “Quiet standing end to APA Onset”, “APA Onset to APA Peak Amplitude,” and
“APA Onset to Stepping Foot off the Forceplate.” The task’s APA metrics (3.1B) assessed by the study
both “ON” and “LOW” medication included cumulative APA, peak and net APA amplitudes, and time to
peak APA amplitude. Abbreviations: GRF = ground reaction force; ms = milliseconds; APA = anticipatory
postural adjustment.

3.2.5 Data analysis

All task markings and epochs for each trial were visually inspected, with
inappropriate markings manually corrected. To facilitate consistency of the results and
to include subjects who were unilaterally implanted, all gait initiation trials
analyzed used neural data recorded from the contralateral hemisphere to the
stepping leg. This resulted in minimal trials being excluded due to stepping with the
ipsilateral foot. There were also a few trials excluded from analysis due to subjects
performing multiple, subsequent APAs with no quiet standing (thus eliminating
normalization of data at subsequent epochs). For Subjects #1, 2, 4, and 5, 89% (74/83)
of trials met these criteria and were analyzed; for Subject #3 37% (24/65) of trials were

used, due to difficulties performing the task.
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Artifact rejection: Artifacts were identified and localized as detailed above in the general
methods section for all included trials. Subject-specific median-based z-score thresholds
were set under both medication states following visualization of the transformed and
normalized neural data. Thresholds were initially set very high (so no data were blanked
prior to visualization), then lowered as appropriate following consideration of the overall
data and the waveform and regularity of potential artifacts. Subject #1’s set median-
based z-scores were 32 while “LOW” medication and 42 “ON” medication, with no
artifacts identified using these thresholds. Subject #2’s median-based z-scores were 87
while “LOW” medication and 60 “ON” medication, with no artifacts identified. Subject #5’s
median-based z-scores were 25 while “LOW” medication and 42 “ON” medication, with
no artifacts identified. Subject #4’s median-based z-scores were 85 while “LOW”
medication and 100 “ON” medication (with additional blanking added following
visualization); three artifacts were identified which were at least 1300 samples apart.
Subject #3’s thresholds were 45 while “LOW” medication and 30 “ON” medication; no
artifacts were identified. However, additional blanking was performed for all this subject’s
data, due to the presence of continuous artifact-appearing bands across all time points.
These bands were present at GPi (68 Hz, 131 Hz, and 200 Hz), and M1 (75 Hz) while
“ON” medication, and at GPi (66 Hz, 70 Hz, 131 Hz, 200 Hz), and M1 (74 Hz) while “LOW”
medication. Blanking was performed at the frequencies listed for this subject, and 2
additional frequencies above and below for all trials for power and coherence analyses.
All localized artifacts and artifact-labeled spectrograms were visualized to ensure

appropriate inclusion and labeling.
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Signal processing: Corresponding neural data for each trial were analyzed as detailed
in the general methods using MATLAB'’s “mscohere” for magnitude-squared coherence
(32 segment hamming window, 256 nfft, 90% overlap) and “spectrogram” functions
(spectrogram parameters detailed above). Average absolute epoch neural power and
coherence were calculated over time and averaged for the canonical frequencies, with
data also normalized to the “Quiet Standing” epoch for each trial for input into the linear
mixed model analyses. Subject #4’s trials with artifacts were not included in coherence
analyses for the implicated contacts due to scaling of these data. An illustration of these
methods using a sample “LOW” and “ON” medication trial is in Figure 3.2. Additional plots
(Figure 3.3) also reflect the median power spectral density (PSDs) and median absolute
deviations of grouped subiject trials using filtered neural data as detailed above using
MATLAB function “pwelch” with segment length 128 samples and 90% overlap; these
were included for improved visualization for data presentation. Subject #3’s data were

notch filtered for PSD visualization only at the frequencies above.
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Figure 3.2A Sample analysis for a gait initiation trial
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Figure 3.2B Sample analysis for a gait initiation trial
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3.2.6 Statistical analysis

Averaged neural data were compared between four gait initiation task epochs
featuring varying postural control requirements (quiet standing, APA preparation, early
APA, and APA) using Kruskal-Wallis and post-hoc Dunn’s tests, with multiple corrections
via the Benjamini-Hochberg method. Linear mixed models (LMMs) were constructed
using group data for all subjects in R/RStudio using the “Ime4” package'®. LMMs were
built using backwards model selection with the package’s “step” function and APA metrics
as outcomes; all neural data and medication predictors for a single epoch were ran at a
time, thus comparing model performance and relative predictor significance between
different task epochs. Fixed predictors inputted into the LMM included averaged,
normalized neural data for all frequency bands at each recording contact, under both
medication states; subjects were inputted as random effects. Due to trial numbers and
increasing model complexity with greater random effects, only subjects were included as
random effects in this analysis; all final models reached suitable convergence.

LMMs were assessed for quality using Akaike Information Criterion (AIC) and
likelihood ratio tests, with model residuals visualized in Q-Q plots. All fixed effects in the
final models were evaluated for multicollinearity using variance inflation factor (VIF).
Models presented in the main results include all significant predictors resulting from
backwards selection for the “APA” epoch, with additional epochs and corresponding

model performance in the supplemental figures.
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3.3 Gait initiation results

3.3.1 APA metrics during gait initiation are inconsistently affected by levodopa in
people with Parkinson’s Disease

Five subjects (3 male and 2 females) with PD participated in the study. Patient
baseline clinical characteristics are summarized in Table 2.1. Ninety-eight unique gait
initiation trials were included for analysis which met criteria (Table 3.1). Neural data were
analyzed from the brain hemisphere contralateral to the stepping foot, which was the left
hemisphere in 3 subjects (#1, #2, and #5) and right hemisphere in 2 subjects (#3 and #4).

Trials performed in the “LOW” and “ON” medication states were relatively matched
within subjects and two subjects (#2 and #4, characterized as “APA levodopa
responders”) demonstrated significantly decreased APA amplitudes in the “LOW”
medication state. Average cumulative APA across subjects was 333.1 N-ms/kg +/- 188.0
N-ms/kg (mean +/- std) in the “LOW” medication state and 410.8 N-ms/kg +/- 190.7 N-
ms/kg in the “ON” state, which was a significant difference (p=0.03; Wilcoxon rank sum
test). Average APA peak amplitude across subjects was 6.139 N/kg +/- 1.306 N/kg while
“‘LOW” medication and 6.397 N/kg +/- 1.445 N/kg in the “ON” state (p = 0.19). Average A
APA amplitude across patients was 1.524 N/kg +/- 0.925 N/kg in the “LOW” medication
state and 1.744 N/kg +/- 0.790 N/kg while “ON” p = 0.12). Average time to peak APA
across patients was 261 ms +/- 7.6 ms in the “LOW” state and 270 +/- 83 ms while “ON”

medication (p = 0.46).
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Table 3.1 Summary of gait initiation trials and APA metrics

Table notes: 2Metric normalized to subject body weight in kilograms (kg); * “LOW” vs “ON” medication
APA metrics significantly different (p < 0.05). Abbreviations: Gl = gait initiation; APA = anticipatory
postural adjustment; N-ms = Newton-milliseconds; ms = milliseconds; std = standard deviation.

Gait Initiation Data Subject | Subject 2 Subject 3 Subject 4 Subject 5
Stepping foot for all Gl trials Right Right Left Left Right
Neural hemisphere analyzed Left Left Right Right Left

Number of trials analyzed
ON MED/LOW MED 4/3 5/6 13/11 13/14 14/15
Average cumulative APA (std) 490.3 (467.6)/ 324.9 (66.2)/ 406.6 (212.4)/ 187.8 (111.7)/ 386.4 (104.1)/
LOW MED/ON MED? (N-ms/kg) 636.8 (309.6) 446.7 (77.9)" 4322 (207.1) 344.8 (209.5)" 374.9 (88.5)
Average peak APA amplitude (std) 6.45 (3.0)/ 6.86 (0.2)/ 6.13 (1.6)/ 5.10 (0.9)/ 6.77 (0.4)/
LOW MED/ON MED? (Nikg) 6.96 (0.9) 7.96 (0.5)" 543 (1.8) 6.14 (1.5) 6.82 (0.1)
Average A APA amplitude (std) 2.53 (2.3)/ 1.74 (0.3)/ 2.18 (0.9)/ 0.73 (0.4)/ 1.49 (0.4)/
LOW MED/ON MED? (Nikg) 2.04 (0.7) 2.23 (0.3)" 2.18 (1.0) 1.39 (0.8)" 1.40 (0.4)
Average time to peak APA (std) 229 (48)/ 227 (34)/ 240 (74)/ 283 (106)/ 275 (56)/
LOW MED/ON MED (ms) 318 (174) 277 (21)" 279 (95) 247 (84) 269 (47)

3.3.2 Pallidal and cortical oscillatory amplitudes dynamically change during gait
initiation and are variably affected by levodopa

To evaluate signals from the pallidal and motor cortical areas during gait initiation,
we analyzed their mean spectral power across the following epochs of the gait initiation
task: quiet standing, APA preparation, early APA (not included in figure illustrations to
improve clarity), and APA, using grouped subject data and Kruskal-Wallis and Dunn’s
post-hoc testing with Benjamini-Hochberg corrections (Figure 3.3).

In the “LOW” medication state, dynamic power modulation was observed across
the task in the subcortical regions for beta () and broad gamma (y) frequencies. At GPi,
median low 3 power was significantly higher during quiet standing (low 3 power: 0.181
mV) and APA preparation (0.178 mV) compared to the APA epoch (0.152 mV; p<0.01).
GPi high B power significantly decreased in a stepwise fashion between quiet standing

(median high B power: 0.144 mV), early APA (0.119 mV; p<0.01) and APA (0.115 mV;
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p<0.01). High B power at GPe was also significantly elevated during quiet standing
(median high B power: 0.102 mV) compared to APA preparation (0.092 mV), early APA
(0.089 mV) and APA (0.085 mV; p<0.0001-0.01). GPe broadband gamma (y) power was
significantly higher during early APA (median broad y power: 0.031 mV) and APA (0.030
mV), compared to quiet standing (0.028 mV; p<0.001-0.01). GPe broadband y power
displayed stepwise power increases with task progression.

While “ON” medication, GPi exhibited differing significant power modulation across
the task. At GPi and GPe, broadband y power again increased in a stepwise fashion, with
significant differences between both quiet standing and APA preparation (median GPi
broad y power: 0.030 mV, GPe broad y power 0.028 mV) compared to the APA epoch
(GPi: 0.033 mV; GPe: 0.031 mV) (p<0.01-0.05). GPe high B power “ON” medication also
exhibited significant task-related decreases between quiet standing (median high 8
power: 0.089 mV) to the early APA (0.079 mV), and APA epochs (0.078; p<0.05).

At the cortex, task-related dynamic power modulation was significant regardless
of medication state. While in the “LOW” medication state, M1 alpha (a) power significantly
incrementally decreased from quiet standing (median a power: 0.345 mV) to the early
APA (0.281 mV) and APA (0.269 mV; p<0.001-0.01) epochs. “ON” medication similarly
demonstrated a power decreases there between quiet standing (median a power: 0.353
mV) and total APA (0.287 mV; p<0.01). While “LOW” medication, M1 low B power
significantly decreased from quiet standing (median low 3 power: 0.288 mV) to early APA
(0.247; p<0.01) and APA epochs (0.223 mV; p<0.01). The “ON” medication state
demonstrated similar modulation, with low (3 power significantly decreasing from quiet

standing (median low (3 power: 0.334 mV) to APA preparation (0.277 mV; p<0.05) and
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then APA (0.231; p<0.0001-0.05). For M1 high B power, both medication states exhibited
similar trends, with quiet standing and APA preparation displaying significantly higher
power than APA epochs. As a representative example, M1 high B median power while
“‘LOW” medication was 0.334 mV during quiet standing, 0.292 mV in APA preparation,
0.226 mV during early APA, and 0.251 mV during APA (p<0.001-0.05).

Comparable task modulation was also observed at PMC under both medication
states. Theta (B) power significantly decreased while “LOW” and “ON” medication
between quiet standing (median “LOW” power: 0.775 mV, “ON” power: 0.730 mV) and
APA (median “LOW power: 0.535 mV, “ON” power 0.545 mV; p<0.01-0.05). This trend
was similarly exhibited at a frequencies between quiet standing (median “LOW” power:
0.504 mV, “ON”: 0.536 mV) compared to early APA (median “LOW” power: 0.380 mV,
p<0.01; “ON": 0.353 mV, p<0.05), and APA (median “LOW” power: 0.369 mV, “ON": 0.348
mV; p<0.01-0.05.

For both medication states, PMC demonstrated pronounced beta modulation
across the task epochs. Low 3 power significantly decreased between quiet standing
(median “LOW” power: 0.441 mV, “ON”: 0.464 mV) to APA preparation (median “LOW”
power: 0.339 mV, p<0.01; “ON": 0.324 mV, p<0.01), early APA (median “LOW” power:
0.294 mV, p<0.001; “ON”: 0.304 mV, p<0.001), and APA (“LOW” power: 0.286 mV,
p<0.0001; “ON": 0.307 mV, p<0.001). High B power under both medication states also
significantly decreased here between quiet standing (median “LOW” and “ON” power:
0.431 mV) to early APA (median “LOW” and “ON” power: 0.292 mV, p<0.001) and APA
(median “LOW” power: 0.284 mV, p<0.001; “ON”: 0.289, p<0.001). High B power was

also significantly different between APA preparation (median “LOW” power: 0.341 mV,
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‘ON”: 0.385 mV) to APA (p<0.01-0.05). In the “ON” medication state only, PMC low vy
power significantly decreased from quiet standing (median power: 0.185 mV) to early APA
(0.158 mV; p<0.05).

Trends among dynamic power modulation across the task in the “APA levodopa
responders” (Subjects #2 and 4) vs “non-responders” (Subjects #1, 3, 5) subgroups
reflected much similarity. Both subgroups exhibited greater power modulation overall at
the cortical regions vs pallidal, with B power decreasing across the task and increasing
for broadband y, regardless of medication state or contact. Both subgroups also exhibited
inconsistent 8 and a dynamic power modulation across the task under both medication
states. Trends regarding group power modulation are summarized in Table 3.2, and

individual subject power data is provided in Figures 3.6-3.10.
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Figure 3.3A Dynamic group power modulation at GPe and M1 during gait initiation
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Figure 3.3B Dynamic group power modulation at GPe and M1 during gait initiation

Figure footnotes: Grouped subject data at GPe (A) and M1 (B) PSDs for “LOW” and “ON” medication states
during the three primary task epochs: “Quiet standing,” “APA preparation” and “APA”. Boxplots demonstrate
group average power from all subjects from the “spectrogram” function during each epoch across the
canonical frequencies. Significance between epochs is denoted with * p< 0.05, ** p<0.01, ***p<0.001
following Kruskal-Wallis and Dunns testing with multiple corrections. Boxplots created with upper whisker
representing 1.5 * interquartile ratio (IQR) past the 3™ quartile and lower whisker representing 1.5 * the IQR
below the 1%t quartile. Significance is seen among power modulation at a, B, and y frequencies depending
on contact location under both medication states. Abbreviations: GPe = globus pallidus externus, M1 =
primary motor cortex; Hz = Hertz; mV = millivolts; APA = anticipatory postural adjustment; 8 = theta, a =
alpha, B = beta, y = gamma.
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Table 3.2 Summary of significant group power modulation across task

Table notes: Significant group power modulation displayed across task epochs using Kruskal-Wallis tests
with post-hoc Dunn’s testing and multiple corrections (p<0.05). Results shown for the significant frequency
bands, respective contact and medication state, as well as the overall direction of the significant power
modulation across the task (either decreased, as represented with the purple arrow, or increased,
represented with the blue arrow). Abbreviations: 8 = theta, a = alpha, = beta, y = gamma; GPi= globus
pallidus internus, GPe = globus pallidus externus, M1 = primary motor cortex, PMC = premotor cortex.
“Both” for medication = both “ON” and “LOW” medication states were significant.

Frequency Contact Medication General modulation
Band State across task
Low B GPi “LOW” 1 |
High B GPi & GPe “LOW” ! |

Broadband y GPe “LOW” t

Broadband y GPi & GPe “ON” t
High B GPe “ON” J

a MI Both |
Low B M Both J
High B MI Both ! |

0 PMC Both 1

o PMC Both
Low B PMC Both ! |
High B PMC Both J
Low y PMC “ON” ! |

3.3.3 Gait initiation in Parkinson’s disease involves significant, widespread
coherence increases across pallidal and cortical regions

To evaluate signal transfer between pallidal and cortical areas during gait initiation,
we analyzed their mean magnitude-squared coherence across the following epochs of

the gait initiation task: quiet standing, APA preparation, early APA, and APA using group
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subject data and Kruskal-Wallis and Dunn’s post-hoc testing with Benjamini-Hochberg
corrections (Figures 3.4-3.5; 3.11-3.13).

Across the task, widespread and consistent coherence modulation was seen
between pallidal-cortical regions, regardless of medication state. For GPi-M1, GPi-PMC,
GPe-M1, and GPe-PMC, coherence generally significantly increased between quiet
standing and APA preparation, further increased between APA preparation and early
APA, then decreased between the early APA and APA epochs while “LOW” and “ON”
medication. This pattern was seen for all canonical frequency bands at the epochs as
described, with GPe-cortical 8 coherence between the early APA and APA epochs the
exceptions (some did not reach significance). As a representative lower-frequency
example of this modulation, GPi-PMC low 3 coherence increased from quiet standing
(median “LOW” medication coherence: 0.007, “ON”: 0.017) to APA preparation (median
‘LOW” medication coherence: 0.041, “ON”: 0.049), further upon early APA (median
‘LOW” and “ON” medication coherence: 0.175), then decreased (but remained elevated
compared to earlier task epochs) during the APA epoch (median “LOW” coherence:
0.082, “ON™ 0.063); p<0.01-0.0001). Similarly, for a higher-frequency example,
broadband y coherence there increased from quiet standing (median “LOW” medication
coherence: 0.005, “ON™: 0.006), to APA preparation (median “LOW” medication
coherence: 0.042, “ON”: 0.035), further increased at early APA (median “LOW”
medication coherence: 0.155, “ON”: 0.133), then significantly decreased, yet remained
elevated compared to earlier task epochs at the APA epoch (median “LOW” medication

coherence: 0.059, “ON”: 0.055); p<0.0001.
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Modulation differed somewhat in these trends for inter-regional cortical coherence.
While the same general trend was displayed while “LOW” medication (coherence
increased across the task until the APA epoch, where it decreased), much less
significance was observed between epochs and at fewer frequency bands. For example,
0 coherence was significant in its increases between quiet standing and subsequent
epochs only (early APA; p<0.0001, and APA; p<0.01). While a, B, and low y coherence
still increased between various epochs, these trends were significant and shared between
the quiet standing to early APA (p<0.0001-0.05), then to the total APA (p<0.0001-0.01)
only. Broadband y coherence continued to display widespread and consistent significant
modulation here between all task epochs (p<0.01-0.0001).

The “ON” medication state was especially different in coherence modulation
across the task between the inter-cortical areas. There, the canonical frequencies
excepting B exhibited the trends as discussed, with limited significance seen consistently
across intermediate task epochs; broadband y coherence was again the exception, which
continued to display widespread and significant modulation (p<0.0001). As a
representative example of non-3 modulation here, a coherence changes were significant
between the early APA and APA epochs only, with coherence significantly decreasing
(median a coherence at early APA: 0.160, APA: 0.067; p<0.01). Interestingly, low
displayed an initial coherence increase from quiet standing (median low 3 coherence:
0.122) and peaked at APA preparation (0.132, an epoch sooner than the other results
discussed), then decreased upon early APA (0.126) and APA (0.065); these changes
were significant for the earlier epochs to the terminal APA epoch only (p<0.01). Differing

trends regarding significance were also seen for high B, with coherence decreasing
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across the task after peaking in quiet standing. (Median low 3 coherence in quiet standing:
0.167, APA preparation: 0.154, early APA: 0.144, and APA: 0.085; p<0.001-0.01); again,
these changes were significant for all earlier epochs to the terminal APA epoch only
(p<0.001-0.01).

Within the “APA levodopa responsive” and “non-responsive” subject subgroups,
there were no appreciable, consistent differences in coherence modulation between the
subgroups across the task.

To summarize, coherence data reflected widespread increases across the task
between pallidal-cortical regions under both medication states across most canonical
frequency bands, with a decrease often observed between early APA and APA epochs

(while remaining elevated compared to quiet standing).
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Figure 3.4 Coherence modulation across GPi and M1 during gait initiation

Figure footnotes: Group GPi-M1 magnitude-squared coherence data for “LOW” and “ON” medication states
during the three primary task epochs: “Quiet standing,” “APA preparation” and “APA”. Plots represent
median magnitude-squared coherence and median absolute deviations from all included trials and subjects.
Boxplots represent averaged magnitude-squared coherence from each epoch within the canonical
frequency bands and were created with the upper whisker representing 1.5 * the interquartile ratio (IQR)
past the 3 quartile and the lower whisker representing 1.5 * IQR below the 15t quartile. Significance
between epochs is denoted with * p< 0.05, ** p<0.01, ***p<0.001 following Kruskal-Wallis testing and
multiple corrections. Significant task-related coherence modulation is demonstrated under both medication
states and frequencies. Abbreviations: GPi = globus pallidus internus, M1 = primary motor cortex; APA =
anticipatory postural adjustment; 6 = theta, a = alpha, 8 = beta, y = gamma.
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Figure 3.5 Coherence modulation across GPe and M1 during gait initiation

Figure footnotes: Group GPe-M1 magnitude-squared coherence data for “LOW” and “ON” medication
states during the three primary task epochs: “Quiet standing,” “APA preparation” and “APA”. Plots represent
median magnitude-squared coherence and median absolute deviations from all included trials and subjects.
Boxplots represent averaged magnitude-squared coherence from each epoch within the canonical
frequency bands and were created with the upper whisker representing 1.5 * the interquartile ratio (IQR)
past the 3™ quartile and the lower whisker representing 1.5 * IQR below the 1%t quartile. Significant task-
related coherence modulation is demonstrated under both medication states and frequencies.
Abbreviations: GPe = globus pallidus externus, M1 = primary motor cortex; APA = anticipatory postural
adjustment; 8 = theta, a = alpha, B = beta, y = gamma.

3.3.4 Subcortical coherence modulation during APA is highly influential in
determining APA amplitudes and timing, relative to neural power

Optimized LMMs built separately using normalized neural power and magnitude-
squared coherence from the APA epoch are presented in Table 3.3 with significant
predictors included for each APA metric; additional LMMs using data from other epochs

and all model statistics are presented in supplemental Figures 3.8-3.11.
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Cumulative APA was found to be largely, positively influenced by levodopa
medication (estimate = 0.093, t = 2.43, p<0.05), and negatively by M1 broadband y power
(estimate = -0.004, t = -2.24, p<0.05) following backwards model selection for significant
outcome predictors. PMC 0 power (estimate = -0.011, t = -2.36, p<0.05) was shown to
negatively impact peak APA amplitude; the random effects of subject variability were also
significant in this LMM. For APA “net” amplitude, GPi broadband y power (estimate =
0.018, t = 2.46, p<0.05) was found to positively influence, while GPe low y power
(estimate = -0.014 t = -2.64, p<0.01) was found to negatively influence amplitudes during
gait initiation. The model with neural power and medication inputs during APA did not
have any significant predictors following backwards selection for the time to peak APA
amplitude metric.

Using normalized coherence as input from the APA epoch, pallidal-cortical
predictors of GPi-M1 0 (estimate = 1.97 x 10°, t = -3.24; p<0.01) and GPe-M1 a (estimate
= -1.76 x 10, t = -2.46; p<0.05) coherence were found to negatively affect cumulative
APA, and levodopa medication (estimate = 0.09, t = 2.64, p<0.01), GPi-M1 a (estimate =
2.38 x 105, t = 2.30; p<0.05), and GPe-PMC low B (estimate =6.89 x 10, t = 2.52; p<0.05
coherence were found to positively affect this metric. The random effects of subject
variability were also significant in this LMM. For peak APA amplitudes, GPe-M1 low f3
coherence (estimate = -4.72 x 10°, t = -3.02; p<0.01) was found to negatively affect this
metric. The random effects of subject variability were again significant in this LMM. For
“net” APA amplitudes, GPi-M1 6 (estimate = -7.81 x 10°°, t = -2.93; p<0.01) and GPe-M1
low B (estimate =-2.13 x 10-°, t =-2.23; p<0.05) coherence were found to negatively affect

this metric. GPi-M1 a coherence (estimate = 1.11 x 104, t = 2.45; p<0.05) was the sole
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positive predictor in this model. The random effects of subject variability were again
significant in this LMM. Lastly, the time to peak APA amplitude metric model included
predictors of GPe-M1 a (estimate = -1.08 x 10%, t = -3.35; p<0.01) and low B coherence
(estimate = 2.2 x 10, t = 2.25; p<0.05). If GPi-GPe coherence was a significance
predictor in any of these optimized models, these data were not described, due to the
likelihood of having artificially elevated coherence between these contacts due to shared

signal proximity while recording from pallidal DBS leads in a sandwich configuration.

Table 3.3 Linear mixed model results for APA metrics from “APA” epoch

Table Footnotes: Linear mixed model results using normalized epoch power and coherence to predict APA
metrics of amplitude and timing. The table provides significant model predictors and their relationship to
each APA outcome following backwards model selection from the “APA” epoch. + : positive relationship
between APA outcome and neural data; - : negative (inverse) relationship. Note: GPi-GPe coherence
results were not included due to the likelihood of signal bias due to the sandwich recording configuration.
Abbreviations: APA = anticipatory postural adjustments; GPi = globus pallidus internus, GPe = globus
pallidus externus, M1 = primary motor cortex, PMC = premotor cortex; 0 = theta, a = alpha, B = beta, y =
gamma.

Optimized Linear Mixed Model Results for APA Metrics with a Single Task Epoch
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3.4 Gait initiation discussion:

This study combined biomechanical data assessing timing and amplitude metrics
of APA performance and quality with neural recordings from cortical and subcortical areas
during a bipedal gait initiation task. The goals of this work were to advance our
understanding of how neural power, coherence, and levodopa medication at various
regions implicated in human motor circuits interact during gait initiation and their
respective influences on APA performance. It is expected that results from this work and
others can be applied for the eventual development of individualized neuromodulatory
therapeutics to improve treatment effectiveness for people with PD experiencing
difficulties with gait initiation.

First, we demonstrate that APAs and neural modulation during gait initiation are
individualized and subjects appear to vary in their responsiveness to levodopa medication
despite similar baseline motor function. Second, we provide additional characterization of
this modulation at the canonical frequencies relative to different epochs of the task
featuring varying postural responses. Notably, power generally decreased incrementally
across the task at lower frequencies, with broadband y the opposite. Conversely,
coherence generally increased at all canonical frequencies from quiet standing to early
APA, before decreasing (but remaining elevated compared to quiet standing) during APA.
Lastly, we suggest that coherence may be highly influential in predicting APA amplitudes

and timing, relative to neural power, at these regions.
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3.4.1 APAs and neurophysiology responsiveness to levodopa during gait initiation
is subject-specific

A main finding of this work is that subject responses to levodopa are highly variable
based on the individual, observable both through APA performance as well as
neurophysiology data. Subjects #2 and #4 had a marked motor response to levodopa in
our study, exhibiting significant changes between medication states in APA amplitudes
and timing, as well as in absolute power and coherence data across many epochs of the
task and contacts, while Subjects #1 and #3 did not reach significance among their APA
differences and displayed much less neural modulation across task epochs under both
medication states. Subject #5 demonstrated much significant neural modulation under
both medication states during the task, however accompanying medication-related
differences were not observed in the APA metrics. Complicating things further, the
subjects’ baseline motor function, levodopa daily equivalent dosages (LEDD), and
response to medication on clinical metrics were comparable to each other. More
specifically. in the “APA levodopa responsive” subgroup, Subject #2 and #4’s LEDD and
UPDRS 1l scores were within the range of the subjects’ in the “non-responsive” subgroup.

This finding is consistent with literature investigating the effects that both levodopa
and DBS may have on APA performance, as well as suggesting a potential reason for
why identifying effective therapeutics to treat gait initiation dysfunction is so difficult. Much
research characterizing APAs in people with PD during gait initiation have suggested
levodopa has either no effect, variable amplitude benefit, or a worsening effect on postural
control (e.g. postural sway, latency of first step, etc.). We suggest that this variation in
responses to levodopa may be due to the task’s varying motor demands, requiring an

individual to perform quiet standing (static postural control), an anticipatory postural
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response under strict timing and scaling constraints, then stepping (motor execution), with
each part critical for overall effectiveness. The differences seen across subjects in their
APAs, neural modulation during the task, and levodopa responsiveness suggest each
task component may be governed by somewhat disparate parts of the cortico-basal
ganglia-thalamo-cortical loop, with individual disease progression and neural
neurodegeneration affecting which circuits are more implicated and how levodopa-
responsive they may be. These results are consistent with much literature suggesting that
APAs (anticipatory postural control) may be coordinated via different circuits than other
balance domains, as well as skilled gait*>197. Our results across the task and LMMs also
exhibited much significance relating to neural modulation at the PMC and M1 during APA,
suggesting validity of these theories. Continued validation of the potential diversity in
postural-related circuits offer both a continued therapeutic challenge as well as reminder
to clinicians of the importance of testing and treating dysfunction among these domains
uniquely, as they may not respond to similar interventions equally.

Interestingly, all subjects, whether they demonstrated significant levodopa
responsiveness, exhibited unique trends of APA timing and scaling under both medication
states. For example, “ON” medication data shows Subject #2 had increased APA
amplitude and time to peak amplitude, while Subject #3 had increased cumulative APA
and time to peak amplitude, with lower peak and net APA amplitudes. This constellation
of findings suggests there may also be an interplay between the temporal and amplitude
aspects of APAs, such as a longer APA allows for appropriate force or movement
generation, which levodopa may facilitate. For all subjects, cumulative APA (a combined

time and amplitude APA proxy) and peak APA amplitudes were generally elevated while
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“ON” medication, further suggesting the role that levodopa may have in non-specifically
increasing APA amplitudes while perhaps having an unchanged, variable, or detrimental
effect on the resulting timing and scaling metrics. These preliminary findings warrant
further investigation regarding the effects of therapeutic intervention (e.g. physical
therapy, DBS, levodopa) on various APA components, and whether influencing one

aspect of APA has any effect on other APA aspects.

3.4.2 Gait initiation in Parkinson’s disease features stepwise decreases in power
across lower frequencies

Group power data across the task suggests that as subjects progressed through
gait initiation, power at a, B, and low y frequencies decreased, while simultaneously
increased at broadband y frequencies in subcortical and cortical circuits. These findings
are consistent with theories regarding the roles that these oscillations may have in human
movement, especially when considering the presumable incremental changes in motor
activity during gait initiation as the task progresses from no movement (quiet standing) to
small muscle activations with changing base of support (APA) and stepping.

In motor-related cortical regions, broadband y power is thought to be a pro-kinetic
signal which may exhibit modulation relative to task scaling or force requirements, thus
the finding of increased contralateral broadband cortical y power as the motor vigor of the
task increases is consistent with these results'®. Increased STN broadband y power has
also been reported during motor activities, with maximal activity at peak movement
velocity compared to onset and amplitude during voluntary hand movements'®. These

results all suggest gamma modulation at both cortical and subcortical regions to be
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dynamically affected by motor task parameters and unique task time windows, as well as
potentially mediating different processes besides pure movement.

Similar studies'®'° have also consistently reported contralateral B
desynchronization to accompany physiological movement initiation at the cortex and
basal ganglia, thought to facilitate movement via subcortical de-inhibition. Our results are
consistent with this and complementary findings linking gait initiation errors to less-intense
event-related desynchronizations at the sensorimotor cortex,''" suggesting that effective
gait initiation may be mediated by stepwise B oscillatory decreases at the cortex and
pallidum following quiet standing to APA and stepping. Previous EEG and ECoG work"9
have also linked movement initiation to a desynchronization, thought to mediate greater
attentional control or sensorimotor integration. In our study, task-related a modulation
seems probable due to the subject watching the screen for a cue and preparing to step
in response (significantly utilizing these processes) during quiet standing and APA
preparation, before displaying decreased power during APA if the motor program was

already selected and integrated.

3.4.3 Gait initiation in Parkinson’s disease features widespread, stepwise increases
in coherence prior to decreasing with APA across pallidal-cortical circuits

Our group results offering novel characterization of cortical and pallidal coherence
modulation during gait initiation suggests circuit connectivity may differ from power
modulation across the task. Under both medication states, both subcortical-cortical and
cortical coherence generally increased for 8, a, B, and y frequencies as the task

progressed from quiet standing to early APA, before decreasing during the APA execution
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and stepping epoch. These results are mostly complementary to research linking dynamic
changes in coherence during gait in PD, as previous work showed STN 3 coherence and
power to decrease during movement (relative to resting and standing) in people with
PD'2, with elevated cortical coherence across a, B, and y frequencies linked to postural
control issues such as FoG in PD''3. Additionally, consistent with our results of elevated
broadband y coherence across the task relative to quiet standing, prior work has
documented the presence of increased broadband y coherence between basal ganglia-
M1 during a button pressing task, theorized to represent physiological drive to M1 around
movement onset'%. Broadly, these results suggest that perhaps the increased coherence
through the early part of the task (APA and its preparation) facilitates gross motor drive
from the pallidum to the cortex, with the stepping component of the gait initiation task
representing a switch in motor plans and circuitry or more automatic control coinciding
with a decrease in coherence. An alternative explanation to these data however, is that
perhaps this widespread, elevated coherence is mediating gait initiation difficulties and
represents more pathological vs physiological neural activity.

As our results are in individuals with gait initiation difficulties, it is unclear whether
the modulation observed in coherence and power across the task are reflective of
physiological phenomenon or dysfunctional processes. These results do reinforce the
importance of circuit connectivity and neural modulation in mediating PD-related motor
symptoms, however further investigation is required to untangle under which task
conditions, across which regions, and in which types of patient presentations coherence
switches from being “elevated and pathologic” (causing detrimental effects such as FoG)

to “beneficial and/or compensatory” (improving motor vigor and metrics including speed,
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stride length, or APAs). Regardless, these findings validate ideas that coherence does

not remain fixed throughout the preparation and execution of a motor task.

3.4.3 APA timing in PD is significantly influenced by coherence, relative to power

A primary finding through this work from grouped subject data using normalized
epoch data and LMMs is the relative significance of neural coherence during APAs in
influencing gait initiation quality and safety (especially in APA timing) as measured with
amplitude and timing metrics.

For cumulative APA, lower-frequency pallidal-cortical coherence was particularly
influential, with a mix of predictors which were shown to both positively and negatively
affect the metric. This supports the idea that there are likely various neural phenomena
underlying APA, which are reflected across multiple regions and frequencies. With the
findings above suggesting that decreased coherence may benefit postural control (FoG)
in people with PD, our results suggest that perhaps this may be true for some regions
(e.g. GPe-M1) but not true for others (e.g. GPe-PMC). Interestingly, a coherence across
GPi-M1 was shown to positively affect cumulative APA, while a coherence across GPe-
M1 negatively affected this metric; thus, this band may represent a useful therapeutic
target to explore with neuromodulatory interventions in the future. The cumulative APA
metric was also the only instance levodopa was significant in the optimized LMMs. While
evidence of levodopa’s effects on increased force production exists in the literature'?,
the magnitude of its effects on the metric compared to the neural modulation predictors
suggests that it may non-specifically predominate or override physiological modulation

occurring during APA, with unknown consequence.
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While our group results exhibited stepwise M1 broadband y power increases
across the task, the finding that this may not benefit cumulative APA size is surprising.
Perhaps this is due to a necessary “scaling” period which occurs for effective APA
execution, where cortical broadband y power is transiently decreased at the cortex to
facilitate execution of the postural response. Similarly, the LMM results for the time to
peak APA amplitude metric may also support this theory, as one of its significant
predictors was GPe-M1 low [ coherence, which increased the time to peak APA
amplitude. Thus, perhaps the window for effective APA scaling is mediated by dynamic
pallidal-cortical B and broadband y modulation, through preventing a change in motor
program or movement vigor to maintain “status quo” until task scaling is completed.

Conversely, both peak APA and “net” APA amplitudes were negatively affected by
low B pallidal-cortical coherence. This suggests that perhaps these metrics rely less on a
critical “scaling” window, or simply that decreased 3 synchrony may be necessary for
physiological refinement or integration of a different motor program (e.g. for APA or
stepping, from quiet standing). The sole power predictor for increased peak APA
amplitude (a proxy for movement vigor) was decreased cortical 8 power, which is
consistent with the likelihood that the attentional focus demands decreased following cue

and response.

3.4.4 Limitations to the gait initiation task
One significant limitation for this task was the varied number of gait initiation trials
analyzed for each subject due to individuals’ motor function and symptoms or fatigue, as

well as some trial elimination due to stepping with the opposite (non-dominant) foot and/or
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lacking APA or the presence of multiple APAs prior to stepping. Every attempt was made
to utilize all trials wherever possible. Neural data analyzed in this study all utilized the
subject’s contralateral hemisphere to their stepping foot; this methodology does not
account for potential motor-related ipsilateral neural activation which is not yet as well
conceptualized. Another limitation for this analysis is that the trials where subjects
demonstrated severe gait initiation impairments were not included, due to the lack of quiet
standing, multiple APAs with no quiet standing between, etc. which made compiling the
data into discrete and consistent epochs difficult. However, these data likely offer great
insights into the dysfunction relating to circuit breakdown, suggesting future work analyze

these trials and compare them to these results as well.

3.5 Gait initiation conclusions:

Gait initiation is a highly individualized and complex motor task typically requiring
an APA for effective performance. APA metrics and the circuits governing these
processes appear to be variably affected by levodopa depending on the subject’'s
underlying pathophysiology and neural location. Furthermore, it appears APA quality
(especially timing) may be preferentially influenced by dynamic cortical-subcortical
coherence at motor-related neural regions across various canonical frequencies
regardless of levodopa state. These findings offer greater insight into power and
coherence modulation associated with the varying postural responses in PD exhibited
during gait initiation, with the goal of assisting in the development of effective interventions

for treating dysfunction in this fundamental motor task.
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3.6 Gait initiation supplemental materials:

Individual subject power modulation across the task (Figures 3.6-3.10):
Subjects #2 and 4 are grouped together for ease of comparison, as they were categorized
s “APA levodopa responders”, whereas Subjects #1, 3, and 5 as “non-responders.”
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Figure 3.6: Subject #2 power modulation across the task

Figure footnotes: Subject #2's median PSDs and median absolute deviations for “LOW” and “ON”
medication states during the three primary task epochs: “Quiet standing,” “APA preparation” and “APA” at
all contacts. Boxplots demonstrate average power from the “spectrogram” function during each epoch
across the canonical frequencies created with the “geom_boxplot” and “stat_boxplot” functions in
R/RStudio. Significance between epochs is denoted with * p< 0.05 and ** p<0.01 following Kruskal-Wallis
testing and multiple corrections. GPi = globus pallidus internus, GPe = globus pallidus externus, M1 =
primary motor cortex, PMC = premotor cortex. 6 = theta, a = alpha, B = beta, y = gamma. Significance in
task-related power modulation was seen for GPi 8 power while “LOW” medication, as well as M1 and PMC
B and y under both medication states; M1 while “ON” medication and PMC under both medication states
also displayed significant modulation for a frequencies as well as PMC for 8 while “ON” medication.
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Figure 3.7: Subject #4 power modulation across the task

Figure footnotes: Subject #4's median PSDs and median absolute deviations for “LOW” and “ON”
medication states during the three primary task epochs: “Quiet standing,” “APA preparation” and “APA” at
all contacts. Boxplots demonstrate average power from the “spectrogram” function during each epoch
across the canonical frequencies and were created with the “geom_boxplot” and “stat_boxplot” functions in
R/RStudio. Significance between epochs is denoted with * p< 0.05, ** p<0.01, ***p<0.001 following Kruskal-
Wallis testing and multiple corrections. GPi = globus pallidus internus, GPe = globus pallidus externus, M1
= primary motor cortex, PMC = premotor cortex. 8 = theta, a = alpha, B = beta, y = gamma. Task-related
power modulation was significant for this individual for pallidal B frequencies under both medication states,
as well as a while “LOW” medication; other significance was observed at y for GPe. Cortical power
modulation exhibited significance across all canonical frequency bands and medication states.
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Figure 3.8: Subject #1 power modulation across the task

Figure footnotes: Subject #1's median PSDs and median absolute deviations for “LOW” and “ON”
medication states during the three primary task epochs: “Quiet standing,” “APA preparation” and “APA” at
all contacts. Boxplots demonstrate average power from the “spectrogram” function during each epoch
across the canonical frequencies and were created with the “geom_boxplot” and “stat_boxplot” functions in
R/RStudio. Significance between epochs is denoted with * p< 0.05 following Kruskal-Wallis testing and
multiple corrections. GPi = globus pallidus internus, GPe = globus pallidus externus, M1 = primary motor
cortex, PMC = premotor cortex. 8 = theta, a = alpha, 8 = beta, y = gamma. Significance was seen in task-
related power modulation for this individual while “ON” medication for GPi a and broadband y frequencies,
M1 “ON” medication low y, and PMC high B (“LOW” medication ) and broadband y “ON” medication.
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Figure 3.9: Subject #3 power modulation across the task

Figure footnotes: Subject #3's median PSDs and median absolute deviations for “LOW” and “ON”
medication states during the three primary task epochs: “Quiet standing,” “APA preparation” and “APA” at
all contacts. Boxplots demonstrate average power from the “spectrogram” function during each epoch
across the canonical frequencies and were created with the “geom_boxplot” and “stat_boxplot” functions in
R/RStudio. Significance between epochs is denoted with * p< 0.05, ** p<0.01, ***p<0.001 following Kruskal-
Wallis testing and multiple corrections. GPi = globus pallidus internus, GPe = globus pallidus externus, M1
= primary motor cortex, PMC = premotor cortex. 6 = theta, a = alpha, = beta, y = gamma. Significance in
task-related power modulation was observed in this individual for GPi broadband y (both medication states),
and 6 while “ON” medication, as well as GPe and PMC broadband y (“LOW” medication only), M1 “ON”
medication low y, and PMC B while “ON “medication. Subject’s data were notch filtered at the frequencies
in black boxes for improved data visualization and PSD generation (further reasoning and parameters
detailed in Aim 1 methods).
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Figure 3.10: Subject #5 power modulation across the task

Figure footnotes: Subject #5's median PSDs and median absolute deviations for “LOW” and “ON”
medication states during the three primary task epochs: “Quiet standing,” “APA preparation” and “APA” at
all contacts. Boxplots demonstrate average power from the “spectrogram” function during each epoch
across the canonical frequencies and were created with the “geom_boxplot” and “stat_boxplot” functions in
R/RStudio. Significance between epochs is denoted with * p< 0.05, ** p<0.01, ***p<0.001 following Kruskal-
Wallis testing and multiple corrections. GPi = globus pallidus internus, GPe = globus pallidus externus, M1
= primary motor cortex, PMC = premotor cortex. 6 = theta, a = alpha, = beta, y = gamma. Significance in
task-related power modulation was observed in this individual for GPi, GPe, M1, and PMC broadband y
(both medication states), and GPi and GPe 8 while “LOW” medication only. M1 and PMC featured much
additional 8, a, B and low y significant power modulation under both medication states.
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Group coherence modulation across the task (Figures 3.11-3.13)
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Figure 3.11 Coherence modulation across GPi and PMC during gait initiation

Figure footnotes: Group GPi-PMC magnitude-squared coherence for “LOW” and “ON” medication states
during the three primary task epochs: “Quiet standing,” “APA preparation” and “APA”. Plots represent
median magnitude-squared coherence and median absolute deviations from all included trials and subjects.
Boxplots represent averaged magnitude-squared coherence from each epoch within the canonical
frequency bands and were created with the upper whisker representing 1.5 * the interquartile ratio (IQR)
past the 3™ quartile and the lower whisker representing 1.5 * IQR below the 1%t quartile. Significant task-
related coherence modulation is demonstrated under both medication states at all canonical frequencies.
Abbreviations: GPi = globus pallidus internus, PMC = premotor cortex; APA = anticipatory postural
adjustment; 8 = theta, a = alpha, B = beta, y = gamma.

63



0.4

LOW MED Quiet standing Group Coherence Modulation Across Task at GPe-PMC GPe
messs APA preparation
APA LOW MED ON MED I

N
N
o
o
&

%ii_% ﬁi Broady@)

0.00- —— —t—

¥ XK FX¥
0.10- LOWY
=Ll =

M AL §ggg' = =

= Vi 2 *HE == 1 .
Y 20 100 2005212. nghB
04 Frequency (Hz) B 005 g

"ONMED S == S5 —

[ %%% | *NeX *

=
S Ez=a
T0.15-
‘3010- # LOWB
'goos-
= o # —_—
<

o Median magnitude-squared coherence o

& 0.00
Roo [ !
a
? " = &= =
0.0 —— —t—
o9 XXX
X2 * *%
0.2 e
0.0 # T T —— " T
e 2 AN ~ Quiet APA APA Quiet APA
N~ A Standing Prep. Standing Prep. APA

~—

%20 " 100 200

Figure 3.12 Coherence modulation across GPe and PMC during gait initiation

Figure footnotes: Group GPe-PMC magnitude-squared coherence for “LOW” and “ON” medication states
during the three primary task epochs: “Quiet standing,” “APA preparation” and “APA”. Plots represent
median magnitude-squared coherence and median absolute deviations from all included trials and subjects.
Boxplots represent averaged magnitude-squared coherence from each epoch within the canonical
frequency bands and were created with the upper whisker representing 1.5 * the interquartile ratio (IQR)
past the 3" quartile and the lower whisker representing 1.5 * IQR below the 15t quartile. Significant task-
related coherence modulation is demonstrated under both medication states and frequencies.
Abbreviations: GPe = globus pallidus externus, PMC = premotor cortex; APA = anticipatory postural
adjustment; 8 = theta, a = alpha, B = beta, y = gamma.
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Figure 3.13 Coherence modulation across M1 and PMC during gait initiation

Figure footnotes: Group M1-PMC magnitude-squared coherence for “LOW” and “ON” medication states

during the three primary task epochs: “Quiet standing,

” “APA preparation” and “APA”. Plots represent

median magnitude-squared coherence and median absolute deviations from all included trials and subjects.
Boxplots represent averaged magnitude-squared coherence from each epoch within the canonical

frequency bands and were created with the upper whisker representing 1.5

* the interquartile ratio (IQR)

past the 3™ quartile and the lower whisker representing 1.5 * IQR below the 15t quartile. Significant task-

related coherence modulation

is demonstrated under both medication states and frequencies.

Abbreviations: M1 = primary motor cortex, PMC = premotor cortex; APA = anticipatory postural adjustment;
0 = theta, a = alpha, B = beta, y = gamma.
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Table 3.4 Cumulative APA linear mixed model summary results

Table footnotes: Summary statistics from the LMMs for this metric from the three primary task epochs,
which were normalized to quiet standing. AIC = Akaike Information Criterion; VIF = variance inflation factor.
Random effects presented as the variance (standard deviation); if “N/A” this indicates the optimized model
did not include this as a significant predictor. Note: GPi-GPe coherence predictors are included here if part
of the optimized model, however, were not discussed in the main results and should be interpreted with
caution due to the presence of potentially inflated values due to presumable signal overlap from recording
in a sandwich configuration within the pallidum. APA = anticipatory postural adjustment, GPi = globus

pallidus internus, GPe = globus pallidus externus, M1 = primary motor cortex, PMC = premotor cortex.

Normalized

Significant predictors

Random effects:

(2.30), GPe-MI a (-2.46), GPe-PMC
low B (2.52); medication (2.64)

Epoch datainput | AIC VIFs (t-statistic) Q-Q plot variance (std)
APA GPi low v (2.93) & GPe low y (-2.19), )
Preparation A -55.987 | 1.00-1.01 GPe 8 (2.50); medication (2.19) ~ N/A
Early APA Power -49.304 | 1.00-1.01 GPelowy (-2.14). PMC a (2.13); N/A
medication (2.38)
Total APA | Power | -47.293 | 1.03 M1 broadband y (-2.28); p NIA
medication (2.45) -
APA GPi-GPe low B (2.64), GPe-MI a -
Preparation Coherence -53.112 | 1.01-1.02 (-2.41), medication (2.09) NIA
GPi-GPe 8 (-3.27), GPe-M| low B
(-2.11), GPe-PMC broadband y / Patient ID:0.01 (0.11)
Barly APA | Coherence | 24.126 | 1.02-1.07 (-3.27);MI-PMC broadband y Residual: 0.02 (0.15)
(-3.07); medication (2.80)
GP"(?ZP ‘;;‘)’"G‘:,I(:If? :‘:{:;1":“" Patient ID: 0.01
Total APA | Coherence | 78.257 | 1.03-4.6 | . Y\ &1°) : ~ ©.11)

Residual: 0.02 (0.15)
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Table 3.5 Peak APA amplitude linear mixed model summary results

Table footnotes: Summary statistics from the LMMs for this metric from the three primary task epochs,
which were normalized to quiet standing. AIC = Akaike Information Criterion; VIF = variance inflation factor.
Random effects presented as the variance (standard deviation); if “N/A” this indicates the optimized model
did not include this as a significant predictor. Note: GPi-GPe coherence predictors are included here if part
of the optimized model, however, were not discussed in the main results and should be interpreted with
caution due to the presence of potentially inflated values due to presumable signal overlap from recording
in a sandwich configuration within the pallidum. APA = anticipatory postural adjustment, GPi = globus
pallidus internus, GPe = globus pallidus externus, M1 = primary motor cortex, PMC = premotor cortex.

Normalized

Significant predictors

Random effects:

(-2.80), GPe-MI low B (-3.02)

Epoch data input AlC VIFs (t-statistic) Q-Q plot variance (std)
APA GPi © (-2.80), GPe 6 (2.56), P Patient ID: 0.40 (0.63)
Preparation Power 355.683 | 1.04-1.28 GPe high B (1.92) ‘ Residual: 1.41 (1.19)
_ Patient ID: 0.47 (0.69)
Early APA Power 339.567 N/A PMC 6 (-2.58) Residual: 1.45 (1.20)
- Patient ID: 0.47 (0.68)
Total APA Power 340.132 N/A PMC 6 (-2.36) Residual: 1.46 (1.21)
APA - Patient ID: 0.45 (0.67)
Preparation Coherence 340.522 N/A GPe-PMC broadband y (-2.31) . Residual: 1.48 (1.22)
GPi-GPe 6 (-3.38), GPi-MI a , ]
EarlyAPA | Coherence | 369.096 | 1.01-1.02 | (2.12), GPe-PMC broadband y - Patient ID: 0.50 (0.71)
Residual: 1.27 (1.13)
(-291)
GPi-GPe 0 (-2.38) & low y . )
Total APA | Coherence |377.062 | 1.02-1.20 (-2.90) & broadband y ~ Patient ID: 0.45 (0.67)

Residual: 1.22 (1.10)
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Table 3.6 Net APA amplitude linear mixed model summary results

Table footnotes: Summary statistics from the LMMs for this metric from the three primary task epochs,
which were normalized to quiet standing. AIC = Akaike Information Criterion; VIF = variance inflation factor.
Random effects presented as the variance (standard deviation); if “N/A” this indicates the optimized model
did not include this as a significant predictor. Note: GPi-GPe coherence predictors are included here if part
of the optimized model, however, were not discussed in the main results and should be interpreted with
caution due to the presence of potentially inflated values due to presumable signal overlap from recording
in a sandwich configuration within the pallidum. APA = anticipatory postural adjustment, GPi = globus
pallidus internus, GPe = globus pallidus externus, M1 = primary motor cortex, PMC = premotor cortex.

Normalized Significant predictors Random effects:
Epoch data input Alc VIFs (t-statistic) Q-Q plot variance (std)
APA GPi low B (-2.31), GPe 6 (2.80), ~ Patient ID: 0.17 (0.41)
Preparation Power 256999 | 1.01-1.08 GPe high B (2.35) ~ Residual: 0.49 (0.70)
. ) Patient ID: 0.34 (0.59)
Early APA Power 241.669 N/A PMC 6 (-2.64) A Residual: 0.51 (0.71)
GPi broadband y (2.47),
Total APA Power 241.954 1.01 GPe low y (-2.64) )y N/A
GPi-GPe high B (2.05) & low y -
APA Patient 1D: 0.23 (0.48)
Preparation | Coherence 276.070 | 1.40-3.28 (—2.77),GPe-(P;16(;)broadband v - Residuak: 051 (0.71)
GPi-GPe low v (-2.75), GPe-PMC Patient 1D: 0.38 (0.62)
Barly APA | Coherence | 253.984 1.00 broadband y (-3.74) ~ Residual: 0.48 (0.69)
GPi-GPe low y (-2.56) &
broadband y (-2.13), GPi-MI 6 ) Patient ID: 0.38 (0.61)
Total APA Coherence 308.384 | 1.03-4.69 (-2.93) & a (2.45), GPe-MI - Residual: 0.44 (0.66)
low B (-2.23)
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Table 3.7 Time to peak APA amplitude linear mixed model summary results

Table footnotes: Summary statistics from the LMMs for this metric from the three primary task epochs,
which were normalized to quiet standing. AIC = Akaike Information Criterion; VIF = variance inflation factor.
Random effects presented as the variance (standard deviation); if “N/A” this indicates the optimized model
did not include this as a significant predictor. N/A in the VIF column indicates there was 1 predictor only in
the optimized LMM so VIFs were not generated. APA = anticipatory postural adjustment. Note: GPi-GPe
coherence predictors are included here if part of the optimized model, however, were not discussed in the
main results and should be interpreted with caution due to the presence of potentially inflated values due
to recording in a sandwich configuration within the pallidum.

Normalized Significant predictors Random effects:
Epoch | " 4ata input Alc VIFs (t-statistic) Q-Q plot variance (std)
APA GPi high B (-2.51),
Preparation Power -221.914 12-1.4 MI16 (-2.75), MI low B (2.55) -~ A
Early APA Power -219.913 1.08 M1 high B (2.29), PMC 8 (-2.43) N/A
Total APA Power -215.230 N/A N/A N/A
GPi-GPe a (2.81), GPe-M| a
APA (-2.62) & low B (2.56) & broadband )
Preparation | Coherence | 244749 | 1.04-1.14 | © 04 94) M1-PMC broadband y / N/A
(2.66)
GPi-GPe broadband y (-3.32), GPi-
M16 (2.21), GPe-PMC broadband
Early APA Coherence -241.470 | 1.07-1.16 v (-2.08), MI-PMC broadband y - N/A
(-4.46)
GPi-GPe broadband y (-3.56),
Total APA | Coherence | -225.959 | 1.02-1.03 GPe-Mla (-3.35) & low B (2.25) - N/A
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Chapter 4. 180-degree turns (Aim 2)

4.1 Task rationale and hypothesis

Turning is another fundamental motor task in bipedal humans requiring adept
postural control. Like gait initiation, turning requires a series of sequential, APA-like
weight shifts as an individual rotates their body and alternates loading and unloading of
the stepping limb to change direction*®. Much biomechanical research has characterized
turning dysfunction in people with PD (turns are often longer and variable, less stable,
and consist of more steps compared to healthy controls) and connected these
dysfunctions to the anticipatory phase of the turn**.115.116,

Unfortunately, postural instability which manifests as turning dysfunction often is a
refractory symptom in PD, especially in the long-term. Likely contributing to this, it remains
relatively unknown how various turning issues stem from the disease’s effects on cortico-
basal ganglia-thalamo-cortical motor circuits and neural modulation, as well as levodopa’s
effects, across phases of the turn. Similarly, no studies have assessed for potential
correlations between this neural modulation and turning metrics reflecting quality, safety,
and performance. This work hopes to also begin to improve the characterization of neural
modulation during 180-degree turns in people with PD, with the promise of someday
being incorporated into neuromodulatory interventions which target turning in this
population.

The proposed project combines IMU data from sensors placed throughout the
trunk and limbs in a standard configuration®! with neural data collected while the subjects

performed 180-degree turns during overground walking. The turns were performed under
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both “LOW” and “ON” levodopa medication states, and both turn duration and the number
of steps taken to complete the turn were assessed.

Our hypothesis for Aim 2 is that 3 power will decrease at pallidal locations prior to
turn onset, with the opposite modulation demonstrated at cortical broadband vy
frequencies coinciding with turning, suggesting engagement and execution of a turning
motor program. It is also hypothesized that turn duration will be longer and feature more
steps to complete the turn while in the “LOW” medication state, due to the prevalence of

existing literature describing levodopa’s effects on turning performance.

4.2 180-degree turning methods

4.2.1 180-degree turning task overview

Subjects performed bouts of overground walking in a biomechanics laboratory for
200 steps at a time (step counts excluded turns) while alternating left and right-sided turn
directions. Subjects were encouraged to turn 180-degrees when they wanted to, while
allowing enough space to complete a “normal” turn (i.e. one that was not altered due to
space constraints.) No external makers (tape on the floor, cues, etc.) were provided to
the subject to facilitate as naturalistic an environment as possible. Overground walking

bouts were performed under both medication states with exceptions as detailed below.

4.2.2 Biomechanical data collection and processing
Xsens’ IMUs were used to characterize the turn itself (e.g. turn start and end, and
inter-turn steps) and resulting turn metrics. All sensor data were initially processed using

a low-pass, 4" order Butterworth filter with 1.5 Hz cutoff frequency as detailed in Aim 1.
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To demarcate turn starts and ends, the pelvis (bony landmark: L5) IMU’s angular velocity
data from the z-axis (angVz) were plotted, converted to degrees from radians, and either
a 30 or 38-degree-per-second threshold was used, depending on the subject’s motor
function and appropriateness of the data. Turns were marked using these thresholds so
turn start was defined as occurring when the angVz data exceeded this threshold and
turn end when the pelvis IMU data dropped below this threshold?34!. Turns where the
threshold initially was exceeded then dropped before exceeding and remaining over the
threshold were counted as beginning from the initial exceeding point, so long as it was
within 0.5s of the subsequent exceeding point?34!. Similarly, turns were marked at the
final point that the angVz dropped below the threshold of a turn, so long as the earlier
points where the data dropped below the threshold were within 0.5s of each other (Figure
4.1).

To determine the gait events leading into and within the turn, the angVz in degrees
recorded from the bilateral shanks was used as adapted from existing methods*'. These
sensors were located on the lateral, lower legs approximately midway between the lateral
malleolus and lateral epicondyle of the tibia. Custom MATLAB scripts were authored by
this author and Poojan Shukla, BS to identify peaks in the angVz data at the shanks
surrounding and within the turns, which corresponded to midswing*'. The number of
peaks were summed for both shanks within the turn and used to calculate the “number of
steps to turn” metric. Inter-turn shank angVz peaks were required to be at least 30% of
the amplitude of the maximal shank angVz amplitude during the turn to be counted as a
“step;” this rule was added following close video corroboration of each subject’s turns with

the biomechanical data.
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Shank angVz data were also used to determine where the “turn preparation” epoch
began prior to each turn. This epoch was consistently defined as beginning at the earlier
of the pair of bilateral shank zero-crossings following the last midswing (corresponding to
terminal contact) prior to turn start*'. This point was chosen as it was consistently about
500ms prior to turn start (or more) across subjects and both medication states, creating
a good proxy interval for which to assess potential preparation and planning neural
modulation for the turn which was also consistent with previous literature regarding this

timeframe.

4.2.3 Task analysis

Turns were processed initially by turn direction. Turns which were not 180-degrees
(i.e. they proceeded to turn in a different direction), or the subject stopped mid-turn, were
not included in analysis. Each turn was divided into two epochs: “turn preparation” and
the turn itself (between turn start and turn end as described above). Absolute neural
power was averaged within these two epochs as detailed for Aim 1, for each turn, at each

recording contact under both medication states (Figure 4.1).

4.2.4 Turn metrics

To assess overall turn quality and performance as it may relate to neural
modulation across the task, two metrics covering different aspects of the task were
chosen for analysis. Turn metrics included: 1) Number of steps to complete the turn
(explained in 4.2.2) and 2) Turn duration (calculated as the time difference between turn

end and turn start).
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Turn Markings Schematic Example Subject Trial

T I

T T T

T
Turn interval

—— Turn threshold
.~ Pelvis marker

| Turn start
Turn end

R shank
/\ L shank

First shank terminal
contact prior to turn start

Turn
preparation
interval

Angular Velocity (degrees/second)

Seconds
Figure 4.1 Example turn marking schematic using body worn sensors

Figure footnotes: Turn marking methods using shank and pelvis angular velocity data from the z-axis. Turns
began and ended relative to a 30-degree per second threshold using the pelvis sensor. Average power
data from the “spectrogram” function in MATLAB were compared both within the turn interval, as well as in
the “turn preparation” epoch. The “turn preparation” epoch was formed by the first of the last pair of shank
terminal contacts prior to the turn start (as recorded from the body worn sensors), spanning to the start of
the turn.

4.2.5 Data analysis

All neural data included in this analysis were recorded from the left
hemisphere while “OFF” DBS. This was chosen to maintain generalizability of the
results due to two subjects being implanted only on the L-side. While turns were initially

intended to be analyzed separately in both directions, data were ultimately combined
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within each patient across both turn directions, due to various limitations regarding data
quality and a lack of subject data. To provide examples, Subject #1 did not have any R-
sided turns data across either medication state, Subject #2 had no R-sided turns data
while “LOW’ medication, and Subject #4 displayed cardiac artifacts within the GPe
recording contact during all turns while “ON” medication. The included trials, direction,
and summary statistics of the turns data are in Table 4.1.

Turns were classified by the author into “few-step” or “multi-step” turns depending
on how many steps were taken to turn and the overall strategy used with application of
previous approaches in this population’. (Few-step turns featured < 3 steps, with multi-
step turns using greater)’®. Turns were classified asynchronously during data processing
using Xsens’ video 3D reconstructions of IMU data, with corroboration using video
camera footage where necessary.

Artifact rejection: Artifacts were handled as detailed above in the general methods
section. Subject-specific median-based z-score thresholds were set under both
medication states following visualization of the transformed and normalized neural data.
Thresholds were initially set very high (so no data were blanked prior to visualization),
then lowered as appropriate following consideration of the overall data and the waveform
and regularity of potential artifacts. Subject #1’s set median-based z-scores were 50 while
‘LOW” medication and 110 “ON” medication, with 1 artifact identified using these
thresholds. Subject #2's median-based z-scores were 120 while “LOW” medication and
100 “ON” medication, with no artifacts identified. Subject #5’s median-based z-scores
were 20 while “LOW” medication and 25 “ON” medication, with no artifacts identified.

Subject #4’s median-based z-scores were 60 while “LOW” and “ON” medication; 2
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artifacts were identified. However, this subject’s GPe contacts also had cardiac-appearing
artifacts throughout, so they were not included in further analyses due to the limited
presumable consistency with data that did not have cardiac artifacts present. Subject #3's
median-based z-score thresholds were 65 while “LOW” medication and 30 “ON”
medication; no artifacts were identified. However, notch filtering was performed for all this
subject’s data, due to the presence again of continuous artifact-appearing bands across
all time points. This filtering was performed for M1 (76 Hz) while “ON” medication and 74
Hz while “LOW” medication. All localized artifacts and artifact-labeled spectrograms were

visualized to ensure appropriate inclusion and labeling.

4.2.6 Statistical Analysis

Subject data were collectively analyzed under each medication state across
bilateral turn directions (rationale in 4.2.5). Due to the discrepancies between turn
number, direction, and data quality and artifacts present for individual subjects, data were
kept separate for analysis for each subject versus combining it together using LMMs such
as in Aim 1. This was also done due to the highly individualized turning strategies
exhibited by our subjects, with unknown relevance and/or generalizability relating to the
underlying neurophysiology.

To better conceptualize these phenomena, average neural power prior to and
during the turn were compared for each subject using non-parametric Wilcoxon rank sum
tests with Benjamini-Hochberg corrections. Wilcoxon rank sum testing was also used to

compare “LOW” vs “ON” medication state turn metrics data for each subject (Table 4.2).
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To examine the relationships between neural data and turning metrics, multiple
linear regressions were chosen for analysis. This method was chosen as turn duration is
a continuous outcome, and “number of steps to turn” is a discrete variable with equal
intervals between values''”. Scatter plots were also used to visualize the data and
appropriateness for this method. The “Im” function was used (base package in R/R
Studio) with the “step” feature, allowing all neural predictors for a single epoch (i.e. “turn
preparation” or “turn”) and medication state to be inputted with the final output a most-
parsimonious model for both turn metrics. VIF values were assessed for all models
following optimization to account for potential multicollinearity and Shapiro-Wilk’s testing
was performed on all models to assess normality of the residuals, suggesting
appropriateness of linear modeling. Models were produced for each subject separately
using both “turn preparation” and “turn” epoch data for both turn metrics (4 total models
for each subject), with the primary model described in the results section reflective of the
“‘most” representative model to describe the turn metrics (assessed using the highest

adjusted R?value).

4.3 180-degree turning results

4.3.1 Turn metrics and levodopa’s effects

Similar to Aim 1, Subjects #2 and #4 demonstrated much medication-related
differences between the turning metrics of turn duration and number of steps to complete
a turn. For both subjects, turn duration decreased while “ON” medication and each took
less steps to complete the turn (p<0.05). Subject #3 also displayed significant medication-

related effects for L-direction number of steps to complete the turn; the individual took a
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greater number of steps while “ON” medication (p<0.05). Subjects #1 and #5 did not
exhibit any medication-related differences in their turn metrics (Table 4.1). Additional
figures characterizing each subjects’ turn types and neural power modulation are located

in figures 4.2-4.6.

Table 4.1 Summary of turn trials and turn metrics

Table footnotes: Subject turns data for all included trials. *bold indicates a significant difference in the turn
metric (p<0.05) between medication states using Wilcoxon rank sum testing. Abbreviations: L = left, R =
right; s = seconds, avg = average, std = standard deviation. Subjects #2 and #4 had significant medication-
related differences for various task metrics and turn directions, as well as Subject #3 for L-sided number of
steps to complete the turn.

Subject #1 Subject #2 Subject #3 Subject #4 Subject #5
Number of il direcion 25/28 16/15 12/11 I5/15 13/14
Number of trials:
R direction - -/15 11/10 10/13 13/13

(LOW/ON medication)

Turn duration avg (sed): | 293 (0.4)/ 2.95(0.3) | 236 (04) | 3.85(0.8) | 249 (04)

L direction (s)

(LOW/ON medication) 2.15(0.5) 2.21 (0.2)* 2.17 (0.2) 2.83 (0.5)* 2.37 (0.4)

Turn duration avg. (s _ 1.87 (0.3) | 3.82(0.9) | 243 (04)
(LOWION medicaior) 2040 1 206(03) | 32904) | 286(08)
A (8 mmber o siaps |4 (0.6)/ 48(0.8) | 3.9(05) | 69(1.8/ | 55(LIy
(LOWION medication 4(08) 3.6 (0.5)* | 45(0.5)* | 4.1 (0.7)* | 54(0.9)
Avg. (s) number of steps 364 (05) | 6(2.1) 52 (0.9)/
(LOWION radcation) ] +36 (0) 4(0.5) 4.4 (0.5)* 6(1.3)

4.3.2 Turning is highly individualized, with varying levodopa-responsiveness and
neuromodulation at cortex and pallidum for 8 and broadband y frequencies

Subject #1:
For Subject #1, all turns data were from turns performed in the L-direction under
both medication states. The subject’'s dominant turn type while “LOW” medication was

“sideways,” classified as a few-step turn with <3 steps where a sideways step is taken
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with one foot during the turn, and “forward” while “ON medication (a type of multistep turn
with > 3 steps where the subject moves in a “U” shape).

Wilcoxon rank sum tests with Benjamini-Hochberg corrections reflected dynamic
power modulation at various neural regions between the “turn preparation” and “turn”
epochs while in the “LOW” medication state only. Pallidal high f and broadband y power
demonstrated significant decreases between the “turn preparation” and “turn” epochs
(median turn preparation GPi high B power: 0.114 mV, turn power: 0.094 mV, p<0.001;
median turn preparation GPi broadband y power: 0.033 mV, turn power: 0.031 mV,
p<0.001.) At the cortex, M1 also demonstrated significant power differences between the
epochs for high B and broadband y frequencies. Broadband y power again exhibited
decreased power within the turn (median turn preparation power: 0.051 mV, turn power:
0.049; p<0.05), however M1 high B power increased during the turn compared to prior
(median turn preparation power: 0.510 mV, turn power: 0.638 mV, p<0.05).

The multiple linear regression model which produced the highest adjusted R? value
(R? =0.51) used neural data from the “turn preparation” epoch to describe turn duration
(Table 4.2). Here, the optimized model consisted of predictors including: levodopa
(estimate = 0.21, t = 1.83), GPi broadband y power (estimate = -22.87 t = -1.46), and GPe
0 (estimate = -0.40, t = -1.43), a (estimate = -1.56, t = -3.4), low 3 (estimate = 2.49, t =
2.5), and broadband y power (estimate = 21.08, t = 1.7), as well as M1 low 3 (estimate =
0.37,t=1.8), low y (estimate = 2.18, t = 2.9), and broadband y power (-21.40, t = -2.0);
significant PMC predictors included 0 (estimate = 0.23, t = 1.6), a (estimate = 0.37, t =
2.0), and high B (estimate = 0.65, t = 1.4), and low y power (estimate = 1.94,t = 1.4). This

model’s VIF values ranged from 1.4-4.3, suggesting low to moderate multicollinearity
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between predictors. The Shapiro-Wilk’s test was used to assess normality of model
residuals (p = 0.63), suggesting model residuals were approximately normally distributed.
Multiple linear regression models assembled from both epochs to describe the “number
of steps to turn metric” had adjusted R? values of 0.24-0.30, suggesting the models did
not explain much of the variability present in this metric.

To summarize, this subject demonstrated marginal or worsening benefit of
levodopa on turn metrics, with power significantly decreasing at pallidal and cortical areas
for broadband y power across the task (and pallidal ). This modulation was likely most

influential on turning quality and performance during the “turn preparation” window.

Subject #2:

For Subject #2, combined turns data were analyzed for both medication states and
turn directions besides R-sided “LOW” medication turns. The subject’s dominant turn type
while “LOW” medication was “backwards,” a type of multistep turn with > 3 steps where
the subject takes a full step or weight shift backwards prior to advancing. While “ON”
medication, the subject’s dominant turn type was “sideways,” as defined above.

Wilcoxon rank sum tests with corrections reflected much significant pallidal and
cortical task-related power modulation under both medication states. Pallidal locations
exhibited significant power decreases between epochs at broadband y frequencies (GPi
median turn preparation power: 0.034 mV, turn: 0.032 mV; p<0.05; GPe median
broadband y turn preparation power: 0.124 mV, turn: 0.118 mV, p<0.05); GPe high B
power decreased, however (p<0.05). At M1, significant power differences were seen

between epochs for a (median turn preparation power: 0.650 mV, turn: 0.537 mV; p<0.05)
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and high B frequencies (median turn preparation power: 0.602 mV, turn: 0.724 mV;
p<0.05). While “LOW” medication, PMC also exhibited broadband y power increases
around the turn (median turn preparation power: 0.092 mV, turn: 0.099 mV (p<0.01).

The multiple linear regression model which produced the highest adjusted R? value
used data from the turn itself (adjusted R? = 0.85) to describe turn duration (Table 4.3).
Here, the model consisted of predictors including levodopa (estimate = -1.038, t = 5.5),
GPi 0 (estimate = 1.06, t = 1.7), a (estimate = 2.29, t = 2.6) and high  (estimate = -5.82,
t =-2.7) power, as well as GPe low [3 (estimate = -4.53, t = -2.4) and broadband y power
(estimate = 33.81, t = 1.79). Cortical model predictors included high 3 (estimate = -0.322,

=-1.3), low y (estimate = 1.67, t = 2.3), and broadband y (estimate =-14.30, t = -2.8),
as well as PMC a (estimate = -0.26, t = -2.3), low B (estimate = 0.42, t = 3.7), high B
(estimate = -0.19, t = -1.4), low y (estimate = 0.68, t = 2.1), and broadband y power
(estimate = -8.51, t = -1.76). VIF values ranged from 2.2-11.6 (this single outlier was for
medication), suggesting significant multicollinearity for the predictor. The Shapiro-Wilk’s
test suggested model residuals were approximately normally distributed (p = 0.14).

To summarize, this subject demonstrated significant changes among the turning
metrics with levodopa, as turn duration was shorter and less steps were taken to turn.
Neural modulation exhibited decreased pallidal broadband y power, with increased
cortical power at B and broadband y across the task. This modulation appeared most

influential on task quality and performance during the turn itself, compared to earlier.
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Subject #3:

For Subject #3, turns data included an approximately even split of L- and R-
direction turns under both medication states. The subject demonstrated “wheeling” turns
under both medication states, which is a multi-step turn via a series of steps around a
central point. No significant turn-related power modulation was observed following
significance testing for any contacts or frequency bands under either medication state.

The model with the overall highest adjusted R? value (adjusted R? value 0.54) for
this subject described the “number of steps to turn” metric with data from the “turn
preparation” epoch (Table 4.4). Predictors in this model included levodopa (estimate =
0.55, t =-3.9), GPi high B (estimate = 9.60, t = 2.4) and low y power (estimate = 24.85, t
= 3.1), as well as GPe 0 (estimate = 2.47, t = 2.2), a (estimate = -2.67, t = -1.5), low y
(estimate = -25.32, t = -4.3), and broadband y power (estimate = 58.34, t = 2.7). Cortical
predictors included M1 O (estimate = 1.19, t = 2.3) and a power (estimate = -1.81, t = -
2.3), and PM 0O (estimate = 2.22, t = 3.1), a (estimate = -1.65, t = -1.8), low 3 (estimate =
1.55,t=1.3), high B (estimate = -2.67, t = -1.4) and broadband y power (estimate = -84.3,
t =-3.3). VIF values ranged from 1.3-3.5, suggesting low-moderate multicollinearity, and
the residuals were approximately normal, using Shapiro-Wilk’s testing (p = 0.79).

To summarize, this subject did not demonstrate significant levodopa-related
effects on turn type, as well as statistically significant neural modulation between the turn
epochs. Model results suggest the “turn preparation epoch” was the most influential for

affecting overall turn metrics.
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Subject #4:

Subject #4’s data exhibited widespread cardiac artifacts within the GPe channels.
While template subtraction methods were used for further processing, it likely remains
incompatible for combination alongside data without cardiac artifacts. Thus, Subject #4's
data were not included in GPe power modulation calculations across the task, as well as
in the multiple linear regression models. While “LOW” medication, the subject
demonstrated “festination” turn types (a multi-step turn involving small, shuffling steps to
complete the turn), and largely “forward” turns while “ON” medication, as defined above.

Dynamic, turn-related power modulation exhibited no significant differences across
the turn for any contacts or canonical frequencies under either medication state. The
models which produced the highest adjusted R? values (adjusted R? = 0.45 and 0.49)
used data from the “turn preparation” and “turn” epochs, respectively, to describe the
“‘number of steps to turn” metric (Table 3.5). However, Shapiro-Wilk’s results for the “turn”
epoch model’s residuals suggest a non-normal distribution (p = 0.03), suggesting the
model violates assumptions of the distribution of data and presents questionable validity
of representation; thus, the model from the “turn epoch” is summarized here as its
residuals suggest normal distribution (p = 0.34). In this model, significant predictors
included levodopa (estimate = -2.59, t = -6.0), GPi low y power (estimate = 31.33, t = 1.5),
and M1 high B power (estimate = 6.34, t = 2.0). VIF values ranged from 1.1-1.4,
suggesting very low multicollinearity.

To summarize, this subject demonstrated a change in turn type and various turn

metrics with levodopa but no significant changes in power modulation across the task.
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Model results from this individual suggest both turn epochs may have similar importance

in affecting their turning metrics.

Subject #5:

For Subject #5, combined turns data was present and analyzed for all medication
states and turn directions. The subject's dominant turn type while “LOW” and “ON”
medication was “forward,” as described above.

Wilcoxon rank sum tests reflected minor dynamic task-related power modulation
at M1 under both medication states. While “LOW” medication, broadband y power
decreased from turn preparation to the turn (median turn preparation power: 0.045 mV,
turn: 0.043 mV; p<0.05), and 6 power increased while “ON” medication across those
epochs (median turn preparation power: 0.385 mV, turn: 0.481 mV; p<0.01). No other
frequencies or contacts exhibited significant task-related power modulation.

The multiple linear regression model which produced the highest adjusted R? value
(R? = 0.63) used data from the turn itself to describe turn duration (Table 3.6). Significant
predictors included levodopa (estimate = 0.19, t = 1.7), GPi 6 (estimate = 3.34, t = 3.1),
high B (estimate = 5.01, t = 2.1), and low y power (estimate = -23.29, t = -2.3), as well as
GPe 0 (estimate = -6.57, t = -3.9), a (estimate = 5.32, t = 2.4), high B (estimate = -21.28,

= -4.0), low y (estimate = -19.09, t = -1.9) and broadband y power (estimate = -109.50,
t = -1.9). Cortical predictors included M1 low B (estimate = 7.73, t = 5.7) and broadband
y power (estimate = 73.85, t = 2.7), as well as PMC a (estimate = 1.44, t = 2.9), low 3

(estimate = -2.62, t = -3.4), high B (estimate = -5.18, t = -4.7), and broadband y power
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(estimate = -118.65, t = -5.4). VIF values ranged from 1.1-3.3, suggesting low-moderate
multicollinearity, and model residuals were normally distributed (p = 0.44).

To summarize, this subject demonstrated no change in turn type due to levodopa,
with significant cortical broadband y power decreases across the task. Model results

suggest the turn may have provided greater influence on overall turning metrics.
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Figure 4.2 Subject #1 turn types and power modulation

Figure footnotes: Subject #1 dominant turn types under “LOW” and “ON” medication conditions and contact
average power for both turn epochs using the “spectrogram” function. Boxplots created with upper whisker
representing 1.5 * the interquartile ratio (IQR) past the 3™ quartile and lower whisker representing 1.5 * IQR
below the 1t quartile. Significance between epochs is denoted with * p< 0.05, ** p<0.01, ***p<0.001
following Wilcoxon rank-sum testing and multiple corrections. Significant power modulation is exhibited at
B and broadband y frequencies while “LOW” medication at GPi and M1 for this individual. Abbreviations:
GPi = globus pallidus internus, GPe = globus pallidus internus, M1= primary motor cortex, PMC = premotor
cortex; 0 = theta, a = alpha, 8 = beta, y = gamma.
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Table 4.2 Subject #1 optimized model comparisons

Table footnotes: Subject #1 multiple linear regression model statistics reflecting data from each turn epoch
and corresponding turn metrics. VIF = variance inflation factor. Model with the highest adjusted R? value
used data from the “turn preparation” epoch to describe turn duration.

. Number of predictors in . Normality of residuals
Turn Epoch Metric model (& if medication Adjustet: model using Shapiro-Wilk’s VIF range
Analyzed . R
state is included) (p-value)
Turn Turn 13 (Yes) 0.51 0.63 1.4-4.3
preparation | duration
Number of
Turn
. steps to 7 (No) 0.24 0.70 1.2-2.0
preparation
turn
Turn Turn 11 (Yes) 0.34 0.14 1.3-4.5
duration
Number of
Turn steps to 6 (No) 0.30 0.65 1.3-2.1
turn
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Figure 4.3 Subject #2 turn types and power modulation

Figure footnotes: Subject #2 dominant turn types under “LOW” and “ON” medication conditions and contact
average power for both turn epochs using the “spectrogram” function. (Figure caption continued on the next

page).
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(Figure caption continued from the previous page). Boxplots created with upper whisker representing 1.5 *
the interquartile ratio (IQR) past the 3™ quartile and lower whisker representing 1.5 * IQR below the 15t
quartile. Significance between epochs is denoted with * p< 0.05 and ** p<0.01 following Wilcoxon rank-
sum testing and multiple corrections. Significant power modulation is exhibited at GPi and PMC for
broadband y frequencies while “LOW” medication and at GPe for 6 while “ON” medication. M1 displayed
significant modulation at  frequencies under both medication states and y while “ON” medication only, as
well as at additional lower frequencies. Abbreviations: GPi = globus pallidus internus, GPe = globus pallidus
internus, M1= primary motor cortex, PMC = premotor cortex; 8 = theta, a = alpha, = beta, y = gamma.

Table 4.3 Subject #2 optimized model comparisons

Table footnotes: Subject #2 multiple linear regression model statistics reflecting data from each turn epoch
and corresponding turn metrics. VIF = variance inflation factor. Model with the highest adjusted R? value
used data from the “turn” epoch to describe turn duration.

Metri Number of predictors in Adiusted model Normality of residuals
Turn Epoch etric model (& if medication juste 2 mode using Shapiro-Wilk’s VIF range
Analyzed . R
state is included) (p-value)
Turn Turn 14 (Yes) 0.84 0.84 1.3-6.2
preparation duration
Turn Number of
. steps to 13 (No) 0.72 0.72 1.4-5.2
preparation
turn
Turn Turn 14 (Yes) 0.85 0.14 2.211.6
duration
Number of
Turn steps to 11 (Yes) 0.68 0.53 1.5-7.8
turn
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Figure 4.4 Subject #3 turn types and power modulation

Figure footnotes: Subject #3 dominant turn types under “LOW” and “ON” medication conditions and contact
average power for both turn epochs using the “spectrogram” function. Boxplots created with upper whisker
representing 1.5 * the interquartile ratio (IQR) past the 3™ quartile and lower whisker representing 1.5 * IQR
below the 1%t quartile. No significance was seen among power modulation between turn epochs.
Abbreviations: GPi = globus pallidus internus, GPe = globus pallidus internus, M1= primary motor cortex,
PMC = premotor cortex; 6 = theta, a = alpha, = beta, y = gamma.
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Table 4.4 Subject #3 optimized model comparisons

Table footnotes: Subject #3 multiple linear regression model statistics reflecting data from each turn epoch
and corresponding turn metrics. VIF = variance inflation factor. Model with the highest adjusted R? value
used data from the “turn preparation” epoch to describe “number of steps to turn”.

Metri Number of predictors in Adi d model Normality of residuals
Turn Epoch A etric model (& if medication Justed model | ,5ing Shapiro-Wilk’s | VIF range
nalyzed .. R?
state is included) (p-value)
Turn Turn 13 (No) 0.50 0.48 1.3-2.6
preparation | duration
Number of
Turn
. steps to 14 (Yes) 0.54 0.79 1.4-3.5
preparation
turn
Turn Turn 7 (No) 0.09 0.05 1.1-2.2
duration
Number of
Turn steps to 7 (Yes) 0.27 0.35 1.0-2.4
turn
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Figure 4.5 Subject #4 turn types and power modulation

Figure footnotes: Subject #4 dominant turn types under “LOW” and “ON” medication conditions and contact
average power for both turn epochs using the “spectrogram” function. Boxplots created with upper whisker
representing 1.5 * the interquartile ratio (IQR) past the 3™ quartile and lower whisker representing 1.5 * IQR
below the 1%t quartile. No significance was seen among power modulation between turn epochs. GPe data
not shown due to the presence of widespread cardiac artifacts in this channel. Abbreviations: GPi = globus
pallidus internus, GPe = globus pallidus internus, M1= primary motor cortex, PMC = premotor cortex; 8 =
theta, a = alpha, B = beta, y = gamma.
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Table 4.5 Subject #4 optimized model comparisons

Table footnotes: Subject #4 multiple linear regression model statistics reflecting data from each turn epoch
and corresponding turn metrics. VIF = variance inflation factor. Model with the highest adjusted R? value
used data from the “turn” epoch to describe “number of steps to turn,” however, the model shows a non-
normal distribution of residuals, suggesting model representation may not be valid for this combination.
Models were constructed without data from the GPe contacts; logic provided in methods section.

. Number of predictors in . Normality of residuals
Turn Epoch AMe"'c model (& if medication | Adiustedmodel | 0 Shapiro-Wilk's | VIF range
nalyzed .. R2
state is included) (p-value)
Turn. Turn 4 (Yes) 0.28 0.59 1.11.5
preparation | duration
Number of
Turn
. steps to 3 (Yes) 0.45 0.34 1.1-1.4
preparation
turn
Turn Turn 3 (No) 0.37 0.36 1.21.3
duration
Number of
Turn steps to 2 (No) 0.49 0.03 1.2
turn
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Figure 4.6 Subject #5 turn types and power modulation

Figure footnotes: Subject #5 dominant turn types under “LOW” and “ON” medication conditions and contact
average power for both turn epochs using the “spectrogram” function. Boxplots created with upper whisker
representing 1.5 * the interquartile ratio (IQR) past the 3™ quartile and lower whisker representing 1.5 * IQR
below the 15t quartile. Task-related power modulation was seen for broadband y power at M1 while “LOW”
medication (p<0.05) and 8 while “ON” medication (p<0.01). Abbreviations: GPi = globus pallidus internus,
GPe = globus pallidus internus, M1= primary motor cortex, PMC = premotor cortex; 8 = theta, a = alpha, B
= beta, y = gamma.
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Table 4.6 Subject #5 optimized model comparisons

Table footnotes: Subject #5 multiple linear regression model statistics reflecting data from each turn epoch
and corresponding turn metrics. VIF = variance inflation factor. Model with the highest adjusted R? value
used data from the “turn” epoch to describe “turn duration”.

Metri Number of predictors in Adi d model Normality of residuals
Turn Epoch A etric model (& if medication justed mode using Shapiro-Wilk’s | VIF range
nalyzed .. R2
state is included) (p-value)
Turn Turn 14 (Yes) 0.50 0.24 1.1-3.3
preparation | duration
Tun Number of
. steps to 9 (No) 0.48 0.06 1.1-1.9
preparation
turn
Turn Turn 15 (Yes) 0.63 0.44 1.1-3.3
duration
Number of
Turn steps to 13 (No) 0.55 0.13 1.2-2.4
turn

4.4 180-degree turning discussion

While it is somewhat difficult to compare model results and quality aggregated
between subjects due to the heterogeneity among turn types, medication state, turn
direction, and individual subject disease progression and pathophysiology, general trends
among the data offer potential insights into the underlying mechanisms of turn quality in
people with PD.

Across subijects, levodopa medication did not have a consistent effect on turn
classification and strategy. While Subjects #1, 2, and 4 demonstrated differences in
dominant turn type, they did not necessarily become more “effective” while “ON”
medication (specifically, for Subject #1, who turned using a greater number of steps to
turn while in this state). Subjects #3 and 5 did not demonstrate appreciable changes in
their dominant turn type between medication states. Subjects #2, 3, and 4 also exhibited

significant medication-related changes in turn duration and “number of steps to turn,” with
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the “LOW” medication state featuring longer turns and greater number of steps. This
result was also reinforced by the varying effects medication had (positive or negative) on
the turn metrics in individual subjects, as reflected in the multiple linear regressions. This
result is relatively consistent with literature suggesting levodopa to change some metrics
of turns in people with PD (i.e. turning distance), but not others (body rotation or turn
strategy), while resulting in continued turning impairments compared to controls''®. These
results also reinforce the hypothesis that levodopa may have variable effects in
individuals on postural control aspects, with some subjects experiencing improvement,
worsening, or no change. This is again thought to be driven by the diversity of the circuits
underlying various aspects of postural control and their relative dopaminergic
responsiveness and/or state of dysfunction or disease progression in individual patients.
Turning 180-degrees, like gait initiation, requires a series of weight shifts prior to, during,
and after the turn, as well as repeated motor execution (stepping) for effective completion.
Thus, again we posit that there are likely various implicated motor circuits relating to the
stepping and postural control components of this task which are comprised of a diverse
group of synapses in addition to levodopa.

Relating to dynamic power modulation across the task, Subjects #1, 2, and 5
demonstrated significant power changes between the “turn preparation” and “turn”
epochs. Interestingly, Subjects #1 and 5 exhibited these significant differences in their
neural modulation, however, similar changes were not reflected among their turn metrics.
An interesting pattern shared among the subjects demonstrating significant power
modulation is the finding that broadband y power significantly decreased at the pallidum

and cortex (for two subjects) between turn preparation and the turn. Complicating this
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finding is the trend among subjects in model data where cortical broadband y power was
often a significant predictor and inversely related to the turning metrics (i.e. greater power
was associated with faster turning featuring less steps). This finding suggests that
perhaps individuals with PD may exhibit faulty gross “pro-kinetic” signaling during turning
which could be mediating turning dysfunction in this population. Another explanation is
perhaps broadband y power modulation largely occurs prior to the turn, with other neural
processes driving the turn besides cortical broadband y signaling.

Similar to Aim 1, another explanation could also be that this modulation reflects a
control mechanism where movement is tempered as one turns, to facilitate the processing
and integration of much sensory information and limb coordination relative to other motor
activities such as overground walking. Thus, this signal could act as a beneficial
mechanism for subjects to maintain greater safety and stability during the turn, with
greater broadband y power associated with turns of increased vigor but less sensory
integration (suggesting perhaps safety or stability concerns here).

Other power modulation commonalities were exhibited among subjects for 3
signaling. Of note, Subjects #2, 4, and 5 demonstrated little or no significant B modulation
across the turn epochs, mostly overlapping with those subjects who did not demonstrate
more “effective” turning with medication. These results suggest there may be a levodopa-
mediated effect on 3 modulation in the circuits underlying turning, with breakdown
occurring in this relationship for these individuals as seen in the resulting turn
performance. When significant changes in B modulation were exhibited across the turn
epochs, pallidal B power trends were mixed, with cortical B generally increasing. Model

results were consistent with these trends, with Subjects #1 and #3 displaying shared

95



predictors from the “turn preparation” epoch of pallidal and cortical 3 signaling positively
correlated to the turn metric (either by increasing turn duration or the number of steps to
turn). These findings suggest B involvement in broadband y signaling which may be
facilitating a turn “scaling” or “quality” window prior to turning to maintain the “status-quo”
and improve turn stability or integrate necessary motor programs.

In others, B modulation during the turn itself appeared more nuanced or complex,
with fewer shared trends among 3 model predictors. For the number of steps to turn
metric, Subjects #4 and 5 demonstrated a positive relationship with M1 [ power
modulation, however, Subject #5 exhibited the opposite relationship for PMC 3 signaling.
This was similar to Subject #2’s cortical data for the turn duration metric, with the 3 bands
exhibiting opposing effects on the metric at M1 and PMC. These data support hypotheses
that broadly, cortical B power has a role in pallidal disinhibition within movement circuits,
however, these regions may serve different purposes in this mechanism during turning,
with additional control mechanisms for turn performance mediated by sub-f frequency
bands, as well as modulatory windows. Consistent with these ideas, fMRI data from
individuals with PD experiencing FoG displayed increased activation during turning at the
caudate, with the opposite at PMC, suggesting dysfunction during turning is likely at least
partially mediated by signaling breakdown at these areas'®.

Regarding trends across model performance, subjects were relatively split
between which metric was better represented (“number of steps to turn” vs turn duration),
as well as which epoch surrounding the turn was most predictive of this metric. This
suggests that perhaps the relationships between neural modulation and postural control

strategy or the timing and planning associated with these may be highly individualized. It
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can be reasoned that if an individual with PD has difficulty with postural control during
turning (e.g. such as performing a substantial weight shift which considerably displaces
the CoM to execute a pivot turn), they may have to continue to spend greater amounts of
attentional or motor resources to modulate their turn strategy within the turn itself,
compared to doing this with automatic, pre-planning. Conversely, if another individual
perhaps assumes turning will be difficult or prepares to turn with less prominent weight
shifts and smaller steps to facilitate minimal instability, they may have greater relative
neural modulation in the preparation phase of the turn instead. This explanation is
consistent with previous research suggesting the turn preparation phase of turning
(particularly, the anticipatory step length) is correlated with overall turn performance (e.g.,
velocity and turning radius), suggesting an individual’s pre-planning and biomechanical
set-up are highly influential in the success of the turn, with breakdown leading to
dysfunction.

To summarize, the widespread variability present between subjects regarding turn
performance metrics, turn strategy, dynamic neural modulation, and response to
levodopa, suggest that continued focus robustly characterizing turn performance in this
population is warranted for the development of effective therapeutics to treat problematic
turning dysfunction. Furthermore, this variability and lack of consistent and clear-cut
“improvements” between and within subjects in turn metrics also lends itself to continued
attention spent towards developing individualized adaptive neuromodulatory

interventions to treat turning dysfunction.
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Chapter 5. Discussion

5.1 Key findings

Overall, the results of this exploratory work validate continued research spent on
the investigation of the neural circuitry underlying postural control and balance in PD, both
to improve current therapeutic offerings and quality of life, as well as improve the
understanding of these fundamental motor tasks. Collectively, these results suggest that:
1) Levodopa’s effects on postural transitions are nuanced and therapy does not result in
straightforward, uniform benefit (e.g., for amplitude and timing aspects) relating to
performance; 2) Neural modulation within and across pallidal-cortical regions
(particularly, pallidal-cortical coherence for gait initiation) appears highly influential on
postural transition performance and quality in PD, and changes significantly between
different postural transitions (i.e. from quiet standing to weight shift and stepping); and 3)
The continued validation of 3 and broadband y modulation’s importance in motor circuits,
including during postural transitions, perhaps by facilitating an appropriate “window” for
sensory integration, motor planning, and/or scaling to occur prior to the postural transition.
Data from the two postural transitions suggest further investigation is warranted for
untangling these processes, especially due to the lack of consistent modulation (in
direction, magnitude, and timing) for these frequencies across medication states and
regions, and in association with metrics of task performance.

While there were some inconsistencies, particularly among pallidal broadband y
power modulation seen between the two tasks, analysis approaches and task
components make it difficult to discern whether these differences relate to the diversity of

circuitry underlying these tasks or more nuance in modulation than was captured. APAs
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during gait initiation are likely more straightforward for analysis, by consisting of (typically)
a single APA and step. Conversely, turns feature multiple steps and APAs which were
included in the averaged neural power as analyzed in Aim 2. Furthermore, it is assumed
that subjects may have to continue to modulate their performance during the turn due to
the variety of turning options and components, whereas during gait initiation there is
probably limited within-task modulation, due to its highly stereotyped nature and relatively
short epoch durations.

The multitude of subject responses exhibited to levodopa and related neural
modulation, regardless of the postural transition task, suggest that continued
consideration of individualized neuromodulatory interventions is likely indicated following
further research into characterizing these processes under greater task conditions and
postural control domains. Intervention should be done carefully however, as it is apparent
that the various spatiotemporal aspects of postural transition tasks performance, quality,
and safety are likely interwoven, with overlapping neural circuitry. While treatment of one
APA aspect may produce benefit, it may have resulting effects on other APA aspects
which could have severely detrimental results for the safety or overall mobility of the

individual.

5.2 Limitations of the study

There are quite a few limitations in this project which warrant discussion. One
primary limitation in this work is the relatively small sample size of the subjects due to the
invasive and investigational nature of this work, which could limit the generalizability of

these results. Similarly, a potential limitation may pertain to the number of trials included
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for both aims, and whether there were enough repetitions to gain an accurate proxy for
the neural state and motor performance of that individual while accounting for assumed
neurophysiological variation. For example, a recent review and meta-analysis suggested
that FoG during turning most often occurs at the end of a turn and at the inner leg of a
turn cycle'"®, suggesting that data with these events may offer increased insight into the
breakdown of neural circuitry while turning in this population. However, since the neural
data during turning were collected from the L-hemisphere only, with bilateral turn
directions, the data likely reflects both circuit breakdown as well as physiological
modulation mediating turning in the aggregated data, with each’s respective influence on
the turning metrics recorded unknown.

Another important limitation includes differences in the time since diagnosis, LEDD
dosing, and baseline motor function. Since there was much variation in this cohort’s time
since diagnosis (disease duration), it is highly probable that their symptoms of postural
instability are quite variable, both in severity as well as in levodopa-responsiveness. For
example, previous research has suggested levodopa to have some benefit on various
turn metrics (i.e. turning duration), while worsening postural sway, however these
changes were found in people with severe PD only”. Thus, grouped subject data likely
reflects much variation in the responses to levodopa simply from this variance in symptom
severity and disease progression. Other sources of assumed variation within the data
include individual neurophysiology data (e.g., the electrode positioning within the target,
impedance levels, and other sources of physiological and anatomical variance). These
were all attempted to be accounted for by the handling of neural data (i.e. establishing

subject-specific artifact removal thresholds, blanking of one subject’s data where artifact
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bands were present across all time points, keeping turns data analyzed individually), as

well as including the potential random effects of subjects in the linear mixed models.

5.3 Future Directions

There are many future directions from these data which should receive
consideration. A logical next step is to analyze these data and postural tasks while “ON”
DBS and medication, as this would be a required step for the potential integration and/or
development of adaptive neuromodulatory interventions. Another necessary step would
be to further characterize the neural modulation associated with postural transitions
across a greater variety of PD presentations and disease durations to facilitate the
development of neuromodulatory interventions able to effectively assist with postural
instability and balance dysfunction in people with a range of functional statuses and
levodopa-responsiveness.

Due to the nuanced and stepwise nature of the neural modulation seen across the
tasks here, it also appears likely that much additional work will need to be done in
characterizing these responses during a variety of different balance tasks across multiple
balance domains, allowing for greater specificity in the identification of biomarkers for
adaptive therapies which may be fruitful in improving postural instability under many task
and environmental demands versus other gross motor activities likely associated with
profound neural modulation such as walking. Lastly, these data would also benefit from
the addition of neural data and task metrics recorded from individuals without a diagnosed
movement disorder (such as is possible in those implanted with a DBS device for the
treatment of non-motor diagnoses), allowing for investigation of neural modulation which

is more physiological versus that which may represent circuit breakdown due to PD.
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