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Abstract

Parkinson’s Disease (PD) is a neurodegenerative disorder that affects over 10

million people worldwide. Deep Brain Stimulation (DBS) has been a successful treatment

for advanced PD, however, can be accompanied with current spread related side effects.

Coordinated Reset (CR) DBS is a novel therapeutic approach that could reduce the risk of

side-effects by using lower current. Previous research has shown therapeutic effects of

CR DBS on PD motor symptoms including akinesia, bradykinesia, rigidity, and tremor

that sustained after stimulation cessation (i.e., carryover effect), however its effect on gait

dysfunction is unknown even though it can be one of the most difficult symptoms to treat.

The goal of this study is to investigate the carryover effect of subthalamic CR DBS on

PD gait. Two non-human primates (NHP) were rendered parkinsonian and implanted

with a DBS lead in the subthalamic nucleus (STN). Each subject received STN CR DBS

for 2 hours per day for 5 consecutive days. Gait was quantitatively assessed before and

after the stimulation using a gait testing apparatus. A modified clinical rating scale

(mUPDRS) was used to monitor carryover effects on other motor symptoms. Moreover,

in one NHP, the differential effects of CR DBS using two additional burst frequencies

were also explored. Our results showed that STN CR DBS induced carryover

improvement in gait as well as in other symptoms. We also identified a significant impact

of varying burst frequency on the effect of CR DBS in gait given that one burst frequency

produced greater gait improvement than the others. Although preliminary, this study
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encourages the further advancement of CR DBS and emphasizes the importance of

customizing parameter settings of CR DBS to treat specific symptoms of PD.
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Effects of Coordinated Reset Deep Brain Stimulation of Subthalamic Nucleus

on Parkinsonian Gait in a Non-Human Primate Model

Parkinson’s Disease (PD) is a progressive neurodegenerative disorder with

symptoms such as tremor, bradykinesia (slowness of movement) and akinesia (inability

to produce voluntary movement), rigidity (limb stiffness), and gait and balance problems.

Many of these symptoms are often identified and measured by the Unified Parkinson’s

Disease Rating Scale (UPDRS) (Ebersbach et al., 2006 & Poewe, 2009). The age of onset

is between 50 and 65 years old on average but early or late onsets are also reported. In

addition to motor symptoms, non-motor symptoms such as depression, anxiety,

psychosis, apathy and anhedonia, impulse control disorder, sleep disorders, and cognitive

dysfunction are commonly seen in PD patients. In particular, the prevalence of PD

dementia (PDD) has been reported as high as 83% and the prevalence increases with age

and duration of PD (Hely et al., 2008). PD is also the second most common

neurodegenerative disorder, affecting more than 1 % of the population equal to or older

than 65 years of age and with a prevalence set to double by 2030 (Dorsey et al., 2007).

History of Parkinson’s Disease

Components of PD can be found in very early texts. One of the earliest pieces of

evidence of PD can be found in traditional Indian texts from about 1000 BC and ancient

Chinese sources (Manyam, 1990 & Zhang et al., 2006). In Ayurveda, the ancient Indian

medical system, the earliest reference to bradykinesia dates to 600 BC and a coherent
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picture of parkinsonism that includes description of tremor, rigidity, bradykinesia, and

gait disturbances was proposed in 300 BC by Charaka, one of the principal contributors

to Ayurveda (Ovallath et al., 2013). In the 15th-century classic, “Bhasava rajyam, the

term, “kampavata”, was introduced as an analogue of parkinsonism. As a primary therapy

for kampavata, seed powder of mucuna pruriens, which contains 4~7 % levodopa

(L-dopa), was used (Lampariello et al., 2012). In the modern era, L-dopa has become the

most widely used medication to alleviate PD motor symptoms.

Franciscus Sylvius documented resting tremor, one of the most common

symptoms in PD patients, in a book, “Opera Medica”, that was published in 1680. In

1817, PD was first described as a neurological syndrome in “An Essay on the Shaking

Palsy” by an English surgeon named James Parkinson. In 1953, the most complete

pathological analysis of PD and the clear delineation of the brainstem lesions was

performed by Greenfield and Bosanquet (Greenfield et al., 1953). They examined the

pigmented cells of the brainstem, especially those in the substantia nigra (SN) in 34 cases

of Parkinsonism and 22 subjects with no signs of Parkinsonism. Then they reported that

Lewy bodies and/or neurofibrillary tangles without plaques that are observed in

Alzheimer’s were observed in pigmented cells of the brainstem in all parkinsonism cases

except for one and that these changes were not observed in the healthy control group.

Lewy bodies were first described by Frederich H. Lewy in 1912 as intraneuronal

inclusions in the substantia innominata and dorsal vagus nucleus in patients with

parkinsonism (Lewy, 1912). In 1919, Tretiakoff recognized these inclusions in SN and

called them corps de Lewy, which is when people started to refer to the inclusions as
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Lewy bodies. Lewy bodies are spherical neuronal masses in cytoplasm that measure 8 μm

to 30 μm in diameter. Occasionally, more complex, multilobar shapes exist (Lee et al.,

2022).

Clinical progression and morbidity of PD was studied thoroughly by Hoehn and

Yahr and their internationally recognized staging system was first introduced in 1967

(Hoehn et al., 1967). A practical classification of the types of parkinsonism (primary,

secondary, and indeterminate) was presented along with a system to grade severity of PD

into 5 stages. Stage I consists of minimal or unilateral symptoms, and bilateral symptoms

start at stage II. As a key turning point, stage III includes the development of impairment

in postural reflex.

Neural Circuits in Parkinson’s Disease

Studies have shown that histopathological hallmarks of PD are loss of

dopaminergic neurons in the substantia nigra pars compacta (SNc) associated with the

presence of Lewy bodies and depletion of dopamine (DA) levels in the striatum. The loss

of DA neurons in SNc occurs in a region-specific manner and the loss was greatest in the

lateral ventral tier of SNc with an average loss of 91% (Fearnley et al., 1991). It is

estimated that at least 50% of these DA neurons in SNc must degenerate to produce

symptoms and in most cases at least loss of 80% is observed post-mortem (Lewy, 1912).

While the exact mechanism of DA neuronal loss in SNc is not well understood,

PD primarily affects the cortico-basal ganglia-thalamo-cortical loop in the brain. The

basal ganglia consists of neostriatum (caudate and putamen), globus pallidus interna
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(GPi) and externa (GPe), subthalamic nucleus (STN), substantia nigra pars reticulata

(SNr), and SNc. Within the cortico-basal ganglia-thalamo-cortical loop, there are direct,

indirect, and hyperdirect pathways (Fig. 1A). The direct pathway projects from the motor

cortex to D1 receptors in neostriatum, mainly in putamen. The inhibitory signals are sent

from there to GPi/SNr, and then to the centromedian (CM), ventral anterior (VA) and

ventrolateral (VL) thalamic nuclei. From these nuclei, excitatory signals are sent back to

the motor cortex, and down the spinal cord in order to produce movement. Due to the

double negative (the inhibitory connections between putamen and GPi/SNr, and GPi/SNr

and thalamus), excitation of the direct pathway results in excitation of the motor cortex.

The indirect pathway runs from the motor cortex to D2 receptors on putamen. Inhibitory

connections are present between putamen and GPe, and GPe and STN. STN neurons send

down their axons to GPi/SNr to create excitatory connections, which cause GPi/SNr to

send more inhibitory signals to thalamus. Thus, the indirect pathway produces a net

inhibition of the motor cortex. In the hyperdirect pathway, neurons travel directly from

the motor cortex to STN and the pathway continues onto GPi/SNr, thalamus, then back to

the motor cortex. This pathway is able to deliver information with a shorter delay

compared to the direct and indirect pathways (Nambu et al., 2002). In addition,

glutamatergic excitatory inputs are sent to putamen from CM neurons (Smith et al.,

2014). Although not shown in Figure 1, this neural circuit originates in somatosensory,

motor, and premotor cortices, which innervate the postcommissural putamen (PCP) at the

level of neostriatum.
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Figure 1

Motor Pathway of Cortico-Basal Ganglia-Thalamo-Cortical Loop

Figure 1.Motor pathway of cortico-basal ganglia-thalamo-cortical loop in (A)
normal and (B) parkinsonian states. Only the connections of interest are shown.
Thickness of the arrows correspond to the amount of signals received/sent. (i.e. thicker
arrows indicate more intense signals whereas thinner arrows represent weaker signals.)
Yellow box: basal ganglia; Red arrows: inhibitory connections; Green arrows: excitatory
connections Abbreviations: CM, centromedian nucleus of thalamus; D1, dopamine
receptor type 1; D2, dopamine receptor type 2; GPe, globus pallidus externa; GPi, globus
pallidus interna; SNc, substantia nigra pars compacta; SNr, substantia nigra pars
reticulata; STN, subthalamic nucleus; VA, ventral anterior nucleus of thalamus; VL,
ventrolateral nucleus of thalamus.

The nigrostriatal pathway degenerates progressively in PD. The DA projections to

the sensorimotor striatum (putamen) are affected more strongly than those to the

associative and limbic striatal regions, contributing to greater abundance of motor

symptoms in PD (Kish et al., 1988 & Brooks et al., 1990). In the direct pathway, the loss

of DA neurons in SNc causes less excitatory inputs to be sent to D1 receptors in putamen,

which then leads to a decrease in inhibitory signals sent to GPi/SNr (Fig. 1B). In the

indirect pathway, the loss of DA neurons is first observed as less inhibitory inputs on D2
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receptors in putamen. Having less inhibitory control, more inhibitory inputs are sent to

GPe from putamen. This leads to a decrease in inhibitory signals received by STN, and

GPi/SNr. Although more excitatory signals are sent to GPe due to STN having less

inhibitory signals from GPe, it does not affect the circuit significantly. Despite receiving a

reduced amount of excitatory inputs via hyperdirect pathway, reduced inhibitory control

allows STN to send more excitatory signals to GPi/SNr. Receiving less inhibitory inputs

and more excitatory inputs, GPi/SNr become capable of oversending inhibitory inputs to

CM, VA, and VL. Therefore, the excitatory synapses onto the motor cortex and putamen

are also reduced, thus weakening the excitatory connections from the motor cortex to

skeletal muscle.

Gait Dysfunction in Parkinson’s Disease

In PD, gait dysfunction is a debilitating symptom that is frequently observed in

patients from an early stage (Galna et al., 2015; Del Din et al., 2019). It also significantly

impacts their quality of life and puts them at increased risk of falls and reduced mobility

with more severe symptoms with further PD progression (Balash et al., 2005; Bloem et

al., 2004; Curtze et al., 2016; Pickering et al., 2007; Bloem et al., 2016). It has been

reported that PD patients step shorter and slower with less overall number of steps

compared to healthy individuals most likely due to a reduced ability to initiate

movements and difficulties with motor planning and execution (Morris et al., 2016;

Zanardi et al., 2021). Freezing of gait (FoG) is another common gait impairment in PD

with the prevalence of 39.9 % (Ge et al., 2020). It is characterized by a sudden inability
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to initiate or continue walking, particularly when perceiving tight surroundings (Nutt et

al., 2011). Atypical gait patterns such as shuffling gait, festinating gait and stooped

posture are also observed in PD patients. Shuffling gait is described as short, shuffling

steps with reduced arm swing and decreased foot clearance whereas festinating gait is

characterized by a short, quick, and shuffling gait pattern with a tendency to fall forward

(Morris et al., 2000; Nonnekes et al., 2019). Unlike these gait patterns, stooped posture is

characterized by a forward flexion of the trunk, which results in reduction of stride length

(Jacobs et al., 2009; Tolosa et al, 2021). These gait disturbances may exhibit

asymmetrically across the body, where, for instance, the patients may exhibit symptoms

with more severity in one side of the body than the other. Previous studies have reported

that greater asymmetry in gait parameters such as balance and stride length was observed

in PD patients (Boonstra et al., 2014; Fling et al., 2018). Gait parameters used to study

these gait impairments include stride speed, stride length, and swing time as shown in

Figure 2. Longer stride length, faster swing speed, and shorter stance time are generally

considered the characteristics of improved gait as they show that the subjects were able to

travel in longer steps in shorter time periods and reduced FoG.
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Figure 2

Gait Parameters

Figure 2. Gait pattern showing the definition of stance, swing, and stride. Stride
Length: distance between successive points of initial contact of the same foot; Swing
Time: time in which the paw is completely off the ground and in the air; Stance Time:
time during which the paw is in contact with the ground; Swing Speed: the total stride
length divided by the swing time; Width: the difference in x coordinates of the center of
left paw and that of corresponding right paw.

Traditional Treatments

Although there is no cure for PD, pharmacological and surgical treatments as well

as other therapies are available to alleviate PD symptoms, with the most common

treatment being the carbidopa/L-dopa therapy which was approved by FDA in 1975

(Ovallath et al., 2017). L-dopa serves as the precursor to DA and carbidopa is a

decarboxylase inhibitor that prevents L-dopa from converting to DA outside of the

central nervous system (Zhu et al., 2017). In addition to carbidopa/L-dopa therapy, DA

agonists and enzyme inhibitors such as monoamine oxidase (MAO) and

catechol-O-methyltransferase (COMT) inhibitors are also added to augment therapeutic

effects of treatment. L-dopa is highly effective at the early stage of PD as it is able to
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significantly ameliorate motor impairments, however as the PD stage advances and the

motor symptoms get more severe, it becomes insufficient to control the symptoms even

with the assistance of DA agonists and enzyme inhibitors (Lewitt, 2008; PD Med

Collaborative Group 2014). After a prolonged use of L-dopa, motor complications often

develop in PD patients. A study has reported that dyskinesia and motor fluctuations were

barely experienced by PD patients during the first year of L-dopa therapy but were

experienced after 4-6 years of treatment by slightly less than 40% and approximately

40% of the patients respectively (Ahlskog et al., 2001). Moreover, even though the

severity of FoG is thought to lessen with L-dopa, it has been reported that the prevalence

of FoG may be smaller in patients that were not treated with L-dopa and that the use of

DA agonists may induce FoG or lead to an increased risk of falling (Garcia-Ruiz, 2011;

Koehler et al., 2019; Nonnekes et al., 2020; Serrao et al., 2015). However, it must be

noted that age-related changes significantly affect motor and gait impairments in PD. For

example, changes created by loss and atrophy of muscle strength, level of physical

inactivity, and other age-related conditions such as arthritis can produce rigidity and pain

during movement (Busch et al., 2015; Chen et al., 2013; Kiesmann et al., 2021; Song and

Geyer, 2018; Zhang & Jordan, 2010). Due to the complex nature of motor impairments in

PD created by the combination of disease-specific and age-related factors, the long-term

effectiveness of pharmacological treatment in PD has yet to be fully identified (Wilson et

al., 2020). Before the introduction of L-dopa, neurosurgical approaches such as

pallidotomy and thalamotomy had been extensively offered as treatment options for

patients with severe PD symptoms in the 1950s (Chao et al., 2007; Laitinen et al., 1992;
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Ponce, 2014). Pallidotomy intentionally creates a lesion in GPi to alleviate rigidity and

dyskinesia whereas thalamotomy involves destroying thalamus to treat tremor.

Significant therapeutic improvement by these treatments had been observed, however

side effects such as facial weakness and exacerbated gait and speech disorders from

unintended lesioning of other areas of the brain were observed in as many as 50% of the

patients (Hariz & Salles, 1997; Laitinen et al., 1992). Due to high prevalence of these

side effects, these treatments are typically performed only in the hemisphere that is

contralateral to the side of the body on which the effects should be observed. Although

these surgical treatments became less frequent with the rise of medical therapy and high

morbidity and mortality associated with them, recent advancement in technology such as

focused ultrasound, computational tomography-based stereotaxis, and microelectrode

recording techniques has allowed them to be performed with more accuracy to reduce the

side effects and created renewed interest in them (Chao et al., 2007; Kelly et al., 1987).

Deep Brain Stimulation

The discovery of long-term motor complications with L-dopa caused regained

interests in surgical therapies, which led to the invention of the novel Deep Brain

Stimulation (DBS) paradigm. Nowadays, DBS is offered as a treatment option to those

who experience medication-related side effects or those who experience severe motor

impairments that cannot be controlled by pharmacological therapies. The traditional DBS

(tDBS) is a therapeutic approach originally developed in 1987, and has been used to

improve PD symptoms since 1997 (Gardner, 2013). It received FDA approvals for
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advanced PD symptoms in 2002 and even for earlier PD stages (minimum of 4 years with

PD required) in 2016. tDBS uses continuous high frequency pulse-train stimulation (often

>100 Hz) through one lead contact on surgically implanted DBS leads in specific areas of

the brain (GPi, STN, etc).

Figure 3

Deep Brain Stimulation in a human subject

Figure 3. Bilateral STN lead location, the STN (orange), globus pallidus internus
(light green), globus pallidus externus (light blue), and red nucleus (red) are shown for
reference. From “New Onset On-Medication Freezing of Gait After STN-DBS in
Parkinson’s Disease” by Mei, S., Li, J., Middlebrooks, E. H., Almeida, L., Hu, W.,
Zhang, Y., Ramirez-Zamora, A., & Chan, P., 2019, June 19, Frontiers in Neurology, 10,
659. Copyright 2019 by Mei, Li, Middlebrooks, Almeida, Hu, Zhang, Ramirez-Zamora,
& Chan.

In order to study effects of tDBS, non-human primates (NHP), especially rhesus

macaque (Macaca mulatta), have often been used as subjects. NHP models are heavily

selected in neuroscience, neurology, or neuromuscular research for various reasons

including their close phylogenetic relationships and physiologic similarities to humans

(Lankau et al., 2014). In the NHP model of PD, a neurotoxin, MPTP

(1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine), is used to produce PD symptoms in

subjects. The toxicity of MPTP was first reported in Science in 1983 after accidental
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self-administration of the compound by people who tried to ingest MPPP, an opioid drug

with effects similar to morphine, which produces MPTP

(1-methyl-4-phenyl-4-propanoypiperidine) as a byproduct during its synthesis

(Langston., 2017). In primates, MPTP produces damage to the dopaminergic neuronal

systems in the SNc and the striatum, thus reproducing essential symptoms of PD with

high similarity to human PD patients (Liu et al., 2014 & Ashkan et al., 2007). In order to

assess the severity of PD symptoms in NHP subjects, a version of the UPDRS

(mUPDRS) which rate bradykinesia, akinesia, and tremor as well as other motor features

such as balance, defense reaction, food retrieval, gait, posture, and turning has been used

(Vitek et al., 2012, Wang et al., 2016, & Wang et al., 2017).

It has been reported that STN DBS can result in a 60% mean reduction of PD

motor symptoms even after 5 years of DBS if the patients are off dopaminergic

medications and that, in patients on dopaminergic medications, the dosage could be

significantly reduced, which produces as much as 60% reduction in dyskinesia (Krack et

al., 2003). A large scale, randomized study has also shown a 41 % improvement in

UPDRS ratings of advanced PD patients who received STN CR DBS 6 months

postoperatively (Deuschl et al., 2006). Despite showing significant motor benefits, tDBS

has been associated with side effects due to the spread of current into unintended areas of

the brain (Deuschl et al., 2006; Odekerken et al., 2012). The reported side effects include

but are not limited to worsening of the speech abnormality, postural stability, cognitive

functions, akinesia, FoG and resistance to treatment over time (Deuschl et al, 2006;

Krack et al., 2003; Saint-Cyr et al., 2000). In fact, a study reported that about 42% of PD
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patients who received bilateral STN DBS experienced worsened gait (van Nuenen et al.,

2008).

After over 35 years since its invention, tDBS has barely changed from its original

form despite the advancement in the knowledge of neurophysiology such as the reported

persistent side effects and limitations as a clinical treatment. Consideration such as this

prompted more research in the novel DBS paradigms, which studied topics including but

are not limited to multi-site stimulation of STN, waveforms of energy efficient neural

stimulation, and closed-loop strategy of DBS in order to increase accuracy in targeting

the specific region of interest, and/or to reduce the overall stimulation delivered to the

brain (Guo et al., 2011; Rosin et al., 2011; Wongsarnpigoon et al., 2010).

Coordinated-Reset Deep Brain Stimulation

Coordinated-Reset DBS (CR DBS) is an innovative therapeutic approach that

may be able to reduce the risk of side-effects by delivering burst electric pulse trains at a

greatly reduced current level through multiple DBS lead contacts on DBS leads in a

pseudo-randomized order (Fig. 4A-B). A significant advantage of using CR DBS

compared to tDBS is that it is able to achieve its effects with lower pulse amplitudes and

frequencies. CR DBS was developed as numerous stimulation protocols were studied as

part of computational modeling research by Peter Tass group in order to counteract

excessive synchronization which is observed in PD patients by desynchronization (Tass,

2001; Tass et al., 2003; Tass et al., 2006). In CR DBS, the pulse trains reset the phase of

the targeted neurons rather than blocking neuronal firings. By delivering the stimulation
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from different depths at different times, the target population of neurons is divided into

subpopulations, which cause network desynchronization (Hauptmann et al., 2007). It has

been reported that CR DBS with low intensity delivered to STN induced improvement in

mUPDRS scores during the stimulation as well as carryover improvement which

sustained for over a month after the last stimulation was given in the NHP model (Tass et

al., 2012; Wang et al., 2016). STN CR DBS has also been found to be effective in human

subjects with 58% mean reduction in motor dysfunction measured by UPDRS

immediately after the third day of stimulation (Adamchic et al., 2014). These studies,

however, have mainly shown improvement in general motor symptoms of PD and the

effect of STN CR DBS on PD gait has not been explored even though gait can be one of

the most difficult symptoms to treat among all motor impairments of PD (Bohnen et al.,

2011; Collomb-Clerc & Walter, 2015).
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Figure 4

A

B

Figure 4. (A)Merged MRI/CT showing the location of the DBS lead in STN in NHP B1
(left) and B2 (right). Stimulation contacts used to deliver CR DBS are indicated in
yellow. (B) Stimulation pattern in CR DBS showing the definition of shuffle time (10 s),
stimulation intensity (0.16 mA), inter-burst duration, and burst frequency.
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Present Study

Despite the lack of research in the effects of CR DBS on PD gait, the prevalence

of PD is projected to be more than 1.6 million by 2037 just in the U.S. (Yang et al.,

2020). Given the complex nature of PD motor impairments and the high prevalence of

gait dysfunction in PD patients, an effective, sustainable therapeutic approach that is

capable of treating PD gait will be required in forms that are accessible to those in need.

In the present study, we hypothesized that CR DBS stimulation can produce therapeutic

effects on PD gait as well as on general motor symptoms, and that variation in burst

stimulation frequency of CR DBS would lead to differential effects on these symptoms of

interest. In order to test these hypotheses, CR DBS was delivered to STN in two

Parkinsonian NHP subjects at the same burst stimulation frequency and measured gait

pattern and general motor symptoms to evaluate the effects of CR DBS on gait.

Subsequently, additional two different stimulation frequencies were explored in NHP B1

to investigate the effects of differential frequencies of STN CR DBS on gait.

Method

Animals and Surgical Procedures

Animal care complied with the National Institutes of Health Guide for the Care

and Use of Laboratory Animals and all procedures were performed under a protocol

approved by the Institutional Animal Care and Use committee of the University of

Minnesota. Two adult female rhesus macaque (macaca mulatta) (NHP B1, 8.2 kg, 26 y.o.

and NHP B2 10.5 kg, 25 y.o.) were used. Approximate equivalent ages of subjects in
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human years are 78 years old in NHP B1 and 75 years old in NHP B2. They received

long-term positive reinforcement training to become familiar with the laboratory setting

and passive limb manipulation.

Presurgical CT and 10.5 T MRI scans were used to determine STN location in

each NHP. Then both NHPs received surgical implantation of a cephalic chamber and a

head restraint post. During the surgery, microelectrode recording and stimulation

techniques were used to map the sensorimotor region and borders of the STN, followed

by an implantation of a smaller version of the DBS lead (0.63 mm diameter, 0.5 mm

contact height, and 0.5 mm space between contacts; NuMed Inc., TX, USA) in STN

(Hutchison et al., 1998) (Fig. 4A). The lead placement depth was determined from a final

recording track of the implanted DBS lead. The implanted DBS lead was routed to the

chamber and connected to an omnetics connector which enables access for DBS.

Stimulation was delivered using an implantable pulse generator (Boston Scientific).

Unrestricted food and water access and appropriate infection and pain management were

incorporated after surgery. After complete recovery from surgery, NHPs were rendered

Parkinsonian via intramuscular injections, which produced Parkinsonian symptoms on

both sides of the body. The severity of these motor symptoms were rated by using

mUPDRS. On a 4-point scale (0-3; 0 = unimpaired), it was used to assess akinesia,

bradykinesia, rigidity and tremor for upper and lower limbs and food retrieval for upper

limbs (maximum score = 27 points; most severe). Before CR DBS assessment, both

animals reached mild to moderate parkinsonian state (mUPDRS (mean±STD): 10.4±0.4
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in NHP B1 and 7.6±0.2 in NHP B2). In NHP B2, gait was more impaired compared to

NHP B1.

Experiment Protocol

Each NHP received STN CR DBS for 2 hours per day for five consecutive days.

In NHP B1, different burst frequencies, 21 Hz, 24 Hz, and 27 Hz, were explored whereas,

in NHP B2, only 21 Hz burst stimulation was employed. CR DBS parameter settings are

shown in Table 1. Three sessions were collected from NHP B1 in total with at least a two

week interval between each of them. The stimulation was delivered via four ventral DBS

lead contacts (Cathodes: C0, C1, C2-, and C3+) in STN. One cycle is the time needed for

the burst stimulation to be delivered across all stimulation contacts and a burst frequency

is the frequency of burst stimulation. The stimulation intensity was determined as 1/2 (in

B1) and 1/3 (in B2) of the intensity used for tDBS. The shuffle time is the time duration

in which the stimulating contact order is kept the same before this order is

pseudo-randomly shuffled.

Table 1. Parameter settings used in STN CR DBS

Each session was followed by a post-treatment observation period of at least five

days in order to examine carry-over effects. mUPDRS scores were obtained prior to CR
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DBS (baseline), on stimulation days, and once daily on post-CR days. The initiation of a

new session was not allowed until mUPDRS score was back to baseline. The exact

timelines of mUPDRS and gait assessments for each session are illustrated in Figure 5C.

Gait patterns were assessed using the Gait Testing Apparatus (GTA), which

consists of a high-resolution pressure walkway mat (HR Walkway 4 VersaTek system,

Tekscan, Inc.) in a plexiglass fixture (Fig. 5A). The system recorded temporal and spatial

features of NHP’s gait pattern and plantar pressures from footprints for each complete

walk across the walkway mat. Gait data was collected prior to stimulation (baseline), on

the last day of stimulation session (CR 5), and post-CR days.
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Figure 5

A

B

C

Figure 5. (A) Gait Testing Apparatus (GTA) and (B) plantar pressure visualized using a
customized MATLAB GUI. GTA was enclosed by plexiglass and contained a pressure
walkway mat which collected plantar pressure data. (C) Schematic of the experiment
protocol including the timeline of mUPDRS and gait assessment. Orange panels: STN
CR DBS 2 hours/day. mUPDRS was assessed at the beginning of the day and gait was
assessed at the end of the day.
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Data Analysis

Collected mUPDRS score was converted to a percentage of improvement

compared to the score at baseline using the following formula:

𝐶ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑠𝑢𝑏𝑠𝑐𝑜𝑟𝑒𝑠 𝑓𝑟𝑜𝑚 𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒
𝑇𝑜𝑡𝑎𝑙 𝑚𝑈𝑃𝐷𝑅𝑆 𝑠𝑐𝑜𝑟𝑒 × 100 =  𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝐼𝑚𝑝𝑟𝑜𝑣𝑒𝑚𝑒𝑛𝑡 𝑖𝑛 𝑚𝑈𝑃𝐷𝑅𝑆

The percentage improvement in each subscore was then added together to

compute the total percentage improvement. The median of the scores obtained prior to

CR DBS sessions were considered as the baseline score. The carryover effect was

considered to be present until the total mUPDRS improvement reached below 15%

during post-CR days.

A custom MATLAB (MathWorks) Graphical User Interface was used to label

NHP’s footprints and process their pressure data after which the cleaned and processed

data was analyzed using additional custom MATLAB codes to calculate gait parameters

(stride length, swing time, swing speed, mean plantar pressure, width between left and

right paws for both front and hind limbs, and balance index) (Fig. 5B). The average

coordinates of the center of plantar pressure were used to determine paws’ locations from

which stride length, swing time, and width were derived. Swing speed was calculated via

division of stride length by swing time. The equation below was used to calculate the

balance index, which represents how balanced the weight distribution between the left

and right sides of the body is.

1 − 𝑀𝑒𝑎𝑛 𝑝𝑙𝑎𝑛𝑡𝑎𝑟 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑜𝑓 𝑙𝑒𝑓𝑡 𝑓𝑟𝑜𝑛𝑡/ℎ𝑖𝑛𝑑 𝑝𝑎𝑤
𝑀𝑒𝑎𝑛 𝑝𝑙𝑎𝑛𝑡𝑎𝑟 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑜𝑓 𝑟𝑖𝑔ℎ𝑡 𝑓𝑟𝑜𝑛𝑡/ℎ𝑖𝑛𝑑 𝑝𝑎𝑤

|| || =  𝐵𝑎𝑙𝑎𝑛𝑐𝑒 𝐼𝑛𝑑𝑒𝑥

Smaller balance index is an indication that the mediolateral weight distribution

was more balanced in comparison to baseline in the subject.
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JMP (SAS Institute Inc., NC, USA) was used to perform statistical analysis. The

non-parametric Wilcoxon test (p < 0.01) with Steel With Control test (p < 0.01) was

performed to examine statistical significance of any changes after stimulation from

baseline. In NHP B1, baseline data from each session was combined to create one

baseline dataset in order to account for daily differences observed in pre-stimulation

conditions.

Results

Impact of STN CR DBS on motor symptoms rated by mUPDRS are presented

first. Due to the difference in stimulation parameters and the number of assessments,

changes in gait parameters following CR DBS are demonstrated by frequency setting for

each animal.

mUPDRS Ratings Improved in All STN CR DBS Sessions

General motor symptoms measured by mUPDRS improved significantly in both

animals after CR DBS using all burst frequencies examined in the study. In NHP B1 at 21

Hz, carryover improvement was observed in rigidity, food retrieval, akinesia, and

bradykinesia (Fig. 6A). Gradual increase in improvement of mUPDRS was observed

during the 5 days of STN CR DBS and eventually reached a total improvement of

25.63% from baseline on post-CR day 3. The carryover improvement was sustained for 5

days before returning to baseline. In NHP B1 at 24 Hz, unlike the result with 21 Hz burst

frequency, carryover effect in mUPDRS was observed for 10 days after stimulation

cessation with the maximum total percent change of 23.11% on 4th and 5th post-CR days

(Fig. 6B). The improvement was observed in all subscores but food retrieval. It did not
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show a gradual increase during the first five days of stimulation and instead showed a

significant total improvement starting on CR day 2. At 27 Hz in NHP B1, carryover

effect was observed with a maximum total improvement of 32.14% on the first day after

stimulation cessation. The improvement was observed in all subscores except for the

tremor similarly to 21 Hz and sustained for 11 days. During the acute phase,

improvement was observed but followed a similar pattern as 24 Hz with the largest

improvement of this period being observed on CR day 2 (Fig. 6C). In NHP B2 at 21 Hz,

the carryover effect in mUPDRS sustained for 5 days after stimulation cessation (Fig.

6D). Consistent improvement in rigidity was present from CR day 2 until post-CR day 6.

Improvement in bradykinesia, akinesia, and food retrieval was observed between CR day

4 and post-CR day 3. A maximum total improvement of 56.41% was achieved on

post-CR days 1 and 3.

Gait Improved after 21Hz STN CR DBS

NHP B1: 21 Hz

Gait improvement was observed immediately after 5 days of CR DBS and on

post-CR day 3. Increase in swing speed and mean pressure as well as decreased balance

index were observed on CR day 5 (Fig. 7A, C and E). Longer stride length and increased

width between front/hind limbs were observed on both CR day 5 and post-CR day 3 (Fig.

7B and D). Statistics are provided in Table 2.
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NHP B1: 24 Hz

Limited changes in gait parameters were observed immediately after CR DBS

with only reduced balance index and larger mean pressure at front limb observed on

post-CR day 1 (Fig. 8A). Longer stride length and increased width were observed on

post-CR day 4 (Fig. 8B and D). Additional reduction in mean pressure and increased

width and balance index were observed in hind limb on post-CR days 7 and/or 10 (Fig.

8C, D and E). Statistics are provided in Table 3.

NHP B1: 27 Hz

No significant change was observed in gait parameters immediately after CR

DBS. On post-CR day 3, we observed increased stride length in hind limb and decreased

mean pressures in both limbs (Fig. 9B-C). On post-CR day 6, reduced swing speed,

longer stride length, decreased mean pressure, and longer width were observed in both

limbs (Fig. 9A-D). No change was observed in the balance index throughout the whole

CR session (Fig. 9E). Statistics are provided in Table 4.

NHP B2: 21 Hz

Limited changes in gait parameters were observed after STN CR DBS, however,

the swing speed in the front limb increased on CR day 5 (Fig. 10A). Shorter width

between hind limbs compared to baseline was also observed on CR day 5 and post-CR

day 3 (Fig. 10D). Reduced mean pressure was observed in the front limb on post-CR day

3 (Fig. 10C). No statistically significant changes were observed in stride length and

balance index (Fig. 10B and 10E). Statistics are provided in Table 5.
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Figure 6

Carryover Effect in mUPDRS ratings

Figure 6. Changes in the mUPDRS from baseline in NHP B1 with burst frequencies of
(A) 21 Hz, (B) 24 Hz, and (C) 27 Hz, and (D) in NHP B2 with burst frequency set at 21
Hz. The composite mUPDRS is further broken down to reveal the changes in individual
subscores.
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Figure 7

Effect of 21 Hz STN CR DBS on Parkinsonian Gait in NHP B1

Figure 7. Effect of CR DBS on gait parameters in NHP B1 with burst frequency at 21
Hz. Changes in (A) the swing speed, (B) the stride length, and (C) the mean plantar
pressure in the left front and hind limbs. Changes in (D) the width and (E) the balance
index between the front/hind limbs from the baseline. Blue and red box plots represent
front and hind limbs respectively.
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Figure 8

Effect of 24 Hz STN CR DBS on Parkinsonian Gait in NHP B1

Figure 8. Effect of CR DBS on gait parameters in NHP B1 with burst frequency at 24
Hz. Changes in (A) the swing speed, (B) the stride length, and (C) the mean plantar
pressure in the left front and hind limbs. Changes in (D) the width and (E) the balance
index between the front/hind limbs from the baseline. Blue and red box plots represent
front and hind limbs respectively.
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Figure 9

Effect of 27 Hz STN CR DBS on Parkinsonian Gait in NHP B1

Figure 9. Effect of CR DBS on gait parameters in NHP B1 with burst frequency at 27
Hz. Changes in (A) the swing speed, (B) the stride length, and (C) the mean plantar
pressure in the left front and hind limbs. Changes in (D) the width and (E) the balance
index between the front/hind limbs from the baseline. Blue and red box plots represent
front and hind limbs respectively.
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Figure 10

Effect of 21 Hz STN CR DBS on Parkinsonian Gait in NHP B2

Figure 10. Effect of CR DBS on gait parameters in NHP B2 with burst frequency at 21
Hz. Changes in (A) the swing speed, (B) the stride length, and (C) the mean plantar
pressure in the left front and hind limbs. Changes in (D) the width and (E) the balance
index between the front/hind limbs from the baseline. Blue and red box plots represent
front and hind limbs respectively.
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Table 2.

Statistical analysis on gait parameters in NHP bl at 21 Hz burst frequency

Table 3.

Statistical analysis on gait parameters in NHP B1 at 24 Hz burst frequency
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Table 4.

Statistical analysis on gait parameters in NHP B1 at 27 Hz burst frequency

Tab1e 5.

Statistical analysis on gait parameters in NHP B2 at 21 Hz burst frequency

Discussion

The purpose of this study is to investigate effects of STN CR DBS on PD gait and

the impact of using different burst frequencies in STN CR DBS. STN CR DBS was

delivered for five consecutive days at 21 Hz in both subjects and additionally at 24 Hz

and 27 Hz in NHP B1. While improvement in mUPDRS ratings was observed in all CR

DBS sessions, significant gait improvement associated with STN CR DBS was observed
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in NHP B1 after CR DBS using 21 Hz burst frequency. Limited improvement in gait was

observed in NHP B1 after 24 Hz CR DBS and in NHP B2 after 21 Hz CR DBS.

STN CR DBS as an Effective Treatment for PD Gait

Previous studies have shown that STN CR DBS is an effective therapeutic

approach to alleviate Parkinsonian akinesia, bradykinesia and tremor at preclinical and

clinical levels (Adamchic et al., 2014; Hammond et al., 2007; Oswal et al., 2013; Tass et

al., 2012; Wang et al., 2016). This present study demonstrated carryover therapeutic

effects of STN CR DBS on gait in NHP B1 after 21 Hz CR DBS. However, in NHP B2,

even though the same burst frequency was used when delivering CR DBS, limited

improvement was observed in gait. This may be due to the fact that at the baseline gait

was more severely impaired in NHP B2 compared to NHP B1. For the same reason,

limited sample size in the gait data was available for NHP B2, which also contributed to

the limited changes in gait we observed in this animal. Although preliminary, the results

support the hypothesis that STN CR DBS can induce improvement in PD gait in the

preclinical model in addition to its therapeutic benefits in akinesia, bradykinesia, rigidity,

and tremor. Despite some immediate improvement in gait with tDBS, past studies have

reported worsened gait symptoms over time (Krack et al., 2003; Ravi et al., 2021;

Volkmann et al., 2004). Given that CR DBS is promising at improving gait function, this

study highlights the importance of additional research to confirm our findings and the

significance of the further advancement in the CR DBS paradigm.
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Exploration of New Gait Parameters

In order to accurately assess PD gait improvement by STN CR DBS, new gait

parameters, mean plantar pressure, balance index, and width, were explored in addition to

traditional gait parameters such as swing speed and stride length. Significant decrease in

balance index was observed when swing speed and stride length were improved in NHP

B1 after 21 Hz CR DBS (Fig. 7E). As asymmetrical weight distribution results in

unbalanced coordination of gait leading to additional gait dysfunction in PD patients,

reduced asymmetry in balance reflected by lower balance index can be considered a

significant improvement (Boonstra et al., 2014; Park et al., 2015). Although further

research to investigate its validity as a functional gait parameter and its relationship with

other traditional gait parameters will be required, balance index may be utilized as

another promising gait parameter in the future. Both increased and decreased mean

pressures were observed after CR DBS (Fig. 7C, 8C, 9C and 10C). Although past

studies have suggested that increased plantar pressure can be an indication of FoG, we

did not observe any FoG during the data collection on these days (Pardoel et al., 2022;

Shalin et al., 2021). Therefore, further research is needed to examine the validity of mean

pressure as an appropriate gait parameter in the NHP model. Longer width in comparison

with baseline was observed in NHP B1 at all three frequencies whereas NHP B2

exhibited width shorter than baseline (Fig. 7D, 8D, 9D, and 10D). This may be due to

innate individual differences in gait pattern, which can only be assessed with gait data

collected during the pre-MPTP conditions. As gait scissoring is observed as a

compensatory behavior due to dysfunction of mediolateral stability in patients with PD,
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increased width may indicate improvement in gait stability associated with less gait

scissoring (Galena et al., 2013; Nonnekes & Bloem, 2018). Further research in width is

required to determine whether this increase in width could indicate an improvement in

PD gait.

Effects of Different Burst Frequencies on PD Motor Symptoms and Gait

Previous research on variation in stimulation parameters in the CR DBS paradigm

have discovered that variation in parameters such as stimulation intensity, frequency,

number of DBS lead contacts, and stimulation patterns can produce significant changes in

the desynchronization effect of CR DBS (Manos et al, 2018; Manos et al, 2018;

Tyulmankov et al., 2018). In NHP B1, 21 Hz burst frequency produced greater gait

improvement while 24 Hz and 27 Hz burst frequencies produced longer carryover

improvement in mUPDRS (Fig. 6A-C, 7C, 8C, 9C, and 10C). This may indicate that

different burst frequencies may be required to maximize CR DBS effect on different PD

symptoms. Since a specific STN CR DBS parameter that allows maximized therapeutic

effects on both PD gait and other symptoms has yet to be identified, it is possible that in

clinical settings severity of different PD symptoms should be considered in the selection

of CR stimulation parameters. Given the different phenotypes of PD, customizations of

CR DBS parameters based on each patient’s primary symptom would be crucial in

providing subject-specific and symptom-specific treatment to PD patients.
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Limitations and Future Directions

Although preliminary results that support our hypothesis have been shown, some

limitations were present in this study. The different burst frequencies were evaluated only

in NHP B1 and not in NHP B2 due to availability of subjects and length of time required

for data collection and analysis. In addition, the number of samples of gait data was

significantly smaller in NHP B2 than in NHP B1. This is largely due to the difference in

severity of PD symptoms between the subjects; NHP B2 exhibited more pronounced gait

impairment which did not allow it to carry out the gait task as well as NHP B1. This

small sample size led to decreased statistical power, increased variability, and limited

generalizability in NHP B2’s gait data. In addition, only one session was collected per

frequency setting and per animal. In order to maximize the accuracy and to account for

variability produced by these limitations throughout the research process in the future,

gait evaluation should be performed in a more systematic manner with more repetitions

of each CR DBS parameter setting in all animals.

The opposite results that were observed in width between NHP B1 and B2 could

not be determined whether that was due to innate individual differences in gait pattern as

pre-MPTP gait data was not available, which highlights the importance of comparison of

data not only between pre- and post-CR DBS stimulation but also between healthy and

parkinsonian states.

In spite of the limitations, this study offers meaningful observations in the effects

of STN CR DBS on PD gait and has also identified a significant impact of varying burst

frequency on the effect of STN CR DBS given that one burst frequency produced greater
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gait improvement than the others. Although preliminary, this study encourages further

advancement of CR DBS and emphasizes the importance of customizing CR DBS

parameter settings to treat specific PD symptoms. In the future, further research in the

personalized approach of CR DBS may also lead to deeper understanding of

between-subject variance in the pathophysiology and response to therapeutic DBS, which

will be crucial not only in realizing subject-specific CR DBS therapy but also in the

development of other PD treatments.
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