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developing motor fluctuations and dyskinesias, and a worse prognosis regarding survival
when compared to the tremor-dominant subtype.!"!! Motor features can be separated into
two categories: appendicular and axial, where appendicular features involve symptoms
presenting in the body limbs, and axial features are impairments of complex
biomechanical patterns involving muscles that support the head, spine, ribs, sternum, and
pelvis. Axial features include gait disturbances (see section 1.2) such as FOG (see section
1.2.1), balance impairments including postural instability and changes in postural
alignment, dysphagia, and speech disorders especially dysarthria and stuttering. These
symptoms dominate in the more advanced stages of disease and contribute to most of the
disability experienced by PD patients such as reduced mobility and quality of life, loss of

independence, recurrent falls leading to more injuries, and reduced survival.*

The presence of appendicular versus axial features hints to the underlying
pathophysiology and their different control systems. In the early stages of PD with the
predominance of appendicular features, it is thought that the pathophysiology is mainly
within the dopaminergic striatal systems which are part of the basal ganglia (BG)-
thalamocortical loop (see section 1.1.2).!> However, as the disease progresses and axial
symptoms such as gait impairments dominate, alterations to non-dopaminergic pathways
involving cholinergic, serotonergic, and noradrenergic systems within the mesencephalic
locomotor region (MLR), pedunculopontine nucleus (PPN), cerebellum (cerebellar
locomotor region (CLR)), subthalamic locomotor region (SLR), frontal cortex and their

inter-connections and connections with the BG may be affected (see section 1.1.3).1313

1.1.2  Dopaminergic neural circuitry associated with appendicular
features
Appendicular features, such as bradykinesia and rigidity that affect the limbs of the body,
are attributed to the loss of dopaminergic neurons in the nigrostriatal-pallidal pathway of
the BG'%!6 and respond well to dopaminergic replacement interventions (see section 1.4).
The striatum, divided into the caudate and putamen in primates, is the primary afferent
structure of the BG and receives glutamatergic input from the cerebral cortex, and
dopaminergic innervation mainly from the neuronal dense zone of the dorsal part of the

substantia nigra pars compacta (SNpc) and from the sparsely packed neuronal ventral



zone of the substantia nigra pars reticulata (SNr). In addition to about 76% of
dopaminergic neurons originating from the SNpc in non-human primates, approximately
10% originate from the retrorubral area within the mesencephalic area and 14% from the
ventral tegmental area (VTA).!” Dopaminergic input from the SNpc and VTA modulates
cortico-striatal transmission by having dual effects on the striatal projection neurons. '8
Activity of striatal neurons depends on the modulatory action of dopamine on
dopaminergic D1 (substance-P and dynorphin, “direct” pathway) receptors and D2
(encephalin, “indirect” pathway) receptors, which are co-expressed. Typically, the
dopamine effect excites D1 receptors and inhibits D2 receptors, thereby causing differing
effects on the output nuclei. Striatal medium spiny projection neurons convey
information to the output nuclei via monosynaptic GABAergic projections (“direct”
pathway) and polysynaptic GABAergic projections (“indirect” pathway) involving the
globus pallidus externa (GPe) and the subthalamic nucleus (STN) (see Figure 1-1). The
globus pallidus interna (GPi) and SNr are the primary efferent nuclei of the BG that target
their GABA (y-aminobutyric acid)-ergic neurons to the thalamus and brainstem. The
thalamus and brainstem are under tonic inhibitory control, which are paused by phasic
inhibitory signals from the “direct” pathway, releasing thalamocortical and brainstem
structures from inhibition allowing movement to proceed. The overall effect of dopamine
promotes movement. In the parkinsonian state, there is a loss of dopaminergic input to
the striatum. The activity in the “direct” excitatory pathway is reduced and “indirect”
inhibitory pathway is increased. This causes increased inhibition from “indirect” striatal
neurons to the GPe that disinhibits the STN and increases inhibitory output from the GPi
and SNr. Ultimately, the GPi/SNr reduces excitatory activity from the thalamus and
brainstem structures. Thus, dopamine depletion mediates cardinal parkinsonian features
by suppressing movement, which are present at disease onset and over the course of the

disease.
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Figure 1-1: Schematic diagram of the suprasegmental areas involved in locomotion
and freezing of gait. Pathological alterations due to the loss of dopaminergic
neurons from the SNpc/VTA to the basal ganglia network causing excessive
inhibitory (GABAergic) output to the thalamus (glutamatergic), motor cortex
(glutamatergic), and PPN/MLR (glutamatergic and cholinergic) contribute to
bradykinesia, gait slowness, increased postural instability, and freezing of gait
(dopaminergic-responsive). Increased volitional control and compensatory activity
of the cerebellum and motor cortex to the underactive PPN/MLR may contribute to
freezing of gait (dopaminergic unresponsive) and gait variability and asymmetry.
The MLR represents a crossroad of information coming from the basal ganglia and
the cerebellum, which receives sensory feedback from ascending spinal pathways.
CLR: cerebellar locomotor region; GPe: globus pallidus externa; GPi: globus
pallidus interna; MLR: mesencephalic locomotor region; PMRF: pontomedullary
reticular formation; PPN: pedunculopontine nucleus; SLR: subthalamic locomotor



region; SNpc: substantia nigra pars compacta; STN: subthalamic nucleus; VTA:

ventral tegmental area.

More recent anatomical studies have shown the BG has a far greater complexity in the
organization of synaptic connections, as there are feedback inputs from the GPe to the
striatum, cortical inputs to the STN (denoted as the “hyperdirect” pathway), and STN
afferents to the GPe, SNpc/VTA, and PPN. Thus, the STN is a major input structure and
relays information from the striatum to the output BG nuclei and the brainstem locomotor
region (MLR). Furthermore, spatial organization of the corticobasal ganglia-cortical
loops is conserved, which may explain why preferential loss of dopamine in the
sensorimotor areas causes deficits in habitual motor control and a shift to more goal-
directed behavior in PD.!® Post-mortem data shows the greatest loss of dopaminergic
innervation is found in the posterior putamen that corresponds to dopaminergic cell loss
in the ventrolateral SNpc.!® The posterior putamen is engaged in sensorimotor functions
whereas the caudate and anterior putamen nuclei are related to associative function and
the ventral striatum relates to motivational and emotional functions.'® Thus, PD patients
have difficulty expressing automatic components of behaviour but can improve motor

performance when guided by sensory or motivational cues.

Treating appendicular symptoms using dopaminergic replacement therapy, levodopa, is
highly effective and can also improve axial symptoms predominantly related to
appendicular symptoms (e.g. limb bradykinesia affecting quality of stepping).*
Dopaminergic medication likely does interact with the underlying pathophysiology of
FOG early in the disease course as studies suggest that the loss of dopaminergic input to
the striatum at baseline contributes to FOG development (see section 1.4.1)."°
Furthermore, levodopa-induced side effects including dyskinesia that can impair gait and
balance may be improved by modulating STN activity using deep brain stimulation
(DBS) intervention (see section 1.4.2). Axial features that may be unrelated to
dopaminergic loss continue to degrade and ultimately become predominant and are

unresponsive to levodopa therapy (see section 1.1.3).



1.1.3  Non-dopaminergic neural circuitry associated with axial
features
Axial features, such as gait, FOG, postural instability, speech, and other PD symptoms
including cognition impairment and tremor do not respond well to dopaminergic
replacement therapies and may not be correlated with basal ganglia (nigrostriatal)
dysfunction. This is partly caused by the progression of non-dopaminergic brain lesions
within the frontal lobe, adrenergic locus coeruleus, cerebellum and the cholinergic area of
the PPN.2%2! Such dopaminergic-resistant symptoms, in particular gait control, may be
related to sensorimotor network dysfunction (see section 1.2.1.1 and 1.2.1.2). As the act
of walking requires the complex integration of cortical, subcortical, brainstem, and spinal
cord networks along with afferent feedback from sensory systems, gait impairments may

be caused by pathology at multiple levels of these network integration systems.

The key areas involved in locomotion are the pontomedullary reticular formation
(PMRF), mesencephalic locomotor region (MLR), BG, cerebellum (cerebellar locomotor
region (CLR)), and the cerebral cortex (Figure 1-1).22 BG, cerebellar and cortical neurons
send outputs to the MLR, which is composed of the PPN and the cuneiform nucleus. In
particular, the MLR is thought to be the site of gait initiation and regulation as it receives
BG afferents that originate from the sensorimotor, associative, and limbic anatomo-
functional territories.> The PPN is divided into two parts by the presence of cholinergic
neurons: the pars compacta (PPNc) is dorsolaterally located containing the majority of
cholinergic neurons and the pars dissipata (PPNd) is medially located containing more
glutamatergic neurons than cholinergic neurons.?* The PPN has ascending projections to
the SNpc, STN, pallidum and thalamus and descending projections to the PMRF. The
cuneiform nuclei projections are less known, but primate studies have shown descending
projections.?? The PMRF, understood to be the site of gait execution and where the
reticulo-spinal pathway originates, receives MLR projections and modulates descending

spinal cord circuitry for controlling posture and gait.'?

Excessive GABAergic inhibitory output from the GPi/SNr can reduce MLR-activated
step cycles, increase stance phase, and disrupt rhythmic locomotion patterns by reducing

velocity and the amount of movement (bradykinesia).!* Furthermore, the excessive



GABAergic output from the BG inhibits the PPN and may increase muscle tone and may
contribute to axial rigidity features.!> However, the over-activation of the GPi/SNr output
nuclei inhibiting the PPN does not necessarily correlate with gait impairments,?* as gait
and falls in PD are correlated with cholinergic PPN dysfunction.>**> Non-human primate
studies demonstrate the importance of cholinergic PPN neurons for the control of gait.?®
As well, a study with 22 early PD patients demonstrated cholinergic dysfunction,
measured using paired-pulse transcranial magnetic stimulation (TMS), is significantly
associated with slower gait speed and gait variability (speed, stride time, stride length and
step width).?” Cellular loss within the PPN has been correlated with disease progression
and gait disturbances, which may act synergistically with nigrostriatal cell loss.?® Post-
mortem studies report cholinergic neuronal loss within the PPN is correlated with
dopaminergic cell loss in PD patients.?’ Thus, the PPN is theorized to be a distinct entity

from the SNpc that is also affected in PD leading to hypokinetic symptoms.*

The involvement of other structures such as the brainstem, cortex and cerebellum may
contribute to gait dysfunction in PD. However, the relationship of noradrenergic and
serotoninergic systems and gait is not fully understood. The excitatory, noradrenergic
neurons of the locus coeruleus are known to degenerate in PD, which may contribute to
gait impairments due to their widespread effects in the cortex, cerebellum, and spinal
cord.?® Coeruleus-cerebellar and coeruleus-spinal pathways are involved in autonomic
regulation and postural reflexes, and the degradation of these pathways may explain
postural instability in PD.? The raphe nuclei located in the brainstem utilizes serotonin
and is important for rhythm and locomotion pattern modulation.”> However, reduced
serotonin levels in the cerebrospinal fluid have been related to severe gait and balance
impairments in PD.?* Furthermore, due to the shift to goal-directed motor control
observed in PD, increased activation of the lateral premotor cortex is necessary to
compensate for the impairment of the supplementary motor area function.’! Another
strategy to compensate BG dysfunction is the enhanced activation in the cerebellum,
known for motor coordination and balance.** Thus, unraveling a specific cause for gait
disturbances in parkinsonian syndromes is not possible due to the complex network

involved in gait and motor control.



1.2 Parkinsonian gait impairments

In the early stages of PD, symptoms such as reduced gait speed and reduced arm swing
on one side correspond to the asymmetry of BG neuropathology and ambulation becomes
less automatic.'® During the moderate stages of disease, movement is more bradykinetic
with shuffling steps, increased double support time, bilateral reduced arm swing, stooped
posture and higher cadence being commonly observed and contributing to the decline in
gait kinematics.** Turning is defragmented (turning en bloc) and gait initiation problems
such as FOG and festination can appear. At the advanced stage, significant gait
impairments such as FOG can be frequent and are accompanied by reduced balance,
postural control, and frequent falls. These gait symptoms can be exacerbated by motor

fluctuations and dyskinesia resulting in the need for assistance or walking aids.>*

PD gait characteristically has reduced self-paced walking speed, higher cadence, shorter
step lengths, increased double support time gait phase, greater asymmetry and variability,
stooped posture, reduced arm swing, and reduced hip, knee and ankle range of motion
that contribute to these kinematic changes.*> However, age, disease duration, Movement
Disorders Society — Unified Parkinson’s Disease Rating Scale (MDS-UPDRS) and
Hoehn & Yahr ratings do not reflect gait biomechanics.® Slower walking speeds, which
are related to stride length and cadence, may denote a compensatory strategy to avoid
falling but are not disease specific.>* Double support and swing time may be associated
with gait instability as increased double support time is attributed to reduced ability to
transfer weight in preparation for stepping adequately, as observed in FOG (see section
1.2.1). Non-motor symptoms such as anxiety, depression and cognitive impairment are
common in PD and are associated with slow gait, greater gait variability, and the onset of
FOG.*® Accurate assessment of gait may inform physicians about early pathology,
evaluate fall risk, and predict cognitive decline.’” This can be done by categorizing gait
features to better understand key gait parameters with respect to their role in pathology
and may improve clinical interpretation of spatiotemporal gait parameters; these

categories are pace, thythm, variability, asymmetry, and postural control.*

Pace refers to step velocity and step length and is significantly reduced in patients

regardless of dopaminergic medication state when compared to healthy age-matched



subjects.’ Step time, swing time and stance time refer to gait rthythmicity and the timing
of each phase of a gait cycle, which is important for safe walking. Increased temporal
variability and asymmetry lead to gait instability and studies have suggested central
pattern generators within the thoracic and lumbar regions of the spinal cord play a role in
rhythm contractions of antagonistic flexor-extensor muscle groups.*® Variability of gait
measured by step length, velocity, and time refer to fluctuations from one step to the next.
Such fluctuations tend to increase with disease progression and can be attributed to
variability in muscle force production.*® Temporal gait asymmetry (e.g. step time, and
swing and stance gait phases between left and right footfalls) may be attributed to the
neuropathological nature of PD, which often start on one side and advance on to the other
side as the disease progresses. Another factor that can worsen gait asymmetry is the
severity and asymmetry of symptoms such as rigidity or bradykinesia greatly affecting
one limb rather than the other. Postural control typically is affected as PD patients have
larger stride widths to maintain a stable centre of mass over the base of support. Other

measures of postural control include step length asymmetry and step width variability.*3

1.2.1  Freezing of gait

FOG is an episodic absence or marked reduction of forward progression of the feet
despite the intention to walk.*! When a FOG episode occurs, patients feel their feet are
glued to the floor and may typically have their heels lifted further increasing postural
instability and falls. FOG episodes can be brief (1-30 seconds) or can last from several

minutes to hours until compensatory strategies, such as cueing, or assistance is required.

FOG can be triggered by gait initiation, turning while walking or on the spot, while
performing dual tasks, and walking or navigating narrow or cluttered surroundings (e.g.
doorways).?? PD patients with FOG, denoted as PD freezers, may exhibit FOG at
initiation and while turning though other patients may only exhibit freezing while turning
and navigating corners. As there are differences in situations that trigger FOG, there are
also clinical phenotypes of FOG such as knee trembling in place, shuffling forward or
akinetic FOG, which further complicates our understanding of the underlying
pathophysiology. Additionally, the relationship between FOG and dopaminergic

replacement medication (levodopa) is complicated. The most common freezing is
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relieved by levodopa (OFF-FOG). However, there are less recognized types of freezing
such as “unresponsive FOG” (OFFON-FOG or “pseudo-on FOG”) that do not respond to

levodopa and freezing that is induced by levodopa (ON-FOG).*

Thus, understanding the
characteristics and triggers of FOG and the response to pharmacotherapy and cueing

approaches may improve FOG management or prevent fall injuries.

1.2.1.1  Somatosensory cueing and freezing of gait

Decreased walking speed through narrow doorways suggest impaired visual information
processing in FOG patients.*’ Other proprioceptive deficits are apparent in PD as
accuracy (under estimating movement targets) and speed are affected when patients
cannot see their hand moving.** Freezers rely more on visual feedback to control balance
and locomotion than non-freezers do.*> This suggests that perceptual mechanisms are
impaired and may disrupt planning of movement and contribute to FOG.* Thus, freezers
have increased visual dependency, proprioceptive impairments, and inaccurate
visuospatial perception.*® These impairments disrupt freezers’ perception of motion
required for the fine-tuning of gait and motor control. Sensory cueing, such as visual (e.g.
stripes on the floor), auditory (e.g. footsteps on gravel/metronome), or haptic (e.g. muscle
vibration), shifts motor control from habitual (predominantly relying on the posterior
putamen) to a more goal-directed type (involving the anterior putamen) of motor control
and can provide additional sensory feedback.*’ Cueing has been shown to reduce FOG

severity, improve gait and upper limb movements after training.*’

Visual cues can increase step length by providing spatial information to regulate scaling
and amplitude generation during walking.*’ This supports the concept that sensory
deficits influence FOG.*® As a greater number of FOG episodes occur when patients rely
on proprioception to walk through a doorway,* providing extra visual feedback before
transitioning to a FOG event may be useful. However, the clinical evidence of using
ambulatory visual cues such as the “laser-shoe” and augmented visual cues via Google
glasses are limited due to compliance and the bulkiness of devices overshadowing the

benefits of cueing.*’
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Auditory cues provide temporal information regarding the timing and coordination of
limbs for a rhythmic gait cycle. Metronome based auditory cueing can improve gait
kinematics but effectiveness for FOG is limited.>® A recent study demonstrated action-
relevant sounds (e.g. footsteps on gravel) that convey both temporal and spatial
parameters to the relevant performance of an action, walking, reduced gait variability and
increased step length.>*>! However, stepping sounds that do not convey heel down and

toe off were not as effective for improving gait.3%!

Vibration of the posterior lower limb or back muscles that creates an illusory forward
displacement sensation (same direction of forward movement) has been shown to
improve gait in PD.>? However, vibration of the tibialis anterior that creates a backward
displacement sensation reduces step length.>> Furthermore, vibration of the less affected
limb prior to FOG onset significantly reduces FOG.>* Thus, improving gait by eliciting
illusionary sensations that facilitates movement in the same (forward) direction by
vibration may improve impaired proprioceptive feedback seen in freezers, which cannot

be explained purely by cognitive and attentional mechanisms.>

As locomotion relies on internal generated cueing information that is defective in PD
freezers, FOG may arise from impaired sensory processing primarily in the
proprioceptive system.*® However, benefits of sensory cueing in the long-term (after 6-
weeks of training/use) appear to diminish and effectiveness may depend on disease
profile and cueing type to avoid habituation.*’ Further research is needed to better
understand which cue content, consolidation of learning and transfer towards untrained
tasks, and dose of cues can be effective for improving gait for the needs of individual

patients.*’

1.2.1.2 Possible mechanisms underlying freezing of gait

As environmental situations trigger FOG and sensory cueing ameliorates FOG, these
suggest deficits in the processing of sensory input and motor command outputs such as
sensory-perceptual (proprioception) processing. Multiple interconnected networks are
involved and play a significant role in this phenomenon. A series of parallel neuronal

networks between the BG and regions of the cerebral cortex, thalamus and brainstem
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time (time taken to move the cursor towards the target), and speed (mean velocity from
the central “home” target to the external target). The visual-motor performance measures
were extracted using a custom written MatLab® (version 2015b, MathWorks, Natick,
MA, USA) code that enabled the integration of a Quarc interface (Quanser®, Markham,
Ontario, Canada) with a virtual runtime environment for the communication between the

robot and the visual display of the tasks, respectively.

Figure 2-2. The set-up of the robotic device (a) and the visual display of the target
reaching choice tasks (b-e).

A 27 monitor displayed the target reaching choice tasks that involved participants to
move the white cursor to the green square target (b,c) or to the correct shape (upright
equilateral triangle) and to avoid the distractor shapes (d,e) using the orange toggle stick
on the robotic device (a).

2.2.8  Statistical analysis

Quantitative measures of FOG (turning time, COP and COMe path lengths were log-
transformed for statistical testing), relative spectral power per frequency band for each of
the 6 electrode clusters, striatal DAT (SBR values per hemisphere for each ROI), and

visual-motor performance (mean accuracy, reaction time and speed per arm) were plotted
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as mean + standard deviations. Differences between OFF-levodopa and ON-levodopa
states for FOG and relative power measures were tested using a paired t-test (open-source
statistical software, R (version 4.1.1) package “t.test”). Differences between PD
participants and age-matched healthy controls for FOG, relative power and visual-motor

performance measures were tested using an independent t-test.

The effects of SCS on FOG, relative power, DAT, and visual-motor performance were
analyzed in separate linear mixed models via the maximized likelihood estimation (R
“ImerTest” package). Measures collected from baseline to 3- and 6-months of SCS
therapy were compared. Estimated comparisons of least square means and 95%
confidence intervals (95%CI) for each fixed effect in a linear mixed model were
calculated and multiple comparisons were adjusted using Tukey’s method (R “lsmeans”
package; p-value < 0.05). Each fixed effect was separately tested in a linear mixed effects
model; fixed effects included: FOG: turning time, COP and COMe path length per
direction, relative power per electrode cluster for each frequency band, and mean speed,
reaction time and accuracy per visual-motor task. Linear mixed model analysis allowed
adding participants as a random effect to resolve issues of independence among repeated
measures by controlling for individual variation among participants. Post hoc power

analysis was conducted using R package “power.t.test” function.

Measures of FOG, relative power, DAT, and visual-motor performance were further
analyzed with four linear mixed models via the maximized likelihood estimation
(“ImerTest” package). Clinical outcome variables such as clockwise turning or left arm
visual-motor performance were analyzed with central (e.g. C1, C2) and contralateral (e.g.
right hemisphere) electrode clusters (e.g. F2, and P2) or with contralateral DAT predictor
variables (e.g. Right putamen SBR). The first linear mixed model analyzed mean turning
time per participant for repeated measures with covariates: visual-motor performance
(tasks 3 and 4) parameters of mean speed, reaction time and accuracy, time (baseline, 3-
and 6-months) as a fixed effect, and participants as a random effect. The second linear
mixed model analyzed mean turning time per participant for repeated measures with
covariates: relative power per central and contralateral electrode cluster per frequency

band, time (baseline, 3- and 6-months) as a fixed effect, and participants as a random
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effect. The third linear mixed model analyzed mean turning time per participant for
repeated measures with covariates: striatal DAT binding per ROI per contralateral
hemisphere, time (baseline, 3- and 6-months) as a fixed effect, and participants as a
random effect. The fourth linear mixed model analyzed visual-motor performance
parameters (mean speed, reaction time and accuracy for tasks 3 and 4) per participant per
upper limb for repeated measures with covariates: DAT binding per ROI per contralateral
hemisphere, time (baseline, 3- and 6-months) as a fixed effect and, participants as a
random effect. All data values were rescaled by centering (subtracting by the mean) and
dividing by 2 standard deviations (SD) using R package “arms” to ensure estimated

coefficients were on the same scale. P-values < 0.05 indicated statistical significance.

2.3 Results
2.3.1  Study demographics

Demographics of the 7 participants (12 + 7 years with disease, 2 females) are displayed in
Table 2-1. Participants #4 - 7 completed all study assessments and participants #1 - 3
completed FOG and EEG assessments only. Five of the seven participants best improved
with the SCS setting of 400 ps pulse width combined with a frequency of 60 Hz and
continued to use this setting at-home over the treatment period. All participants did not
improve on low frequencies (30-60 Hz) combined with a pulse width of 200 us. One
participant (#6) required a reduction in daily levodopa dose due to worsening of FOG

while ON-levodopa. No side effects from the SCS therapy were reported.

Table 2-1. Demographics, clinical features and the SCS setting that best improved
FOG and gait for each study participant

MDS-
UPDRS-IIT
score
L-
Most dop
Age YW DLD affect a SCS
ID Sex (years) D (mg) ed OFF ON resp setting?
side® onse

()¢
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1 M 72 23 800  Left 27 23  -15  200/130
2 F 66 10 600  Left 38 28 -26  400/60
3 F 74 20 800  Left 50 48 -4  400/60
4 M 773 1100 Left 29 21 28  400/60
5 M 6 9 1200 Left 44 41 -7 40030
6 M 74 10 900  Left 34 30 -12  400/60
7 M 78 8 1200 Left 36 35 -3 400/60
Mean o 73 12 950  TLeft 37 32 -13

SD 4 7 251 § 10 10
Median 7410 950 36 30 -12

Range 66 3 600 27 21 28

(low)

Range

eh 78 23 1200 50 48 -3

“Daily levodopa dose reduced to 650 mg at the 3-month follow-up for Participant #6; ®total
UPDRS-III sub-scores per right and left sides while OFF- and ON-levodopa medication and the
side with the highest number is reported; ‘change in OFF/ON levodopa medication response in
percent; SCS setting (pulse width (us)/frequency (Hz)) that was used for testing and used daily
at-home. Abbreviations: DLD Daily levodopa dose; F Female; L-dopa Levodopa; M Male; OFF
off levodopa medication; ON on levodopa medication; YWD Years with disease

2.3.2 Freezing of gait outcomes

2.3.2.1  Comparing PD participants and healthy controls

Mean turning time, COP path length and COMe path length for CWT and CCWT
directions was 5+1 sec, 178+£31 mm, and 112+28 mm, respectively, in age-matched
healthy controls. PD participants at baseline were a mean difference of +97+18 sec in
turning time, +2333+89 mm in COP path length, and +7354+19 mm in COMe path length
compared to controls for both turning directions. However, at the 6-month follow-up, the
mean difference in turning time, COP and COMe path lengths reduced by 55+6% (mean
difference was +43+5 sec), 36£12% (+1555+296 mm) and 41+18% (+433+126 mm),

respectively, comparing PD participants to controls.

2.3.2.2 Effect of SCS therapy on freezing of gait

While PD participants were OFF-levodopa, the effect of SCS significantly reduced CWT
time from 137£119 sec at baseline to 62448 sec (t[14]=-2.079, p=0.038, 95%CI -0.65.,-
0.02, difference 55%, post-hoc power = 0.94) at 3-months and to 6761 sec (t[14]=-
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Figure 2-5. Mean relative power per electrode cluster (a-f) for each frequency band
in all participants while ON-levodopa from baseline (blue line) to 3-months (orange

line) and 6-months (gray line) of SCS therapy.

Linear mixed models (e.g. Imer(med cluster band ~ time + (1 | participant) where
med_cluster band represents the relative frequency band power from an electrode cluster
while participants were either OFF-levodopa or ON-levodopa) revealed the estimates of
the fixed effect of time (SCS therapy) on the relative power per frequency band from
each electrode cluster while PD participants were OFF-levodopa or ON-levodopa
medication. While participants were OFF-levodopa, a model revealed the coefficient of S
=0.48 (p =0.017, 95%CI -0.9,-0.08) and S = 0.65 (p = 0.002, 95%CI -1.1,-0.2) indicated
that a 2 SD change at 3- and 6-months, respectively, was associated with a reduction in S
*2 SD in “C1” alpha band relative power. The model revealed a coefficient of = 0.46
(p =0.027, 95%CI -0.9,-0.05) and g = 0.44 (p = 0.04, 95%CI -0.9,-0.01) indicated that a
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2 SD change at 3- and 6-months, respectively, was associated with a reduction in g * 2
SD in “F2” alpha power. In the beta band, the model revealed a coefficient of f=0.39 (p
=0.011, 95%CI -0.7,-0.09) and S = 0.45 (p = 0.006, 95%CI -0.8,-0.1) indicated that a 2
SD change at 3- and 6-months, respectively, was associated with a reduction in f * 2 SD
in “C2” relative power. The model revealed a coefficient of f = 0.45 (p = 0.002, 95%CI -
0.7,-0.2) and = 0.32 (p = 0.014, 95%CI -0.6,-0.1) indicated that a 2 SD change at 3-
months was associated with a reduction in f * 2 SD in “F2” and “P2” beta power,
respectively. In the delta band, the model revealed a coefficient of = 0.44 (p = 0.002,
95%CI 0.2,0.7) indicated that a 2 SD change at 3-months was associated with an increase
in f* 2 SD in “P2” relative power. No significant associations of the effect of SCS with
relative power in the theta, low gamma, and high gamma frequency bands nor from the

“F1” and “P1” electrode clusters were observed.

While ON-levodopa, the model revealed the coefficient of f=0.26 (p = 0.024, 95%CI -
0.5,-0.03) indicated that a 2 SD change at 3- and 6-months was associated with a
reduction in £ * 2 SD in “P1” low gamma band relative power. The model revealed the
coefficient of #=10.21 (p = 0.034, 95%CI -0.4,-0.02) and = 0.19 (p = 0.006, 95%CI
0.06,0.3) indicated that a 2 SD change at 3-months was associated with a reduction in f =
0.21* 2 SD in “P2” low gamma and an increase in = 0.19 * 2 SD in “P2” theta band
relative power, respectively. No significant associations of the effect of SCS therapy with
relative power in the delta, alpha, beta, and high gamma frequency bands nor from the

“F17, “F2”, “C1”, or “C2” electrode clusters were observed.

2.34 Striatal DAT outcomes

2.3.4.1 Comparing PD participants and healthy controls

Striatal DAT binding in PD participants was lower by a mean of 86+4% compared to the
age-matched controls (mean DAT binding of 2.294+0.23 SBR in all ROIs from the
DaTQUANT database). Furthermore, asymmetry ratios between the right and left
hemispheres in the caudate, putamen, anterior putamen, and posterior putamen ROIs was
a mean 0.81+0.29 at baseline and 1.274+0.24 at 6-months in PD participants. Thus, DAT

binding was 21% less in the right versus the left striatum at baseline and 24% greater in



63

the right versus the left striatum at 6-months of therapy when compared to the mean

right/left ratio of 1.034+0.01 in the age-matched controls.

In controls, the DAT binding ratio between the anterior and posterior putamen per
hemisphere was a mean of 1.22+0.02 indicating greater DAT binding in the anterior
compared to the posterior putamen. This was similarly observed in the PD participants
where the ratio of anterior/posterior putamen DAT binding was greater by a mean 5% at

baseline (mean 1.3+0.4 SBR) and by a mean 42% at 6-months (mean 1.8+0.6 SBR).

2.3.4.2 Effect of SCS therapy on striatal DAT binding

DAT binding (SBR values) in the ROIs from the right hemisphere did not significantly
change between baseline and 6-months in the 4 PD participants. However, comparing
striatal DAT per participant from baseline to 6-months of SCS use (Figure 2-6),
participants #4 and #7 had a mean SBR increase by 45% (difference of +0.10 SBR) and
40% (+0.12 SBR) in the right putamen and anterior putamen ROIs, respectively (Figures
2-6¢,e). For participants #5 and #7, a 700% (+0.07 SBR) and 33% (+0.05 SBR) increase
of DAT in the right posterior putamen, respectively, was observed (Figure 2-6g).
Participant #5 had an increase of 50% (+0.10 SBR) and 100% (+0.10 SBR) in the right
and left caudate ROIs, respectively (Figures 2-6a,b). There was no significant effect of

time as a predictor for right hemispheric striatal DAT binding.

In the left hemisphere, a significant reduction in the putamen (7[4] =-7.839, p = 0.0008,
95%CI -0.7,-0.07, difference 44%, post-hoc power = 1.0), anterior putamen (¢[4] = -
5.485, p =0.001, 95%CI -0.8,0.03, difference 47%, post-hoc power = 0.91) and posterior
putamen (#[4] = -4.667, p = 0.009, 95%CI -0.8,0.04, difference 33%, post-hoc power =
0.97) ROIs was observed in all 4 participants between baseline and 6-months (Figures 2-
6d,f,h). However, no significant change in the caudate (t[4] =-1.633, p = 0.21, 95%CI -
0.7,0.5, difference 21%) was observed (Figure 2-6b). A linear mixed model revealed (e.g.
Imer(hemi ROI ~ time + (1 | participant) where hemi_ROI represents a SBR value from
a striatal ROI per hemisphere) there was a significant effect of time (SCS therapy) with
DAT binding in the putamen by a coefficient of f =-0.8001 (p = 0.001, 95%CI -1.00,-
0.60), anterior putamen by f =-0.6155 (p = 0.012, 95%CI -0.9,-0.51), and posterior
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putamen by £ =-0.7144 (p = 0.009, 95%CI -1.01,-0.41). Thus, 3 of the 4 participants had
increased DAT binding in the right striatum and all participants had decreased DAT
binding in the left striatum.
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Figure 2-6. SBR values of striatal DAT binding in the caudate (a-b), putamen (c-d),
anterior putamen (e-f) and posterior putamen (g-h) in the right (a,c,e,g) and left
(b,d.f,h) hemispheres per participant (#4 to 7) at baseline (blue) and at 6-months of
SCS use (orange).

For each participant, SBR values, specific binding of the tracer to a ROI divided by the
non-specific binding (background ROI), were quantified by GE DaTQUANT software.
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At baseline, asymmetry of striatal DAT binding between the right and left hemispheres
was significantly different in the putamen (p = 0.009, 95%CI -0.7,-0.09, difference +60%,
post-hoc power = 0.91) and anterior putamen (p = 0.009, 95%CI -1.1,-0.5, difference
+56%, post-hoc power = 0.92), with no significant differences between the right and left
caudate (p = 1.000, 95%CI -0.2,0.2, difference -10%) and posterior putamen (p = 0.17,
95%CI -0.7,0.2, difference +67%) (Figure 2-7a). At 6-months, there was a significant
difference between the right and left caudate (p = 0.03, 95%CI -0.4,0.8, difference -25%,
post-hoc power = 0.67) and anterior putamen (p = 0.004, 95%CI -0.4,0.8, difference -
23%, post-hoc power = 0.58) (Figure 2-7b). However, there were no significant
differences between the right and left putamen (p = 0.21, 95%CI -0.4,0.7, difference -
18%) and posterior putamen (p = 0.62, 95%CI -0.7,0.6, difference +42%). A linear mixed
model (e.g. Imer(ROI ~ side*time + (1 | participant) where ROI represents SBR values
from a specific ROI) involving an interaction between time (baseline and 6-months) and
side (right and left hemisphere), SBR values from the putamen (f = 0.89, p = 0.001,
95%CI 0.4,-1.4) and the anterior putamen (f = 0.99, p = 0.007, 95%CI 0.4,-1.5) were
significantly different indicating DAT binding in these ROIs vary with time and per side

following SCS therapy.
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Figure 2-7. Mean DAT binding (SBR values) in each striatal ROI per hemisphere at
baseline (a) and at 6-months of SCS use (b) in all 4 participants. Asterisks represent

p-value < 0.05 and error bars represent standard deviation.
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2.3.5 Visual-motor performance outcomes in PD participants
following SCS therapy and comparing to healthy controls

The visual-motor task 1, mean speed of moving the cursor to the target for both arms was

significantly slower by 58% (left upper limb: ¢[14] =-4.325, p = 0.001, 95%CI -0.6,-0.2;

right upper limb: ¢[14] =-3.841, p= 0.002, 95%CI -0.6,-0.2) in PD participants compared

to healthy controls at baseline (Figure 2-8a left column). Changes in upper limb speed,

reaction time or accuracy did not significantly change over the 6-month SCS treatment

(Figure 2-8a).

Task 2, involving the robot exerting a resistive force, PD participants were significantly
slower by a mean of 61% (left: /[14] = 5.84, p< 0.001, 95%CI 0.2,0.4; right: ¢{14] =4.27,
p=0.001, 95%CI 0.2,0.6) compared to healthy controls (Figure 2-8b, left column). In
addition, bilateral upper limb reaction time was significantly slower by a mean of 134%
(left: 7[14] =-7.479, p< 0.001, 95%CI -0.6,-0.3; right: ¢[14] =-6.396, p< 0.001, 95%CI -
0.6,-0.3) in PD participants compared to controls (Figure 2-8b center). The effect of SCS
therapy significantly increased mean speed in both arms by 46% (left: p = 0.02, 95%CI -
0.5,0.4; right: p = 0.04, 95%CI -0.6,0.5) from 0.1+£0.02 cm/s at baseline to 0.2+0.05 cm/s
at 6-months. Mean reaction time in the right upper limb significantly reduced by a mean
of 36% (p =0.01, 95%CI -0.7,-0.03, post-hoc power = 0.65) from 1.3+0.6 sec at baseline
to 0.8+0.1 sec at 3- and 6-months. Mean accuracy in the right upper limb significantly
improved by a mean of 73% (p = 0.04, 95%CI -0.8,0.2, post-hoc power = 0.72) from
5.3+5.7 cm at baseline to 1.44+1.4 cm at 6-months. No significant changes in left upper

limb reaction time or accuracy were observed over the 6-months.

Task 2 with assistive forces, PD participants were significantly slower in both upper
limbs by a mean of 59% (left: {[14] =-6.22, p <0.001, 95%CI -0.6,0.3; right: 7[14] = -
9.722, p< 0.001, 95%CI -0.5,-0.3) compared to controls (Figure 2-8c left column).
Additionally, right upper limb reaction time was significantly slower by 88% (#[14] =
2.22, p =0.043, 95%CI 0.003,0.2) in PD compared to controls (Figure 2-8c center). The
effect of SCS therapy significantly reduced right upper limb reaction time by 34% (p =
0.02, 95%CI -0.5,0.4, post-hoc power = 0.99) from 1.1+0.4 sec at baseline to 0.7+0.2 sec
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over the 6-months. No significant changes in bilateral upper limb speed or accuracy and

left upper limb reaction time were observed over the 6-months.

For task 3, involving participants to notice the target appear on the screen for 0.25
seconds and move the cursor to the target location, PD participants were significantly
slower in right upper limb reaction time by a mean of 31% (right: {14] = 1.604, p =
0.022, 95%CI 0.03,0.3) compared to controls (Figure 2-8d center). In addition, bilateral
upper limb accuracy was significantly worse by 168% (left: #(14) = 3.671, p = 0.003,
95%CI 0.1,0.6; right: #[14] = 4.29, p = 0.001, 95%CI 0.2,0.6) in PD compared to controls
(Figure 2-8d right column). The effect of SCS therapy significantly worsened speed in
the left arm by a mean of 20% (p = 0.04, 95%CI -0.02,0.8, post-hoc power = 0.71) from
0.2+0.03 cm/s at baseline to 0.18+0.02 cm/s at 3- and 6-months (Figure 2-8d left
column). No significant changes in bilateral upper limb reaction time or accuracy were

observed in PD over the 6-months.

Task 4, involving participants to move the cursor to the correct shape and to avoid the
distractor shapes, PD participants were significantly slower in mean speed and reaction
time by a mean of 54% (left: {14] =-5.122, p < 0.001, 95%CI -0.5,-0.2; right: f[14] = -
5.787, p < 0.001, 95%CI -0.5,-0.2) and by 54% (left: #[14] =2.579, p = 0.022, 95%CI
0.04,0.5; right: #[14] = 2.247, p = 0.041, 95%CI 0.01,0.3), respectively, compared to
controls (Figure 2-8e left column and center). The effect of SCS therapy significantly
improved mean accuracy in both arms by a mean of 91% (p = 0.045, 95%CI -0.9,0.03,
post-hoc power = 0.82) from 17.6£13.7 cm at baseline to 1.5+£0.1 cm at 6-months (Figure
2-8e right column). No significant changes in bilateral upper limb speed or reaction time

were observed over the 6-months.



a
05
<
w 0.4
E
Task 1 5 %3
@
Stationary & 0.2
201
@
= 0.0
_ 04
$
Task 2 503
Resistivez (2
force g
201
L
@
=00
C
_06
g
04
Task 2 2

Assistiveg 02

force =
(]
-]
= 0.0
_03
g
E 0.2
T
Task 3 g
Di 201
isappear- 2
- "
ng @
= 0.0
€ 03
g
Eo2
Task 4 =
201
Shapes 2
b
= 0.0

r”r_,’ 1

Baseline 3-months 6-months

Time

*L//r“—l*

Baseline 3-months 6-months

Time

Baseline 3-months 6-months

Time

T, ]

Baseline 3-months 6-months

Time
* | T
T-—-'-"‘""-#-__—

Baseline 3-months 6-months

Time

Mean reaction time Mean reaction time Mean reaction time Mean reaction time

Mean reaction time

-

Baseline 3-months 6-months

Time

Ik %

1

Baseline 3-months 6-months

Time

Baseline 3-months6-months

Time

Baseline 3-months6-months

Time

Baseline 3-months 6-months

Time

L

—

Mean accuracy (cm)
[

=

Meanaccuracy (cm)
-
= - w0 =

th

Mean accuracy (cm)

[T R = I P R N

= [
th =

Meanaccuracy (cm)
—
[—]

- L) [
= = =]

Mean accuracy (cm)

=

68

——Right arm

]N\Leﬂ —

Baseline 3-months 6-months

Time

Baseline 3-months 6-months

-

Time

Baseline 3-months 6-months

Time

S —

Baseline 3-months 6-months

I,

Time

A

=n

Baseline 3-months 6-months

Time

Figure 2-8. Mean speed (left column), reaction time (middle column) and accuracy

(right column) measures from the visual-motor performance tasks (a-e) in the right

(blue) and left (orange) upper limbs of all 4 PD participants from baseline to 3- and
6-months of SCS use.

Task 1 (a) involved participants to move the cursor into the middle of a stationary target,
task 2 involved stationary targets but the robot exerted a resistive (b) or an assistive (c)
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force requiring greater or lesser force, respectively, to be applied to the robot to move the
cursor to the target, task 3 (d) involved participants to move the cursor to the place on the
screen that the target appeared for 0.25 seconds, and task 4 (e) required participants to
move the cursor to the correct shape (upright equilateral triangle) and to avoid distractor
shapes. Black horizontal lines indicate mean healthy control values per task, error bars
represent standard deviation, coloured asterisks denote statistical significance (p < 0.05)
compared to baseline within PD participants and vertical bars indicate significant
differences between PD and controls at baseline.

2.3.6  Relationship between changes in clinical and
neurophysiological measures with SCS therapy

2.3.6.1  Freezing of gait and visual-motor performance

A linear mixed model (e.g. Imer(FOG ~ arm_robot*time + (1 | participant) where FOG
represents CWT or CCWT turning time and arm_robot represents a visual-motor
performance variable from a specific task per upper-limb with an interaction with time
(SCS therapy)) revealed that changes in CWT time while participants were ON-levodopa
as the dependent variable was significantly associated to changes in accuracy (Task #4 for
targeting the correct shape) in both upper limbs (left: 5= 0.36, 95% CI 0.15,0.56, p =
0.001; right: = 0.30, 95% CI 0.06,0.55, p = 0.015) as the covariate over the 6-months.
The model revealed that changes in the dependent variable, CCWT time was significantly
associated to changes in reaction time (Task #4) in both upper limbs (left: #=0.21, 95%
C10.03,0.38, p =0.022; right: #=10.45, 95% CI1 0.33,0.56, p <0.001). Thus, the
reduction in turning time was significantly associated with improvements in accuracy for

visual discrimination of shapes and for motor control.

2.3.6.2 Freezing of gait and cortical activity

A linear mixed model (e.g. Imer(FOG ~ med_cluster band*time + (1 | participant))
examined the outcome of turning time (CWT or CCWT directions) with electrode
clusters “C1”, “C2”, “F1” and “F2” per frequency band as covariates comparing baseline
and post-SCS time-points (3- and 6-months) while participants were either OFF-levodopa
or ON-levodopa. While participants were OFF-levodopa, the model revealed the
coefficients of f =-1.17 (95% -1.9,-0.45, p =0.002), f=-1.18 (95% -2.12,-0.25,p =
0.013), and f=2.14 (95% 1.15,3.13, p <0.001) indicated that a 2 SD change in “C1”,

“C2”, and “F2” relative alpha band power, respectively, was associated with a § * 2 SD



70

change in CCWT time over the 6-months. Furthermore, the model also revealed that
CCWT time as the outcome was significantly associated with relative beta band power
from the “C1” (f = 3.62, 95% CI12.36,4.89, p <0.001), “C2” (f = -1.44, 95% CI -2.24,-
0.63, p <0.001), and “F2” (8 =-1.74, 95% CI -2.67,-0.82, p < 0.001) electrode clusters as
the covariates. A model with CCWT time was significantly associated with changes in
relative theta band power from the “C1” (f =-1.74, 95% CI -2.13,-1.34, p < 0.001), “C2”
(#=1.97,95% CI 1.41,2.52, p <0.001), and “F2” = 0.74, 95% C1 0.41,1.06, p < 0.001)
electrode clusters. A model with CWT time was significantly associated with changes in
relative theta band power from “C2” (f =-1.34, 95% CI -2.17,-0.51, p = 0.002) and “F1”
(#=1.80,95% CI 1.27,2.33, p <0.001) electrode clusters as the covariates. Thus,
changes in relative alpha, beta, and theta band power from the “C1”, “C2”, and “F2”
clusters were significantly associated to changes in OFF-levodopa turning time (reduced

FOG).

While participants were ON-levodopa, the model revealed that CCWT time as the
outcome was significantly associated with relative alpha band power from “C1” (f = -
1.27,95% CI-1.94,-0.60, p < 0.001), “C2” (5 = 0.54, 95% CI1 0.03,1.05, p = 0.038), and
“F2” (5 =0.92, 95% CI 0.23,1.60, p = 0.009) electrode clusters as the covariates over the
6-months. Furthermore, the model revealed that CWT time as the outcome was
significantly associated with relative alpha band power from “C1” (f =-0.94, 95% CI -
1.56,-0.31, p = 0.003) and “C2” (5 = 1.29, 95% CI 0.69,1.89, p < 0.001) electrode
clusters as the covariates. Thus, changes in relative alpha band power from “C1”, “C2”

and “F2” clusters were significantly associated to changes in ON-levodopa turning time.

2.3.6.3 Freezing of gait and striatal DAT binding

A linear mixed model (e.g. Imer(FOG ~ hemi_ROI*time + (1 | participant) where
hemi_ROI represents a SBR value from a striatal ROI per hemisphere) revealed that
changes in CWT time while participants were OFF-levodopa as the dependent variable
was significantly associated to DAT binding in the anterior putamen of the right
hemisphere (f = -0.83, 95% CI -1.28,-0.37, p <0.001) as the covariate over the 6-months.
Thus, this model indicated that a reduction in turning time (reduced FOG severity) was

significantly associated to increased DAT binding in the right anterior putamen. No
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significant associations were observed between CCWT time and striatal DAT binding in

either hemisphere.

2.3.6.4 Visual-motor performance and striatal DAT binding

A linear mixed model (e.g. Imer(arm_robot ~ hemi_ROI*time + (1 | participant) where
arm_robot represents a visual-motor performance variable from a specific task per upper-
limb) revealed a main interaction effect between DAT binding in the anterior putamen for
the right and left hemispheres as the outcome with speed (Task #4) in the left (8 =-1.42,
95% CI-1.77,-1.07, p < 0.001) and right upper limbs (f = -0.38, 95% CI -0.69,-0.07, p =
0.016), respectively, as the covariates over the 6-months. Thus, changes in upper limb
speed for visual discrimination was significantly associated with changes in anterior

putamen DAT over the SCS treatment period.

A model revealed a main interaction effect between DAT binding in the left posterior
putamen as the outcome with right upper limb accuracy (f =-1.43, 95% CI -1.77,-1.10, p
< 0.001) and speed (5 = 0.73, 95% CI 0.60,0.86, p < 0.001) for visual discrimination
(Task #4) over the 6-months. However, a model revealed a main interaction effect
between DAT binding in the right posterior putamen as the outcome with left upper limb
reaction time (5 = 0.88, 95% CI1 0.41,1.35, p <0.001) for Task #4 and speed (f = 1.21,
95% CI 0.38,2.05, p = 0.004) for Task #3. Thus, changes in upper arm speed, reaction
time and accuracy were significantly associated with DAT binding in the posterior
putamen over the SCS study treatment duration. No significant associations between
speed, reaction time and accuracy with DAT binding in the caudate and putamen were

observed over the 6-months.

2.4 Discussion

This is the first study to investigate the modulation of sensorimotor cortical activity and
striatal dopaminergic innervation by dorsal column SCS at the thoracic level of the spinal
cord to treat FOG and improve upper limb visual-motor performance. SCS significantly
reduced FOG severity while participants were OFF-levodopa and ON-levodopa and
improved upper limb speed, reaction time and accuracy for visual discrimination

(targeting the correct shape) and tasks that required adapting to resistive forces. The
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change in FOG was significantly associated with upper limb visual-motor improvements.
FOG improvement was significantly associated with the modulation of resting-state
sensorimotor cortical activity, particularly regions of the SMA and lower limb areas of
the M1, while PD participants were OFF-levodopa. However, reduced FOG was not
associated with changes in striatal dopaminergic innervation. These findings suggest that
FOG may originate from impaired activity within these non-dopaminergic cortical
pathways responsible for motor planning and execution, rather than an involvement of
nigrostriatal subcortical pathways. Furthermore, SCS may modulate the activity of these
pathways ultimately reducing FOG severity. Improvements in upper limb visual-motor
performance was significantly related with changes in striatal dopaminergic innervation,
particularly in the posterior putamen. These findings suggest that SCS may enhance
appendicular motor control relating to upper limb freezing mediated by dopaminergic,

sensorimotor pathways.

SCS has been shown to improve different aspects of gait, such as effecting changes in
stride velocity, step length, and asymmetry and variability of gait, and reducing FOG
frequency during walking (see Chapter 4). In this present study, SCS also significantly
reduced FOG during turning while participants were OFF-levodopa and ON-levodopa.
This highlights that SCS may improve the efficiency of turning by reducing the number
of steps (reduced COP path length) mediated by acting on non-dopaminergic pathways,
as there were improvements while participants were OFF-levodopa with no synergistic
effects between medication and SCS use. A similar methodology for the individualization
of SCS programming, described in Chapter 3, was utilized by determining the optimal
SCS setting that best improved motor response, such as turning on the spot which is an
effective provoker of FOG.!* A low frequency (30-60 Hz) combined with a high pulse
width (400 ps) SCS setting was most effective for reducing turning FOG as no
improvements were observed using low frequencies with a lower pulse width (200 ps).
Similar optimal SCS settings for straight walking tasks were reported in the pilot study
with advanced PD patients (see Chapter 4). De Souza ef al also demonstrated similar
gait effects in PD patients using a low pulse width combined with a high frequency
stimulation pattern over the 6-months of SCS therapy.” Minimizing placebo effects by

blinding participants to each setting being tested'® expanded our knowledge of effective
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SCS parameters and advanced our understanding of the importance of the pattern of

stimulation.

Restoration of locomotion and reduced freezing by upper thoracic SCS is correlated with
the reduction of low-frequency cortical and basal ganglia oscillatory activity and changes
in neural firing patterns reported in rat® and non-human primate’ PD model pre-clinical
studies. Santana et a/ demonstrated that SCS reduced the local field potential power in
the M1, putamen, subthalamic nucleus, and thalamus, and that the desynchronization of
these beta oscillations within the cortico-basal ganglia-thalamic circuit was the key
underlying factor that brought the brain network closer to a normal state.” In this present
study, SCS also induced significant reductions in low-frequency (delta, alpha, and beta)
cortical activity within the SMA, M1 representation of the lower limbs, and frontal areas
compared to baseline while participants were OFF-levodopa over the 6-month treatment
period. These changes in low-frequency sensorimotor activity (theta, alpha and beta
bands) were significantly associated with the reduction in FOG while participants were
OFF-levodopa but were not observed with ON-levodopa FOG improvements. This
corroborates the de Lima-Pardini et al/ study suggesting that SMA dysfunction underlies
FOG and may be influenced by SCS due to improvements in anticipatory postural
adjustments and freezing observed in PD patients.'® In addition, significant associations
between changes in right hemispheric (“F2” and “P2” electrode clusters) and central
(“C1” and “C2”) sensorimotor cortical activity with SCS therapy (time) were observed.
However, no associations with the left hemispheric (“F1” and “P2”) cortical activity with
SCS therapy were observed indicating that SCS may influence cortical activity
corresponding with the most affected side for all participants, which was the left side of
body based on the MDS-UPDRS-III score and the reduced striatal DAT in the right
hemisphere. Thus, this study is the first to demonstrate that SCS may directly modulate
the cortical function of the primary sensory and motor areas to alleviate FOG. SCS may
disrupt the connection between the dysfunctional basal ganglia, PPN and cortical areas
that result in poor performance when trying to achieve tasks'’ and automatic movement

responses that resemble FOG events. '8
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EEG slowing and reduced functional connectivity in the alpha frequency band is
associated with non-dopaminergic disease severity in PD.!” However, PD patients with
freezing exhibit less efficient fronto-striatal pathways and attentional networks?® and
increased alpha activity, predominantly in the prefrontal and centro-parietal areas
compared to PD patients without freezing.?! A quantitative EEG study demonstrated that
defective dopaminergic networks are involved in abnormal oscillatory alpha and beta
cortical activity.?? This present study corroborates the Melgari et al study where PD
patients with freezing may exhibit defective dopaminergic networks as ON-levodopa
cortical activity within the beta frequency band was significantly lower compared to
controls.?? As beta frequency band activity in the ON-levodopa state was not associated
with SCS therapy, this suggests a slowing of neural activity is extensive in PD, and may
not be a useful biomarker of FOG.?* While participants were in the OFF-levodopa state,
cortical activity within the delta, alpha and beta frequency bands from the “C1”, “C2”,
“F2” and “P2” electrode clusters (sensorimotor areas) were significantly associated with
FOG reductions over the 6-month SCS treatment period. Furthermore, no consistent
associations between FOG reduction and striatal dopaminergic innervation were
observed. Thus, SCS may primarily modulate non-dopaminergic, low frequency
oscillatory sensorimotor cortical networks that may contribute to FOG and axial motor
features of PD. This may be mediated by non-dopaminergic pathways®® involving the
connection between the PPN and thalamus with these cortical regions that need to

function together for the fine-tuning and execution of gait.**

Deficits in the sensorimotor system that integrates information from the environment to
guide motor decisions are prominent in PD patients with freezing.?>’ As environmental
factors can trigger FOG events and sensory cueing can ameliorate FOG, impaired
visuospatial, perceptual processing and dopaminergic-resistant FOG may be
connected.?>?%?® Impairments of visual-motor performance in PD can be measured using
tasks involving decisional factors (recognition of visual features) and automaticity, such
as tasks involving simple reaching toward spatial targets as they appear in a workspace.?
This study utilized a similar approach to quantify upper limb sensorimotor performance
with minimal requirement of cognitive processes. The tasks utilized in this study were

useful in the evaluation of movement impairments as both upper limbs in PD participants
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exhibited slower speed and reaction times and were less accurate compared to healthy
controls, as corroborated by previous studies.?**° SCS therapy improved speed, reaction
time and accuracy in both upper limbs for visual discrimination tasks and tasks that
required adaptation to resistive forces. The effect of SCS for visual-motor performance
contrasts with the effect of levodopa medication in PD. Previous studies have shown that
levodopa does not consistently improve the accuracy of sensorimotor performance?-*°
and may not significantly improve vision and displacement perceptual abilities.’!*? Thus,
visuospatial perception required for accurate visual-motor control may be mediated by
similar non-dopaminergic pathways that contribute to FOG and is accessible by SCS

therapy. 262

Striatal dopaminergic denervation primarily affecting the posterior putamen, which
receives sensorimotor cortical input, is thought to cause the shift from automatic to goal-
directed motor control in PD.* In the rat PD model, SCS induced preservation of striatal
dopaminergic density signifying a neuroprotective effect that was correlated with motor
improvements.'® However, in this present study, SCS may not induce a neuroprotective
effect as a decrease in left striatal dopaminergic innervation was observed. Interestingly,
the improvements in upper limb visual-motor performance were significantly associated
with the changes in striatal dopaminergic innervation within the anterior and posterior
putamen regions. SCS may modulate the balance of functional striatal dopaminergic cells
between the anterior and posterior putamen of both hemispheres. This may contribute to
changes in attentional and sensorimotor integration networks, which are areas affected in
PD patients with freezing.'>*° Thus, appendicular motor dysfunction and sensory
processing deficits that may contribute to FOG and the loss of gait automaticity may be

attributed to dopaminergic deficiency within the cortico-basal ganglia-thalamic pathway.

The value of this research study was limited by being an open-label study with a small
sample size. Moreover, the assessment of visual-motor performance was only tested in
the ON-levodopa state due to time constraints and participant fatigue; ideally these tasks
would also be performed by participants while in the OFF-levodopa state. This additional
assessment may further support the conclusions that appendicular motor control is

mediated by dopaminergic pathways, but accuracy and visual perception is mediated by
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non-dopaminergic pathways. Future studies should employ a larger sample size and
explore tasks that measure proprioception (perception of passive motion) to confirm the

influence of SCS for enhancing sensory feedback to alleviate FOG.

In summary, this study demonstrated that SCS reduced FOG severity and improved upper
limb visual-motor performance in this advanced PD cohort with dopaminergic-resistant
FOG. Dysfunction within the non-dopaminergic, sensorimotor cortical network may
contribute to FOG impairment and SCS may modulate this network to alleviate FOG.
Deficits in visual-motor performance may be facilitated by the non-dopaminergic
network that contributes to FOG. SCS improved appendicular visual-motor control that
may be mediated by changes in striatal dopaminergic innervation. Thus, these axial and
appendicular motor improvements may be related to non-dopaminergic and dopaminergic
neurophysiological changes within the cortico-subthalamic-PPN-PMRF and cortico-

striatal-thalamo pathways, respectively.
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Chapter 3

3  Spinal cord stimulation therapy for gait dysfunction in
progressive supranuclear palsy patients

3.1 Introduction

Richardson syndrome progressive supranuclear palsy (PSP-RS) is the most common form
of atypical parkinsonism characterized by a rapid progression of clinical features
including early postural instability, recurrent falls, freezing of gait (FOG), speech and
swallowing difficulties, axial bradykinesia and rigidity, and vertical supranuclear gaze
palsy.! FOG and postural instability present early in the disease course with limited to
no response to levodopa (L-dopa) in PSP-RS. Spinal cord stimulation (SCS) is a
standard, minimally invasive procedure for refractory pain, however recent studies
suggest SCS has positive effects on locomotion and FOG symptoms resistant to L-dopa.*
7 In this article, we report using SCS as a novel treatment for gait dysfunction in three

patients with PSP-RS.

3.2 Methods

This monocentric pilot study was approved by Western University Health Sciences
Research Ethics Board (REB#107451; Appendix A) and registered on clinicaltrials.gov
registry (NCT03079310). Three female PSP-RS participants (3.2+1.3 years with disease)
with significant FOG were recruited from the London Movement Disorders Centre in
London, Ontario. Epidural SCS was implanted (Boston Scientific® Precision Novi) and
leads were placed at the top of T8-T9 spinal segments. Participants provided signed
informed consent (Appendix B). This study was carried out in accordance with the Code

of Ethics of the World Medical Association.

Participants were assessed at pre-SCS, and 3-, 6- and 12-months post-SCS while OFF-L-
dopa (>12 hours since last dose) and ON-L-dopa (1-hr after a 1.5x dose). SCS
programming was conducted over 2 visits involving random and repeated testing of 6
programs (300 and 400 ps combined with 30, 60 and 130 Hz) was completed <1-month
following SCS implantation (SCS was only turned on in the lab). Subsequently, each
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participant used their best tested SCS program, as previously described,* daily at a
comfortable suprathreshold intensity over the 12-months. Paresthesias coverage of both

lower limbs and feet was confirmed for all programming.

Participants completed 4 passes of self-paced, straight walking across the Protokinetics
Zeno Walkway (Zenometrics LLC, Peekskill, NY) and spatiotemporal gait measures
were extracted using the Protokinetics Software (PKMAS).* FOG detection using a
custom-written MatLab (MatLab® v.2018b) algorithm was utilized and FOGs were
confirmed using digital video recordings.* To capture turning FOG, narrow 360-degree
turning on the spot in both directions was conducted at all visits and if no FOG was
captured on the first trial, at least three trials were performed. All participants required
their own assistive devices and continued to use the same assistive devices throughout the

study.

Primary endpoints were changes in duration and number of FOG episodes captured on
the carpet, duration of 360-degree turning, and mean z-score changes in spatiotemporal
gait parameters that were grouped together based on the expectation to increase (step
length, stride velocity, single support time and swing time) and to decrease (stride width,
gait cycle time, stance time and double support time) with SCS turned on at 3-, 6- and 12-
months of SCS use compared to pre-SCS.* Clinical endpoints were collected at all visits:
activities-specific balance confidence (ABC) scale, MDS-UPDRS-III, FOG questionnaire
(FOG-Q), Montreal Cognitive Assessment (MoCA) and global impression of change in
quality of life (GISC; 0: no improvement; 10: highest most imaginable improvement)

(Appendices D-H).

3.3 Results
3.3.1 Participant demographics

Detailed participant demographics are displayed in Table 3-1. Participant #3 was treated
with L-dopa without any improvement and subsequently stopped L-dopa >6-months prior
to study initiation. At baseline, mean turning time (both directions), a measure of turning
FOG, improved by 30.8+0.04% from OFF- to ON-L-dopa (L-dopa response) in
participants #1 and #2 at pre-SCS. However spatiotemporal parameters (STPs), step
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length and stride velocity, worsened while ON-L-dopa by 6.7+0.01% and 28.2+0.01%,

respectively; no L-dopa effect was observed for mean gait asymmetry and variability.

Table 3-1. Participant demographics and baseline gait and clinical scores while

OFF- and ON-L-dopa

Participant ID# OFF/ON L-dopa

#1 #2 #3 Mean SD
Age 82 71 76 76.3 5.5
Years with disease 3 4.5 2 3.2 1.3
Daily levodopa dose (mg) 600 800 n/a 700.0 141.4
UPDRS-III score 33/29 17/13 38/— 29.3/21.0 11.0/11.3
ABC (%) 60 8 25 31.0 26.5
FOG-Q (/24) 14 23 19 18.7 45
MoCA (/30) 25 26 23 24.7 1.5
Mean 360° turning (sec) 46.1/33.3 179.2/118.7 110.1 111.8/76.0 66.6/60.4
Mean FOG time (sec) 029 47.0/15.9 10.4 19.1/9.4 24.719.2
Number of FOGs 0/2.0 10.0/6.0 10.0 6.7/4.0 5.8/2.8
Step length (cm) 22.3/20.6 29.5/21.2 14.9 22.2/20.9 7.3/0.4
Stride velocity (cm/s) 30.7/28.9 51.9/37.2 25.1 35.9/33.0 14.1/5.9
GA (%) 25.5/31.2 16.9/20.9 247 22.4/26.0 4.8/7.3
CV (%) 12.0/12.5 43.3/39.6 40.2 31.8/26.0 17.2/19.2

ABC activities-specific balance confidence scale, CV% coefficient of variability (gait variability),
GA gait asymmetry, L-dopa levodopa, MoCA Montreal Cognitive Assessment, OFF-L-dopa:
participants tested > 12 h since last dose, ON-L-dopa participants tested 1 h after 1.5 x dose, SD
standard deviation, Sec seconds, UPDRS-III Unified Parkinson’s Disease Rating Scale for motor
Symptoms

3.3.2 SCS programming

Best SCS setting that produced the greatest improvement in gait and in both FOG
phenotypes (straight walking and turning) was utilized by each participant for the 12-
month post-SCS period: participant #1, 400us/60Hz; participant #2, 300us/60Hz;
participant #3, 400us/130Hz. However, participant #1 performed well on 4 of the 6
settings (excluding 400us/60Hz and 130Hz), participant #2 also demonstrated improved
gait at 400us settings and 300us/60Hz, and participant #3 improved on all settings

especially at stimulation frequency of 30Hz.
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3.3.3  Freezing of gait outcomes

Duration of 360-degree turning in both directions was improved by a mean 50.0+11.0%
and by 37.7+14.7% change while OFF and ON-L-dopa, respectively, in participant #1
over the 12-months compared to pre-SCS (Figure 3-1). A mean 40.2+20.2% reduction of
clockwise turning duration was observed in participant #2 while OFF and ON-L-dopa up
to 12-months. However, inconsistencies in the effect of SCS occurred during
counterclockwise turning as duration worsened by 78.8+9.0% at 6-months while OFF-
and ON-L-dopa but improved by 44.4% only when OFF-L-dopa at 12-months, indicating
an improvement in “OFF” state FOG. For participant #3, duration of 360-degree turning

remained similar up to 6-months and worsened by 63.9+79.7% at 12-months.
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Figure 3-1. Mean duration of 360-degree turning on the spot in clockwise and
counterclockwise directions for each participant while OFF- and ON-L-dopa

medication (except participant #3 who was only assessed while OFF-L-dopa).
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Participant #1 was more affected by FOGs during turning on the spot tasks (Figure 3-1)
rather than during walking as no FOGs were captured while OFF-L-dopa at pre-SCS.
However, two FOGs were captured while OFF-L-dopa at 12-months (Figure 3-2). Daily
use of SCS after 6- and 12-months reduced mean FOG frequency and duration by
75.0+35.4% and 33.0+94.7%, respectively, while ON-L-dopa during straight walking
across the gait carpet. Mean FOG frequency was reduced by 40.6+33.7% while OFF- and
ON-L-dopa in participant #2 over the 12-months, however mean FOG duration worsened
by 151.448.8% while ON-L-dopa but remained the same OFF-L-dopa at 12-months.
Both mean FOG frequency and duration improved by 77.6+£26.2% after 3- and 6-months

of SCS use, but mean FOG duration worsened by 121.6% at 12-months for participant
#3.
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Figure 3-2. Mean number of FOG episodes and mean duration per FOG episode for
each participant while OFF and ON L-dopa medication (except participant #3 who
was only assessed while OFF L-dopa). FOG episodes were captured on the gait

carpet during ambulatory straight walking.
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3.3.4  Ambulatory gait outcomes

Changes in STPs during ambulatory straight walking were compared using mean z-scores
and % changes of gait measures (step length, stride velocity, swing time and single
support time) per participant. Participant #1 demonstrated a mean z-score of +2.7+0.3
(25.4£10.5%) while OFF-L-dopa and +1.0+0.3 (21.8+13.5%) while ON-L-dopa over the
12-months (Figure 3-3). Participant #2 had a mean z-score (change in gait measures)
improvement of +1.6+1.2 (30.7+15.0%) and +0.440.6 (10.6+9.9%) while OFF- and ON-
L-dopa, respectively, where at 12-months overall ON-L-dopa mobility worsened but
improvements continued while OFF-L-dopa. Participant #3 improved by a mean
+0.940.1 (31.6+5.4%) up to 6-months but worsened by -1.4+0.8 (69.5£27.7%) at 12-
months. Mean stride width, stance and double support gait phases (negative z-scores)
were reduced up to 12-months for participant #1 while OFF- and ON-L-dopa, up to 12-
months for participant #2 while OFF-L-dopa and up to 6-months for participant #3
(Figure 3-3).
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Figure 3-3. Mean z-scores plotted for gait measures expected to increase after SCS
use (left column) and measures expected to decrease after SCS use (right column)
for each participant while OFF- and ON-L-dopa medication (except participant #3
who was only assessed while OFF-L-dopa).

The z-scores for gait variables expected to increase, thus we expect positive z-scores,
were step length, stride velocity, single support time and swing time. The z-scores for gait
variables expected to decrease, thus we expect negative z-scores, were stride width, gait
cycle time, stance time and total double support time. The z-scores presented represent
the best SCS setting tested during programming (<I1-month post-SCS implantation):
participant #1, 400 pus/60Hz; participant #2, 300 us/60Hz; participant #3, 400 us/130Hz
and utilized at post-SCS follow-ups.

For participant #1, mean gait asymmetry improved at 6-months by a mean 15.4% while
OFF- and ON-L-dopa compared to pre-SCS (Figure 3-4). Mean gait asymmetry was
reduced by a mean 7.8% while ON-L-dopa at 3- and 6-months that was not sustained at
12-months, and gait asymmetry while OFF-L-dopa worsened by 13.3% in participant #2.
Mean gait asymmetry improved by a mean 9.8% at 3- and 6-months for participant #3 but
worsened by 8.0% at 12-months. Mean gait variability (CV%) did not change
significantly over the treatment course while OFF- and ON-L-dopa for participant #1,



