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High frequency subthalamic nucleus (STN) deep brain stimulation (DBS) surgery 

alleviates disabling symptoms like tremor and rigidity for Parkinson’s disease (PD) 

patients. However, postural stability and gait seem to worsen with time after this 

surgery. A review of the literature suggests that low frequency stimulation of STN might 

be beneficial for certain motor activities. However, the effects of low frequency STN 

stimulation on posture and gait in PD have not been specifically studied. The purpose of 

the present study is to examine the acute effects of low frequency STN-DBS on postural 

stability and gait in PD. 

    Ten participants with bilateral STN-DBS participated in the study. The 

participants were tested on two days while they were not on their prescribed medication. 

On day-1, four testing conditions were employed at baseline (currently used) voltage 

and pulse-width in a randomized manner: stimulator switched off (OFF-STIM), 30Hz, 

60Hz and baseline frequency (130-185Hz). On day-2, four more testing conditions were 

randomly presented: 30Hz-HV, 30Hz-MV, 60Hz-HV and 60Hz-MV. HV referred to an 

increase of 1.5V from baseline and MV was the maximum tolerable voltage for each 

participant.  Participants were then evaluated for static and dynamic postural control 
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and gait performance. Unified Parkinson’s Disease Rating Scale (UPDRS) Part-III was 

also administered in all the conditions. 

  Overall, the low frequency conditions (30Hz and 60Hz) at baseline voltage 

significantly differed with the OFF-STIM condition (P<0.05) but not with the baseline 

frequency. Specifically, differences were apparent for locomotion aspects of gait 

initiation and gait but not for static posture. The total UPDRS Part-III, bradykinesia and 

rigidity scores were improved when the stimulator was on, but speech worsened.   

Increasing the voltage at low frequency yielded minimal beneficial effects. Specifically, 

an increase in voltage at 30Hz seemed to benefit posture and an increase in voltage at 

60Hz proved beneficial for locomotion.  

The acute effects of low frequency stimulation seemed to be equivalent to those 

by high frequency stimulation for posture and gait in individuals with PD. Hence, low 

frequency could be used in situations where high frequency DBS could cause an 

undesirable effect like decline in verbal fluency. Long-term effects of low frequency 

stimulation need to be evaluated. 
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CHAPTER 1 
INTRODUCTION 

Parkinson disease (PD) is the second most common neurodegenerative 

movement disorder, after essential tremor. This hypokinetic movement disorder is 

characterized cardinally by resting tremor, rigidity, akinesia (or bradykinesia) and 

postural instability (Alves et al., 2008). The clinical diagnosis of PD requires the 

presence of at least two of the four cardinal symptoms, unilateral onset, a strong clinical 

response to Levadopa, and absence of other neurologic disorders’ specific features 

(Ebadi and Pfeiffer, 2004). Many symptoms of this basal ganglia disorder result from the 

lack of dopamine, a chemical messenger, in the brain. Dopamine depletion in the 

striatum is caused by the progressive degeneration of the dopaminergic neurons 

present in the substantia nigra. Motor deficits also include poverty of articulated speech, 

dysphagia, micrographia and others. Persons with PD exhibit shuffling gait 

characterized by smaller and quicker steps. Sometimes, individuals in the advanced 

stage experience ‘freezing of gait’ especially during activities like gait initiation, turning 

and passing through narrow precincts. Additionally, several non-motor symptoms like 

sleep disturbances, urinary difficulties, anxiety, depression and cognitive decline are 

prominent among different stages of PD. Therapeutic options include administering 

medicines like Levodopa during early stages and using surgical procedures during 

advanced stages of PD. 

Deep brain stimulation (DBS) is a surgical procedure used to improve a variety of 

debilitating symptoms of PD such as tremor, rigidity, stiffness and slowed movement.  

The procedure uses a lead that is implanted into ‘deep’ brain structures such as the 

subthalmic nucleus (STN) or globus pallidus (GPi) (Fernandez et al. 2007). The lead is 
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connected to a battery-operated neurostimulator through an extension passed under the 

skin of the head, neck, and shoulder. The neurostimulator is usually implanted under 

the skin near the collarbone and sends electrical signals to the targeted areas in the 

brain that control movement.  The settings on the neurostimulator are programmed 

based on the individual’s needs and include the pulse width, frequency, and amplitude 

(measured in voltage). One of the primary benefits of the DBS procedure is the 

programmability of the neurostimulator. Once programmed to a particular setting, in 

case of any adverse effects, the settings can always be re-programmed to a different 

setting or could be restored to the original settings in order to negate the undesirable 

effects.  

Currently high frequency (>130Hz) and low voltage settings are the most 

commonly used stimulator combinations. It is well accepted that high frequency DBS 

has positive impact on several cardinal features including reductions in tremor, 

dyskinesia and rigidity. However equivocal findings or even adverse effects have been 

observed in some symptoms such as freezing, postural instability, falls and verbal 

fluency (Marconi et al. 2008). In fact, Moreau et al., (2008) mentioned an increase in the 

number of freezing episodes at a higher frequency (130Hz) and usual voltage compared 

to a lower frequency (60Hz) and higher voltage. Increasing the voltage at a lower 

frequency was done to maintain equivalent electrical energy transmitted by the 

stimulators. Also, Wojtecki et al., (2006) reported a decline in cognitive performance at 

frequencies higher than 130Hz compared to low frequency (10Hz) and usual voltage 

stimulation. However, few studies have been designed to examine the effects of altering 
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the stimulation frequency and voltage (energy) on balance and gait in individuals with 

PD.  

Purpose of the Study 

The purpose of this study was to evaluate the effects of altering the stimulation 

parameters (frequency and voltage) on motor aspects (tremor, rigidity, balance and gait) 

and determine if any particular setting provides a comprehensive beneficial effect for 

persons with PD. 

Specific Aims and Central Hypotheses 

Specific Aim 1. To determine if the motor characteristics of individuals with PD 

improve at a lower frequency with respect to the baseline (currently used) value while 

keeping the voltage and pulse-width constant at the baseline (currently used) value.       

Central Hypothesis 1. At constant baseline pulse-width and voltage, there will be 

an overall improvement in the motor aspects (tremor, rigidity, balance and gait) as the 

frequency is decreased from the baseline. 

Specific Aim 2. To determine if the motor characteristics of individuals with PD 

improve at a low frequency by increasing the voltage while keeping the pulse-width 

constant. 

Central Hypothesis 2. At constant pulse-width and low frequency, there will be an 

overall improvement in the motor aspects (tremor, rigidity, balance and gait) as the 

voltage is increased from the baseline.  
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CHAPTER 2 
REVIEW OF LITERATURE 

Parkinson Disease 

Parkinson disease (PD) is the second most common and progressive 

neurodegenerative disease (Tanner and Aston, 2000). Considered as a prevalent 

movement disorder, PD is typically identified by its cardinal symptoms: resting tremor, 

rigidity, akinesia and postural instability (Kanthasamy et al., 2005; Alves et al., 2008). 

This chronic basal ganglia disorder is often characterized by nigrostriatal cell loss and 

presence of intracellular á-synuclein-positive inclusions called Lewy bodies. Dopamine 

depletion in the striatum is caused by the progressive degeneration of the dopaminergic 

neurons present in the substantia nigra. This dopamine depletion in the striatum further 

results in the decreased stimulation of the motor cortex by the basal ganglia. As the 

disease progresses, persons with PD display a wide range of motor and non-motor 

deficits like akinesia, freezing of gait, sleep dysfunction, depression and others. These 

deficits often lead to poorer quality of life (Schrag et al., 2000).  

Epidemiology of PD 

The average age of onset for PD is estimated around 60 and the disease affects 

about 1 to 2% of adults aged 65 or above and about 3 to 5% of those 85 years and 

older (Elbaz et al., 2002; Fahn 2003; Alves et al., 2008). Around 5 to 10% of the 

population develops PD symptoms before the age of 40 and are categorized as the 

Young-onset Parkinson Disease group. Slower progression of the disease coupled with 

more dystonic and psychiatric disturbances are characteristics of this young onset 

group. Also, individuals who develop PD symptoms before the age of 20 are commonly 

referred to as having ‘Juvenile Onset Parkinson Disease’ with 75% of the cases due to 
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variation in the ‘Parkin’ mutation. Gender-based research reveals that the disease is 

more preponderant in males with ratio of about 60-65% as compared to females (Elbaz 

et al., 2002; Grimes, 2004). PD has been found to be rife among all ethnic groups. Van 

Den Eeden and colleagues (2003) reported higher incidences of the disease in 

Hispanics followed by non-Hispanic Whites, Asians and Blacks. However in another 

study, the incidence was found to be greatest among Whites followed by Hispanics and 

Afro-Americans (Dahodwala et al., 2009). Although PD may not directly cause death, 

the secondary consequences of PD like aspiration and falls due to motor dysfunction 

may lead to higher mortality rates in PD compared to healthy age matched individuals 

(Uitti et al., 1993; Ebadi and Pfeiffer, 2004). 

Structural Anatomy of the Basal Ganglia 

Basal ganglia refer to a group of nuclei located in the deeper parts of the 

cerebrum. The caudate nucleus and the lentiform nucleus, together termed as the 

‘corpus striatum’, constitute a pair of nuclear masses. The caudate nucleus lies superior 

to the thalamus and medial to the internal capsule where as the lateral lentiform nucleus 

consists of a medial globus pallidus and a lateral putamen. The globus pallidus is further 

sub-divided into an external segment (GPe) and internal segment (GPi). Along with the 

striatum, the sub-cortical subthalamic nucleus (STN) is the other principal input nucleus 

of the basal ganglia. Other sub-cortical nuclei include substantia nigra, and 

pedunculopontine nucleus (PPN). The substantia nigra is further classified into 

substantia nigra pars compacta (SNc) and substantia nigra pars reticulate (SNr). The 

structural locations of these constituent parts are shown in Figure 2-1. 
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Motor Circuit of the Basal Ganglia 

The striatum is the primary afferent structure in the basal ganglia receiving an 

excitatory glutametergic input from the cerebral cortex (Galvez-Jiminez, 2005). The 

cortico-striatal projections exhibit both convergence and divergence properties within 

the striatum. While a projection from a cortical area diverges in the striatum, it also 

converges with the projections from other areas enabling the integration of sensory and 

motor information from different areas of the cortex. Cortical projections also input 

signals to the STN (Figure 2-2). Excitatory and inhibitory inputs to the striatum also exist 

from the SNc. The efferent nuclei of the basal ganglia include GPi and SNr. These 

output nuclei receive their afferent signals through two converse pathways. The 

inhibitory D1 pathway carries the neuronal flow directly from striatum to the output 

nuclei. However a secondary pathway ‘D2’ having a net inhibitory effect on GPi and SNr 

projects from the striatum through the GPe and STN. The output neurons from the GPi 

and SNr are inhibitory in nature and project directly into the thalamus.  

The function of these two pathways is best exemplified through inspection of the 

motor loop of the basal ganglia. Motor neurons from the thalamus project to the areas 

associated with motor functioning in the cortex like the primary motor cortex and 

supplementary motor area. However, the flow of these neurons is inhibited by the action 

of the output from GPi and SNr. So when a motor action has to be performed there has 

to be a disinhibition of output from the basal ganglia. This inhibition of the output from 

GPi and SNr is achieved through the D1 pathway which sends inhibitory signals to GPi 

and SNr thereby causing them to send reduced inhibitory signals to the thalamus hence 

enabling excitatory signal flow from thalamus to the cortical motor areas. On the other 

hand, when movement needs to be restrained, the basal ganglia need to send more 
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inhibitory signals to the thalamus to restrict the outflow to the motor areas of the cortex. 

This is achieved through the D2 pathway which inputs excitatory signals to the GPi and 

SNr, thus enabling them to release more inhibitory signals to the thalamus as desired 

for slowing down the movement. Thus a combined action of D1 and D2 pathways 

regulates the movement in a desired manner. This joint action between the direct and 

indirect pathways is in turn regulated by the amount of dopamine released by the SNc. 

More dopamine released into the striatum causes increased signal transmission through 

the D1 pathway and diminished movement through the D2 pathway. The overall effect 

of an augmented activity in the direct pathway and a decreased activity in the indirect 

pathway is reduction in the inhibitory output from the basal ganglia and hence more 

movement. Conversely, the depletion of dopaminergic neurons in the striatum results in 

reduced movement through enhanced output from the GPi and SNr (DeLong and 

Wichmann, 2007). The poverty of movement in people with PD is often associated with 

the paucity of dopamine levels in basal ganglia structures.  

Motor Symptoms of PD 

Among the motor symptoms of PD, tremor is the most observable symptom and 

more often occurs unilaterally. This 4 to 6Hz involuntary rhythmic oscillation is seen 

primarily in fingers and also in legs, jaws and tongue. Though the tremor starts 

unilaterally, it spreads bilaterally on an average of six years after the onset of symptoms 

(Scott et al., 1970; Ebadi and Pfeiffer, 2004). Sometimes postural or action tremor 

coexists with this resting tremor, thereby leading to more perceived social 

embarrassment. Another cardinal motor symptom of persons with PD is bradykinesia. 

Defined as ‘generalized slowness of movement’, bradykinesia is a prominent cause of 

disability in PD. In many of the diagnosing criteria for PD, presence of bradykinesia is 
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considered mandatory. Bradykinesia may involve a delay in initiating movements, 

difficulty in swallowing, softer voice (hypophonia) with words spoken that are hard to 

understand, face masking and others. Night-time drooling may result due to dysphagia 

and also handwriting gets smaller and less legible (micrographia). Persons with PD also 

experience difficulties performing some activities of daily living like tying shoe laces, and 

buttoning shirts. As the disease progresses, noticeable reduction in arm swing, difficulty 

initiating gait, and smaller but quicker steps (called shuffling gait) are markedly visible. 

During advanced stages of the disease, individuals with PD experience ‘freezing’ of gait. 

‘Freezing’ involves sudden stopping and difficulty initiating gait while walking. This 

condition is particularly seen when a person with PD walks through narrow spaces like 

doorways or while turning. Freezing can often lead to instability and increases the risk of 

falling in this population. Rigidity is defined as a hypertonic state of the muscle where 

the clinician can feel an unvarying increased resistance within the range of passive 

movement at a joint (Deuschl and Goddemeier, 1998; Ebadi and Pfeiffer, 2004). The 

Cogwheel type of rigidity is particularly prevalent in persons with PD where resistance of 

the palpated muscle increases in a periodic manner during passive movement. The 

stooped posture among PD is often attributed their rigidity. Postural instability, the fourth 

cardinal motor symptom, usually occurs in the later stages of the disease and often 

leads to gait difficulties and falls among PD. Given its unresponsiveness to anti-

Parkinsonian medications like Levodopa, postural instability is considered the least 

treatable motor symptom (Koller, 1989; Ebadi and Pfeiffer, 2004).  

Prevalent Therapies for PD 

Different modes of therapy including pharmacological therapy, physiotherapy, 

occupational therapy, music therapy, genetic therapy, surgical therapy and others have 
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been employed to alleviate the motor complications. For example, researchers 

investigated music therapy as an alternative to address concerns of motor 

complications among people with PD. Music therapy involves addressing the emotional, 

social and physical well-being of a patient by participation in singing, playing 

instruments, or listening to music (Yu et al., 2009). Pacchetti et al. (2000) showed 

beneficial effects of music therapy on bradykinesia measured through the Unified 

Parkinson's Disease Rating Scale (UPDRS) score. But recently, Brown and colleagues 

(2009) reported no specific improvements among people with PD during gait 

performance combined with concurrent music during both single and dual tasks. 

Medicinal therapy and surgical therapy have been the most prevalent. Drug treatments 

include administering anti-parkinsonian drugs like Levodopa or Carbidopa. Levodopa 

treatment has particularly been shown to be effective in relieving some of the cardinal 

symptoms of PD. In 1938, Peter Holtz discovered that dopamine could be produced by 

Levodopa in mammalian tissue (Hornykiewicz, 2002). Carlsson and Hornykiewicz 

highlighted the effectiveness of the pharmacological intervention by demonstrating that 

a reversal of parkinsonian features could be accomplished by using substances that can 

directly stimulate the postsynaptic dopamine receptors in the striatum (LeWitt, 2008). 

When administered orally, only a small quantity of Levodopa reaches the brain from the 

upper small intestine to produce dopamine. This allowance of limited quantities of 

Levodopa has been explained due to the blood-brain barrier (Nutt and Fellman, 1984). 

Certain drugs like Carbidopa and Selegiline, when co-administered, efficiently regulate 

the dopamine production by Levodopa. Additionally, Levodopa is used not only as a 
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medication but also as a diagnostic tool. People with PD often show significant 

improvements in speech and gait inside 15 to 30 minutes of oral dosage of Levodopa.  

However, the Levodopa treatment has also been shown to have a negative effect 

on some cardinal symptoms. Schrag and Quinn (2000) attributed the development of 

motor fluctuations to disease duration and dosage of Levodopa with patients who 

started Levodopa early showing more motor complications. They also ascribed the 

incidences of dyskinesias with duration of the Levodopa treatment. Fahn and 

colleagues (2005) showed that the effectiveness of Levodopa varies with its dosage 

levels and may slow down the rate of progression of the disease. However, they also 

pointed out that Levodopa could rapidly deteriorate the integrity of the dopamine 

transporter in the nigrostriatal nerves. Though their study mentioned some beneficial 

effects like reduction of freezing episodes with Levodopa, development of dyskinesias 

and quicker wearing-off of medicine after at least 5 months, were also revealed. Higher 

doses of Levodopa have also been associated with an increase in dyskinesias and non-

motor symptoms (Fahn et al., 2004; Nutt, 2001). Radad and colleagues (2005) also 

mentioned the prevalence of psychiatric problems along with the dyskinesias due to 

long-term Levodopa treatment. Holloway and colleagues (2004) reported lower 

occurrences of freezing episodes and better UPDRS scores but higher frequencies of 

dyskinesias and wearing-off of Levodopa medicinal effects compared to another 

medicine (Praximpexole). In summary, the cost-effective Levodopa provides good 

symptomatic relief but with certain long-term negative side-effects. These side-effects 

include shorter periods of relief particularly at peak dosages of medication (ON state), 

fluctuations between these ‘ON’ and ‘OFF’ (with Parkinsonian symptoms resurfacing) 
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states and motor complications including dyskinesias. Hence, the search for therapies 

that alternate or supplement the medication-based therapy gained prominence to 

counteract the debilitating effects of medications like Levodopa. Certain dopamine 

agonists are also used to supplement the action of drugs like Levodopa. While 

Levodopa has been linked with enhanced motor performance, the dopamine agonists 

have been associated with fewer motor fluctuations and dyskinesias. Kondo (2002) 

suggested that the dopamine agonists could be used for therapy during the initial stages 

with the introduction of Levodopa during the advanced stages of the disease to combat 

the motor complications. Kondo attributed the effectiveness of the dopamine agonists to 

the longer half-life of their plasma. Similar reports were reviewed elsewhere further 

suggesting that the dopamine agonists could be used in conjunction with Levodopa 

during the advanced stages to hinder the development of motor complications (Watts, 

1997; Radad et al., 2005; Ransmayr, 2005). Radad and colleagues (2005) also 

mentioned that the dopamine agonists like Bromocriptine, Pergolide, Cabergoline and 

others are frequently used by young-onset Parkinsonians in their de novo (OFF-MED) 

state before embarking on to Levodopa therapy. 

However, even though the dopamine agonists could reduce the disabling side-

effects of Levodopa, the monotherapy of the dopamine agonists or the adjunct therapy 

along with Levodopa has had limited success clinically. Poewe (1998) mentioned that 

the monotherapy of dopamine agonists was successful in only about 30% of the PD 

patients even after 3 years and that there was no ‘ideal agonist’ with features matching 

the efficacy and longer acting-period of Levodopa. Dopamine agonists are also used 

mostly in Parkinsonians younger than 75 years due to their side-effects. Hence in 
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people with advanced stage of PD, the need for an alternate treatment to complement 

Levodopa and dopamine agonists persists. During advanced stages of the disease, use 

of surgical therapies like thalamotomy, deep brain stimulation of sub-cortical structures 

have been suggested and studied to possibly alleviate the negative effects or lack of 

response to anti-parkinsonian medication (Weiner, 2006; Giroux, 2007).   

Deep Brain Stimulation 

Deep brain stimulation is a surgical intervention aimed at ameliorating the effect of 

symptoms associated with PD. DBS also serves as a reversible procedure as opposed 

to permanent neuroablative procedures like thalamotomy and pallidotomy.  DBS entails 

passage of electrical impulses to sub-cortical areas through external means. DBS 

system has several components. For example, a commercially available Activa DBS 

system (Figure 2-3) comprises of the following: 

1. Neurostimulator – Supplies the power to the system by generating electrical 
pulses through a programmed computer chip 

2. DBS™ Lead – An insulated wire with four electrode contacts that are precisely 
implanted in the brain.  

3. Extension – A wire that connects the electrodes to the stimulator. This insulated 
wire is placed under the scalp and runs behind the ear, down the neck, and into 
the chest below the collarbone to the pulse generator. 

4. Neurostimulator control magnet – A patient control magnet that allows the patient 
to regulate the pulse generator between different settings when held over the 
power source system. Sometimes the pulse generator is also turned on or off 
through radio frequency based device. 

Additional components include a console programmer and a software cartridge to 

alter the electrical parameters. 

In DBS surgery, an electrode is placed stereotactically into a sub-cortical area of 

the brain like the STN or GPi or the thalamus. Initially, the effectiveness of the surgical 
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treatment is assessed by temporarily connecting the inserted electrode to a 

transcutaneous cable for short-term stimulation.  After several days, the temporary 

transcutaneous cable is replaced surgically by a permanent subcutaneous cable. One 

electrode on each side is used during bilateral stimulation procedure where as during 

unilateral stimulation; a single electrode is placed contra-laterally in the brain 

corresponding to the most affected side.  

The utility of the DBS procedure is highlighted by the reversible and non-invasive 

programming of its neuro-stimulator. After the final surgical procedure, the stimulator is 

optimally adjusted between symptomatic control and emergence of undesirable side-

effects like dysarthria or dyskinesia. DBS has not only been used for symptomatic relief 

in PD but also in other movement disorders like dystonia and essential tremor (Kluger et 

al., 2009).  

Three principal components determine the nature of electrical impulses that are 

transmitted to the brain: frequency, voltage and pulse-width. The frequency of the 

neurostimulator establishes the rate at which electrical impulses are generated. Voltage, 

the second parameter, determines the difference in electrical potential. And pulse-width 

gives the time interval between two electrical pulses. Aforementioned, the 

programmable nature of the neurostimulator lends to its versatile usage. Programming 

the stimulator involves varying these three parameters. Typically in PD patients, high-

frequency DBS is employed.  

Mechanism of Action of DBS 

Though DBS is a prevalent surgical therapy for persons with PD, little is known 

about the mechanism of action of the procedure. Hammond and colleagues (2008) 

discussed two possible mechanisms in their review. First, they questioned if the high 
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frequency stimulation suppresses the stimulated neurons thereby producing effects 

similar to a lesion in the region. However, they also examined if the electrode 

stimulation establishes new activity in the basal ganglia network. Hammond et al. 

observed that the high frequency long duration STN-DBS introduces new neuronal 

activity that decreases spontaneous pathological patterns. These observations 

supported the work of Benazzouz and Hallett (2000) who mentioned that though the 

reduction in tremor among Parkinsonians with DBS mimicked a lesion-like effect, STN-

DBS also resulted in increased release of glutamate in the substantia nigra and 

dopamine in striatum. Contrastingly, Liu et al. (2008) proposed that the STN-DBS acts 

like a lesion by interrupting an abnormal pattern of firing in cortico-basal ganglia-

thalamocortical loops that cause symptomatic PD.  Briet et al., (2004) elucidated this 

lesion-like inhibitory effect of high frequency DBS mainly hypothesizing either 

depolarization blocking of the neuronal transmission by inactivating ion-channels by 

altering the voltage or by hindering the information flow by releasing efferent (out-going) 

signals through external stimulation. Vitek (2002) commented the possibility of inhibition 

of the neurons at the stimulation site as well as increase in output from the stimulated 

structure through activation of the axonal elements exiting the stimulated structure. 

However the effects of the stimulation for other combinations of parameters have not 

been highlighted. 

Therapeutic Effects of DBS 

DBS has been often associated with reduction in anti-parkinsonian medication 

levels like Levodopa and also reduce the dyskinesias in the OFF-MED state due to 

long-term Levodopa dosage levels. Several researchers reported ameliorating effects of 

the DBS on axial symptoms which are non-responsive to anti-parkinsonian medications. 
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In the 29 Japanese PD participants that Yamada et al. (2008) tested before and after 

three months of DBS surgery, mean Levodopa dosage levels decreased by 27%. The 

response of individual axial symptoms like falling, freezing, gait and postural instability 

was evident in some participants after STN-DBS but not before the surgery. But this 

response was measured based on qualitative UPDRS scores. Kumar and colleagues 

(1998) studied seven people with PD after six to 12 months post STN-DBS. They 

reported improved UPDRS motor sub-scores for akinesia (58%), rigidity (52%), tremor 

(82%), and gait and postural stability (49%) during OFF-MED and stimulator on (ON-

STIM) state compared to OFF-MED, stimulator off (OFF-STIM) state. Further they 

reported a decrease in the OFF-MED dyskinesias and drug-dosage levels. In a larger 

group study of 72 participants, Tabbal and colleagues (2007) observed that after three 

to 12 months of STN-DBS, in de novo condition, the total UPDRS motor score during 

ON-STIM was lower by 47% when compared to the OFF-STIM. Further, they reported 

an improvement in the UPDRS motor sub-scores for resting tremor (74%), rigidity 

(58%), bradykinesia (37%), pull test (35%), gait (44%), axial signs (42%) and speech 

(13%). Similar results were also published by Karimi et al., (2008) with a 49% improved 

gait and 56% improved postural stability based on UPDRS rating. Hamani and 

colleagues (2008) reviewed the OFF-MED and ON-MED UPDRS scores for 471 

bilateral STN-DBS participants across 38 studies in 34 neurosurgical centers and 13 

countries. They reported that the motor scores during OFF-MED condition improved by 

50% after six months, 56% after 12 months, 51% after two years, and 49% after five 

years of stimulation.  Also, post 12 months STN-DBS surgery, the UPDRS scores 

reduced for tremor (81%), rigidity (63%), bradykinesia (52%), gait (64%), and postural 
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instability (69%) when compared with the OFF-MED scores before the surgery. Further, 

during ON-MED state, 94% reduction in dyskinesias, 52% reduction in L-dopa dosage 

levels after 12 months of STN-DBS. One observation from these results is that the 

greatest improvements due to STN-DBS occurred for tremor where as gait, axial signs 

and speech benefitted the least, albeit measured qualitatively and subjectively.  

Few researchers have quantified the balance and gait characteristics using 

methods in conjunction with the UPDRS scores. Nilsson et al., (2005) used the Berg 

balance scale and UPDRS III scores to quantify a 70% improvement in balance and 

postural stability scores during ON-STIM compared to OFF-STIM condition, in 31 PD 

participants after 10-12hours without medication and six to 12 months post STN-DBS. 

Estimating more objectively, Rocchi and colleagues (2002) measured center of 

pressure (CoP) characteristics like root mean square (RMS) displacement and sway 

area of six PD participants after at least six months of STN-DBS and compared them 

with healthy older adults during one minute standing trials with eyes open. They 

estimated larger RMS and sway area values for persons with PD in their OFF-MED, 

OFF-STIM condition as compared to control participants. Interestingly, they also 

observed that the CoP based values increased further in ON-MED and OFF-STIM 

condition, hinting at some of the negative effects of Levodopa medication on postural 

balance. Additionally, Rocchi and colleagues also found much smaller and hence better 

values with the stimulator turned on and the medication off. However during ON-MED, 

ON-STIM condition, the RMS displacement and sway areas CoP were intermediate to 

values from individual treatments highlighting plausible interaction effects of 

medications and high frequency STN-DBS treatments. Furthermore, Guehl et al., (2006) 
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found beneficial effects, three months after bilateral STN-DBS on seven persons with 

PD with their postural control measures. After surgery, they found reduced CoP 

displacement under both STN-DBS and the influence of Levodopa mono-treatments. 

However, though the sway area values under STN-DBS alone condition decreased, the 

corresponding values increased when the participants were under the influence of 

medication alone. Separately, Liu and colleagues (2006) quantitatively studied the 

effects of STN-DBS on gait initiation for 11 people with PD who had undergone bilateral 

surgery at least six months prior. Important observations were that in both OFF-MED 

and ON-MED states, the STN-DBS increased the amplitude of the anticipatory postural 

phase, amplitude of the propulsive shear forces on both feet, and amplitude of CoP in 

both anterior-posterior and medial-lateral directions. Beneficial effects of bilateral STN-

DBS on gait initiation among PD were also studied by Crenna et al., (2006). With 10 PD 

participants initiating gait in ON-STIM-OFF-MED condition, Crenna and colleagues 

showed an improvement in the vertical alignment of the trunk, larger backward and 

lateral displacement of the CoP in the anticipatory-phase, shortening of the imbalance 

phase, shortening of swing phase of the stepping limb and an increase in initial step 

length. More characteristics of gait initiation can be studied from the CoP trace in the 

weight-shifting phase and locomotion phase and also from its relationship with the 

center of mass (CoM). Using alternate methods, Colnat-Coulbois et al. (2005) 

conducted static and dynamic posturography tests on 12 PD participants before and 

after six months of the bilateral STN-DBS surgery. The results of their static test 

revealed an improvement in postural control precision after surgery, during both eyes 

open and eyes closed standing trials. Also, using their dynamic tests, Colnat-Coulbois 
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and colleagues mentioned a decreased number of falls and the ability of the patients to 

develop more appropriate sensorimotor strategies when stimulated. However all these 

tests were conducted in ON-MED state and hence the individual treatment effect of 

STN-DBS could not be elucidated.  

Several researchers have also studied the effects of STN-DBS on gait 

performance in PD. While testing their eight PD participants in the OFF-MED condition, 

Johnsen et al., (2009) compared gait performances during ON-STIM and OFF-STIM 

conditions.  One of their main findings was that improvements in stride length and 

velocity but not cadence were observed when the stimulator was turned on. Similar 

results were found in a more elaborate study by Liu et al. (2005) who tested 11 persons 

with PD with at least six months post STN-DBS under all combinations of ON/OFF-MED 

and ON/OFF-STIM. They also found an increase in walking velocity without any 

influence on cadence while immune to the influence of medication. Interestingly, Liu and 

colleagues mentioned that STN-DBS did not improve balance during static quiet 

standing or transient gait initiation tasks. Comparable methodology was used by Lubik 

and colleagues (2006) who tested 12 PD participants at least after six months post 

bilateral STN-DBS. Lubik et al. found that the best values for UPDRS motor scores and 

the walking speed and step length were found for ON-MED and ON-STIM condition. 

During either mono-therapy, the UPDRS motor scores were similar whereas better 

values for gait parameters (walking speed and step length) were found during ON-MED 

alone compared to ON-STIM alone. In another study involving 10 PD participants 3-28 

months post STN-DBS surgery, analogous results were observed with similar walking 

speed values for individual therapies of medication and surgery and better additive 
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effects for combined therapy (Carpinella et al., 2007). During self-selected and fast gait, 

Chastan et al. (2009) mentioned an increase in step length and velocity with levodopa 

treatment alone or along with STN-DBS for seven individuals with PD after about 2 

years of STN-DBS compared to OFF-MED and OFF-STIM condition. However, these 

gait parameters increased only in the ON-STIM and OFF-MED condition during fast 

walking but not at usual walking speeds. Similar to other studies, the UPDRS III motor 

scores improved greatest with combination therapy than single therapies compared to 

no therapy. Using different measurement techniques compared to other studies, 

Salarian et al., (2004) mentioned that their 10 OFF-MED-OFF-STIM PD participants 

with minimum of 17 years post bilateral STN-DBS demonstrated an slower stride 

velocity (52%), shorter stride length (60%), longer gait cycle time (40%), longer stance 

(11%) and longer double support time (59%) as compared to 10 age-matched healthy 

individuals. However, with the stimulator on, persons with PD displayed an increase in 

stride velocity (31%), stride length (26%), stance (6%), and double support time (26%) 

compared to their OFF-STIM state. However, the authors fail to mention if the tests 

were done in OFF-/ON-MED state, making it hard to compare with results from other 

studies. Correlation of some of these gait parameters with UPDRS motor scores was 

also mentioned. Thus these studies exhibit the limited effectiveness of STN-DBS on gait 

parameters when compared to the effectiveness of Levodopa alone. Also, though few 

gait parameters are enhanced through STN-DBS, the beneficial effect on postural 

stability is minimal. 

The negative effects of STN-DBS on balance and gait in individuals with PD have 

also been indicated by researchers. In their review article, Benatru and colleagues 
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(2008) mentioned a lack of improvement in axial symptoms like postural stability 

compared to distal motor aspects like tremor after DBS at the STN. These views were 

echoed by several researchers including Lozano and Snyder (2008) who observed 

more inconsistency and less durability of the enhancements in gait and postural 

instability after STN-DBS procedure among persons with PD. In fact, in a long term 

study, Krack and colleagues (2003) observed a degradation of postural instability and 

gait after five years of the STN stimulation with the negative trend seen after the first 

year. Using the motor part of UPDRS (UPDRS-III), similar results have been reported 

elsewhere (Rodriguez-Oroz et al., 2005; Schubpach et al., 2005; van Nuenen et al., 

2008). Also, after five years of stimulation, an increase in the total electrical energy 

delivered with slight improvements in the UPDRS score related to axial symptoms has 

been observed (Romito et al., 2009). Elsewhere, researchers reported small 

improvements in postural stability and gait compared to the improvements in cardinal 

symptoms (Gervais-Bernard et al., 2009; Gan et al., 2007). High frequency stimulation 

also has negative effects on cognitive effects like verbal fluency (Marconi et al., 2008; 

Okun et al. 2009; Zahodne et al., 2009).   

All the studies reported above were performed at high frequency (> 100Hz) 

settings. However, few researchers have compared the effect of different stimulation 

settings on posture, gait and verbal fluency. Moreau and colleagues (2008) evaluated 

gait performances and UPDRS scores at low frequency (60Hz) and high frequency 

(130Hz) while maintaining an equivalent amount of electrical energy. Results of this 

study indicated that the number of freezing episodes decreased at 60Hz (high-

voltage/equivalent energy) and increased in high energy conditions (130Hz-high 
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voltage). Additionally, there was no significant improvement in gait performance 

measured subjectively by means of a Stand-Walk-Sit test or UPDRS-III. Tagliati (2008) 

further purported these results but exercised caution to generalize them. Later, Brozova 

et al. (2009) reported a significant increase in UPDRS-II sub-items relative to speech, 

falling and gait and UPDRS-III sub-items relative to speech and gait when their 

participants were stimulated at 60Hz after 4 years of high frequency stimulation. 

Though, they mentioned a considerable improvement in speech in some of their 

patients, a worsening of gait and postural stability in two participants at low frequency 

stimulation was also observed subjectively. However, adverse effects of low frequency 

stimulation have also been reported. Timmermann et al. (2004) mentioned adverse 

effects of low frequency stimulation (10Hz) with worsened motor symptoms compared 

to off-stimulation and high frequency (>= 130Hz) settings. Further, Moro et al. (2002), 

also established worsening of akinesia at 5Hz. Interestingly, Moro and colleagues also 

mentioned that the combination of higher voltages combined with narrow pulse width as 

the most effective setting to improve the UPDRS III scores. Using a different 

methodology to measure movement characteristics, Eusebio et al. (2008), noted a 

detrimental finger tapping rate at 5Hz and 20Hz frequency settings when compared to 

no stimulation.  

Evaluating a different target site, Pereira et al. (2008) mentioned improvement in 

motor functioning for non-human primate after PPN-DBS at low frequency. Comparing 

different target sites, Stefani and colleagues (2007) established a greater improvement 

in UPDRS score for STN-DBS (130-185Hz: 54%) compared to PPN-DBS (25Hz: 32%) 

condition in an OFF-MED state. Also, they observed that during the ON-MED state, 
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combination of STN-DBS and PPN-DBS was more effective than STN-DBS or PPN-

DBS alone in terms of improving the motor scores and performance of activities of daily 

living. Further, Bejjani et al. (2000) observed myoclonus and irregular jerky tremor in the 

upper limb contralateral to the site of stimulation in their study of effect of GPi 

stimulation on PD and Essential Tremor participants at 15Hz. Adverse effects of high 

frequency stimulation have also been reported for cognitive tasks like verbal fluency 

among persons with PD.  Wojtecki et al. (2006) mentioned a significantly better 

performance of the verbal fluency task at a frequency setting of 10Hz compared to the 

high frequency (130Hz) and no stimulation settings. Stefani et al. (2009) reported that 

the stimulation of PPN at low frequency (25Hz) had beneficial effects on the quality of 

sleep and executive functioning among people with PD, compared to STN-DBS. 

However, using subjective testing, they also mentioned poorer improvement in motor 

scores suggesting inclusion of both the targets (PPN and STN) for stimulation.  

The effects of low-frequency DBS stimulation has also been researched in 

populations other than PD. Kupsch et al. (2003) reported improvement in quality of life 

(63%) and severity of dystonic symptoms (43%) at 130Hz of GPi-DBS compared to no 

stimulation. Also, they reported an improvement of clinical scores at higher frequencies 

(between 180-250Hz) against worsening at lower frequencies (5 and 50Hz). 

Contrastingly, in their case study, Alterman and colleagues (2006) mentioned that the 

high-frequency (130-185Hz) GPi stimulation on their patient with Dystonia, produced 

side-effects which were absent during stimulation at 80Hz. Additionally, they also found 

a dramatic improvement functionally after one year of stimulation at 80Hz.  However, 

the results reversed at 60Hz where the dystonic symptoms worsened. 
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The studies discussed so far clearly present a lack of consensus on the 

ameliorating effects of STN-DBS on balance and gait. Moreover, the electrode 

stimulation procedure seems to impart contrasting therapeutic effects based on different 

stimulation settings. Hence it is unclear if there is an optimal setting that could yield the 

best results together for balance and gait performance of an individual with PD. This 

optimal setting could be achieved by lowering the frequency and possibly increasing the 

voltage level based on the currently used values of a person with PD. 

 

Figure 2-1. Structural Anatomy of the Basal Ganglia (Source: 
http://thebrain.mcgill.ca/flash/a/a_06/a_06_cr/a_06_cr_mou/a_06_cr_mou.ht
ml. Last accessed June, 2010). 

http://thebrain.mcgill.ca/flash/a/a_06/a_06_cr/a_06_cr_mou/a_06_cr_mou.html�
http://thebrain.mcgill.ca/flash/a/a_06/a_06_cr/a_06_cr_mou/a_06_cr_mou.html�
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Figure 2-2. Motor Circuit of the Basal Ganglia. (Source: DeLong and Wichmann, 2007) 

 

Figure 2-3. The Activa® DBS System and its components. (Source: 
http://www.neurocirugia.com/instrumental/index.php?m=10&y=07&entry=entr
y071029-123203. Last accessed June, 2010). 
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CHAPTER 3 
METHODS 

Participants 

Ten participants with Parkinson disease (PD) who had bilateral Deep Brain 

Stimulation (DBS) surgery at least six months prior to testing were recruited for the 

study. Each participant read and signed an informed consent form approved by the 

University’s institutional review board. 

The inclusion criteria included: 

a. Idiopathic PD diagnosed by a movement disorders specialist.  The diagnosis was 
based on the presence of at least two of three cardinal motor signs of PD: 
bradykinesia, resting tremor and rigidity, and a demonstrated good response to 
levodopa medication therapy. A good response to Levodopa was defined as a 
30% improvement in parkinsonian motor signs. This motor score improvement 
was based on the Unified Parkinson’s Disease Rating Scale (UPDRS) motor 
examination subscore, following the administration of levodopa (1.5 times their 
typical dose) during their screening neurological examination. Such an inclusion 
criteria was necessary to exclude patients with Parkinson's plus syndromes (such 
as progressive supranuclear palsy, multiple system atrophy, striato-nigral 
degeneration, corticobasal degeneration, and Lewy body disease). 

b. Hoehn and Yahr stage II or worse when in the off medication condition. 

c. Age between 45-85 years. 

d. A DBS device implanted for PD bilaterally. 

The exclusion criterion for the study was: 

 Evidence of secondary/atypical movement disorder as suggested by presence 

of any of the following:  

1. History of stroke(s) 

2. Exposure to toxins or neuroleptics 

3. History of encephalitis 

4. Neurological signs of upper motor neuron disease, supranuclear gaze palsy, or 
significant orthostatic hypotension 
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Experimental Protocol 

Unified Parkinson's Disease Rating Scale, balance and gait testing were 

conducted on two consecutive days. A pre-test washout period of at least 12 hours off-

medication was employed for both testing days. Also, the participants were asked to 

turn off their stimulators at least 12 hours prior to testing on the first day. The 

participants were tested on both days while they were off their medications (OFF-MED). 

On the first day, the frequency settings of the stimulators were altered. Each participant 

was tested in four different conditions. In the initial condition both the stimulators were 

switched off (OFF-STIM). Later, both stimulators were turned on (ON-STIM) and the 

participants were tested at three frequency settings in a random order: 30Hz, 60Hz and 

baseline frequency (BF). During these ON-STIM conditions for day-1, for each 

participant, baseline voltage (BV) and pulse width values were maintained. These 

baseline values represented their clinically optimized therapy/ management. Also after 

the stimulators were tuned to a particular frequency, a 10 minute time period was 

allowed for habituation prior to testing at that setting. As no previous researchers have 

validated the most effective washout time period, we used the 10 minute interval 

keeping in mind, the longevity of testing protocol on both the days. The entire procedure 

day-1 is presented in Figure 3-1.  

On the second day, participants were tested under four combinations of frequency 

and voltage settings as described below. The following combinations were used in a 

random order: ‘30Hz + HV’, ‘30Hz + MV’, ‘60Hz + HV’, ‘60Hz + MV’. ‘HV’ was set to 1.5 

volts + ‘BV’ and ‘MV’ was deemed as the maximum voltage that the participant 

tolerated. While increasing the voltage, the movement disorders specialist observed 

signs like excessive tremor or dystonia or sweating to determine the tolerance level for 
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the participant. The same pulse width value was used on both the testing days. Also 

similar to day-1, a 10-mintue waiting time was employed when the stimulators were 

adjusted to a new setting. For both the days, at the beginning and end of each testing 

condition, the participants were asked about their overall well-being using a subjective 

feedback scale. The entire procedure for day-2 is presented in Figure 3-2. 

Kinematic data were collected at 120Hz using a 10-camera motion capture system 

(Vicon, Lake Forest, CA). Kinetic data were collected using two embedded force 

platforms (Bertec Corp., Columbus, OH) at 360Hz (Figure 3-3). Thirty-five retro-

reflective markers were placed over anatomical bony landmarks according to the 

Vicon’s Plug-in-Gait marker system. Markers were placed bilaterally on the 2nd 

metatarsophalangeal joint head, heel, ankle, tibia, knee, thigh, anterior superior iliac 

spine, posterior superior iliac spine, shoulder, elbow, radial wrist, ulnar wrist, 2nd finger, 

forehead, and posterior head. Single markers were placed on the jugular notch, inferior 

sternum, C7, T10, and the right scapula (Figure 3-4). 

Evaluations 

UPDRS  

A movement disorders trained neurologist conducted a video-taped UPDRS-III 

evaluation of the motor part for each participant during all conditions on both days. This 

UPDRS evaluation was done before other evaluations. A second neurologist blinded to 

the settings scored each participant using the recorded video-tape.  

Static balance 

Static balance testing was performed in all the conditions on both days. During 

testing, the participants stood quietly with a narrow stance width of 10cm for one minute 

with a foot on each force plate. The narrow stance width was deemed as a challenging 
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position to maintain upright posture. Two trials with eyes open and two trials with eyes 

closed were performed by each participant at each setting. 

Dynamic Balance and Gait 

Dynamic balance was evaluated using the task of gait initiation. Participants 

initiated gait in the forward direction at their self-selected pace. Five experimental trials 

were conducted in each stimulation condition on both days. Positioning of the feet and 

the initial stepping limb were self-selected and subsequently maintained for consistency. 

Data collection began while the participants stood in a relaxed position with their feet in 

a forward direction. Upon hearing a verbal “ready” signal, the participants paused 

momentarily and then initiated movement towards a target (at eye level). Each 

participant practiced the task till they became confident with the procedures prior to data 

collection. Kinematic gait evaluation included each participant performing five walking 

trials at their self-selected speed across an 8m walkway during each condition on both 

the days.   

Data Processing 

For balance measures, ground reaction forces and moments from each force 

platform were used to calculate the instantaneous center of pressure (CoP) on that 

force platform. The CoP data from both force platforms were combined to obtain the net 

CoP (Termoz et al., 2008).  Using these values of the net CoP, the following variables 

related to CoP characteristics during static balance testing were computed during both 

eyes open and eyes closed trials: range of CoP movement in anterior-posterior (AP) 

and medio-lateral (ML) directions, CoP sway area (product of AP and ML range) and 

root mean square (RMS) of the CoP displacement and velocity in AP and ML directions. 

Given the oscillating nature of the CoP movement, the RMS values of displacement and 
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velocities were also calculated. The RMS values indicate a better measurement of the 

CoP movement focusing on its magnitude change rather than the direction change.  

Data processing for dynamic balance testing involving gait initiation was done 

using the Vicon Nexus. All the trials were analyzed from the start of gait initiation (GI) to 

the first heel strike of the initial stance limb. The start of GI was marked manually for all 

the trials as the time point from where the vertical ground reaction forces for both the 

limbs starts to deviate from each other (Vaugoyeau et al., 2006). The gait initiation cycle 

was divided into three distinct phases (S1, S2, S3) based on the CoP trace, as 

described previously in the literature (Hass et al., 2004).  Briefly, the S1 phase (postural 

phase) was defined from the start of GI to the time point where the CoP undergoes 

maximum posterior and lateral displacement towards the swing limb. The S2 phase 

(weight-shifting phase) was marked from the end of S1 phase to the time point of the 

swing limb toe-off. The S3 phase (locomotion phase) was identified from the end of the 

S2 phase to the time-point of stance leg toe-off. During each phase, the following 

dependent variables related to CoP characteristics during dynamic balance testing were 

computed: the displacement and mean velocity of CoP in the ML and AP directions, the 

maximum separation distance between the CoP and Center of Mass (CoM) in the ML, 

AP and resultant directions. This separation distance between CoP and CoM will 

henceforth be referred as the ‘CoP-CoM moment arm’. Also, the whole body CoM 

location was computed as the weighted sum of each body segment’s CoM from a 15 

segment biomechanical model using Dempster’s Anthropometric tables (Dempster, 

1955). Apart from the CoP and CoM related variables, spatiotemporal variables like the 

step length, step velocity and step time, the time to heel off and toe-off of both the limbs 
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from start of gait initiation for both the limbs were computed. All the dependent variables 

for the gait initiation trials were calculated using custom MATLAB code (MathWorks 

Inc., Novi, MI). For kinematic gait evaluation, multiple toe-off and heel-strike events 

were marked manually for both feet and the following gait cycle parameters were 

calculated: cadence, walking speed, stride time, stride length, step time, step length, 

percentage of single-support time and double-support times using Vicon Nexus (Vicon, 

Lake Forest, CA). Also variability measures in terms of coefficient of variation were 

calculated for the spatio-temporal measures of gait initiation and the gait. 

The UPDRS evaluation was scored under eight components: Speech (score from 

question 18), Facial expression (score from question 19), Tremor (sum of scores from 

questions 20 and 21), Rigidity (score from question 22), Bradykinesia (sum of scores 

from questions 23, 24, 25, 26, 27, and 31), Posture (score from question 28), Gait 

(score from question 28) and Balance (score from question 30). All the components 

except the rigidity were taken from the blinded investigator’s ratings and added to obtain 

a total UPDRS score. The rigidity sub-score however was taken from the non-blinded 

investigator’s ratings.  

The electrical energy of each stimulator was calculated based on the values of the 

frequency, voltage, pulse-width and impedance values at each condition on both the 

days (Koss et al., 2005). The electrical energy of both stimulators was added to obtain 

the total electrical energy delivered (TEED) per second.  

Data Analyses 

For the dependant variables, the mean individual values from the consecutive 

trials within a condition were used for analysis. The Kolmogorov-Smirnov test was used 

to establish that the data were normally distributed. For specific aim-1, the performance 
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during the OFF-STIM condition was compared to performance at 30Hz, 60Hz and BF. 

More specifically, in order to observe the ‘frequency effect’ for the first specific aim, a 

one-way repeated measures multivariate analysis of variance (MANOVA) was 

performed for each of the following sets of variables: 

a. Static balance: CoP characteristics related to static balance testing with separate 
MANOVA for eyes open and eyes closed conditions 

b. Dynamic balance: CoP characteristics and Spatio-temporal variables related to 
dynamic balance testing  

c. Gait: All gait cycle parameters  

For specific aim-2, the four conditions from day-2 were combined with two 

conditions (30Hz and 60Hz at BV) of day-1 to determine the effect of increasing the 

voltage at a low frequency. A 2(frequency: 30Hz,60Hz) x 3(voltage: BV, HV, MV) 

repeated measures MANOVA was performed for the same set of dependent variables 

mentioned earlier for specific aim-1. A traditional level of significance was used (α = 

0.05). MANOVA was conducted to control for Type I error. SPSS 13.0 for Windows was 

used to perform all statistical calculations (Statistical Package for Social Sciences, 

Chicago, IL). When the variables were significantly correlated separate univariate 

analyses of variance (ANOVA) for each dependent variable were performed. Also, one-

way repeated measures ANOVA were performed for the UPDRS related scores to 

estimate the frequency effects. To determine the voltage effect at low frequency, 

2(frequency: 30Hz,60Hz) x 3(voltage: BV, HV, MV) repeated measures ANOVA for the 

UPDRS total score and sub-scores were performed. For estimating the effect of low 

frequency, the repeating factor for ANOVA was the frequency setting with four levels 

(OFF-STIM, 30Hz, 60Hz and BF). Follow-up testing (Bonferroni) was used to determine 

the individual differences among the frequencies and voltages.  
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Correlation analyses were performed to see the effect of TEED on each 

dependant variable. A Pearson correlation coefficient was used to determine the 

strength of correlation for all the dependent variables except the UPDRS related 

variables. For the nominal UPDRS scores, Spearman’s correlation coefficient was used 

to gauge the nature of the relationship between each dependent variable and TEED. A 

traditional level of significance was used (α = 0.05) for these tests as well.  
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Figure 3-1. Flowchart of testing procedures for day-1 – Different frequency settings at 
constant baseline voltage and pulse-width and OFF-Medication  

  

End of testing on day-1: The participant took his/her medicine and the 
movement disorders specialist set their stimulators at their original daily-used 
(b li ) tti  

Condition 4: BF/30Hz/60Hz 
UPDRS evaluation, Static and Dynamic Balance Testing and Gait Evaluation 
 

Changed the stimulators to the last frequency among 30Hz/60Hz/BF, followed 
by a 10 minute waiting time 

Changed the stimulators to the next frequency among 30Hz/60Hz/BF, 
followed by a 10 minute waiting time 

Condition 3: 60Hz/BF/30Hz 
UPDRS evaluation, Static and Dynamic Balance Testing and Gait Evaluation 
 

Condition 2: 30Hz/60Hz/BF 
UPDRS evaluation, Static and Dynamic Balance Testing and Gait Evaluation 
 

Turned the stimulators ON at a frequency of 30Hz/60Hz/BF, followed by a 10 
minute waiting time where ‘BF’ refers to the baseline frequency that is being 
currently used by the participant on a daily basis 

Condition 1: OFF-STIM 
UPDRS evaluation, Static and Dynamic Balance Testing and Gait Evaluation 
 

Previous night, 12 hours prior to testing, the participant turned off his/her 
medication and stimulators 
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Figure 3-2. Flowchart of testing procedures for day-2 – Randomized combinations of 

low frequency and high voltage settings at baseline pulse-width and OFF-
Medication 

  

At the start of day-2, the frequency for both the stimulators was decreased from its 
baseline value while the voltage was increased. The frequency was set at 30/60Hz 
and the voltage was set at HV/MV where HV = Baseline Voltage used on day-1 + 
1.5V) and MV = Maximum Voltage the participant could tolerate. Once ON-STIM, a 
10 i t  iti  ti  d  
 

End of testing: The participant took his/her medicine and the movement disorders 
specialist set their stimulators at their original daily-used (baseline) settings 

Changed the stimulators to the last combination of frequency (30/60Hz) and voltage 
(HV/MV) followed by a 10 minute waiting time 
 

Condition 4: 60Hz+MV/30Hz+HV/30Hz+MV/60Hz+HV 
UPDRS evaluation, Static and Dynamic Balance Testing and Gait Evaluation 

Condition 3: 60Hz+HV/60Hz+MV/30Hz+HV/30Hz+MV 
UPDRS evaluation, Static and Dynamic Balance Testing and Gait Evaluation 
 

Changed the stimulators to the next combination of frequency (30/60Hz) and voltage 
(HV/MV) followed by a 10 minute waiting time 
 

Condition 2: 30Hz+MV/60Hz+HV/60Hz+MV/30Hz+HV 
UPDRS evaluation, Static and Dynamic Balance Testing and Gait Evaluation 
 

Changed the stimulators to the next combination of frequency (30/60Hz) and voltage 
(HV/MV) followed by a 10 minute waiting time 
 

Condition 1: 30Hz+HV/30Hz+MV/60Hz+HV/60Hz+MV 
UPDRS evaluation, Static and Dynamic Balance Testing and Gait Evaluation 
 

Previous night, 12 hours prior to testing, the participant turned off his/her medication  
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Figure 3-3. Biomechanics Lab Set Up. A 10-camera motion capture system along with 
the three force plates, and the orientation of the axes. 
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Figure 3-4. Marker placement. Front, Back and Side views of the thirty-five retro-
reflective marker placement over anatomical bony landmarks according to 
Vicon’s Plug-in-Gait. 

Side View Back View Front View 
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CHAPTER 4 
RESULTS 

The descriptive characteristics of the participants are listed in Table 4-1. The baseline 

characteristics including the frequency, voltage and pulse-width values that were 

optimized for each patient after the deep bran stimulation (DBS) surgery have been 

tabulated under Tables 4-2 and 4-3. 

Effect of Low Frequency  

The following section lists the results precise to answering specific aim-1, i.e. to 

determine if lower frequency stimulation improves static balance, dynamic balance, gait 

and Unified Parkinson’s Disease Rating Scale (UPDRS) based performance of people 

with Parkinson disease (PD). The Kolmogorov-Smirnov test revealed normality for all 

the dependent variables. The Multiple Analyses of Variance (MANOVA) tests showed 

significant result for the gait initiation (GI) spatiotemporal measures relative to specific 

aim-1 (P = 0.026; Table A-1). However, the MANOVA tests failed to show any 

significance for all other sets of variables (Table A-1). 

Static Balance (Eyes Open and Eyes Closed Trials) 

The data for the eyes open and eyes closed trials are shown in Tables A-1 and A-

2 respectively. During the eyes open trial, the frequency modulation affected the Antero-

Posterior (AP) range (P = 0.038).  Further, the post hoc tests revealed that the 

participants reduced AP sway during the 60Hz stimulation compared to the OFF 

condition, though the difference was highlighted only by a statistical trend (P =0.056, 

Figure 4-1). While the other six Center of Pressure (CoP) related balance measures did 

not differ significantly among the four conditions, the lowest values were observed 

predominantly at the 30Hz stimulation (Table A-2). For the eyes closed trial, none of the 
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dependent measures showed significant differences among the four conditions (Table 

A-3). 

Dynamic Balance (Gait Initiation) 

The outcomes of dynamic balance testing involving GI were classified into CoP-

center of mass (CoM) characteristics (Tables A-4 and A-5), and spatio-temporal 

measures (Tables A-6 and A-7). Significant differences among the CoP and CoM 

related measures during GI were found for two outcome measures. First, the forward 

movement of the CoP in the locomotion (S3) phase was faster at 30Hz stimulation 

compared to the 60Hz condition (P = 0.015; Figure 4-2). Second, significant effect was 

seen for the maximum AP CoP-CoM moment arm (P = 0.012). However, the post hoc 

tests failed to reveal differences between any two frequency settings. The greatest 

separation distance was observed at 60Hz and the least during OFF state (Figure 4-3).  

Several spatio-temporal outcomes during GI differed significantly under the four 

frequency settings (Table A-6). Compared to the OFF condition, the participants 

executed a longer initial step with their stance leg at both 30Hz (P = 0.003) and 60Hz (P 

= 0.006, Figure 4-4). Also, the initial swing leg step length was longer at 60Hz than the 

OFF state albeit the difference was emphasized only with a statistical trend (P = 0.059, 

Figure 4-5). Faster execution of these initial steps with both the legs was seen with the 

stimulator on. Compared to the OFF condition, the swing leg step velocity was greater 

at 30Hz (P = 0.003), 60Hz (P = 0.007) and baseline setting (P = 0.007, Figure 4-6). 

Similarly, the stance leg step velocity was also greater at 30Hz (P = 0.019), 60Hz (P = 

0.015) and baseline setting (P = 0.032) compared to the OFF condition (Figure 4-7). 

Significant main effects were also seen for the time to swing leg toe-off (P = 0.030, 

Figure 4-8) and time to stance leg toe-off (P = 0.027, Figure 4-9). But the Bonferroni 
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tests did not detect further between-frequency-setting differences. A statistical trend for 

the time to stance leg heel rise (P = 0.067) was also observed. An inspection of the 

values showed that the values for these three time-based measures were least for the 

lower frequencies (30Hz and 60Hz) compared to the baseline frequency and OFF-STIM 

conditions (Table A-6). The stance width, swing and stance legs’ stepping times and the 

time to swing leg heel rise did not vary among the four frequency conditions. However, 

significant variability was observed in swing leg step time (P = 0.027, Figure 4-10) and 

swing leg step velocity (P = 0.005, Figure 4-11). Though the post hoc tests did not 

detect significant differences between any particular frequency settings, the participants 

exhibited lower variability for both these outcomes at the low frequency settings (30Hz 

and 60Hz) compared to the OFF condition (Table A-7). 

Gait Evaluation 

Significant results for gait evaluation parameters were found for gait speed (P = 

0.029) and ‘opposite foot contact’ parameter which denotes the instance in gait cycle 

when the swing leg strikes the ground (P = 0.031). Bonferroni post hoc tests revealed a 

statistical trend for the gait speed results where the participants walked faster at 60Hz 

condition compared to OFF stimulation condition (P = 0.052, Figure 4-12). However the 

post hoc tests did not project any significant differences for the ‘opposite foot contact’ 

parameter (Figure 4-13). Further, no significant differences were found for other 

measures (Table A-8).  

Data for gait variability in terms of Coefficient of variability is presented in Table A-

9. Significant differences were seen only for the Coefficient of variation of the ‘opposite 

foot contact’ parameter (P = 0.017). Particularly, participants showed low variability at 
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60Hz when compared to the OFF stimulation condition (P = 0.021) and low variability at 

60Hz with a statistical trend when compared to 30Hz (P = 0.07, Figure 4-14). 

UPDRS Part-III (Total Score and Sub-Scores) 

The UPDRS part-III total score along with the component sub-scores (except 

rigidity) evaluated by a blinded investigator were used for analyses. The rigidity sub-

score was not included in the computation of the total score and was used directly from 

the rater who was not blinded to the settings. Significant main effects were seen mainly 

for the total UPDRS score (P = 0.038), bradykinesia (P = 0.046), speech (P = 0.020) 

and rigidity (P = 0.006) sub-scores (Table A-10). Bonferroni post hoc tests revealed a 

further differences among the frequency conditions only for the total score where a 

statistical trend showed that the participants performed marginally better at 30Hz 

compared to the OFF stimulation condition (P = 0.066, Figure 4-15). For bradykinesia 

and rigidity sub-scores, participants had low scores with the stimulator switched on 

compared to the OFF-STIM state (Figures 4-16, 4-17). However for the speech 

component, an opposite trend was observed with lower scores recorded during the 

OFF-STIM condition compared to other three conditions (Figure 4-18). 

Effect of Low Frequency and Higher Voltage 

The following section lists the results precise to answering specific aim-2, i.e. to 

determine if the performance of persons with PD during static balance, dynamic 

balance, gait and UPDRS evaluations, improves at a low frequency by increasing the 

voltage. The Kolmogorov-Smirnov test revealed normality for all the dependent 

variables. The MANOVA tests did not show any significant results for any set of 

variables (P > 0.05; Table A-11). 
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Static Balance (Eyes Open and Eyes Closed Trials) 

No significant interaction or main effects were seen for any of the measures for 

eyes open trials (Tables A-12, A-13, and A-14). However, there was a  frequency main 

effect for sway area during eyes closed trial with the participants producing lower sway 

area during 30Hz conditions compared to the 60Hz conditions (P = 0.012, Figure 4-19). 

Further, no significant interaction or main effects were found for other measures (Tables 

A-15, A-16 and A-17). 

Dynamic Balance (Gait Initiation) 

Frequency main effects were noted for the anterior displacement of the CoP in the 

weight-transfer (S2) phase where the participants produced longer CoP movements 

during the 60Hz conditions compared to the 30Hz conditions (P = 0.053, Figure 4-20). 

Further, frequency main effects were also recorded for the CoP’s forward displacement 

(P = 0.023) and velocity (P = 0.003) during the locomotion (S3) phase. For both these 

measures, the values averaged across the 30Hz conditions were greater than the 

values averaged across the 60Hz conditions (Figures 4-21 and 4-22). No other 

measures including the CoP-CoM separation distances showed either significant 

interaction or any of the main effects (Tables A-18 to A-23). 

Gait Evaluation 

Frequency main effects were observed for walking speed (P = 0.037), stride length 

(P = 0.022) and step length (P = 0.042). Participants walked faster, with longer stride 

and step lengths when stimulated at 60Hz compared to 30Hz (Figures 4-27, 4-28, 4-29). 

Also, a voltage main effect was seen for the opposite foot contact parameter (P = 

0.028). Though the post hoc tests did not show significant differences between any two 

particular voltage settings, the stance leg foot strike seemed to occur later during the 
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gait cycle as voltage increases (Figure 4-30). Among the outcomes representing gait 

variability an interaction between the frequency and voltage settings was observed for 

the parameter ‘opposite foot off’ which represents the instance in gait cycle when the 

toe-off event of the swing leg occurs (P = 0.035). The variability of the occurrence of the 

swing leg’s toe-off event seemed to higher at 30Hz while the voltages used were either 

baseline (BV) or maximum tolerable (MV) values. However, at an intermediate high 

voltage (HV), the variability was greater for 60Hz compared to 30Hz (Figure 4-31). Also, 

a frequency main effect was seen in the variability in the opposite foot contact measure 

(P = 0.029) with higher coefficient of variation during 30Hz conditions compared to 60Hz 

conditions (Figure 4-32). No other gait-related outcomes differed significantly (Tables A-

30 to A-35). 

UPDRS (Total Score and Sub-Scores) 

The data for UPDRS total score and sub-scores is presented in Tables A-36 to A-

38. Interaction between the frequency settings and voltage settings was observed for 

the ‘speech’ component of the UPDRS Part-III (Motor) evaluation (P = 0.025; Figure 4-

33). Subsequent paired sample t-tests showed similar scores at both the frequency 

settings for baseline voltage. But, when the voltage was increased to a higher value, the 

participants performed poorly at 60Hz compared to 30Hz (P = 0.037). However, a 

further increase of voltage to the maximum tolerable value seemed to non-significantly 

worsen the performance at 30Hz compared to 60Hz. Also a frequency main effect of the 

tremor sub-score revealed an aggravation of tremor at the 30Hz conditions compared to 

the 60Hz conditions particularly at higher voltage settings (P = 0.027; Figure 4-34). 
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Correlations with Total Electrical Energy Delivered (TEED) per second 

Static Balance (Eyes Open and Eyes Closed Trials) 

During the eyes open condition, negative correlation was observed between the 

TEED and the medio-lateral (ML) range of motion (r = -0.28, P = 0.019, Figure 4-35). 

Negative correlation was also observed between the AP range of motion and the TEED 

(r = -0.33, P = 0.005, Figure 4-36).  The CoP sway area also exhibited negative 

correlation with the TEED (r = -0.31, P = 0.009, Figure 4-37).  Correlation analysis 

results for the eyes closed trials replicated those for the eyes open standing trials. 

TEED negatively correlated with ML CoP range (r = -0.25, P = 0.036, Figure 4-38), AP 

CoP range (r = -0.24, P = 0.041, Figure 4-39), and sway area (r = -0.27, P = 0.024, 

Figure 4-40). The other dependent measures that did not correlate significantly with the 

TEED are tabulated in Table A-39.  

Dynamic Balance (Gait Initiation) 

TEED correlated with the ML CoP displacement in the S2 phase (r = -0.27, P = 

0.015, Figure 4-41). Higher values of TEED resulted in higher values of maximum 

resultant CoP-CoM separation distances during S3 phase with a positive correlation 

between the two variables (r = 0.25, P = 0.027, Figure 4-42). A positive correlation was 

also found between the TEED and the maximum AP CoP-CoM separation distance 

during S3 phase (r = 0.26, P = 0.024, Figure 4-43). Among the spatiotemporal 

parameters during GI, only the swing leg step velocity positively correlated with the 

TEED (r = 0.23, P = 0.042, Figure 4-44). As the TEED values increased, the variability 

associated with stance leg step length decreased thus exhibiting a negative correlation 

(r = -0.24, P = 0.036, Figure 4-45). Data pertaining to non-significant correlations of 
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other dependent variables with TEED are shown in Table A-40. Effect of TEED was 

observed iThe anticipatory postural phase  

Gait Evaluation 

Among the gait parameters, the double support time negatively correlated with the 

TEED (r =-0.23, P = 0.039, Figure 4-46). None of the variables pertaining to gait 

variability correlated significantly with TEED. All the gait evaluation related dependent 

variables that did not significantly correlate with TEED are shown in Table A-41. 

UPDRS (Total Score and Sub-Scores) 

The balance related sub-score of the UPDRS Part-III (Motor) evaluation correlated 

significantly with the TEED (P = 0.038, Spearman’s Rho = -0.23, Figure 4-47). Other 

variables which showed non-significant correlation with TEED have been tabulated in 

Table A-42. 

Non-motor Symptoms and Observations 

Table 4-4 shows the qualitative data including the non-motor symptoms, remedial 

actions and observations made during data collection. Table 4-4 also lists details about 

the participants’ feedback regarding some of their settings. 

Subjective Feedback Scale 

At the beginning and end of testing of each stimulation condition, the participants 

were asked about their state of well-being. Specifically, they were asked to answer the 

following question: “On a scale of 1 to 10, with 10 being very good and 1 being very 

bad, how do you feel right now?” Table 4-5 lists the responses for each testing 

condition. The testing order of the conditions is also presented in the table in order to 

compare the feeling of well-being with the order of testing.  
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Figure 4-1. Mean and standard error of Anterior-posterior range (cm) of Center of 

Pressure at different frequency conditions during eyes open trials related to 
specific aim-1. † Statistical trend (0.05 <= P <= 0.07); Hz – Hertz, cm – 
centimeter 

 

 
Figure 4-2. Mean and standard error of Anterior-posterior velocity of Center of Pressure 

(cm/s) in S3 phase at different frequency conditions during gait initiation trials 
related to specific aim-1. * Significant difference (P < 0.05); Hz – Hertz, cm – 
centimeter, s – second. 
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Figure 4-3. Mean and standard error of Anterior-posterior Center of Pressure-Center of 

Mass moment arm (cm) in S3 phase at different frequency conditions during 
gait initiation trials related to specific aim-1. Post hoc tests did not show any 
significant differences between any two conditions (P >= 0.05); Hz – Hertz, 
cm – centimeter. 

 
Figure 4-4. Mean and standard error of Stance leg step length (cm) at different 

frequency conditions during gait initiation trials related to specific aim-1. * 
Significant difference (P < 0.05); Hz – Hertz, cm – centimeter. 
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Figure 4-5. Mean and standard error of Swing leg step length (cm) at different frequency 

conditions during gait initiation trials related to specific aim-1. † Statistical 
trend (0.05 <= P <= 0.07); Hz – Hertz, cm – centimeter. 

 
Figure 4-6. Mean and standard error of Swing leg step velocity (cm/s) at different 

frequency conditions during gait initiation trials related to specific aim-1. * 
Significant difference (P < 0.05) between OFF condition and each of the other 
three conditions; Hz – Hertz, cm – centimeter, s – second. 
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Figure 4-7. Mean and standard error of Stance leg step velocity (cm/s) at different 

frequency conditions during gait initiation trials related to specific aim-1. * 
Significant difference (P < 0.05) between OFF condition and each of the other 
three conditions; Hz – Hertz, cm – centimeter, s – second. 

 
Figure 4-8. Mean and standard error of Time to swing leg toe-off (s) at different 

frequency conditions during gait initiation trials related to specific aim-1. Post 
hoc tests did not show any significant differences between any two conditions 
(P >= 0.05); Hz – Hertz, s – second. 
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Figure 4-9. Mean and standard error of Time to stance leg toe-off (s) at different 

frequency conditions during gait initiation trials related to specific aim-1. Post 
hoc tests did not show any significant differences between any two conditions 
(P >= 0.05); Hz – Hertz, s – second. 

 
Figure 4-10. Mean and standard error of Coefficient of Variation of swing leg step time 

(%) at different frequency conditions during gait initiation trials related to 
specific aim-1. Post hoc tests did not show any significant differences 
between any two conditions (P >= 0.05); Hz – Hertz. 
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Figure 4-11. Mean and standard error of Coefficient of Variation of swing leg step 

velocity (%) at different frequency conditions during gait initiation trials related 
to specific aim-1. † Statistical trend (0.05 <= P <= 0.07); Hz – Hertz. 

 

 
Figure 4-12. Mean and standard error of Walking speed (cm/s) at different frequency 

conditions during gait trials related to specific aim-1. † Statistical trend (0.05 
<= P <= 0.07); Hz – Hertz, cm – centimeter, s – second. 
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Figure 4-13. Mean and standard error of Opposite foot contact (%) at different 

frequency conditions during gait trials related to specific aim-1. Post hoc tests 
did not show any significant differences between any two conditions (P >= 
0.05); Hz – Hertz. 

 

 
Figure 4-14. Mean and standard error of Coefficient of Variation of Opposite foot contact 

(%) at different frequency conditions during gait trials related to specific aim-1. 
* Significant difference (P < 0.05), † Statistical trend (0.05 <= P <= 0.07); Hz – 
Hertz. 
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Figure 4-15. Mean and standard error of Total score at different frequency conditions 
during blinded Unified Parkinson’s Disease Rating Scale’s Part-III (Motor) 
evaluation related to specific aim-1. This total score does not include rigidity 
sub-score. † Statistical trend (0.05 <= P <= 0.07); Hz – Hertz. 

 
Figure 4-16. Mean and standard error of Bradykinesia sub-score at different frequency 

conditions during blinded Unified Parkinson’s Disease Rating Scale’s Part-III 
(Motor) evaluation related to specific aim-1. Post hoc tests did not show any 
significant differences between any two conditions (P >= 0.05); Hz – Hertz. 
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Figure 4-17. Mean and standard error of Rigidity sub-score at different frequency 

conditions during unblinded Unified Parkinson’s Disease Rating Scale’s Part-
III (Motor) evaluation related to specific aim-1. Post hoc tests did not show 
any significant differences between any two conditions (P >= 0.05); Hz – 
Hertz. 

 
Figure 4-18. Mean and standard error of Speech sub-score at different frequency 

conditions during blinded Unified Parkinson’s Disease Rating Scale’s Part-III 
(Motor) evaluation related to specific aim-1. Post hoc tests did not show any 
significant differences between any two conditions (P >= 0.05); Hz – Hertz. 
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Figure 4-19. Mean and standard error of Sway area (square cm) at 30Hz and 60Hz 

frequency settings combined across the three voltage levels during eyes 
closed trials related to specific aim-2. * Significant difference (P < 0.05); Hz – 
Hertz, cm – centimeter. 

 
Figure 4-20. Mean and standard error of Anterior-Posterior Center of Pressure 

displacement in S2 phase (cm) at 30Hz and 60Hz frequency settings 
combined across the three voltage levels during gait initiation trials related to 
specific aim-2. † Statistical trend (0.05 <= P <= 0.07); Hz – Hertz, cm – 
centimeter. 
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Figure 4-21. Mean and standard error of Anterior-Posterior Center of Pressure 

displacement in S3 phase (cm) at 30Hz and 60Hz frequency settings 
combined across the three voltage levels during gait initiation trials related to 
specific aim-2. * Significant difference (P < 0.05); Hz – Hertz, cm – 
centimeter. 

 
Figure 4-22. Mean and standard error of Anterior-Posterior Center of Pressure velocity 

in S3 phase (cm/s) at 30Hz and 60Hz frequency settings combined across 
the three voltage levels during gait initiation trials related to specific aim-2. * 
Significant difference (P < 0.05); Hz – Hertz, cm – centimeter, s – second. 
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Figure 4-23. Mean and standard error of Swing leg step length (cm) at 30Hz and 60Hz 

frequency settings combined across the three voltage levels during gait 
initiation trials related to specific aim-2. * Significant difference (P < 0.05); Hz 
– Hertz, cm – centimeter. 

 
Figure 4-24. Mean and standard error of Stance leg step length (cm) at 30Hz and 60Hz 

frequency settings combined across the three voltage levels during gait 
initiation trials related to specific aim-2. † Statistical trend (0.05 <= P <= 0.07); 
Hz – Hertz, cm – centimeter. 
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Figure 4-25. Mean and standard error of Swing leg step time (s) at 30Hz and 60Hz 

frequency settings combined across the three voltage levels during gait 
initiation trials related to specific aim-2. † Statistical trend (0.05 <= P <= 0.07); 
Hz – Hertz, s – second. 

 
Figure 4-26. Mean and standard error of Coefficient of variation of stance leg step 

velocity (%) during gait initiation trials related to specific aim-2. * Significant 
difference between 30Hz and 60Hz at a particular voltage condition (P < 
0.05); Hz – Hertz, BV - Baseline voltage, HV – High voltage,  MV – Maximum 
tolerable voltage. 
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Figure 4-27. Mean and standard error of Walking speed (cm/s) at 30Hz and 60Hz 

frequency settings combined across the three voltage levels during gait trials 
related to specific aim-2. * Significant difference (P < 0.05); Hz – Hertz, cm – 
centimeter, s – second. 

 
Figure 4-28. Mean and standard error of Stride length (cm) at 30Hz and 60Hz frequency 

settings combined across the three voltage levels during gait trials related to 
specific aim-2. * Significant difference (P < 0.05); Hz – Hertz, cm – 
centimeter. 
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Figure 4-29. Mean and standard error of Step length (cm) at 30Hz and 60Hz frequency 

settings combined across the three voltage levels during gait trials related to 
specific aim-2. * Significant difference (P < 0.05); Hz – Hertz, cm – 
centimeter. 

 
Figure 4-30. Mean and standard error of Opposite foot contact (%) at BV, HV and MV 

voltage conditions combined across the two frequency settings during gait 
trials related to specific aim-2. Post hoc tests did not show any significant 
differences between any two voltage conditions (P > 0.05); BV – Baseline 
voltage, HV – High voltage, MV – Maximum tolerable voltage. 
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Figure 4-31. Mean and standard error of Coefficient of Variation of opposite foot off 
during gait trials related to specific aim-2. Post hoc tests did not show any 
significant differences between the two frequency settings at any particular 
voltage condition (P > 0.05); Hz – Hertz, BV – Baseline voltage, HV – High 
voltage, MV – Maximum tolerable voltage. 

 
Figure 4-32. Mean and standard error of Coefficient of variation of opposite foot contact 

(%) at 30Hz and 60Hz frequency settings combined across the three voltage 
levels during gait trials related to specific aim-2. * Significant difference (P < 
0.05); Hz – Hertz. 
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Figure 4-33. Mean and standard error of Speech sub-score during Unified Parkinson’s 

Disease Rating Scale’s Part-III (Motor) evaluation related to specific aim-2. * 
Significant difference (P < 0.05); Hz – Hertz, BV – Baseline voltage, HV – 
High voltage, MV – Maximum tolerable voltage. 

 
Figure 4-34. Mean and standard error of Tremor sub-score during Unified Parkinson’s 

Disease Rating Scale’s Part-III (Motor) evaluation related to specific aim-2. * 
Significant difference (P < 0.05); Hz – Hertz. 
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Figure 4-35. Significant correlation between total electrical energy delivered per second 

(Joules) and Medio-Lateral Range (cm) of Center of Pressure during Eyes 
Open trial (P < 0.05 ); r - Pearson Correlation Coefficient, cm - centimeter 

 
Figure 4-36. Significant correlation between total electrical energy delivered per second 

(Joules) and Antero-Posterior Range (cm) of Center of Pressure during Eyes 
Open trial (P < 0.05); r - Pearson Correlation Coefficient, cm - centimeter 
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Figure 4-37. Significant correlation between total electrical energy delivered per second 

(Joules) and Sway Area (sq.cm) of Center of Pressure during Eyes Open trial 
(P < 0.05); r - Pearson Correlation Coefficient, sq. cm – square centimeter 

 
Figure 4-38. Significant correlation between total electrical energy delivered per second 

(Joules) and Medio-Lateral Range (cm) of Center of Pressure during Eyes 
Closed trial (P < 0.05); r - Pearson Correlation Coefficient, cm – centimeter. 
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Figure 4-39. Significant correlation between total electrical energy delivered per second 

(Joules) and Antero-Posterior Range (cm) of Center of Pressure during Eyes 
Closed trial (P < 0.05); r - Pearson Correlation Coefficient, cm – centimeter. 

 
Figure 4-40. Significant correlation between total electrical energy delivered per second 

(Joules) and Sway Area (sq.cm) of Center of Pressure during Eyes Closed 
trial (P < 0.05); r - Pearson Correlation Coefficient, sq. cm – square 
centimeter. 
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Figure 4-41. Significant correlation between total electrical energy delivered per second 

(Joules) and Medio-Lateral Center of Pressure displacement (m) during the 
S2 phase of gait initiation (P < 0.05); r - Pearson Correlation Coefficient, m – 
meter. Negative values on the Y-axis indicate the movement of the Center of 
Pressure in the medial direction with respect to the initial stepping leg. 

 
Figure 4-42. Significant correlation between total electrical energy delivered per second 

(Joules) and maximum resultant Center of Pressure-Center of Mass 
separation distance (cm) during S3 phase of gait initiation (P < 0.05); r - 
Pearson Correlation Coefficient, cm – centimeter. 

r = -0.27
P = 0.015

-0.18
-0.16
-0.14
-0.12
-0.1

-0.08
-0.06
-0.04
-0.02

0
0 100 200 300 400 500 600

m
Joules

r = 0.25
P = 0.027

0

5

10

15

20

25

30

35

40

0 100 200 300 400 500 600

cm

Joules



80 

 
Figure 4-43. Significant correlation between total electrical energy delivered per second 

(Joules) and maximum Anterior-Posterior Center of Pressure-Center of Mass 
separation distance (cm) during S3 phase during gait initiation (P < 0.05); r - 
Pearson Correlation Coefficient, cm – centimeter. 

 
Figure 4-44. Significant correlation between total electrical energy delivered per second 

(Joules) and swing leg step velocity (m/s) during gait initiation (P < 0.05); r - 
Pearson Correlation Coefficient, m/s – meters per second. 
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Figure 4-45. Significant correlation between total electrical energy delivered per second 

(Joules) and coefficient of variation of stance leg step length (m) during gait 
initiation (P < 0.05); r - Pearson Correlation Coefficient. 

 
Figure 4-46. Significant correlation between total electrical energy delivered per second 

(Joules) and double support time (s) during gait evaluation (P < 0.05); r - 
Pearson Correlation Coefficient, s – second. 
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Figure 4-47. Significant correlation between total electrical energy delivered per second 

(Joules) and balance related sub-score (Question 30) on the Unified 
Parkinson’s Disease Rating Scale’s Part-III (Motor) evaluation Form (P < 
0.05); ρ – Spearman’ Rho.  
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Table 4-1. Baseline characteristics of the participants 
Person Gen-

der 
Age 
(yrs) 

Height 
(cm) 

Mass  
(kg) 

DD  
(yrs) 

Date of 
Implan-
tation 
 in  
months 
(R/L) 

LEDD  
(preop/ 
postop) 

Baseline 
MMSE 

Baseline 
BDI 

1 M 56 176.5 62.1 17 25/47 no 
record/ 
no 
meds 

30 4 

2 M 69 182.9 104.8 8 19/25 800.04/ 
750 

30 3 

3 F 63 153.7 52.4 19 58/70 1250/ 
1000 

28 10 

4 M 73 173.4 84.1 12 21/34 833.4/ 
1200 

30 17 

5 M 68 172.7 96.8 10 19/48 600/ 
450 

28 11 

6 M 66 174.6 103.9 10 47/76 800.25/ 
1050 

30 20 

7 M 69 182.9 82.8 13 27/35 1676.5/ 
200 

29 12 

8 F 43 163.8 131.5 10 6/16 900/ 
800 

29 12 

9 M 55 175.3 85.3 13 38/47 1200/ 
150 

28 14 

10 M 70 182.9 88.9 10 6/29 1650/ 
1150 

30 1 

Mean  
(SD) 

 63.20  
(9.23) 

173.9 
(9.2) 

89.3 
(22.3) 

12 
 (3.5) 

  29 (1) 10 (6) 

Range   43-73 153.7-
182.9 

52.4- 
131.5 

8-19   28-30 1-20 

cm – centimeter, kg – kilogram, R – Right, L – Left, DD – Disease Duration, LEDD – Levodopa 
Equivalent Daily Dose, MMSE – Mini Mental Status Examination, BDI – Beck’s Depression 
Index, meds – medications, SD – Standard deviation, M – Male, F - Female 
 
Table 4-2. Baseline characteristics of the right stimulator of the participants 

Person Electrode  
contact 

Case of 
the pulse 
generator 

Baseline 
voltage 
(V) 

Baseline 
pulse-
width 
(µs) 

Baseline 
frequency 
(Hz) 

Baseline  
Mean  
PFS-16 Score 
(SD) 

1 1- C+ 3.2 90 135 2.88 (1.50) 
2 1- 3+ - 2.6 90 135 3.69 (1.01) 
3 1- 3+ - 2.5 120 185 3.00 (1.03) 
4 2- C+ 2.4 90 160 3.56 (0.81) 
5 1- 2- C+ 3.5 90 185 4.25 (0.45) 
6 1- 3- C+ 2.5 90 160 - 
7 1-  C+ 3.2 90 135 3.44 (0.63) 
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Table 4-2. Continued 
Person Electrode  

contact 
Case of 
the pulse 
generator 

Baseline 
voltage 
(V) 

Baseline 
pulse-
width 
(µs) 

Baseline 
frequency 
(Hz) 

Baseline  
Mean  
PFS-16 Score 
(SD) 

8 2-  C+ 2.8 90 135 4.31 (0.48) 
9 2- 3+  C+ 3.0 90 135 2.38 (0.96) 
10 1-  C+ 2.4 90 135 2.56 (1.50) 

V – Volts, µs – Micro-seconds, Hz – Hertz, PFS – Parkinson Fatigue Scale. 
 
Table 4-3. Baseline characteristics of the left stimulator of the participants 

Person Electrode 
contact 

Case of the 
pulse generator 

Baseline 
voltage 
(V) 

Baseline 
pulse-width 
(µs) 

Baseline 
frequency (Hz) 

1 1- C+  3.2 90 135 
2 2- C+ 2.2 90 135 
3 2- C+  2.3 90 135 
4 1- C+ 2.6 60 160 
5 1- 2- C+ 3.1 90 185 
6 1- 2+ - 3.3 90 135 
7 2- C+ 2.5 120 160 
8 2- C+ 2.9 90 185 
9 1- 2+ - 3.2 120 185 
10 2- C+ 2.8 90 160 

V – Volts, µs – Micro-seconds, Hz – Hertz. 
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Table 4-4. Non-motor symptoms and observations including participant feed-back 
during data collection 

Person R/L 
Baseline 
Frequency 
(Hz) 
 

R/L 
Baseline 
Voltage 
(V) 

R/L 
Frequency 
(Hz) 

Observation Resulting 
Adjustment 
R/L Voltages 
(Condition) 
and 
observations 

1 (The 
participant 
takes 
medications 
only 
occasionally) 

135/135 3.2/3.3 OFF/OFF Multiple freezing 
episodes.  

- 

30/30 Developed quivering 
right eye when 
stimulated at 5.4V on 
right side 
 

Tested at 
5.3/6.0 V 
(30Hz MV 
condition). 
Multiple 
freezing 
episodes. 
 

60/60 at 
HV setting 

60HV condition seemed to be the 
setting the participant liked the best. 
Participant felt his speech was 
improved dramatically. Excessive 
sweating. After the final testing session, 
the participant tried this new setting for 
three days and went back to his 
baseline settings. 
- 

60/60 at 
MV setting 
 

Excessive sweating.  
 

- 

2 135/135 2.6/2.2 60/60 Internal capsule when 
stimulated at 4.8V on 
right side and 3.8V on 
left side 
 

Tested at 
4.1/2.6 V 
(60Hz MV 
condition). 
Dyskinesia. 
 

60/60 Stimulation induced 
dyskinesia when 
stimulated at 3.5V on 
left side 
 

Tested at 
3.3/3.5 V 
(60Hz HV 
condition) 
 

30/30 Stimulation induced 
dyskinesia when 
stimulated at 5.1V on 
right side and 
stimulation induced 
mood changes when 
stimulated at 4.1V on 
left side 

Tested at 
5.0/4.0 V 
(30Hz MV 
condition) 
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Table 4-4. Continued 
Person R/L 

Baseline 
Frequen
cy (Hz) 
 

R/L 
Baseline 
Voltage 
(V) 

R/L 
Frequency 
(Hz) 

Observation Resulting 
Adjustment 
R/L 
Voltages 
(Condition) 
and 
observatio
ns 

3 180/135 2.5/2.3 OFF/OFF Dystonia 
 

- 

30/30 at 
baseline 
voltage 
 

Dystonia especially in the 
left arm  

- 

60/60 Dizziness when stimulated 
at 4.2V on right side 
 

Tested at 
4.1/2.6 V 
(60Hz MV 
condition) 
 

4 160/160 2.4/2.6 30/30 Dizziness, Sweating 
(Autonomic symptom) when 
stimulated at 5.5V on right 
side 
 

Tested at 
5.5/6.0 V 
(30Hz MV 
condition) 
 

60/60 Stimulation induced tremor 
when stimulated at 4.4V on 
right side and 3.7V on left 
side 

Tested at 
4.3/3.6 V 
(60Hz MV 
condition) 
 

5 185/185 3.6/3.1 30/30 Diplopia when stimulated at 
4.6V on right side and 
Oscillopsia when stimulated 
at 5.3V on left side 
 

Tested at 
4.5/5.2 V 
(30Hz HV 
condition) 

60/60 Pulling eyes (Capsule) 
when stimulated at 4.8V on 
right side and Eyes 
Twitching when stimulated 
at 4.8V on left side 
 

Tested at 
4.7/4.7 V 
(60Hz HV 
condition) 

60/60 Oscillopsia when stimulated 
at 4.2V on right side 

Tested at 
4.1/6.1 V 
(60Hz MV) 
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Table 4-4. Continued 
Person R/L 

Baseline 
Frequency 
(Hz) 
 

R/L 
Baseline 
Voltage 
(V) 

R/L 
Frequency 
(Hz) 

Observation Resulting 
Adjustment 
R/L 
Voltages 
(Condition) 
and 
observatio
ns 

6 
(Participant 
experience
s falls often. 
Last fall 
was 3 
weeks back 
while lifting 
a propane 
tank) 

160/135 2.5/3.3 30/30 Oscillopsia when stimulated 
at 3.8V on right side and 
when stimulated at 4.4V on 
left side 
 

Tested at 
3.7/4.3 V 
(30Hz HV 
condition) 
 

60/60 Pulling on left side of the 
face when stimulated at 4V 
on right side  

Tested at 
3.9/4.8 V 
(60Hz HV 
condition) 
 

7 
(Participa
nt said he 
would not 
recomme
nd any of 
the low 
frequency 
(30/60HZ
) and high 
voltage 
(HV/MV) 
settings) 

135/160 3.2/2.5 60/60 Autonomic symptoms and 
dyskinesia when stimulated 
at 5.1V on right side and 
when stimulated at 4.2V on 
left side 

Tested at 
5.1/4.2 V 
(60Hz MV 
condition). 
Excessive 
sweating 
and feeling 
of stiffness 
in legs 

30/30 Autonomous symptoms like 
excessive sweating, 
increased tremor and 
dyskinesia seen at the 30HV 
condition 
 

- 

30/30 Stimulation induced tremor 
when stimulated at 4.9V on 
right side  

Tested at 
4.8/4.3 V 
(30Hz MV 
condition). 
Excessive 
stimulation 
induced 
euphoria 
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Table 4-4. Continued 
Person R/L 

Baseline 
Frequency 
(Hz) 
 

R/L 
Baseline 
Voltage 
(V) 

R/L 
Frequency 
(Hz) 

Observation Resulting 
Adjustment 
R/L 
Voltages 
(Condition) 
and 
observatio
ns 

8 135/185 2.8/2.9 OFF/OFF Dyskinesia and aggrandized 
movements 
 

- 

135/185 at 
baseline 
voltage 
 

External tremor absent but 
the participant felt internal 
tremor 

- 

60/60 Heaviness in fingers when 
stimulated at 5.1V on left 
side 

Tested at 
6.5/5.0 V 
(60Hz MV 
condition). 
Participant 
liked this 
setting 
(60MV) a 
lot as she 
feels she 
has more 
clarity of 
thinking. 
She is 
satisfied 
mentally 
with this 
setting but 
not so 
much 
physically 
as her 
lower back 
hurts may 
be 
because of 
fatigue 
 

30/30 Heaviness in fingers when 
stimulated at 5.7V on left 
side 

Tested at 
6.5/5.6 V 
(30Hz MV 
condition) 
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Table 4-4. Continued 
Person R/L 

Baseline 
Frequency 
(Hz) 
 

R/L 
Baseline 
Voltage 
(V) 

R/L 
Frequency 
(Hz) 

Observation Resulting 
Adjustment 
R/L 
Voltages 
(Condition) 
and 
observatio
ns 

8 (cont’d) 135/185 2.8/2.9 30/30 at 
HV setting 

Participant didn’t like this 
setting at all. She felt her 
voice is raspy, emotionally 
down, with slight 
breathlessness. Not many 
aggrandized movements. 
Participant was talking a lot 
before this setting but 
during this entire trial, she 
was absolutely silent. After 
trial she said she was on 
the verge of crying. 
 

- 

At the end, the participant compared how she felt with baseline settings vs. 
60MV by getting set at both the settings (baseline settings and 60MV). She left 
to home with the 60MV setting as she felt lesser internal tremor. 

9  135/185 2.4/2.8 OFF/OFF 
 

Freezing observed - 

30/30 at 
baseline 
voltage 
setting 
 

Some freezing observed - 

60/60 Stimulation induced tremor 
when stimulated at 3.9V on 
right side and pulling in the 
right hand when stimulated at 
6V on left side 
 

Tested 
at 
3.8/5.9 
V (60Hz 
HV 
conditio
n) 

30/30 Stimulation induced tremor 
when stimulated at 4.8V on 
right side and tightness in the 
right hand when stimulated at 
5.7V on left side 
 

Tested 
at 
4.7/5.6 
V (30Hz 
MV 
conditio
n) 

30/30 at 
HV setting 

Participant feels ‘tight’ in this 
setting. Festination. 

- 
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Table 4-4. Continued 
Person R/L 

Baseline 
Frequency 
(Hz) 
 

R/L 
Baseline 
Voltage 
(V) 

R/L 
Frequency 
(Hz) 

Observation Resulting Adjustment R/L 
Voltages (Condition) and 
observations 

10 135/160 2.4/2.8 60/60 Nausea and 
sweating 
when 
stimulated at 
2.7V on right 
side and 
nausea and 
paresthesia 
in the 
contralateral 
hand when 
stimulated at 
3.4V on left 
side 
 

Tested at 2.6/3.3 V (60Hz 
MV condition) 

30/30 Autonomic 
symptoms 
when 
stimulated at 
5.6V 
bilaterally 
(on both 
right side 
and left 
side) 

Tested at 5.5/5.5 V (30Hz 
MV condition) 

R – Right, L – Left, Hz – Hertz, HV – High Voltage (Baseline voltage + 1.5V), MV – Maximum 
tolerable Voltage 
 
Table 4-5. Subjective Feedback scale (1 – very bad to 10 – very good) to rate the participants’ 

state of well-being 
Person Day Condition Testing 

Order 
Beginning of 
testing 

End of testing 

1 1 OFF 1 3 3 
30BV 2 7 8 
60BV 3 7 8 
Baseline 
Frequency 
 

4 8 7 

2 30HV 1 2 3 
60HV 2 7 9 
30MV 3 1 1 
60MV 
 

4 3 6 

Table 4-5. Continued 
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Person Day Condition Testing 
Order 

Beginning of 
testing 

End of testing 

2 1 OFF 1 9 9 
30BV 2 9 9 
60BV 3 9 7 (feels tired 

and wearing 
down) 

Baseline 
Frequency 
 

4 7 5 

2 30HV 3 9 9 
60HV 2 8 8.5 
30MV 4 8 7 
60MV 
 

1 7 5 

3 1 OFF 1 8 4 
30BV 4 8 7 
60BV 3 8 8 (getting 

tired) 
Baseline 
Frequency 
 

2 9 8 

2 30HV 2 4 3 
60HV 1 3 4 
30MV 3 4 5 
60MV 
 

4 4 5 

4 1 OFF 1 3 5 
  30BV 3 6 5 
  60BV 4 5 4 
  Baseline 

Frequency 
 

2 4 6 

 2 30HV 2 6 (feeling 
weaker) 

5 

  60HV 3 6 6 
  30MV 1 7 7 
  60MV 

 
 
 

4 7 (Ankle and 
foot are 
hurting) 

7 
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Table 4-5. Continued 
Person Day Condition Testing 

Order 
Beginning of 
testing 

End of testing 

5 1 OFF 1 10 10 
30BV 3 10 10 
60BV 2 10 10 
Baseline 
Frequency 
 

4 10 10 

2 30HV 1 10 10 
60HV 2 10 10 
30MV 3 10 10 
60MV 
 

4 10 10 

6 1 OFF 1 4 4 
30BV 3 4 4 
60BV 4 5 5 
Baseline 
Frequency 
 

3 4 5 

2 30HV 1 4 4 
60HV 3 4 5 
30MV 4 5 5 
60MV 
 

2 3.5 4 

7 1 OFF 1 8 8 
30BV 2 8 8 
60BV 4 6 6 
Baseline 
Frequency 
 

3 8 6 

2 30HV 1 4 4 
60HV 3 9 8 
30MV 4 6 7 
60MV 
 

2 8 8 

8 1 OFF 1 3 4 
30BV 2 6 7 
60BV 4 8 8 
Baseline 
Frequency 
 

3 8 8 

2 30HV 4 7 4 
60HV 2 6 6 
30MV 1 6 6 
60MV 
 

3 7 8 
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Table 4-5. Continued 
Person Day Condition Testing 

Order 
Beginning of 
testing 

End of testing 

9 1 OFF 1 6 7 
30BV 3 8 8 
60BV 4 8 8 
Baseline 
Frequency 
 

2 8 8 

2 30HV 2 6 6.5 
60HV 1 6 7 
30MV 3 7 6 
60MV 
 

4 5 6 

10 1 OFF 1 4 8 
30BV 2 7 7 
60BV 4 5 7 
Baseline 
Frequency 
 

3 6 7 

2 30HV 3 3 3 
60HV 4 5 8 
30MV 2 4 5 
60MV 1 6 8 

BV – Baseline voltage, HV – High Voltage (Baseline voltage + 1.5V), MV – Maximum tolerable 
Voltage 
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CHAPTER 5 
DISCUSSION 

High frequency (> 100Hz) subthalamic nucleus (STN) deep brain stimulation 

(DBS) among individuals with Parkinson’s disease (PD) has been show to have 

beneficial effect on some of the cardinal symptoms like tremor and rigidity. However its 

effect on postural stability and gait has been limited if not negative. The purpose of this 

study was to see the immediate efficacy of low frequency stimulation for postural 

stability and locomotion. Particularly, the acute effects of low frequency stimulation on 

static postural stability, anticipatory postural stability, dynamic postural stability and 

locomotion have been presented in the following sections. In each section, the influence 

of low frequency stimulation at baseline voltage is first discussed. Next, the effect of 

increasing the voltage at low frequency on the posture and locomotion is elaborated. 

Last, the response of all the outcome variables with changes in Total Electrical Energy 

Delivered (TEED) per second and the qualitative data are discussed.  The absence of 

significant differences in stance width among different conditions eliminates the 

possibility of a wider base of support in explaining some of these results. 

Static Balance (Eyes Open and Eyes Closed Trials) 

Results from the evaluation of static balance trials involving eyes open and eyes 

closed bipedal standing showed that the Center of Pressure (CoP) based parameters 

did not alter to a great extent with either frequency or voltage alteration. Specific aim-1 

results showed that the stimulation at 60Hz produced smaller Antero-posterior (AP) 

oscillation of the CoP compared to the OFF condition during the eyes open trials. 

Specific aim-2 results illustrated lower sway area across the three voltages levels for 

30Hz compared to 60Hz. Based on these results, increasing the voltage did not seem to 
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effect the standing postural control. Postural control during quiet standing involves 

ability to minimize CoP movement. Winter et al. (1996) discussed how the central 

nervous system regulates the CoP’s AP movement through the ankle plantar flexors 

and dorsiflexors and its Medio-lateral (ML) movement through the hip muscles, in 

response to the position of the center of gravity during bipedal standing. The 

improvement in AP sway observed during 60Hz condition could be due to enhanced 

central regulation of postural control muscles or reduced stiffness of postural control 

muscles peripherally or a combination of both. Though the post hoc tests did not reveal 

a significant difference for the Unified Parkinson’s Disease Rating Scale (UPDRS) 

based rigidity score between the 60Hz condition and the OFF condition, scores were 

about 38% lower with the stimulator ON. This lower score at 60Hz when compared to 

OFF-STIM condition could therefore represent diminished rigidity and hence better 

postural muscle control ultimately resulting in reduced AP sway. Rigidity could depend 

on the contractile properties of the muscle or supra-spinal regulation. Hufschmidt et al., 

(1991) showed that the contractile properties of lower leg muscles are normal in PD 

patients thus suggesting that rigidity could be primarily controlled by central regulation. 

Based on the immediate effect of DBS on reduction of rigidity researchers have 

suggested that rigidity is regulated by supra-spinal regions of the central nervous 

system rather than peripheral sources (Maurer et al., 2003; Levin et al., 2009). One 

counter-argument to exhibiting better postural control because of reduction in rigidity 

was given by Termoz and colleagues (2008). They postulated that an increase in rigidity 

would reduce the sway among PD and would act as a compensatory mechanism for the 

loss of sensory inputs due to dopamine depletion in the striatum. However, in the 
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present study, there was a concomitant decrease in rigidity along with AP sway at a low 

frequency (60Hz) suggesting that better postural control could have been achieved 

through better regulation of sensory inputs. Rocchi and colleagues (2002) also noted 

that the CoP oscillations could be influenced by the resting tremor present in arms, leg 

and trunk muscles. However, in the current study, participants exhibited greater tremor 

sub-score but smaller sway area during eyes closed trials at 30Hz compared to 60Hz. 

This opposite trend could be due to a combination of resting and postural tremor during 

quiet stance.  

Sensorimotor strategies play a pivotal role in bipedal standing. In addition to 

muscle tone as discussed previously, stance motor control is also influenced by the 

vertical alignment of the body, and postural tone. Alignment refers to the positions of 

different body segments within the base of support in order to maintain equilibrium. PD 

patients are known to have stooped posture with considerable forward trunk flexion. 

Crenna et al. (2006) observed improvement of vertical alignment of trunk among people 

with PD after high frequency STN DBS. Though not directly measured, lower AP sway 

at 60Hz compared to OFF-STIM condition during eyes open trial and lower sway area 

across the three voltage levels for the 30Hz condition compared to the 60Hz condition 

during eyes closed trial could have produced a more erect posture. Electromyography 

(EMG) measurements during standing trials could highlight changes in postural tone by 

detecting changes in the activity of postural control muscles. Postural tone is also 

affected by the visual, vestibular, and somatosensory inputs. The sway area under the 

30Hz conditions decreased 19% compared to the 60Hz conditions across different 

voltages during eyes closed trials. However these differences did not appear during the 
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eyes open trial. Pastor and colleagues (1993) established the intactness of the 

vestibular input among PD. Hence, in the eyes closed condition, with no visual input, the 

30Hz condition seemed to enhance the use of proprioceptive inputs for postural 

regulation among PD patients. Based on the differences observed between L-dopa and 

high frequency stimulation, Rocchi and colleagues (2002) also mentioned the possibility 

of DBS acting on non-dopaminergic pathways from the basal ganglia to the brain stem 

to improve the proprioception among individuals with PD. Whether any of the visual, 

vestibular or proprioceptive sensory inputs were enhanced causing reduced rigidity and 

improved postural control at 30Hz/60Hz warrants further examination. 

Colnat-Coulbois and colleagues (2005) observed lower values of ML CoP 

movement for their study cohort performing similar tasks of static posturography. 

However, these conflicting results could be attributed to two differences. First, their 

participants were in medicated state and hence the authors perceived a synergistic 

positive effect of DBS and medications on the postural control mechanisms in their PD 

patients. Since the present study was focused on evaluating the effects of low 

frequency DBS alone (without medication), the synergistic effect of low frequency DBS 

with medications cannot be commented on. Second, the trial duration was 20s in their 

study as compared to 60s in the current study. Rocchi and colleagues (2002) 

demonstrated significant differences in postural measures between the OFF-STIM state 

and high frequency stimulation during eyes open trials, while the patients were not 

under the influence of their medications. However, the results of the present study failed 

to identify these differences. One plausible explanation for these disparate results as 

supported by Burn (2002) could be that all the patients in the present study had their 
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DBS at STN whereas in the study by Rocchi et al. (2002), only three out of six patients 

had STN-DBS while the remaining underwent Globus Pallidus Internus (GPi)-DBS. Also 

differences in the waiting time after turning on the stimulator (10 minutes in the present 

study vs. 20 minutes in the Rocchi and colleagues’ (2002) study) as well as differences 

in the methodology involving determining the ON-STIM state could have lead to 

dissimilar results. Maurer and colleagues (2003) found contrasting results with an 

increase in sway area after high frequency STN stimulation compared to the OFF-STIM 

condition and smaller CoP-based outcome measures compared to present study. A 

younger mean age (48.1 years) and an early onset of PD (34.8 years) of their study 

cohort could probably contribute to some of these differences.  

Previous researchers have postulated that the postural control mechanisms are 

centrally regulated by non-dopaminergic pathways compared to the motor control 

mechanisms regulated through dopaminergic pathways (Colnat-Coulbois et al. 2005). 

This is often explained based on the therapeutic effects of L-dopa medication on distal 

symptoms like tremor and rigidity but mild improvements to even worsening of postural 

stability among PD (Bejjani et al. 2000; Beuter et al., 2008; O’Suilleabhain 2001; Rocchi 

et al., 2002). Some of these non-dopaminergic pathways that help in regulation of 

posture have been attributed to the pathway between the basal ganglia and the 

Pedunculopontine Nucleus (PPN) of the Mesencephalic region. Takakusaki et al. (2009) 

postulated the role of basal ganglia in postural control via GABAergic inputs to the PPN. 

Lower frequency PPN stimulation has been found to generate ameliorating effects 

among the PD population (Stefani et al., 2009) and central integration for postural 

control could be due to the diffusion of low intensity currents to the PPN. Moreover 
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results of high frequency STN stimulation also followed the trend of some of the works 

of earlier investigators who did not see any marked improvements in postural stability 

after high frequency stimulation (Nilsson et al., 2009). A lack of other observable 

therapeutic DBS effects on postural control during these bipedal standing trials could 

partly be attributed to a minor role of the basal ganglia’s degraded dopaminergic circuits 

in the deficient proprioception among PD (Mongeon et al., 2009). Though the current 

study cannot pinpoint the exact neural substrates and mechanisms involved, some of 

the observed effects could be due to the enhanced activity between the STN stimulated 

at low frequency (30Hz and 60Hz) and the mesopotine tegmentum which plays a part in 

the postural regulation (Takakusaki et al., 2003). 

Low frequency stimulation (30Hz and 60Hz) seemed to deliver equivalent and/or 

better results for regulating standing posture compared to high frequency and OFF-

STIM conditions. Decrease in rigidity combined with increased proprioceptive input 

processing could be attributed to enhanced postural control. These ameliorating results 

at low frequencies (30Hz and 60Hz) could be due to an increased activation of non-

dopaminergic pathways connecting basal ganglia and brain stem possibly through PPN. 

Increasing the voltage had no effect on any of the measures related to postural control 

while bipedal standing. 

Gait Initiation 

Frequency modification resulted in changes only in the locomotion (S3) phase of 

gait initiation (GI). Significant changes were seen for the CoP anterior velocity and its 

maximum separation distance from Center of Mass (CoM) in the AP direction. CoP 

anterior velocity was greatest under the 30Hz condition and was significantly more than 

the value at the 60Hz condition. Though, not significantly different, the velocity was least 
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during the OFF-STIM condition. Faster CoP forward movement at 30Hz compared to 

60Hz was further reinforced by a significant frequency main effect for results answering 

specific aim-2. Indeed, even the CoP anterior displacement was significantly longer at 

30Hz compared to 60Hz across the three voltage conditions. However, a change in 

voltage did not affect these balance based measures; there were no interaction or 

voltage main effects. The forward CoP displacements and velocities in the S3 phase for 

different conditions were similar to previous studies evaluating GI performance in 

transitionally frail adults and people with PD (Hass et al., 2004, 2008). Liu and 

colleagues (2006) found significant differences for the ML and AP CoP displacements in 

the S1 phase between the OFF-STIM and baseline frequency conditions. However 

large values of their standard errors could highlight some of the significance of their 

results.  Also the average time to swing leg toe off in the current study (1.6s) was 

slightly longer than that of the Liu et al. (2006), study (1.1s). Likewise, Crenna et al. 

(2006), showed significant improvement in the ML and AP displacement of the CoP with 

both the stimulators on, compared to OFF-STIM condition. These disparities could be 

attributed to the differences in the methodology of testing in terms of waiting time for 

testing after setting the stimulator to a particular condition (10 minutes vs. 30-60 

minutes). Absence of significant results in the anticipatory postural phase and weight-

shifting phase in the current study could highlight lack of limited effect of low frequency 

stimulation (30/60Hz) on the pathways involved in planning of voluntary movements. 

 The greatest CoP-CoM moment arm in the AP direction was found for the 60Hz 

condition and the least value was found for the OFF-STIM condition with the post hoc 

tests failing to detect significant difference between any two conditions. Also there was 
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no effect of voltage variation on this dependent measure. The AP CoP-COM moment 

arm is one component of the resultant CoP-COM moment arm which has often been 

reported in the literature. This resultant separation distance did not differ significantly 

among the conditions for both the specific aims. However, the values obtained fall in the 

continuum of those reported previously in the literature (16-30cm) for older adults with 

disability and PD (Chang and Krebs, 1999, Martin et al., 2002, Hass et al., 2005). In 

fact, the values obtained for the ON-STIM conditions matched the values found by 

Chang and Krebs (1999) for healthy older adults probably suggesting an ameliorating 

effect of STN-DBS for PD patients. Also, the present study is the first to report these 

dynamic stability measures comparing ON-STIM and OFF-STIM conditions. 

The locomotion phase is similar to the stance phase of gait cycle where the CoP 

traverses forward under the stance foot. During this phase, the plantar flexors of the 

stance leg contract to enable a forward displacement of the CoP. Greater values of CoP 

velocity during 30HZ condition could thus be due to increased activity of the Triceps 

Surae muscles of the stance leg. However the use of tools that record muscle activity 

like the EMG recordings could provide better insight into the role of muscles for the 

faster CoP movement. Faster translation of the CoP during this single limb support 

phase could be attributed to faster stepping of the swing leg. But results showed the 

fastest movement for the swing leg while taking the first step occurred during the 60Hz 

condition. Hence, one possible explanation could be an incoherent postural control of 

the stance leg and swing leg. Quicker CoP translation during the 30Hz condition without 

a corresponding faster movement of the contralateral leg could also indicate a greater 

toe clearance during the lower frequency condition. In fact, Halliday and colleagues 
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(1998) showed significantly lower ratio of step height and swing leg step length among 

persons with PD compared to healthy older and young adults. Computation of this 

stepping height could provide further insight into the CoP’s forward velocity based 

results.  

The locomotion phase of GI is also considered as the most challenging phase 

owing to the single limb support during gait initiation. Maximizing the resultant CoP-CoM 

moment arm has two effects: greater momentum generation due to greater torque 

exerted by the ground reaction force on the CoM and greater demand for postural 

control because of the increased moment of the body weight vector relative to the joint 

centers. Balancing between these two factors of momentum generation and postural 

control could thus impart insight into the challenging aspects of an activity like GI. The 

peak resultant CoP-CoM separation distance has thus being used often as an indicator 

of the dynamic postural stability during transition tasks. Special populations like PD 

have been reported to generate a lesser value and hence have a declined postural 

stability during GI (Martin et al., 2002). Hass and colleagues (2005) suggested that 

shorter peak CoP-CoM separation during this locomotion phase could indicate a 

voluntary reduction of mechanical and postural demands of initiating gait. Martin et al., 

(2002) highlighted that the impaired postural control could result in emphasizing stability 

over momentum generation in the PD population. Given this background work on the 

peak resultant CoP-CoM moment arm, whether these features translate even for its 

anterior component needs further exploration.  

The resultant CoP-CoM moment arm represents the acceleration vector of the 

body. During the locomotion phase, its components are oriented anteriorly and medially 
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(towards the swing leg). As the direction of motion is forward, the anterior component 

plays a dominant role in momentum generation as well as postural control. Significant 

differences only for the forward component instead of the resultant component could be 

a result of the consistently used narrow stance width while initiating gait.  Though non-

significant, greater peak CoP-CoM separation distance at the 60Hz condition could 

indicate better tolerance of postural instability as well as momentum generation in 

forward direction when compared to other conditions. The longer CoP-CoM moment 

arm at 60Hz in spite of lesser CoP translation velocity in the S3 phase compared to 

30Hz could indicate a longer forward displacement of the CoM in the 60Hz condition.  

Amalgamation of multiple sensory and motor pathways helps the central nervous 

system regulate different phases of gait initiation (Hass et al., 2005). Lack of differences 

in the anticipatory postural phase and weight shifting phase in contrast to the 

locomotion phase and results from the static balance tests probably highlight that the 

frequency alteration during DBS mainly affects the pathways responsible for dynamic 

postural control and locomotion rather than static and anticipatory postural control. 

The effect on locomotion is further highlighted by the spatio-temporal differences 

observed at different conditions. Significant spatio-temporal outcome measures of the 

GI task explicit to specific aim-1 consistently revealed that the participants performed 

worst under the OFF condition and best under the 60Hz condition. Though, not-

significant, the results also indicated that the performance under low frequency 

conditions (30Hz and 60Hz) were better than the performance under baseline (high) 

frequency condition. Though no effects of voltage change were noted for the spatio-
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temporal parameters during GI, a greater swing leg step length was observed for 60Hz 

conditions compared to 30Hz conditions across all the voltages.  

Some of the spatio-temporal results like the swing leg step length and velocity 

mimicked the results of Crenna and colleagues (2006), who showed significantly greater 

values with the stimulators on and set at a high frequency. In the current study, there 

was a significant improvement in the swing leg step velocity and a non-significant 

improvement in the swing leg step length from the OFF-STIM condition to the baseline 

condition. Moreover, the values of both these variables were even greater for the low 

frequency conditions (30Hz and 60Hz). Breniere and Do (1991) proposed that the step 

length and the CoM’s velocity at the end of first step depend on the propulsive forces 

generated before heel-rise of the swing leg. However lack of differences among the 

different conditions in the anticipatory postural phase probably suggest an alternate 

mechanism for better step length of both the legs during 60Hz. Viton and colleagues 

(2000) further stated that the kinematics and kinetics governing balancing of posture 

and movement could either be affected by a neurological or peripheral deficit. Though 

the mechanism of action is still unclear, it is well-known that DBS alters the functioning 

of the components of the basal ganglia either through inhibition of the neuronal activity 

of the stimulated nucleus and/or through increased output of the stimulated structure 

(Vitek 2002). Hence a neurological correction imparted by switching ‘on’ the stimulator 

could be attributed for an improvement in spatio-temporal parameters. Also, after 

30/60Hz stimulation, the motor programs devoted to the locomotion part of the GI could 

have been enhanced for each leg as well as the coordination between both the legs 

while initiating gait.  This enhancement could override a pathophysiological deficit of 
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improper scaling of motor programs that is prominent among PD patients while initiating 

gait (Crenna et al., 2006). Use of EMG techniques could verify the aforesaid 

assumption.  On a peripheral level, reduced rigidity for the ON-STIM conditions 

compared to the OFF-STIM condition, could also contribute to better movement 

characteristics.  

Measuring the regional cerebral blood flow, Jahanshahi and colleagues (1995) 

reported underactivation of the supplemental motor area (SMA) among PD patients 

while performing self-initiating movements. An increase in blood flow to the SMA region 

after high frequency STN stimulation has been reported previously (Limousin et al. 

1997; Ceballos-Baumann et al. 1999). Perhaps, similar ameliorating effects occurred 

during stimulation at 60Hz frequency providing more output to the SMA region from the 

basal ganglia, resulting in an improved performance of GI. The pre-motor cortex and the 

SMA play an active role during anticipatory postural activities and pre-planning motor 

actions. Hence assumption of increased activity between basal ganglia output and 

these higher cortical structures should be interpreted carefully owing to the presence of 

substantial results only for the locomotion phase of GI compared to the anticipatory 

postural phase. Takakusaki et al. (2009) proposed that during voluntary movement 

tasks like GI, the output from basal ganglia to the spinal cord regulates postural control 

through the PPN region and locomotion through the midbrain locomotor region. 

Excessive GABAergic output from the GPi and the substantia nigra pars reticulata to 

midbrain locomotor region has been observed for a person suffering from PD 

(Alexander and Crutcher, 1990; Delong, 1990; Takakusaki et al., 2009). Based on the 

results of the current study, low frequency stimulation (30/60Hz) could have caused an 
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inhibition of STN, which in turn would have caused less excitatory signals to be sent to 

the output nuclei of the basal ganglia. This would have caused the GPi and substantia 

nigra signals to send less inhibitory signals to the mesencephalic locomotor region 

enabling better locomotion.  

Better performance at lower frequency settings (30Hz and 60Hz) was also evident 

in the outcomes relative to variability of spatio-temporal parameters during GI. 

Significant differences among the frequency conditions were seen for variability for 

swing leg stepping time and velocity. Particularly, the variability for swing leg step time 

was greatest during the OFF-STIM condition and exceeded the average variability 

during ON-STIM conditions by 65%. Moreover, greater differences in the variability 

scores were observed for the swing leg stepping velocity. The coefficient of variation 

(CV) for the speed of first step during the baseline frequency condition exceeded that of 

the low frequency conditions (30Hz and 60Hz) by 48%. An even greater difference was 

observed between the OFF-STIM condition and the low frequency conditions where the 

coefficient of variation during the OFF-STIM condition was double the value at low 

frequency conditions. The only effect of increasing the voltage was seen for the 

coefficient of variation of stance leg velocity. The change in voltage seemed to alter the 

variability more at 30Hz than 60Hz. For instance, when the voltage was changed from 

Baseline Voltage (BV) to High Voltage (HV), the variability decreased by 53% at 30Hz 

and increased by 50% at 60Hz. Yet, when the voltage was further increased from HV to 

Maximum Voltage (MV), the variability for stance leg step velocity increased by 57% 

compared to only 9% decrease at 60Hz. Though there was a considerable difference at 

BV and HV, the coefficient of variation of stance leg velocity was similar at MV for both 
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the low frequency conditions. Aforesaid differences in CV scores between conditions 

suggest that low variability and hence better performance prevailed at 60Hz followed by 

30Hz compared to OFF-STIM and baseline frequency. Lesser variability could indicate 

better step initiating characteristics. Indeed, Mbourou and colleagues (2003) reported 

that the variability of swing leg step length during GI was two times greater for elderly 

fallers compared to age-matched non-fallers concluding that this variability could be an 

important predictor for postural problems and stepping responses during fall recovery. 

Though no significant differences were found for the swing leg step length variability in 

the current study, the values at low frequency conditions (30Hz and 60Hz) were lower 

than the values at OFF-STIM and high frequency conditions. Swing leg step length is a 

product of the step velocity and time. Hence lower variability at low frequency conditions 

(30Hz and 60Hz) for these variables might indicate better postural control at low 

frequency stimulations. Interestingly, the coefficient of variability for initial step length at 

30Hz and 60Hz conditions were similar to the values for younger adults in Mbourou et 

al. (2003) study (~8%). Also the current study’s cohort of mean age (63 years) had a 

swing leg step length of 10.4% during the OFF-STIM condition, while the values for 

elderly non-fallers (mean age: 73 years) and fallers (mean age: 80 years) were 12% 

and 45.3% respectively. Thus, there appears to be a continuum of increase in initial 

step length variability with age. Differences in the magnitude or rate of force production 

or the firing pattern of the plantar flexors of the swing and stance legs may explain the 

differences in variability (Mbourou et al. 2003). The differences in variability relative to 

swing leg step velocity could also be attributed to the differences in the mean swing leg 

step velocity values. Wittwer et al. (2008) presented that energy analysis of GI 
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highlights three stages. In stage-1, the stepping with the swing leg thrusts the body from 

a static state to a dynamic state. Then the stance leg stepping increases the body’s 

energy state close to steady-state which is normally attained at the end of the stance 

leg step or the second step of the swing leg (Miller and Verstraete, 1996).  Thus greater 

variability during OFF-STIM and baseline frequency conditions for swing leg step 

velocity could indicate greater inefficiency to produce the required power during the 

initial step. Similarly more variability or its associated changes related to stance leg 

stepping velocity could highlight the differences in power production across different 

frequency-voltage combinations required for the stance leg step. The results of the 

current study also agree with the results of previous studies which showed greater 

variability for the spatiotemporal parameters during GI compared to gait trials.  

Thus results for GI based outcome measures revealed a consistent pattern of 

better locomotion characteristics at low frequency conditions (primarily 60Hz). However, 

no observable effects of low frequency stimulation (30/60Hz) were observed in the 

anticipatory postural phase and weight-shifting phase. Additionally, increase in voltage 

at low frequency showed no substantial benefits. 

Gait Evaluation 

Compared to static balance and dynamic balance results, more observable effects 

of altering the frequency and voltage were seen for gait analysis. Specific aim-1 results 

highlighted that participants walked slowest with the stimulator off and their gait velocity 

increased the most (9%) when stimulated at 60Hz. Gait was faster across all the voltage 

levels at 60Hz compared to 30Hz by 4.5%.  Also, across all the voltage levels, stride 

and step lengths at 60Hz were about 3% longer than corresponding values at 30Hz. A 

significant frequency effect (for specific aim-1) and voltage main effect (for specific aim-
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2) was seen for the opposite foot contact parameter which denotes the percentage of 

gait cycle when the swing leg strikes the ground. However the values for this 

contralateral heel strike parameter at different conditions denoted negligible differences 

(<1%) to justify a biomechanical improvement in stepping characteristics.  

Outcomes pertaining to gait analyses from the current study were comparable to 

results from earlier studies (Johnsen et al., 2009, Liu et al., 2005). For instance the 

walking speed during the OFF-STIM condition fell in the range reported in the literature 

(48cm/s to 98cm/s). Similarly the gait speed at high frequency also fell within the 

observed range (95cm/s to 111cm/s). Johnsen and colleagues (2009) found 

significantly better performance at the baseline frequency condition compared to OFF-

STIM for walking speed, stride length and opposite foot contact parameter whereas the 

present study highlighted better performance at 60Hz. This contrast could be due to a 

difference in the waiting time (3 hours vs. 10 minutes) between switching the stimulator 

on and performing gait evaluation. However, the randomized approach described in the 

current study should account for some of these differences. The order of the conditions 

tested was randomized along with the order of trials during each testing condition. Thus 

the gait trials were performed after different times after switching the stimulator on. This 

time range varied between 15 minutes to 30 minutes. Researchers have found 

significantly faster walking speed during high frequency stimulation compared to the 

OFF-STIM condition (Liu et al., 2005, Carpinella et al., 2007). Absence of such 

difference in the current study could be due to the higher value of walking speed during 

OFF-STIM (91cm/s) compared to aforementioned studies (58-68 cm/s). This difference 

during the OFF-STIM condition could be attributed to different patient characteristics or 
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difference in methodologies. Besides, the present study’s cohort could be relatively 

more functionally ambulant. Notably, the value of walking speed at 60Hz in the present 

study was non-significantly greater than the walking speed at baseline frequency in all 

the studies. However, the cadence values were similar across all the conditions in the 

present study and the study by Liu and colleagues (2005). Previously, researchers have 

attributed the increase in walking velocity due to high frequency STN DBS to either 

increase in stride length (Faist et al., 2001), cadence (Stolze et al., 2001) or step length 

(Allert et al., 2001). The significantly faster velocity at 60Hz compared to 30Hz across 

the three voltage levels could be concomitant to significantly longer stride and step 

lengths. No such propositions about faster gait speed at 60Hz could be made to the 

results relative to specific aim-1. However, the stride length, cadence and step length 

non-significantly increased at 60Hz compared to the other conditions. Allert and 

colleagues (2001) mentioned that differences in cadence between OFF-STIM and ON-

STIM are more visible for GPi stimulation compared to STN stimulation. Faist and 

colleagues (2001) mentioned that in PD patients, stride length could increase to the 

values of their age-matched healthy peers by visual cues or attentional strategies for at 

least two hours but regresses after one day. Validity of this explanation in the context of 

present study is speculative as increases in stride length were found only for results 

pertaining to second day of testing rather than first day. Each day included about four 

hours of testing time and the difference between the last condition on the first day and 

first condition on the second day was about 20 hours. A smaller sample size in the 

current study could explain some of the non-significant results. Also, different patient 

characteristics (mean age) and/or methodologies (post operation testing time/waiting 



111 

period after stimulator was switched on/data collection/analyses procedure) could 

highlight some of the differences observed in the previous studies between the OFF-

STIM condition and baseline frequency condition and the absence of those results in 

the current study. In spite of these differences, 60Hz stimulation seems to be the most 

fruitful stimulating frequency for walking among this subset of people with PD. 

Calculations of gait variability for specific aim-1 showed that during the 60Hz 

condition, the participants had the least variability concerning the opposite foot contact 

parameter. A similar result ensued during analyses related to specific aim-2. Frequency 

main effects showed low variability across the 60Hz conditions compared to the 30Hz 

conditions. The percentage of time during the gait cycle when the swing leg strikes the 

ground is a summation of the double support phase before the swing leg takes off and 

the single limb support phase of the stance leg. However, neither of these variables 

including their coefficients of variation was significantly different among the four 

conditions. Moreover, these values were averaged across both the legs. An 

independent observation of these variables for both the legs could provide more insight 

into the performance of the effected side leg and unaffected side leg. Calculations of 

gait variability for specific aim-2 showed that interaction for variability of opposite foot off 

parameter. However, the change in values among the three conditions at both the low 

frequencies (30Hz and 60Hz) seemed too small (<5%) for biomechanical consideration. 

The opposite foot off parameter denotes the instance in gait cycle when the 

contralateral foot takes off for the next step. Before the opposite foot-off event happens, 

the body is in double stance phase. Hence an increase in variability for the opposite foot 

off parameter could indicate an increase in the corresponding double support phase. 
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Since there are two double support phases in each gait cycle, an individual analysis of 

this parameter for each leg could give evaluate the time spent in each double support 

phase.  

Previous researchers have mentioned that stride time variability is a consistent 

feature of Parkinsonian gait and is associated with falls among people with PD 

(Nieuwboer et al., 2001; Hausdorff et al., 2003; Schaafsma et al., 2003; Frenkel-Toledo 

et al., 2005; Baltadjieva et al., 2006). Separately, Hausdorff and colleagues (2009) 

recorded reduced gait variability and lower UPDRS score during ON-STIM, ON-MED 

condition but failed to detect a parallel reduction of gait variability in spite of lower 

UPDRS scores during ON-STIM, OFF-MED condition compared to OFF-STIM/OFF-

MED condition. There was no change in stride time variability with frequency or voltage 

stimulation in the current study. However, the present study’s cohort showed larger 

stride time variability values but similar swing time variability values compared to 

Hausdorff et al., (2009). Difference in methodologies including longer gait trial and 

waiting time after switching on the stimulator could explain part of the distinction 

between the results of Hausdorff et al., (2009) and results of the present study. 

Mbourou and colleagues (2003) associated falls among PD with a stride length 

variability greater than 7%. Though stride length variability in the current study neither 

changed significantly with frequency nor with voltage, a borderline (close to 7%) high 

coefficient of variation for stride length was observed during the OFF-STIM condition 

(6.9%). With the stimulator ON, lower values were observed for baseline frequency 

(5.5%), 30Hz (4.4%) and 60Hz (4.1%). Further, use of maximum tolerable voltage 

seemed to have a deteriorating effect on the stride length variability with the values 
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exceeding 7% during both 30Hz and 60Hz conditions with the deteriorating effect more 

pronounced at 30Hz.  

Better gait performance at 60Hz observed in the present study also echoed some 

of the previous findings by Moreau and colleagues (2008) who used the Stand-Walk-Sit 

test to ascertain their results in terms of time taken and number of steps required for 

task completion. Though the physiological mechanisms behind the functioning of DBS 

are still being studied, researchers have speculated the effect of proximity and role of 

the PPN to the STN target. The PPN is located within a distance of 5mm from the STN 

and has projections into the basal ganglia nuclei. Along with the dopaminergic cell loss 

in the substantia nigra, people with PD also experience cell loss in the PPN. Several 

researchers have theorized that the PPN receives GABAergic inhibitory input in the 

form of γ-aminobutyric acid from GPi and substantia nigra (Stolze et al., 2001; 

Takakusaki et al., 2009). These sub-nuclei in turn receive excessive excitatory 

glutamergic input from the STN in PD. STN-DBS would cause less excitation of GPi and 

substantia nigra and consequent disinhibition of PPN. Indeed, Breit et al. (2001) used 6-

OHDA lesioned rats to demonstrate normalization of overactive PPN activity after 

lesioning the STN. Also earlier studies have shown the propensity of this PPN to 

positively respond to low frequency stimulation (< 25Hz) in terms of motor performance 

(Stefani et al., 2007; Pereira et al., 2008). One theory put forth is that when high 

stimulation frequencies are used for STN, it produces negative effects of distribution of 

current to the surrounding areas including PPN. Hence some of the positive effects of 

60Hz stimulation on gait performance could be explained using activity near PPN. 

However, when using 30Hz frequency at STN, presumably, not enough current is being 
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discharged to PPN to produce similar ameliorating effects of gait. Some researchers 

observed improvement in gait parameters only during ON-STIM/OFF-MED condition but 

not during OFF-STIM/ON-MED condition (Allert et al., 2001). Based on this, they 

suggested the possible action of STN stimulation on non-dopaminergic pathways. 

Garcia-Rill (1986) reviewed the role of the basal ganglia and motor cortex in postural 

control and locomotion through their projections into the PPN and Midbrain Locomotor 

Region (MLR). They proposed that the descending output of the PPN/MLR could be 

cholinergic in nature and could directly be under the influence of STN. The MLR is also 

known to modulate spinal locomotion oscillators which play an active role for the 

automation of the rhythmicity of locomotion (Garcia-Rill, 1986; Dietz et al., 1994). The 

presence of pathways from STN to PPN/MLR as well as the functional role of these 

regions in posture and locomotion could highlight the influence of DBS through non-

dopaminergic pathways. In fact, the role of basal ganglia in motor control was discussed 

elaborately by Morris and colleagues (1996). They observed that the basal ganglia 

nuclei relay messages to the SMA prior to initiation of movement. Once the movement 

starts, there appears to be a cessation of neuronal activity inside the SMA and 

subsequent periodic outputs from basal ganglia to SMA were found at the end of 

sequential sub-movements (Mushiake et al., 1990; Brotchie et al., 1991a, b).  Brotchie 

and colleagues (1991a, b) also observed this phenomenon for sub-movements of well-

learned activities but not for novel tasks. Impairment in this periodic outburst from basal 

ganglia to SMA could thus lead to an abnormal phasic execution of sub-movements like 

cadence during gait and the therapeutic effect of DBS could partly restore the normalcy 

of such neuronic outputs from basal ganglia to SMA. Aziz et al. (1998) suggested that 
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cadence could be monitored by locomotor regions of the mid-brain and spinal regions. 

Morris and colleagues (1996) also discussed an alternate mechanistic action of basal 

ganglia through motor control of whole gait sequence as opposed to periodic outputs to 

SMA. Reduced spatial parameters like stride length have been attributed to this second 

mechanism. Faist and colleagues (2001) mentioned that the restoration of stride length 

to normal values with attentional or visual cues among PD might suggest the intactness 

of alternate pathways monitoring the spatial features of gait. They also postulated that 

STN stimulation might reduce the disturbances to these alternate pathways, thus 

enabling patients to execute longer strides and steps. Hence, the action of low 

frequency STN stimulation at 60Hz seems to affect multiple efferent outputs of basal 

ganglia. DeLong and Wichmann (2007) mentioned that the features seen in PD could 

partly be attributed to reduced neuronal discharge rate from basal ganglia and/or 

abnormal neuronal oscillations at STN at the rate of β-band (10 to 25 Hz). However, 

Brown and Williams (2005), mentioned that with Levodopa or high frequency DBS, 

these neuronal oscillations increased to 60 to 80Hz. Similarly, the 60Hz DBS stimulation 

may have produced altered pattern changes in the neuronal output of the STN.  

Thus results of the present study for gait analysis show a therapeutic advantage of 

using 60Hz stimulation. This was particularly highlighted by a faster gait velocity and 

reduced stride length variability scores at 60Hz compared to other conditions. Efferent 

pathways from basal ganglia nuclei to different regions like SMA, PPN and midbrain 

locomotor region seem to regulate the locomotion and its rhythmic nature better at 60Hz 

compared to the baseline condition and   the OFF-STIM condition. Voltage variation 
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again seemed futile for improvement in gait characteristics at a low frequency 

(30/60Hz).  

UPDRS Part-III (Total Score and Sub-Scores) 

Modification of frequency and voltage resulted in substantial change in the total 

UPDRS motor score (excluding rigidity) and some of its components. Differences 

between the OFF-STIM and ON-STIM conditions were along the expected lines with the 

participants performing poorly with the stimulator off. Though no major differences for 

the total UPDRS motor score were spotted between the three frequency settings (for 

specific aim-1), the scores during ON-STIM conditions were on an average only 9% 

lower than the total score during the OFF-STIM state. Bradykinesia forms a major part 

of this total UPDRS motor score. The sub-scores of bradykinesia were highest (worst) 

for the OFF-STIM condition. Participants exhibited slightly lesser bradykinetic 

movement at the 60Hz stimulation compared to the other two ON-STIM conditions. 

Though not significant, the bradykinesia sub-score dropped by about 14% from OFF-

STIM condition to 60Hz condition. Evaluated by an investigator who was not blinded to 

the settings, greater rigidity scores were seen during the OFF-STIM condition compared 

to the three similar ON-STIM conditions (by about 27%). Interestingly, the scores for the 

speech component showed opposite trend as they increased from OFF-STIM condition 

to low frequency conditions (30Hz and 60Hz) to the high frequency baseline condition. 

Results for the functions of the cephalic body segments signaled a worsening of 

performance as the frequency was increased at baseline voltage. However, at 30Hz, 

when the voltage was increased to HV, the speech sub-score improved to the OFF-

STIM speech sub-score. A corresponding increase in voltage at 60Hz from BV to HV 

resulted in further worsening of the speech sub-score. When the voltage was increased 
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from HV to MV, the speech score worsened at 30Hz. Conversely, at 60Hz, a voltage 

increase from HV to MV resulted in the lowest (best) speech sub-score among results of 

both specific aims. These results suggest that speech modulation depends on both 

frequency and voltage parameters of STN-DBS. Results related to specific aim-2 

showed increased (worsened) tremor sub-score for the 30Hz conditions. Further 

inspection of values showed that the tremor worsened at a combination of 30Hz and 

MV. Among the non-significant outcome measures, the subjective UPDRS rating 

showed poor postural stability scores for the 60Hz condition when compared to the 

other three conditions. However an opposite trend was seen in the objective analysis 

using eyes open and eyes closed conditions. This contrast further highlights the 

importance of objective analyses in clinical settings when possible to implement. 

UPDRS is vastly used as the primary assessment tool for people with PD. However, the 

UPDRS evaluation is subjective in nature and could vary between observers. One way 

to counter this subjectivity is to introduce objective ways of evaluating the PD patients. 

However, due to the limitation of the time factor involved in clinical settings, the 

objective evaluation methods are seldom employed. In comparison to previous studies 

(Kumar et al., 1998; Tabbal et al., 2007; Karimi et al., 2008), limited improvement in 

especially in the tremor, bradykinesia, rigidity, gait and postural stability during ON-

STIM states of the present study could be attributed to a relatively high functional study 

cohort during OFF-STIM condition. This is also in line with the static balance, dynamic 

balance and gait analyses results. By seeing the effect of changing the electrical 

parameters on UPDRS motor scores, Moro et al. (2002) stated that the combination of 

highest voltage and narrowest pulse-width was the most important factor. The results of 
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the present study differed from this idea. This could be due to differences in the 

methodology of different waiting times for stimulation and formula used for calculating 

higher voltage to maintain equivalent TEED. 

Karimi et al., (2008) proposed that an increase in blood flow to the thalamus 

correlated to improvement in bradykinesia and a decrease in blood flow correlated to 

improvement in rigidity after high frequency STN-DBS. Similar studies using PET 

studies could highlight the effect of low frequency stimulation as well. Also, though not 

measured in the current study, higher scores of rigidity and bradykinesia during the 

OFF-STIM condition would have resulted in improper upper and lower limb coordination 

and/or interlimb coordination during steady-state gait (Winogrodzka et al., 2005; 

Carpinella et al., 2007). Using the quantitative outcome of ‘work’, Shapiro and 

colleagues (2007) showed the beneficial effects of STN-DBS on reducing rigidity when 

compared to OFF-STIM condition with no medication. Delwaide and colleagues (1991) 

suggested that the important mechanism for rigidity at spinal level is the reduction of 

autogenic inhibition via the Spinal Ib interneurons. These interneurons have been 

shown to be present in the descending pathways from tegmentum and reticular 

formation and irregular functioning of the basal ganglia in PD has been hypothesized to 

indirectly influence the functioning of these interneurons (Delwaide et al., 2000). Shapiro 

et al. (2007) further elaborated that the STN-DBS has been shown to reduce this rigidity 

as well as restore the abnormally reduced autogenic inhibition. However the absence of 

any correlation between the reduction in rigidity and reduction in autogenic inhibition 

highlights the uncertain neural mechanisms produced by the stimulation (Potter et al., 

2004; Shapiro et al., 2007). This appears to hold for high frequency as well as low 
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frequency stimulation owing to the lack of rigidity sub-score differences between the 

three frequency settings. Greater scores for speech component during UPDRS testing 

could indicate hypophonia and/or dysarthria. Previous researchers have also observed 

a negative effect of high frequency stimulation on hypophonia and dysarthria among PD 

patients (Volkmann et al., 2001; Romito et al., 2003). In fact, Romito and colleagues 

(2003) associated hypophonia with Levodopa retraction owing to the improvement in 

the symptom with increase in medication.  

Low frequency stimulation (30Hz or 60Hz) seems to have an intermediate effect 

when compared to OFF-STIM and high frequency. While the sub-scores of rigidity and 

bradykinesia seemed to be the least at 60/30Hz, the sub-scores for speech were 

greater when compared to OFF-STIM. However, positive effects of increasing the 

voltage at low frequency conditions were visible for improving the speech component. 

Correlations with Total Electrical Energy Delivered (TEED) per second 

Significant correlations of dependent measures from static balance, dynamic 

balance, gait with TEED showed one common theme: better performance with an 

increase in the TEED. For instance, among the static balance variables, lower values of 

ML CoP range, AP CoP range and sway area under both eyes open and eyes closed 

trials were observed for higher energy levels. Among the GI related variables, longer 

medial CoP displacement during weight-shifting phase, maximum AP and resultant 

CoP-CoM moment arm in locomotion phase, faster swing leg step velocity and minimal 

coefficient of variation of stance leg step length resulted for higher energy levels. 

Among the gait parameters, the double support time decreased with an increase in 

TEED. Shorter duration of double support time could indicate faster movement as well 

as longer single support time which are indicators for better postural control during gait. 
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For most of the variables, the 60Hz/30Hz stimulations at baseline voltage showed the 

most beneficial effect. Negligible improvements were recorded with an increase in 

voltage at these frequencies. The TEED is a function of the frequency, pulse-width, 

square of the voltage and inverse of the impedance. In spite of being directly related to 

the square of voltage, feeble changes in the outcome measures with voltage alteration 

was contrary to the expectations. However, the weak to mild significant correlations with 

TEED for different measures probably shows that an increase in pulse-width and/or 

decrease in impedance resulting in an increase in the TEED could also highlight some 

better postural and locomotion characteristics. Moro and colleagues (2002) mentioned 

that while an increase in pulse-width could enhance tremor control, it could also result in 

more side-effects. So using more TEED per second could come at an economic 

expense dealing with shorter battery life of the transmitters and frequent replacements. 

Recently, Isaias and colleagues (2009) reported that using low stimulation energy for 

DBS of GPi was associated with longer battery life among patients with primary 

generalized dystonia. Stimulation energy was lowered through a combination of lower 

frequency and shorter pulse-width. Also, the ineffectiveness of high energy stimulation 

to significantly improve the clinical outcomes among dystonia patients on a long-term 

basis have been previously reported (Alterman et al., 2007; Vercueil et al., 2007; Isaias 

et al., 2009). Though the present study dealt with the PD population, similar limited 

effect of TEED was observed on the clinical UPDRS part-III related scores. Moreau et 

al. (2008) showed that high voltage at high frequency (i.e. high stimulation energy level) 

negatively impacted the gait among PD patients who underwent STN DBS. They also 

showed a positive effect of using high voltage at 60Hz on reduction of freezing 
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episodes. The high voltage that Moreau and colleagues (2008) used was based on 

matching the total electrical energy delivered during baseline condition. The current 

study did not focus on freezing among PD and hence cannot comment on similarity of 

observations with Moreau et al. (2008) study. In summary, low frequency stimulation of 

either 30Hz or 60Hz seems to impart equivalent effects of high frequency stimulation 

and could possibly help in enhancing the longevity of the internal pulse generator used 

in DBS. 

Non-motor Symptoms and Observations: 

Autonomic symptoms like excessive sweating, diplopia, oscillopsia were observed 

mainly when the voltage was tuned just beyond the maximum tolerable level. After the 

final testing session, two out of the ten participants volunteered to try new low frequency 

settings outside the laboratory. While one participant tried the new low frequency setting 

that helped him to be more vocal, he returned after two days to go back to his baseline 

settings owing to some disabling motor symptoms affecting his activities of daily living. 

However, the other person who also tried the new low frequency setting is still currently 

using those stimulation parameters as she perceived that it gave her clarity of thought.  

Thus, non-motor symptoms also need greater attention while evaluating PD patients 

using low frequency STN DBS.  

Subjective Feedback Scale 

The subjective feedback scale did not show pronounced variations among ON-

STIM settings. As expected, most of the participants felt worst during OFF-condition. 

Values in the scale also suggest that the general feeling during most of the ON-STIM 

conditions remained the same for each participant.  
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Limitations 

1. A review of literature shows the possibility of the effect of optimal electrode 
placement on motor features among individuals with PD. Herzog and colleagues 
(2004) suggested that the dorsolateral border zone of the STN was the most 
efficient site for DBS stimulation. Johnsen et al. (2010) further purported this by 
showing superior gait performance in people whose dorsal STN was stimulated 
as compared to ventral STN. The influence of localization of electrode placement 
on the results of the current study is unknown. However, the focus of this study 
has been to evaluate the efficacies of using low frequency stimulation.  Once the 
effectiveness of low frequency stimulation is established, localization of electrode 
placement can act as a future evaluation step. 

2. The waiting time of 10 minutes between each condition could have had a carry-
over effect of the previous condition. However, due to the longevity of the 
protocol (four hours each day for two days), this waiting time was adopted in 
order to minimize the effect of fatigue on the performance of the participants. 
Also, apart from UPDRS, the other tasks were randomly performed in order to 
neutralize such carry-over effects. Though Temperli et al. (2003) postulated a 3 
hour waiting time for the effects of DBS to fade off, absence of a ‘gold standard 
methodology’ may explain some of the variability in the results of different 
studies. 

3. Changes in many variables in the current study showed statistical trend. This 
could have been partly due to a smaller sample size of this study. However, 
sample size of the current study was justified based on the sample size used in 
some of the previous studies which focused on evaluating the effects of DBS. 

4. Analyses of the results of current study and comparison with earlier studies 
indicate that the present study cohort was more functional in their OFF-
STIM/OFF-MED state, thus leading to the absence of commonly observed 
differences between OFF-STIM and ON-STIM conditions. 

Conclusion 

Researchers have demonstrated the prominence of spinal level movement centers 

in generating rhythmic successive movements while the amplitude of those movements 

have been associated with higher cortical levels (Plotnik et al., 2007). Activities like the 

locomotion phase of gait initiation, gait and hand movements to test bradykinesia 

involve repetitive rhythmic movements of certain body parts. Results from the spatio-

temporal parameters of gait initiation, gait and UPDRS’ bradykinesia sub-score could 
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possibly indicate better communication and activation of pathways between the higher 

cortical levels and the spinal centers at 60Hz stimulation. Crenna and colleagues (2006) 

suggested that the effect of high frequency (> 100Hz) stimulation was more evident for 

locomotion-based motor tasks which are predominantly controlled by lower hierarchical 

levels of the central nervous system. Results from the current study seemed to support 

or extend this observation for lower frequency stimulation of 60Hz as well with more 

significant results seen during the dynamic gait initiation and gait compared to the static 

and anticipatory postural control. Results from the current study also show the efficacy 

of 60Hz stimulation in enhancing postural control and locomotion. In most cases, the 

values of the outcome measures at 60Hz stimulation were equal if not better than the 

baseline (high) frequency condition. Though the best results weren’t always obtained, 

use of 60Hz stimulation might optimize the performance across various domains as well 

as optimize the usage of the stimulator in terms of its battery life. Long-term effects of 

60Hz stimulation need to be verified for full-scale implementation. 
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Future Considerations 

1. The synergistic effect of combining Levodopa medication and low frequency (< 
100Hz) stimulation could be evaluated. High frequency stimulation has been 
shown to restore some of the negative effects of Levadopa on postural control 
(Rocchi et al., 2002). Whether such ameliorating effects are possible when low 
frequency stimulation is combined with L-dopa medication warrants further 
examination. This would also help to ascertain if low frequency DBS also 
influences non-dopaminergic pathways. 

2. Entropy based estimations of CoP during bipedal standing could perhaps shed 
more light onto the effects of these low frequency stimulations at different 
voltages.  

3. Change in motor programs during activities of bipedal standing, initiation of gait 
and gait with low frequency stimulation and at different voltages could be studied 
using EMG techniques. This has the potential to elaborate more on the 
neuromuscular interpretations of some of the results observed in the current 
study. 

4. In spite of acute amelioration of gait performance following high frequency STN-
DBS, several studies have reported degradation of performance in long-term 
(Krack et al., 2003; Rodriguez-Oroz et al., 2005; Schubpach et al., 2005; van 
Nuenen et al., 2008). Sustenance of these acute beneficial effects of low 
frequency stimulation over long-term has to be pursued. 

5. The effect of low frequency stimulation on the dorsal STN border in terms of gait 
and postural stability can be evaluated as a low frequency of 60Hz seems to 
have more beneficial effects on these motor aspects compared to currently used 
high frequency stimulation. 

6. Micro-electrode recordings during STN-DBS using low frequency stimulation 
could offer some insight into the probable mechanisms of DBS. Though the low 
frequency stimulation showed equivalent if not better results compared to high 
frequency stimulation, examining the neuronal activity could reveal either better 
neuronal firing rates or reduced irregular oscillatory pattern of neuronal activity in 
STN.  

7. Studies evaluating long–term effects of low frequency stimulation need to be 
performed to estimate its effectiveness in improving the quality of life among 
people with PD. Further, its effect on non-motor symptoms also needs to be 
evaluated. 
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APPENDIX: STATISTICAL ANALYSES TABLES 

Table A-1. MANOVA test results of frequency main effect for trials related to Specific Aim-1.   
Trial Dependent 

Variable(s) 
Effect Statistical Parameters 

Eyes Open AP and ML 
range, Sway 
area, RMS AP 
and ML 
displacement, 
RMS AP and 
ML velocity 
 

Frequency 
Main Effect 

Wilks’ λ = 0.30, 
F (21.00,60.85) = 1.52, P = 0.110 

Eyes Closed AP and ML 
range, Sway 
area, RMS AP 
and ML 
displacement, 
RMS AP and 
ML velocity 
 

Frequency 
Main Effect 
 
 
 

Wilks’ λ = 0.48,  
F (21.00,60.85) = 0.84, P = 0.660 
 

GI (CoP 
measures) 

CoP 
displacement 
and velocity in 
AP and ML 
directions, in 
the three 
phases (S1, 
S2, S3) 
 

Frequency 
Main Effect 
 
 
 

Wilks’ λ = 0.13,  
F (36.00,48.00) = 1.36, P = 0.160 
 

GI (CoP-CoM 
measures) 

Maximum 
CoP-CoM 
separation 
distance in 
AP, ML and 
resultant 
directions in 
directions, in 
the three 
phases (S1, 
S2, S3) 
 

Frequency 
Main Effect 
 
 
 

Wilks’ λ = 0.19,  
F (27.00,56.13) = 1.60, P = 0.069 
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Table A-1. Continued 
Trial Dependent 

Variable(s) 
Effect Statistical Parameters 

GI 
(Spatiotemporal 
measures) 

Step length, 
step velocity, 
step time, 
time to heel 
rise, toe off 
and heel 
strike of swing 
and stance 
legs.  
 

Frequency 
Main Effect 
 
 
 

Wilks’ λ = 0.01,  
F (33.00,50.79) = 1.83, P = 0.026* 
 

GI (Variability 
of 
Spatiotemporal 
measures) 

CV of Step 
length, step 
velocity, step 
time, time to 
heel rise, toe 
off and heel 
strike of swing 
and stance 
legs.  
 

Frequency 
Main Effect 
 
 
 

Wilks’ λ = 0.21,  
F (33.00,50.79) = 1.07, P = 0.403 
 

Gait 
(Spatiotemporal 
measures) 

Cadence, 
walking 
speed, stride 
and step time, 
opposite foot 
off, opposite 
foot contact, 
foot off, single 
support and 
double 
support time, 
stride and 
step length 
 

Frequency 
Main Effect 
 
 
 

Wilks’ λ = 0.21,  
F (33.00,50.79) = 1.08, P = 0.399 
 

Gait (Variability 
of 
Spatiotemporal 
measures) 

CV of Walking 
Speed, 
Cadence, 
stride and 
step time, 
opposite foot 
off & contact, 
foot off, single 
& double 
support time, 
stride & step 
length 

Frequency 
Main Effect 
 
 
 

Wilks’ λ = 0.19,  
F (33.00,50.79) = 1.15, P = 0.320 
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Table A-1. Continued 
Trial Dependent 

Variable(s) 
Effect Statistical Parameters 

UPDRS Part-
III 

Tremor, 
bradykinesia, 
posture, gait, 
balance, 
speech, facial 
expression, 
total score, 
rigidity 

Frequency 
Main Effect 
 
 
 

Wilks’ λ = 0.22,  
F (24.00,58.61) = 1.68, P = 0.055 
 

* Significant difference (P < 0.05); AP – Anterior-Posterior direction, ML – Medio-Lateral 
direction, RMS – Root Mean Square, CoP – Center of Pressure, CoM – Center of Mass, CV – 
Coefficient of Variation, UPDRS – Unified Parkinson Disease Rating Scale, MANOVA – Multiple 
Analyses of Variance 
 
Table A-2. Descriptive statistics and Univariate test results for Center of Pressure related 

balance measures from Eyes Open trials related to Specific Aim-1. 
Measure Frequency 

Setting 
Mean 
(SE) 

Statistical Test 
F value  

P Partial 
Eta 
Squared 

Observed 
Power 

Medio-lateral 
range (cm) 

Off 3.1 (0.7) F(3,27) = 0.20 0.895 0.02 0.08 
30Hz 3.4 (0.5)     
60Hz 3.4 (0.6)     
Baseline 3.2 (0.5) 

 
    

Antero-
posterior 
range (cm) 

Off 5.0 (0.5) † F(3,27) = 3.22 0.038 
* 

0.26 0.68 

30Hz 4.1 (0.4)     
60Hz 4.0 (0.4) †     
Baseline 4.3 (0.5) 

 
    

Sway area 
(square cm) 

Off 17.74 (5.99) F(3,27) = 0.17 0.956 0.01 0.07 
30Hz 15.72 (3.84)     
60Hz 16.25 (4.71)     
Baseline 15.76 (4.36) 

 
    

RMS medio-
lateral 
displacement 
(cm) 

Off 0.23 (0.03) F(3,27) = 1.43 0.256 0.14 0.34 
30Hz 0.24 (0.03)     
60Hz 0.25 (0.03)     
Baseline 0.25 (0.03) 

 
    

RMS antero-
posterior 
displacement 
(cm) 

Off 0.35 (0.07) F(3,27) = 0.55 0.652 0.06 0.15 
30Hz 0.35 (0.07)     
60Hz 0.39 (0.08)     
Baseline 0.38 (0.08) 
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Table A-2. Continued 
Measure Frequency 

Setting 
Mean 
(SE) 

Statistical Test 
F value  

P Partial 
Eta 
Squared 

Observed 
Power 

RMS medio-
lateral 
velocity 
(cm/s) 

Off 81.4 (11.1) F(3,27) = 1.47 0.244 0.14 0.35 
30Hz 83.9 (10.1)     
60Hz 89.4 (11.5)     
Baseline 89.5 (11.7) 

 
    

RMS antero-
posterior 
velocity 
(cm/s) 

Off 24.0 (3.8) F(3,27) = 0.45 0.720 0.05 0.13 
30Hz 24.1 (4.1)     
60Hz 26.6 (4.7)     
Baseline 25.4 (4.7)     

* Significant difference (P < 0.05); † Statistical Trend (0.05 <= P <= 0.07); SE – Standard Error, 
RMS – Root Mean Square, cm – centimeter, s – second, Hz – Hertz 
 
Table A-3. Descriptive statistics and Univariate test results for Center of Pressure 

related balance measures from Eyes Closed trials related to Specific Aim-1. 
Measure Frequency 

Setting 
Mean (SE) Statistical Test 

 F value 
P Partial 

Eta 
Squared 

Observed 
Power 

Medio-lateral 
range (cm) 

Off 3.3 (0.6) F(3,27) = 0.36 0.780 0.04 0.11 
30Hz 3.2 (0.5)    
60Hz 3.7 (0.5)    
Baseline 
 

3.5 (0.6)    

Antero-
posterior 
range (cm) 

Off 5.3 (0.4) F(3,27) = 1.08 0.375 0.11 0.26 
30Hz 4.7 (0.3)    
60Hz 4.8 (0.4)    
Baseline 
 

5.0 (0.4)    

Sway area 
(square cm) 

Off 18.93 
(4.64) 

F(3,27) = 0.34 0.956 0.04 0.11 

30Hz 16.05 
(3.22) 

   

60Hz 19.04 
(3.56) 

   

Baseline 
 

19.54 
(5.55) 

   

RMS medio-
lateral 
displacement 
(cm) 

Off 0.23 (0.03) F(3,27) = 2.62 0.071  0.23 0.58 
30Hz 0.23 (0.03)    
60Hz 0.25 (0.03)    
Baseline 
 

0.26 (0.03)    
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Table A-3. Continued 
Measure Frequency 

Setting 
Mean (SE) Statistical Test 

 F value 
P Partial 

Eta 
Squared 

Observed 
Power 

RMS antero-
posterior 
displacement 
(cm) 

Off 0.35 (0.06) F(1.57,14.15) = 
0.55 

0.550 0.06 0.17 

30Hz 0.36 (0.07)    
60Hz 0.39 (0.08)    
Baseline 
 

0.39 (0.08)    

RMS medio-
lateral 
velocity 
(cm/s) 

Off 80.6 (10.8) F(3,27) = 2.56 0.076 0.22 0.57 
30Hz 83.4 (10.2)    
60Hz 89.8 (11.6)    
Baseline 
 

91.3 (11.5)    

RMS antero-
posterior 
velocity 
(cm/s) 

Off 23.9 (3.4)  F(1.56,13.99) = 
0.46 

0.591 0.05 0.11 

30Hz 24.5 (4.2)    
60Hz 26.2 (4.6)    
Baseline 26.4 (4.6)    

No significant differences for any measures; SE – Standard Error, RMS – Root Mean Square, 
cm – centimeter, s – second, Hz – Hertz 
 
Table A-4. Descriptive statistics and Univariate test results for Center of Pressure 

related measures during Gait Initiation related to Specific Aim-1.  
Measure Frequency 

Setting 
Mean (SE) Statistical Test 

 F value 
P Partial  

Eta  
Squared 

Observed 
Power 

Medio-
lateral 
displace
ment in 
S1 phase 
(cm) 
 

Off 1.3 (0.4) F(3,27) = 0.06  0.982 0.01 0.06 
30Hz 1.3 (0.2)     
60Hz 1.3 (0.2)     
Baseline 1.2 (0.2)     

Antero-
posterior 
displace
ment in 
S1 phase 
(cm) 
 

Off -1.2 (0.4) F(3,27) = 0.11 0.954 0.01 0.07 
30Hz -1.2 (0.2)     
60Hz -1.3 (0.3)     
Baseline -1.4 (0.4)     

Medio-
lateral 
displace
ment in 
S2 phase 
(cm) 

Off -10.2 (0.6)  F(1.46,13.13) = 
0.40 

0.613 0.04 0.12 

30Hz -10.7 (0.6)     
60Hz -10.1 (0.9)     
Baseline -10.4 (0.7)     
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Table A-4. Continued 
Measure Frequency 

Setting 
Mean (SE) Statistical Test 

 F value 
P Partial  

Eta  
Squared 

Observed 
Power 

Antero-
posterior 
displace
ment in 
S2 phase 
(cm) 
 

Off 0.6 (0.6) F(3,27) = 0.20 0.899 0.02 0.08 
30Hz 0.4 (0.8)     
60Hz 0.5 (0.6)     
Baseline 0.8 (0.7)     

Medio-
lateral 
displace
ment in 
S3 phase 
(cm) 
 

Off 0.7 (0.5) F(3,27) = 2.33 0.097 0.21 0.52 
30Hz 0.2 (0.5)     
60Hz 0.0 (0.5)     
Baseline 0.2 (0.5)     

Antero-
posterior 
displace
ment in 
S3 phase 
(cm) 
 

Off 14.3 (0.9) F(3,27) = 1.87 0.159 0.17 0.43 
30Hz 15.2 (1.3)     
60Hz 14.8 (1.1)     
Baseline 14.1 (1.2)     

Medio-
lateral 
velocity in 
S1 phase 
(cm/s) 
 

Off 5.0 (1.1) F(3,27) = 0.22 0.884 0.02 0.09 
30Hz 4.9 (0.7)     
60Hz 4.4 (0.7)     
Baseline 4.9 (0.8)     

Antero-
posterior 
velocity in 
S1 phase 
(cm/s) 
 

Off -4.9 (1.2) F(3,27) = 0.59 0.627 0.06 0.16 
30Hz -4.2 (1.0)     
60Hz -4.7 (0.8)     
Baseline -5.6 (1.4)     

Medio-
lateral 
velocity in 
S2 phase 
(cm/s) 
 

Off -17.0 (2.4) F(1.48,13.31) = 
3.24 

0.083 0.27 0.46 

30Hz -20.5 (2.5)     
60Hz -19.8 (2.5)     
Baseline -14.4 (3.6)     
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Table A-4. Continued 
Measure Frequency 

Setting 
Mean (SE) Statistical Test 

 F value 
P Partial  

Eta  
Squared 

Observed 
Power 

Antero-
posterior 
velocity in 
S2 phase 
(cm/s) 
 

Off 0.2 (1.1) F(3,27) = 0.02 0.998 0.00 0.05 
30Hz 0.0 (1.5)     
60Hz 0.2 (1.2)     
Baseline 0.2 (1.1)     

Medio-
lateral 
velocity in 
S3 phase 
(cm/s) 
 

Off 1.1 (0.8) F(3,27) = 1.30 0.294 0.13 0.31 
30Hz 0.4 (0.8)     
60Hz 0.2 (0.8)     
Baseline 0.4 (0.8)     

Antero-
posterior 
velocity in 
S3 phase 
(cm/s) 

Off 20.1 (1.9) F(1.65,14.86) = 
4.64  

0.033 
* 

0.34 0.64 

30Hz 25.4 (2.4) *     
60Hz 23.4 (2.3) *     
Baseline 23.5 (2.6)     

* Significant difference (P < 0.05); SE – Standard Error, cm – centimeter, s – second, Hz – 
Hertz; negative value indicates movement in either posterior or medial direction 
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Table A-5. Descriptive statistics and Univariate test results for Center of Pressure (CoP) and 
Center of Mass (CoM) related measures during Gait Initiation related to Specific Aim-
1.  

Table A-5. Continued 

Measure Frequency 
Setting 

Mean (SE) Statistical Test 
 F value 

P Partial  
Eta  
Squared 

Observed 
Power 

ML CoP-
CoM 
distance 
in S1 
phase 
(cm) 
 

Off 1.6 (0.3) F(3,27) = 0.12 0.945 0.01 0.07 
30Hz 1.6 (0.2)     
60Hz 1.6 (0.3)     
Baseline 1.7 (0.2)     

AP CoP-
CoM 
distance 
in S1 
phase 
(cm) 
 

Off 1.5 (0.4) F(3,27) = 1.88 0.157 0.17 0.43 
30Hz 1.6 (0.4)     
60Hz 1.8 (0.4)     
Baseline 2.0 (0.4)     

Resultant 
CoP-CoM 
distance 
in S1 
phase 
(cm) 
 

Off 2.2 (0.5) F(3,27) = 1.02 0.401 0.10 0.25 
30Hz 2.4 (0.4)     
60Hz 2.4 (0.5)     
Baseline 2.7 (0.5)     

ML CoP-
CoM 
distance 
in S2 
phase 
(cm) 
 

Off 5.0 (0.4) F(1.09,9.80) = 
1.90 

0.200 0.17 0.25 

30Hz 7.3 (1.4)     
60Hz 5.3 (0.4)     
Baseline 5.4 (0.5)     

AP CoP-
CoM 
distance 
in S2 
phase 
(cm) 
 

Off 5.0 (0.8) F(3,27) = 2.29 0.101 0.20 0.51 
30Hz 6.1 (0.6)     
60Hz 6.1 (0.9)     
Baseline 6.6 (1.0)     

Resultant 
CoP-CoM 
distance 
in S2 
phase 
(cm) 
 

Off 7.2 (0.7) F(1.26,11.31) = 
2.02 

0.183 0.18 0.28 

30Hz 9.8 (1.3)     
60Hz 8.2 (0.7)     
Baseline 8.6 (0.9)     
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* Significant difference (P < 0.05); SE – Standard Error, ML – Medio-Lateral, AP – Antero-
Posterior, cm – centimeter, Hz – Hertz 

Measure Frequency 
Setting 

Mean (SE) Statistical Test 
 F value 

P Partial  
Eta  
Squared 

Observed 
Power 

ML CoP-
CoM 
distance 
in S3 
phase 
(cm) 
 

Off 11.0 (1.0) F(1.32,11.83) = 1.71 0.220 0.16 0.25 
30Hz 12.1 (1.7)     
60Hz 9.9 (1.1)     
Baseline 10.3 (1.2)     

AP CoP-
CoM 
distance 
in S3 
phase 
(cm) 
 

Off 15.5 (2.2) F(3,27) = 4.41 0.012 * 0.33 0.82 
30Hz 17.2 (1.9)     
60Hz 18.5 (2.3)     
Baseline 18.1 (2.1)     

Resultant 
CoP-
CoM 
distance 
in S3 
phase 
(cm) 

Off 19.5 (2.0) F(3,27) = 1.99 0.139 0.18 0.46 
30Hz 22.1 (1.6)     
60Hz 21.5 (2.0)     
Baseline 21.1 (2.0)     
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Table A-6. Descriptive statistics and Univariate test results for Spatio-Temporal measures 
during Gait Initiation related to Specific Aim-1. 

Measure Frequency 
Setting 

Mean (SE) Statistical Test 
 F value 

P Partial  
Eta  
Squared 

Observed 
Power 

Swing 
leg step 
length 
(cm) 
 

Off 37.5 (4.0) † F(3,27) = 4.62 0.010 * 0.34 0.84 
30Hz 43.5 (3.6)     
60Hz 44.7 (4.5) †     
Baseline 42.4 (4.3)     

Stance 
leg step 
length 
(cm) 
 

Off 79.8 (6.2) *+ F(3,27) = 9.95 <0.001 * 0.53 0.99 
30Hz 92.1 (6.0) *     
60Hz 94.4 (7.2) +     
Baseline 90.6 (6.4)     

Swing 
leg step 
time (s) 

Off 0.55 (0.02) F(3,27) = 2.42 0.088 0.21 0.54 
30Hz 0.50 (0.02)     
60Hz 0.51 (0.03)     
Baseline 
 

0.51 (0.03)     

Stance 
leg step 
time (s) 

Off 0.69 (0.03) F(3,27) = 1.11 0.363 0.11 0.27 
30Hz 0.66 (0.03)     
60Hz 0.65 (0.03)     
Baseline 
 

0.66 (0.03)     

Swing 
leg step 
velocity 
(cm/s) 
 

Off 71.2 (9.4) *+^ F(3,27) = 
15.13 

< 0.001 * 0.63 1.00 

30Hz 89.1 (8.4) *     
60Hz 90.5 (10.3) +     
Baseline 
 

85.6 (9.7) ^     

Stance 
leg step 
velocity 
(cm/s) 
 

Off 121.7 (12.9) 
*+^ 

F(3,27) = 
11.94 

< 0.001 * 0.57 1.00 

30Hz 144.4 (13.5) *     
60Hz 149.2 (15.1) +     
Baseline 
 

140.9 (13.1) ^     

Stance 
width 
(cm) 

Off 16.7 (0.4) F(3,27) = 1.37 0.273 0.13 0.32 
30Hz 16.6 (0.4)     
60Hz 17.5 (0.3)     
Baseline 
 

17.5 (0.7)     

Time to 
swing 
leg heel 
rise (s) 
 

Off 0.87 (0.08) F(3,27) = 2.22 0.109 0.20 0.50 
30Hz 0.83 (0.06)     
60Hz 0.81 (0.08)     
Baseline 
 

0.97 (0.10)     
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Table A-6. Continued 
Measure Frequency 

Setting 
Mean (SE) Statistical Test 

 F value 
P Partial  

Eta  
Squared 

Observed 
Power 

Time to 
swing 
leg toe 
off (s) 

Off 1.62 (0.11) F(3,27) = 3.46 0.030 * 0.28 0.71 
30Hz 1.43 (0.08)     
60Hz 1.43 (0.10)     
Baseline 
 

1.58 (0.12) 
 

    

Time to 
stance 
leg heel 
rise (s) 
 

Off 1.00 (0.08) F(3,27) = 2.68 0.067 † 0.230 0.59 
30Hz 0.94 (0.07)     
60Hz 0.93 (0.08)     
Baseline 
 

1.10 (0.10)     

Time to 
stance 
leg toe 
off (s) 

Off 1.90 (0.14) F(3,27) = 3.57 0.027 * 0.28 0.73 
30Hz 1.68 (0.10)     
60Hz 1.69 (0.11)     
Baseline 1.84 (0.13)     

*+^ Significant difference (P < 0.05); † Statistical Trend (0.05 <= P <= 0.07); SE – Standard 
Error, cm – centimeter, s – second, Hz - Hertz 
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Table A-7. Descriptive statistics and Univariate test results for Coefficient of Variation (CV) of 
the Spatio-Temporal measures during Gait Initiation related to Specific Aim-1.  

Measure Frequency 
Setting 

Mean (SE) Statistical Test 
 F value 

P Partial  
Eta  
Squared 

Observed 
Power 

CV of 
swing leg 
step 
length 
(%) 
 

Off 10.43 (2.22) F(3,27) = 1.62 0.207 0.15 0.38 
30Hz 8.02 (1.74)     
60Hz 7.78 (1.50)     
Baseline 11.70 (3.14)     

CV of 
stance 
leg step 
length 
(%) 
 

Off 8.57 (2.00) F(3,27) = 1.95 0.145 0.18 0.45 
30Hz 6.36 (0.95)     
60Hz 4.93 (0.72)     
Baseline 6.14 (1.50)     

CV of 
swing leg 
step time 
(%) 

Off 14.59 (2.99) F(3,27) = 3.56 0.027 * 0.28 0.72 
30Hz 8.44 (1.62)     
60Hz 8.22 (1.35)     
Baseline 
 

9.91 (1.64)     

CV of  
stance 
leg step 
time (%) 

Off 8.69 (1.73) F(3,27) = 0.44 0.728 0.05 0.13 
30Hz 7.14 (1.22)     
60Hz 7.08 (1.13)     
Baseline 
 

6.84 (1.14)     

CV of 
swing leg 
step 
velocity 
(%) 
 

Off 16.66 (2.65) 
† 

F(3,27) = 5.28 0.005 * 0.37 0.89 

30Hz 8.48 (1.44)     
60Hz 8.08 (1.36) †     
Baseline 12.29 (2.12)     

CV of 
stance 
leg step 
velocity 
(%) 
 

Off 12.04 (2.59) F(1.61,14.49) = 
3.25 

0.076 0.27 0.48 

30Hz 7.84 (0.79)     
60Hz 5.85 (0.78)     
Baseline 8.04 (1.41)     

CV of 
stance 
width (%) 

Off 10.03 (5.17) F(1.74,15.63) = 
0.30 

0.714 0.03 0.09 

30Hz 5.73 (0.94)     
60Hz 8.43 (2.13)     
Baseline 
 

11.92 (7.15)     
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Table A-7. Continued 
Measure Frequency 

Setting 
Mean (SE) Statistical 

Test 
 F value 

P Partial  
Eta  
Squared 

Observed 
Power 

CV of 
time to 
swing 
leg heel 
rise (%) 
 

Off 29.83 (5.84) F(3,27) = 0.28 0.838 0.03 0.10 
30Hz 26.73 (2.24)     
60Hz 24.68 (4.48)     
Baseline 29.62 (5.62)     

CV of 
time to 
swing 
leg toe 
off (%) 
 

Off 18.65 (3.04) F(3,27) = 0.86 0.472 0.09 0.21 
30Hz 15.53 (1.32)     
60Hz 13.86 (2.01)     
Baseline 18.53 (3.20)     

CV of 
time to 
stance 
leg heel 
rise (%) 

Off 25.87 (4.17) F(3,27) = 0.25 0.863 0.03 0.09 
30Hz 25.21 (2.33)     
60Hz 21.75 (3.24)     
Baseline 
 

25.43 (4.85)     

CV of 
time to 
stance 
leg toe 
off (%) 

Off 16.69 (2.88) F(3,27) = 0.70 0.563 0.07 0.18 
30Hz 13.95 (1.42)     
60Hz 12.84 (1.83)     
Baseline 16.69 (2.90)     

* Significant difference (P < 0.05); † Statistical trend (0.05 <= P <= 0.07); SE – Standard Error, 
Hz - Hertz 
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Table A-8. Descriptive statistics and Univariate test results for Spatio-Temporal measures 
during Gait related to Specific Aim-1.  

Measure Frequency 
Seting 

Mean (SE) Statistical Test 
 F value 

P Partial  
Eta  
Squared 

Observed 
Power 

Cadence 
(steps/minut
e) 

Off 101 (3) F(3,27) = 1.83 0.165 0.17 0.42 
30Hz 102 (3)     
60Hz 105 (2)     
Baseline 
 

105 (3)     

Walking 
speed (cm/s) 

Off 91.4 (7.6) † F(3,27) = 3.49 0.029* 0.28 0.71 
30Hz 96.3 (7.6)     
60Hz 100.3 (7.2) †     
Baseline 
 

98.5 (6.8)     

Stride time 
(s) 

Off 1.20 (0.04) F(1.41,12.66) 
= 2.12 

0.167 0.19 0.31 

30Hz 1.18 (0.03)     
60Hz 1.15 (0.02)     
Baseline 
 

1.15 (0.03)     

Step time (s) Off 0.60 (0.02) F(1.41,12.67) 
= 1.75 

0.213 0.16 0.26 

30Hz 0.59 (0.02)     
60Hz 0.58 (0.01)     
Baseline 
 

0.58 (0.02)     

Opposite foot 
off (%) 

Off 16.87 (0.83) F(3,27) = 0.98 0.416 0.10 0.24 
30Hz 16.44 (0.75)     
60Hz 16.22 (0.55)     
Baseline 
 

16.79 (0.63)     

Opposite foot 
contact (%) 

Off 50.20 (0.11) F(3,27) = 3.44 0.031 * 0.28 0.71 
30Hz 49.76 (0.13)     
60Hz 49.79 (0.15)     
Baseline 
 

50.10 (0.14)     

Foot off (%) Off 66.99 (0.84) F(3,27) = 1.06 0.383 0.11 0.25 
30Hz 66.50 (0.74)     
60Hz 66.19 (0.54)     
Baseline 
 

66.87 (0.62)     

Single 
support time 
(s) 

Off 0.40 (0.01) F(3,27) = 2.33 0.097 0.21 0.52 
30Hz 0.39 (0.01)     
60Hz 0.39 (0.01)     
Baseline 0.38 (0.01)     
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Table A-8. Continued 
Measure Frequency 

Setting 
Mean (SE) Statistical Test 

 F value 
P Partial  

Eta  
Squared 

Observed 
Power 

Double 
support 
time (s) 

Off 0.41 (0.03) F(3,27) = 1.20 0.329 0.12 0.29 
30Hz 0.39 (0.02)     
60Hz 0.38 (0.02)     
Baseline 
 

0.39 (0.02)     

Stride 
length 
(cm) 

Off 107.6 (6.6) F(3,27) = 1.96 0.144 0.18 0.45 
30Hz 111.3 (6.2)     
60Hz 113.7 (5.9)     
Baseline 
 

111.9 (5.2)     

Step 
length 
(cm) 

Off 54.0 (3.3) F(1.81,16.32) = 
1.82 

0.196 0.17 0.31 

30Hz 55.8 (3.0)     
60Hz 57.1 (2.9)     
Baseline 56.2 (2.4)     

* Significant difference (P < 0.05); † Statistical trend (0.05 <= P < 0.07); SE – Standard Error, 
cm – centimeter, s – second, Hz – Hertz 
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Table A-9. Descriptive statistics and Univariate test results for Coefficient of Variation (CV) of 
Spatio-Temporal measures during Gait related to Specific Aim-1.  

Measure Frequency 
Setting 

Mean (SE) Statistical Test 
 F value 

P PES Observed 
Power 

CV of 
cadence 
(%) 

Off 4.27 (0.63) F(3,27) = 1.50 0.238 0.14 0.35 
30Hz 4.20 (0.64)     
60Hz 3.09 (0.43)     
Baseline 
 

3.62 (0.34)     

CV of 
walking 
speed 
(%) 

Off 8.14 (2.09) F(1.21,10.86) = 1.82 0.208 0.17 0.25 
30Hz 5.78 (0.79)     
60Hz 4.57 (0.47)     
Baseline 
 

6.29 (0.89)     

CV of 
stride 
time  
(%) 

Off 4.44 (0.91) F(3,27) = 1.13 0.354 0.11 0.27 
30Hz 4.02 (0.54)     
60Hz 3.10 (0.43)     
Baseline 
 

3.61 (0.34)     

CV of 
step 
time (%) 

Off 5.19 (0.95) F(3,27) = 1.29 0.299 0.13 0.30 
30Hz 4.95 (0.49)     
60Hz 3.88 (0.59)     
Baseline 
 

5.03 (0.54)     

CV of 
opposite 
foot off 
(%) 

Off 11.96 (3.06) F(1.27,11.41) = 0.47 0.554 0.05 0.10 
30Hz 10.78 (1.27)     
60Hz 9.25 (1.04)     
Baseline 
 

10.22 (1.11)     

CV of 
opposite 
foot 
contact 
(%) 
 

Off 3.00 (0.29) * F(3,27) = 4.03 0.017 * 0.31 0.78 
30Hz 3.22 (0.19) †     
60Hz 2.28 (0.30) 

*† 
    

Baseline 2.80 (0.30)     

CV of 
foot off 
(%) 

Off 3.26 (0.79) F(1.42,12.74) = 0.95 0.382 0.10 0.16 
30Hz 2.53 (0.21)     
60Hz 2.35 (0.18)     
Baseline 
 

2.82 (0.36)     

CV of 
single 
support 
time (%) 

Off 7.71 (1.43) F(3,27) = 1.68 0.195 0.16 0.39 
30Hz 6.98 (1.04)     
60Hz 5.33 (0.81)     
Baseline 5.69 (0.77)     
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Table A-9. Continued 

Measure Frequency 
Setting 

Mean (SE) Statistical Test 
 F value 

P PES Observed 
Power 

CV of 
double 
support 
time (%) 

Off 13.70 (5.51) F(1.14,10.28) = 0.57 0.489 0.06 0.11 
30Hz 9.46 (1.17)     
60Hz 9.60 (1.09)     
Baseline 
 

9.81 (1.12)     

CV of 
stride 
length 
(%) 

Off 6.85 (2.30) F(1.43,12.85) = 1.04 0.356 0.10 0.17 
30Hz 4.44 (0.85)     
60Hz 4.12 (0.52)     
Baseline 
 

5.46 (0.97)     

CV of 
step 
length 
(%) 

Off 8.04 (2.34) F(1.10,9.75) = 0.91 0.373 0.09 0.14 
30Hz 6.32 (1.27)     
60Hz 4.27 (0.54)     
Baseline 15.97 

(10.24) 
    

* Significant difference (P < 0.05); † Statistical trend (0.05 <= P <= 0.07); SE – Standard Error, 
Hz – Hertz, PES – Partial Eta Squared 
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Table A-10. Descriptive statistics and Univariate test results for Unified Parkinson’s Disease 
Rating Scale’s Part-III (Motor) evaluation sub-scores and total score related to 
Specific Aim-1.  

Measure Frequency 
Setting 

Mean 
(SE) 

Statistical Test 
 F value 

P PES Observed 
Power 

Tremor sub-
score 

Off 2.4 (0.7) F(3,27) = 1.61 0.211 0.15 0.37 
30Hz 2.3 (0.9)     
60Hz 2.3 (1.2)     
Baseline 
 

1.3 (0.7)     

Bradykinesia 
sub-score 

Off 16.8 (1.8) F(3,27) = 3.04 0.046 * 0.25 0.65 
30Hz 15.1 (1.3)     
60Hz 14.5 (1.4)     
Baseline 
 

15.1 (1.3)     

Posture sub-
score 

Off 0.9 (0.2) F(3,27) = 1.54 0.227 0.15 0.36 
30Hz 0.8 (0.2)     
60Hz 1.1 (0.2)     
Baseline 
 

0.9 (0.2)     

Gait sub-
score 

Off 1.5 (0.3) F(3,27) = 1.00 0.408 0.10 0.24 
30Hz 1.3 (0.2)     
60Hz 1.3 (0.2)     
Baseline 
 

1.3 (0.2)     

Balance sub-
score 

Off 0.5 (0.2) F(3,27) = 1.50 0.237 0.14 0.35 
30Hz 0.1 (0.1)     
60Hz 0.2 (0.1)     
Baseline 
 

0.4 (0.2)     

Speech sub-
score 

Off 1.3 (0.3) F(3,27) = 3.86 0.020 * 0.30 0.76 
30Hz 1.6 (0.3)     
60Hz 1.6 (0.3)     
Baseline 
 

1.8 (0.3)     

Facial 
Expression 
sub-score 

Off 1.2 (0.2) F(3,27) = 0.64 0.594 0.07 0.17 
30Hz 1.3 (0.2)     
60Hz 1.2 (0.1)     
Baseline 
 

1.3 (0.2)     

Total 
UPDRS Part-
III score 

Off 24.6 (2.5) 
† 

F(3,27) = 3.23 0.038 * 0.26 0.68 

30Hz 22.5 (2.1) 
† 

    

60Hz 22.2 (2.5)     
Baseline 22.1 (2.3)     
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Table A-10. Continued 
Measure Frequency 

Setting 
Mean 
(SE) 

Statistical 
Test 
 F value 

P PES Observed 
Power 

Rigidity sub-
score 

Off 9.1 (1.0) F(3,27) = 5.09 0.006 * 0.36 0.88 
30Hz 6.6 (1.0)     
60Hz 6.7 (1.0)     
Baseline 6.6 (0.8)     

* Significant difference (P < 0.05); † Statistical trend (0.05 <= P <= 0.07); SE – Standard Error, 
Hz – Hertz, PES – Partial Eta Squared, UPDRS - Unified Parkinson’s Disease Rating Scale’s 
Part-III (Motor evaluation); All the sub-scores (except rigidity) and the total UPDRS score are 
from an investigator who was blinded to the settings. Also, total score does not include rigidity 
sub-score. 
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Table A-11. MANOVA test results of frequency and voltage interaction and main effects for trials 
related to Specific Aim-2.   

Trial Dependent 
Variable(s) 

Effect Statistical Parameters 

Eyes Open AP and ML 
range, Sway 
area, RMS 
AP and ML 
displacement, 
RMS AP and 
ML velocity 
 

Interaction 
 
 
Frequency 
Main Effect 
 
 
Voltage Main 
Effect 
 

Wilks’ λ = 0.45, 
F (14.00,20.00) = 0.69, P = 0.758 
 
Wilks’ λ = 0.06, 
F (7.00,2.00) = 4.39, P = 0.198 
 
 
Wilks’ λ = 0.24, 
F (14.00,20.00) = 1.51, P = 0.194 
 

Eyes Closed AP and ML 
range, Sway 
area, RMS 
AP and ML 
displacement, 
RMS AP and 
ML velocity 
 

Interaction 
 
 
Frequency 
Main Effect 
 
 
Voltage Main 
Effect 
 

Wilks’ λ = 0.24, 
F (14.00,20.00) = 1.48, P = 0.208 
 
Wilks’ λ = 0.199, 
F (7.00,2.00) = 1.15, P = 0.540 
 
 
Wilks’ λ = 0.26, 
F (14.00,20.00) = 1.38, P = 0.250 
 

GI (CoP 
measures) 

CoP 
displacement 
and velocity in 
AP and ML 
directions, in 
the three 
phases (S1, 
S2, S3) 
 

Interaction 
 
 
Frequency 
Main Effect 
 
 
Voltage Main 
Effect 
 

Wilks’ λ = 0.28, 
F (24.00,14.00) = 0.53, P = 0.918 
 
Wilks’ λ = 0.03, 
F (9.00,1.00) = 3.56, P = 0.391 
 
 
Wilks’ λ = 0.33, 
F (24.00,14.00) = 0.43, P = 0.966 
 

GI (CoP-
CoM 
measures) 

Maximum 
CoP-CoM 
separation 
distance in 
AP, ML and 
resultant 
directions in 
directions, in 
the three 
phases (S1, 
S2, S3) 
 

Interaction 
 
 
Frequency 
Main Effect 
 
 
Voltage Main 
Effect 
 

Wilks’ λ = 0.11, 
F (18.00,16.00) = 0.84, P = 0.113 
 
Wilks’ λ = 0.06, 
F (8.00,1.00) = 2.06, P = 0.494 
 
 
Wilks’ λ = 0.38, 
F (18.00,16.00) = 0.56, P = 0.886 
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Table A-11. Continued 
Trial Dependent 

Variable(s) 
Effect Statistical Parameters 

GI 
(Spatiotemporal 
measures) 

Step length, 
step velocity, 
step time, time 
to heel rise, 
toe off and 
heel strike of 
swing and 
stance legs.  
 

Interaction 
 
 
Frequency 
Main Effect 
 
 
Voltage 
Main Effect 
 

Wilks’ λ = 0.35, 
F (22.00,16.00) = 0.50, P = 0.934 
 
Wilks’ λ = 0.04, 
F (9.00,1.00) = 2.53, P = 0.456 
 
 
Wilks’ λ = 0.26, 
F (22.00,16.00) = 0.70, P = 0.782 
 

GI (Variability 
of 
Spatiotemporal 
measures) 

CV of Step 
length, step 
velocity, step 
time, time to 
heel rise, toe 
off and heel 
strike of swing 
and stance 
legs.  
 

Interaction 
 
 
Frequency 
Main Effect 
 
 
Voltage 
Main Effect 
 

Wilks’ λ = 0.18, 
F (22.00,16.00) = 1.01, P = 0.500 
 
Wilks’ λ = 0.002, 
F (9.00,1.00) = 67.27, P = 0.094 
 
 
Wilks’ λ = 0.15, 
F (22.00,16.00) = 1.13, P = 0.405 
 

Gait 
(Spatiotemporal 
measures) 

Cadence, 
walking 
speed, stride 
and step time, 
opposite foot 
off, opposite 
foot contact, 
foot off, single 
support and 
double 
support time, 
stride and 
step length 
 

Interaction 
 
 
Frequency 
Main Effect 
 
 
Voltage 
Main Effect 
 

Wilks’ λ = 0.14, 
F (22.00,16.00) = 1.20, P = 0.359 
 
Wilks’ λ = 0.001, 
F (9.00,1.00) = 98.34, P = 0.078 
 
 
Wilks’ λ = 0.24, 
F (22.00,16.00) = 0.75, P = 0.738 
 

Gait (Variability 
of 
Spatiotemporal 
measures) 

CV of 
Cadence, 
walking 
speed, stride 
& step time, 
opposite foot 
off & contact, 
foot off, single 
& double 
support time, 
stride & step 
length 

Interaction 
 
 
Frequency 
Main Effect 
 
 
Voltage 
Main Effect 
 

Wilks’ λ = 0.14, 
F (22.00,16.00) = 1.22, P = 0.347 
 
Wilks’ λ = 0.06, 
F (9.00,1.00) = 1.62, P = 0.548 
 
 
Wilks’ λ = 0.25, 
F (22.00,16.00) = 0.74, P = 0.75 
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Table A-11. Continued 
Trial Dependent 

Variable(s) 
Effect Statistical Parameters 

UPDRS Part-
III 

Tremor, 
bradykinesia, 
posture, gait, 
balance, 
speech, facial 
expression, 
total score, 
rigidity 

Interaction 
 
 
Frequency 
Main Effect 
 
 
Voltage 
Main Effect 
 

Wilks’ λ = 0.23, 
F (16.00,22.00) = 1.47, P = 0.199 
 
Wilks’ λ = 0.04, 
F (8.00,2.00) = 5.64, P = 0.159 
 
 
Wilks’ λ = 0.39, 
F (16.00,22.00) = 0.83, P = 0.646 
 

No significant differences for any measures; AP – Anterior-Posterior direction, ML – Medio-
Lateral direction, RMS – Root Mean Square, CoP – Center of Pressure, CoM – Center of Mass, 
CV – Coefficient of Variation, UPDRS – Unified Parkinson Disease Rating Scale 
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Table A-12. Descriptive statistics and Univariate test results of interaction of frequency and 
voltage for Center of Pressure related balance measures from Eyes Open trials 
related to Specific Aim-2.   

Measure Frequency 
setting 

Voltage 
setting 

Mean (SE) Statistical Test  
F value 

P PES OP 

ML 
range 
(cm) 

30Hz BV 3.5 (0.5) F(1.23,9.80) = 
0.05 
 

0.866 
 

0.01 0.06 
HV 3.9 (1.0) 
MV 3.3 (0.5) 

60Hz BV 3.5 (0.7) 
HV 4.0 (1.0) 
MV 3.2 (0.5) 

 
AP 
range 
(cm) 

30Hz BV 4.3 (0.4) F(2,16) = 1.38 
 

0.281 0.15 0.25 
HV 4.6 (0.5) 
MV 4.2 (0.5) 

60Hz BV 4.1 (0.5) 
HV 4.3 (0.5) 
MV 4.4 (0.4) 

 
Sway 
area 
(square 
cm) 

30Hz BV 16.8 (4.1) F(1.14,9.09) = 
0.04 
 

0.872 0.01 0.05 
HV 20.8 (7.2) 
MV 15.0 (4.2) 

60Hz BV 17.0 (5.2) 
HV 19.6 (6.4) 
MV 14.4 (3.0) 

 
RMS ML 
displace
ment 
(cm) 

30Hz BV 0.24 (0.03) F(1.13,9.05) = 
0.47 
 

0.533 0.06 0.10 
HV 0.30 (0.03) 
MV 0.31 (0.04) 

60Hz BV 0.26 (0.03) 
HV 0.28 (0.03) 
MV 0.34 (0.06) 

 
RMS AP 
displace
ment 
(cm) 

30Hz BV 0.31 (0.06) F(1.20,9.58) = 
0.04 
 

0.889 0.01 0.05 
HV 0.34 (0.06) 
MV 0.34 (0.07) 

60Hz BV 0.35 (0.07) 
HV 0.39 (0.08) 
MV 0.38 (0.06) 

 
RMS ML 
velocity 
(cm/s) 

30Hz BV 86.6 (10.9) F(2,16) = 1.04 
 

0.378 0.12 0.20 
HV 106.6 (10.2) 
MV 110.7 (13.2) 

60Hz BV 92.7 (12.3) 
HV 100.5 (9.5) 
MV 109.1 (14.8) 
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Table A-12. Continued 
Measure Frequency 

setting 
Voltage 
setting 

Mean (SE) Statistical Test  
F value 

P PES OP 

RMS AP 
velocity 
(cm/s) 

30Hz BV 21.5 (3.6) F(2,16) = 0.20 
 

0.821 0.02 0.08 
HV 22.1 (3.6) 
MV 22.5 (4.2) 

60Hz BV 24.0 (4.3) 
HV 25.5 (4.9) 
MV 26.8 (4.3) 

No significant differences were found (P > 0.05); SE – Standard Error, BV – baseline voltage, 
HV – high voltage, MV – maximum tolerable voltage, ML – Medio-Lateral, AP – Antero-
Posterior, RMS – Root Mean Square, cm – centimeter, s – second, Hz – Hertz, PES – Partial 
Eta Squared, OP – Observed Power 
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Table A-13. Descriptive statistics and Univariate test results of Frequency Main Effect for Center 
of Pressure related balance measures from Eyes Open trials related to Specific Aim-
2.   

Measure Frequency 
setting 

Mean (SE) Statistical Test  
F value 

P PES Observed 
Power 

ML range 
(cm) 

30Hz 3.6 (0.6) F(1,8) = 0.01 
 

0.923 
 

0.00 0.05 

60Hz 3.6 (0.6) 

AP range 
(cm) 

30Hz 4.4 (0.5) F(1,8) = 0.19 
 

0.671 0.02 0.07 

60Hz 4.3 (0.4) 

Sway 
area 
(square 
cm) 

30Hz 17.53 (4.77) F(1,8) = 0.07 
 

0.80 0.01 0.06 

60Hz 17.02 (4.02) 

RMS ML 
displace
ment 
(cm) 

30Hz 0.28 (0.03) F(1,8) = 0.22 0.648 0.03 0.07 

60Hz 0.29 (0.02) 

RMS AP 
displace
ment 
(cm) 

30Hz 0.33 (0.04) F(1,8) = 1.25 
 

0.296 0.14 0.17 

60Hz 0.37 (0.05) 

RMS ML 
velocity 
(cm/s) 

30Hz 101.3 (10.0) F(1,8) = 0.04 
 

0.853 0.01 0.05 

60Hz 100.8 (10.5) 

RMS AP 
velocity 
(cm/s) 

30Hz 22.1 (2.8) F(1,8) = 3.73 0.089 0.32 0.40 

60Hz 25.5 (3.7) 

No significant differences were found (P > 0.05); SE – Standard Error, ML – Medio-Lateral, AP 
– Antero-Posterior, RMS – Root Mean Square, cm – centimeter, s – second, Hz – Hertz, PES – 
Partial Eta Squared 
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Table A-14. Descriptive statistics and Univariate test results of Voltage Main Effect for Center of 
Pressure related balance measures from Eyes Open trials related to Specific Aim-2.   

Measure Voltage 
setting 

Mean (SE) Statistical Test  
F value 

P PES Observed 
Power 

ML range 
(cm) 

BV 3.5 (0.5) F(2,16) = 0.57 
 

0.576 
 

0.07 0.13 
HV 3.9 (1.0) 
MV 
 

3.2 (0.5) 

AP range 
(cm) 

BV 4.2 (0.4) F(2,16) = 1.11 
 

0.354 0.12 0.21 
HV 4.5 (0.4) 
MV 
 

4.3 (0.5) 

Sway area 
(square 
cm) 

BV 16.91 (4.02) F(2,16) = 0.89 
 

0.430 0.10 0.18 
HV 20.18 (6.74) 
MV 
 

14.74 (3.30) 

RMS ML 
displacem
ent (cm) 

BV 0.25 (0.03) F(1.21,9.69) = 1.94 
 

0.175 0.20 0.34 
HV 0.29 (0.03) 
MV 
 

0.32 (0.04) 

RMS AP 
displacem
ent (cm) 

BV 0.33 (0.07) F(1.06,8.46) = 0.13 
 

0.740 0.02 0.06 
HV 0.37 (0.07) 
MV 
 

0.36 (0.04) 

RMS ML 
velocity 
(cm/s) 

BV 89.63 (11.23) F(2,16) = 2.23 
 

0.140 0.22 0.39 
HV 103.51 (9.53) 
MV 
 

109.89 
(13.71) 

RMS AP 
velocity 
(cm/s) 

BV 22.78 (3.81) F(1.07,8.56) = 0.10 
 

0.781 0.01 0.06 
HV 23.82 (4.21) 
MV 24.67 (4.02) 

No significant differences were found (P > 0.05); SE – Standard Error, BV – baseline voltage, 
HV – high voltage, MV – maximum tolerable voltage, ML – Medio-Lateral, AP – Antero-
Posterior, RMS – Root Mean Square, cm – centimeter, s – second , PES – Partial Eta Squared 
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Table A-15. Descriptive statistics and Univariate test results of interaction of frequency and 
voltage for Center of Pressure related balance measures from Eyes Closed trials 
related to Specific Aim-2.   

Measure Frequency 
setting 

Volt-
age 
setting 

Mean (SE) Statistical Test  
F value 

P PES OP 

ML 
range 
(cm) 

30Hz BV 3.2 (0.6) F(1.26,10.16) = 0.52 
 

0.528 
 

0.06 0.11 
HV 3.2 (0.5) 
MV 3.4 (0.6) 

60Hz BV 3.7 (0.5) 
HV 3.8 (0.6) 
MV 3.5 (0.5) 

 
AP 
range 
(cm) 

30Hz BV 4.7 (0.4) F(2,16) = 2.21 
 

0.142 0.22 0.39 
HV 4.8 (0.3) 
MV 4.7 (0.3) 

60Hz BV 4.9 (0.4) 
HV 4.9 (0.4) 
MV 5.4 (0.4) 

 
Sway 
area 
(square 
cm) 

30Hz BV 16.39 (3.58) F(2,16) = 0.06 0.946 0.01 0.06 
HV 16.08 (3.25) 
MV 17.01 (3.21) 

60Hz BV 19.44 (3.95) 
HV 19.80 (4.20) 
MV 19.78 (3.38) 

 
RMS ML 
displace
ment 
(cm) 

30Hz BV 0.24 (0.03) F(2,16) = 1.39 
 

0.279 0.15 0.25 
HV 0.29 (0.03) 
MV 0.31 (0.04) 

60Hz BV 0.26 (0.03) 
HV 0.28 (0.03) 
MV 0.30 (0.04) 

 
RMS AP 
displace
ment 
(cm) 

30Hz BV 0.31 (0.06) F(2,16) = 0.03 
 

0.968 0.07 0.06 
HV 0.34 (0.05) 
MV 0.35 (0.07) 

60Hz BV 0.35 (0.07) 
HV 0.38 (0.08) 
MV 0.39 (0.07) 

 
RMS ML 
velocity 
(cm/s) 

30Hz BV 85.88 (11.08) F(2,16) = 1.39 
 

0.277 0.15 0.26 
HV 105.46 (9.76) 
MV 110.00 

(12.64) 
60Hz BV 93.10 (12.39) 

HV 99.71 (9.40) 
MV 108.48 

(14.26) 
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Table A-15. Continued 
Measure Frequency 

setting 
Voltage 
setting 

Mean (SE) Statistical 
Test  
F value 

P PES OP 

RMS AP 
velocity 
(cm/s) 

30Hz BV 21.67 (3.43) F(2,16) = 0.04 
 

0.964 0.01 0.06 
HV 22.20 (3.52) 
MV 23.03(4.67) 

60Hz BV 23.59 (4.22) 
HV 24.98 (5.35) 
MV 25.10 (4.39) 

No significant differences were found (P > 0.05); SE – Standard Error, BV – baseline voltage, 
HV – high voltage, MV – maximum tolerable voltage, ML – Medio-Lateral, AP – Antero-
Posterior, RMS – Root Mean Square, cm – centimeter, s – second, Hz – Hertz , PES – Partial 
Eta Squared, OP -  Observed Power 
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Table A-16. Descriptive statistics and Univariate test results of Frequency Main Effect for Center 
of Pressure related balance measures from Eyes Closed trials related to Specific 
Aim-2.   

Measure Frequency 
setting 

Mean (SE) Statistical Test  
F value 

P PES Observed 
Power 

ML range 
(cm) 

30Hz 3.3 (0.5) F(1,8) = 2.73 0.137 0.25 0.31 

60Hz 3.6 (0.5) 

AP range 
(cm) 

30Hz 4.8 (0.3) F(1,8) = 1.65 0.235 0.17 0.21 

60Hz 5.1 (0.4) 

Sway 
area 
(square 
cm) 

30Hz 16.49 
(3.27) 

F(1,8) = 10.62 0.012
* 

0.57 0.81 

60Hz 19.68 
(3.45) 

RMS ML 
displace
ment 
(cm) 

30Hz 0.28 (0.03) F(1,8) = 0.00 0.991 0.00 0.05 

60Hz 0.28 (0.03) 

RMS AP 
displace
ment 
(cm) 

30Hz 0.37 (0.04) F(1,8) = 2.37 
 

0.163 0.23 0.27 

60Hz 0.37 (0.05) 

RMS ML 
velocity 
(cm/s) 

30Hz 100.45 
(9.70) 

F(1,8) = 0.00 
 

0.994 0.00 0.05 

60Hz 100.43 
(10.40) 

RMS AP 
velocity 
(cm/s) 

30Hz 22.30 
(2.88) 

F(1,8) = 2.22 0.175 0.22 0.26 

60Hz 24.56 
(3.74) 

* Significant difference (P < 0.05); SE – Standard Error, ML – Medio-Lateral, AP – Antero-
Posterior, RMS – Root Mean Square, cm – centimeter, s – second, Hz – Hertz , PES – Partial 
Eta Squared 
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Table A-17. Descriptive statistics and Univariate test results of Voltage Main Effect for Center of 
Pressure related balance measures from Eyes Closed trials.   

Measure Voltage 
setting 

Mean (SE) Statistical Test  
F value 

P Partial Eta 
Squared 

Observed 
Power 

ML range 
(cm) 

BV 3.5 (0.5) F(2,16) = 0.04 
 

0.961 
 

0.01 0.06 
HV 3.5 (0.5) 
MV 
 

3.4 (0.5) 

AP range 
(cm) 

BV 4.8 (0.4) F(2,16) = 0.72 
 

0.504 0.08 0.15 
HV 4.8 (0.3) 
MV 
 

5.1 (0.3) 

Sway 
area 
(square 
cm) 

BV 17.91 (3.59) F(2,16) = 0.05 
 

0.956 0.01 0.06 
HV 17.94 (3.68) 
MV 
 

18.40 (3.16) 

RMS ML 
displace
ment 
(cm) 

BV 0.25 (0.03) F(2,16) = 2.20 
 

0.147 0.21 0.38 
HV 0.28 (0.03) 
MV 
 

0.30 (0.04) 

RMS AP 
displace
ment 
(cm) 

BV 0.33 (0.07) F(1.03,8.25) = 
0.14 
 

0.724 0.02 0.06 
HV 0.36 (0.07) 
MV 
 

0.37 (0.07) 

RMS ML 
velocity 
(cm/s) 

BV 89.49 
(11.43) 

F(2,16) = 2.20 
 

0.145 0.21 0.38 

HV 102.58 
(9.30) 

MV 
 

109.24 
(13.19) 

RMS AP 
velocity 
(cm/s) 

BV 22.63 (3.66) F(1.05,8.37) = 
0.06 
 

0.831 0.01 0.06 
HV 23.59 (4.41) 
MV 24.07 (4.29) 

No significant differences were found (P > 0.05); SE – Standard Error, BV – baseline voltage, 
HV – high voltage, MV – maximum tolerable voltage, ML – Medio-Lateral, AP – Antero-
Posterior, RMS – Root Mean Square, cm – centimeter, s – second 
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Table A-18. Descriptive statistics and Univariate test results of interaction of frequency and 
voltage for Center of Pressure related measures from Gait Initiation trials related to 
Specific Aim-2. 

Measure Frequency 
setting 

Voltage 
setting 

Mean (SE) Statistical 
Test  
F value 

P PES OP 

ML 
displaceme
nt in S1 
phase (cm) 

30Hz BV 1.3 (0.2) F(2,18) = 1.01 0.384 
 

0.10 0.20 
HV 1.6 (0.3) 
MV 1.4 (0.3) 

60Hz BV 1.1 (0.2) 
HV 1.2 (0.3) 
MV 
 

1.5 (0.3) 

AP 
displaceme
nt in S1 
phase (cm) 

30Hz BV -1.2 (0.2) F(2,18) = 0.16 
 

0.853 0.02 0.07 
HV -1.4 (0.4) 
MV -1.3 (0.4) 

60Hz BV -1.2 (0.3) 
HV -1.2 (0.3) 
MV 
 

-1.3 (0.3) 

ML 
displaceme
nt in S2 
phase (cm) 

30Hz BV -10.7 (0.6) F(2,18) = 0.65 0.533 0.07 0.14 
HV -11.0 (0.8) 
MV -10.7 (0.7) 

60Hz BV -9.9 (0.8) 
HV -10.6 (0.6) 
MV 
 

-10.8 (0.7) 

AP 
displaceme
nt in S2 
phase (cm) 

30Hz BV 0.4 (0.8) F(2,18) = 0.43 
 

0.657 0.05 0.11 
HV 0.5 (0.6) 
MV 0.6 (0.7) 

60Hz BV 0.7 (0.8) 
HV 1.5 (0.8) 
MV 
 

1.0 (0.5) 

ML 
displaceme
nt in S3 
phase (cm) 

30Hz BV 0.2 (0.5) F(2,18) = 0.11 
 

0.893 0.01 0.07 
HV 0.0 (0.5) 
MV 0.0 (0.5) 

60Hz BV 0.1 (0.5) 
HV 0.0 (0.5) 
MV 
 

-0.2 (0.5) 

AP 
displaceme
nt in S3 
phase (cm) 

30Hz BV 15.2 (1.3) F(1.29,11.63) 
= 0.39 
 

0.596 0.04 0.10 
HV 14.7 (1.1) 
MV 14.5 (1.1) 

60Hz BV 14.4 (1.3) 
HV 13.9 (1.1) 
MV 
 

14.3 (1.1) 
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Table A-18. Continued 
Measure Frequency 

setting 
Voltage 
setting 

Mean (SE) Statistical 
Test  
F value 

P PES OP 

ML 
velocity 
in S1 
phase 
(cm/s) 

30Hz BV 4.9 (0.7) F(2,18) = 1.28 
 

0.301 0.13 0.24 
HV 6.1 (1.4) 
MV 4.8 (1.2) 

60Hz BV 4.0 (0.7) 
HV 5.0 (1.4) 
MV 
 

5.4 (0.9) 

AP 
velocity 
in S1 
phase 
(cm/s) 

30Hz BV -4.2 (1.0) F(2,18) = 0.14 
 

0.870 0.02 0.07 
HV -5.7 (1.6) 
MV -4.6(1.3) 

60Hz BV -4.3 (0.9) 
HV -5.5 (1.5) 
MV 
 

-5.0 (1.2) 

ML 
velocity 
in S2 
phase 
(cm/s) 

30Hz BV -20.5 (2.5) F(2,18) = 0.43 
 

0.657 0.05 0.11 
HV -21.6 (3.1) 
MV -22.2 (3.9) 

60Hz BV -18.6 (2.6) 
HV -19.3 (2.9) 
MV 
 

-22.6 (3.4) 

AP 
velocity 
in S2 
phase 
(cm/s) 

30Hz BV 0.0 (1.5) F(2,18) = 0.46 
 

0.638 0.05 0.11 
HV 0.6 (1.2) 
MV 0.7 (1.5) 

60Hz BV 0.1 (1.2) 
HV 1.5 (1.3) 
MV 
 

0.6 (1.1) 

ML 
velocity 
in S3 
phase 
(cm/s) 

30Hz BV 0.4 (0.8) F(2,18) = 0.11 
 

0.895 0.01 0.06 
HV 0.1 (0.7) 
MV 0.2 (0.9) 

60Hz BV 0.2 (0.8) 
HV 0.0 (0.7) 
MV 
 

0.0 (0.8) 

AP 
velocity 
in S3 
phase 
(cm/s) 

30Hz BV 25.4 (2.4) F(2,18) = 0.75 
 

0.487 0.08 0.16 
HV 23.9 (2.3) 
MV 25.4 (2.8) 

60Hz BV 22.8 (2.5) 
HV 23.2 (2.9) 
MV 22.9 (2.4) 

No significant differences were found (P > 0.05);  SE – Standard Error, BV – baseline voltage, 
HV – high voltage, MV – maximum tolerable voltage, ML – Medio-Lateral, AP – Antero-
Posterior, cm – centimeter, s – second, Hz – Hertz, PES – Partial Eta Squared,  
OP – Observed Power; negative value indicates movement in either posterior or medial 
direction 
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Table A-19. Descriptive statistics and Univariate test results of Frequency Main Effect for Center 
of Pressure related measures from Gait Initiation trials related to Specific Aim-2.   

Measure Frequency 
setting 

Mean (SE) Statistical Test  
F value 

P PES OP 

ML displacement 
in S1 phase (cm) 

30Hz 1.4 (0.3) F(1,9) = 3.58 0.091 
 

0.28 0.39 

60Hz 1.3 (0.3) 

AP displacement 
in S1 phase (cm) 

30Hz -1.3 (0.3) F(1,9) = 1.14 0.313 0.11 0.16 

60Hz -1.2 (0.3) 

ML displacement 
in S2 phase (cm) 

30Hz -10.8 (0.5) F(1,9) = 1.52 0.249 0.14 0.20 

60Hz -10.4 (0.6) 

AP displacement 
in S2 phase (cm) 

30Hz 0.5 (0.6) F(1,9) = 4.93 0.053 
† 

0.35 0.51 

60Hz 1.1 (0.7) 

ML displacement 
in S3 phase (cm) 

30Hz 0.1 (0.4) F(1,9) = 0.70 
 

0.424 0.07 0.12 

60Hz -0.1 (0.5) 

AP displacement 
in S3 phase (cm) 

30Hz 14.8 (1.1) F(1,9) = 7.50 
 

0.023 
* 

0.46 0.69 

60Hz 14.2 (1.1) 

ML velocity in S1 
phase (cm/s) 

30Hz 5.3 (1.0) F(1,9) = 1.80 0.212 0.17 0.23 

60Hz 4.8 (0.9) 
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Table A-19. Continued 
Measure Frequency 

setting 
Mean (SE) Statistical Test  

F value 
P PES OP 

AP velocity in S1 
phase (cm/s) 

30Hz -4.8 (1.2) F(1,9) = 0.10 
 

0.765 0.01 0.06 

60Hz -4.9 (1.1) 

ML velocity in S2 
phase (cm/s) 

30Hz -21.4 (2.9) F(1,9) = 2.06 
 

0.185 0.19 0.25 

60Hz -20.2 (2.8) 

 AP velocity in 
S2 phase (cm/s) 

30Hz 0.4 (1.3) F(1,9) = 0.39 
 

0.548 0.04 0.09 

60Hz 0.7 (1.1) 

ML velocity in S3 
phase (cm/s) 

30Hz 0.2 (0.7) F(1,9) = 0.50 
 

0.497 0.05 0.10 

60Hz 0.1 (0.7) 

AP velocity in S3 
phase (cm/s) 

30Hz 24.9 (2.4) F(1,9) = 17.12 
 

0.003 
* 

0.66 0.96 

60Hz 23.0 (2.6) 

* Significant difference (P < 0.05); † Statistical Trend (0.05 <= P <= 0.07); SE – Standard Error, 
ML – Medio-Lateral, AP – Antero-Posterior, cm – centimeter, s – second, Hz – Hertz, PES – 
Partial Eta Squared, OP – Observed Power; negative value indicates movement in either 
posterior or medial direction 
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Table A-20. Descriptive statistics and Univariate test results of Voltage Main Effect for Center of 
Pressure related measures from Gait Initiation trials related to Specific Aim-2.   

Measure Voltage 
setting 

Mean (SE) Statistical Test  
F value 

P PES OP 

ML 
displacement in 
S1 phase (cm) 

BV 1.2 (0.2) F(2,18) = 0.66 0.529 0.07 0.14 
HV 1.4 (0.3) 
MV 
 

1.4 (0.3) 

AP 
displacement in 
S1 phase (cm) 

BV -1.2 (0.2) F(2,18) = 0.27 
 

0.769 0.03 0.09 
HV -1.3 (0.4) 
MV 
 

-1.3 (0.3) 

ML 
displacement in 
S2 phase (cm) 

BV -10.3 (0.6) F(2,18) = 0.48 0.624 0.05 0.12 
HV -10.8 (0.6) 
MV 
 

-10.7 (0.6) 

AP 
displacement in 
S2 phase (cm) 

BV 0.5 (0.7) F(2,18) = 0.81 
 

0.459 0.08 0.17 
HV 1.0 (0.7) 
MV 
 

0.8 (0.6) 

ML 
displacement in 
S3 phase (cm) 

BV 0.1 (0.5) F(2,18) = 0.27 0.763 0.03 0.09 
HV 0.0 (0.5) 
MV 
 

-0.1 (0.5) 

AP 
displacement in 
S3 phase (cm) 

BV 14.8 (1.2) F(1.49,11.59) = 
0.73 

0.445 0.08 0.13 
HV 14.3 (1.1) 
MV 
 

14.4 (1.1) 

ML velocity in 
S1 phase 
(cm/s) 

BV 4.5 (0.5) F(1.53,11.46) = 
1.06 

0.344 0.11 0.17 
HV 5.5 (1.4) 
MV 
 

5.1 (1.0) 

AP velocity in 
S1 phase 
(cm/s) 

BV -4.2 (0.9) F(2,18) = 1.76 0.200 0.16 0.32 
HV -5.6 (1.5) 
MV 
 

-4.8 (1.2) 

ML velocity in 
S2 phase 
(cm/s) 

BV -19.6 (2.4) F(2,18) = 1.91 0.177 0.18 0.34 
HV -20.4 (2.9) 
MV 
 

-22.4 (3.5) 

AP velocity in 
S2 phase 
(cm/s) 

BV 0.1 (1.3) F(2,18) = 1.26 0.308 0.12 0.24 
HV 1.0 (1.2) 
MV 
 

0.7 (1.2) 

ML velocity in 
S3 phase 
(cm/s) 

BV 0.3 (0.8) F(2,18) = 0.23 0.797 0.03 0.08 
HV 0.0 (0.7) 
MV 0.1 (0.8) 
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Table A-20. Continued 
Measure Voltage 

setting 
Mean (SE) Statistical Test  

F value 
P PES OP 

AP velocity in S3 
phase (cm/s) 

BV 24.1 (2.4) F(2,18) = 0.48 0.629 0.05 0.12 
HV 23.5 (2.5) 
MV 24.2 (2.6) 

No significant differences were found (P > 0.05); SE – Standard Error, BV – baseline voltage, 
HV – high voltage, MV – maximum tolerable voltage, ML – Medio-Lateral, AP – Antero-
Posterior, cm – centimeter, s – second, PES - Partial Eta Squared, 
 OP – Observed Power; negative value indicates movement in either posterior or medial 
direction 
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Table A-21. Descriptive statistics and Univariate test results of interaction of frequency and 
voltage for Center of Pressure (CoP) and Center of Mass (CoM) related measures 
from Gait Initiation trials related to Specific Aim-2.   

Measure Frequency 
setting 

Voltage 
setting 

Mean (SE) Statistical Test  
F value 

P PES OP 

ML CoP-
CoM 
distance in 
S1 phase 
(cm) 

30Hz BV 1.7 (0.2) F(2,16) = 0.51 0.611 0.06 0.12 
HV 1.9 (0.3) 
MV 1.8 (0.4) 

60Hz BV 1.6 (0.4) 
HV 1.5 (0.3) 
MV 
 

1.9 (0.4) 

AP CoP-
CoM 
distance in 
S1 phase 
(cm) 

30Hz BV 1.7 (0.4) F(2,16) = 0.44 0.653 0.05 0.11 
HV 2.0 (0.5) 
MV 1.9 (0.5) 

60Hz BV 1.9 (0.5) 
HV 1.7 (0.4) 
MV 
 

1.9 (0.5) 

Resultant 
CoP-CoM 
distance in 
S1 phase 
(cm) 

30Hz BV 2.5 (0.4) F(2,16) = 0.45 0.646 0.05 0.11 
HV 2.8 (0.6) 
MV 2.7 (0.6) 

60Hz BV 2.5 (0.6) 
HV 2.4 (0.5) 
MV 
 

2.7 (0.6) 

ML CoP-
CoM 
distance in 
S2 phase 
(cm) 

30Hz BV 7.3 (1.5) F(2,16) = 0.81 0.463 0.09 0.16 
HV 7.4 (1.5) 
MV 5.9 (0.5) 

60Hz BV 5.2 (0.5) 
HV 6.8 (1.1) 
MV 
 

5.7 (0.5) 

AP CoP-
CoM 
distance in 
S2 phase 
(cm) 

30Hz BV 6.3 (0.6) F(2,16) = 0.32 0.733 0.04 0.09 
HV 6.6 (0.8) 
MV 6.6 (0.9) 

60Hz BV 6.4 (0.9) 
HV 6.4 (0.7) 
MV 
 

5.9 (0.9) 

Resultant 
CoP-CoM 
distance in 
S2 phase 
(cm) 

30Hz BV 10.0 (1.4) F(2,16) = 0.24 0.790 0.03 0.08 
HV 10.3 (1.4) 
MV 9.0 (0.8) 

60Hz BV 8.3 (0.8) 
HV 9.6 (1.0) 
MV 
 

8.4 (0.8) 
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Table A-21. Continued 
Measure Frequency 

setting 
Voltage 
setting 

Mean (SE) Statistical Test  
F value 

P PES OP 

ML CoP-
CoM 
distance in 
S3 phase 
(cm) 

30Hz BV 11.7 (1.9) F(2,16) = 2.42 0.121 0.23 0.42 
HV 11.4 (1.8) 
MV 11.8 (1.8) 

60Hz BV 9.3 (1.0) 
HV 10.9 (1.4) 
MV 
 

10.1 (0.7) 

AP CoP-
CoM 
distance in 
S3 phase 
(cm) 

30Hz BV 17.5 (2.1) F(2,16) = 0.30 0.746 0.04 0.09 
HV 18.2 (2.1) 
MV 18.3 (2.1) 

60Hz BV 18.9 (2.5) 
HV 18.7 (1.7) 
MV 
 

18.7 (2.2) 

Resultant 
CoP-CoM 
distance in 
S3 phase 
(cm) 

30Hz BV 22.2 (1.8) F(1.23,9.84) = 
0.18 

0.733 0.02 0.07 
HV 22.4 (1.8) 
MV 22.6 (1.9) 

60Hz BV 21.5 (2.2) 
HV 22.2 (1.6) 
MV 21.4 (2.1) 

No significant differences were found (P > 0.05); SE – Standard Error, BV – baseline voltage, 
HV – high voltage, MV – maximum tolerable voltage, ML – Medio-Lateral, AP – Antero-
Posterior, cm – centimeter, s – second, Hz – Hertz, PES – Partial Eta Squared, 
 OP – Observed Power 
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Table A-22. Descriptive statistics and Univariate test results of Frequency Main Effect for Center 
of Pressure (CoP) and Center of Mass (CoM) related measures from Gait Initiation 
trials related to Specific Aim-2.   

Measure Frequency 
setting 

Mean (SE) Statistical Test  
F value 

P Partial Eta 
Squared 

Observed 
Power 

ML CoP-
CoM 
distance in 
S1 phase 
(cm) 

30Hz 1.8 (0.2) F(1,8) = 1.33 0.282 0.14 0.18 

60Hz 1.7 (0.3) 

AP CoP-
CoM 
distance in 
S1 phase 
(cm) 

30Hz 1.9 (0.4) F(1,8) = 0.90 0.372 0.10 0.13 

60Hz 1.8 (0.4) 

Resultant 
CoP-CoM 
distance in 
S1 phase 
(cm) 

30Hz 2.7 (0.5) F(1,8) = 2.09 0.186 0.21 0.25 

60Hz 2.5 (0.5) 

ML CoP-
CoM 
distance in 
S2 phase 
(cm) 

30Hz 6.9 (1.1) F(1,8) = 0.632 0.450 0.07 0.11 

60Hz 5.9 (0.4) 

AP CoP-
CoM 
distance in 
S2 phase 
(cm) 

30Hz 6.5 (0.6) F(1,8) = 0.93 0.363 0.10 0.14 

60Hz 6.2 (0.7) 

Resultant 
CoP-CoM 
distance in 
S2 phase 
(cm) 

30Hz 9.7 (1.0) F(1,8) = 0.78 0.404 0.09 0.12 

60Hz 8.7 (0.5) 

ML CoP-
CoM 
distance in 
S3 phase 
(cm) 

30Hz 11.6 (1.8) F(1,8) = 0.97 0.354 0.11 0.14 

60Hz 10.1 (0.8) 
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Table A-22. Continued 
Measure Frequency 

setting 
Mean (SE) Statistical Test  

F value 
P Partial 

Eta 
Squared 

Observed 
Power 

AP CoP-CoM 
distance in S3 
phase (cm) 

30Hz 18.0 (2.0) F(1,8) = 3.20 0.112 0.29 0.35 

60Hz 18.7 (2.1) 

Resultant CoP-
CoM distance 
in S3 phase 
(cm) 

30Hz 22.4 (1.2) F(1,8) = 0.20 0.663 0.03 0.07 

60Hz 21.7 (1.9) 

No significant differences were found (P > 0.05); SE – Standard Error, ML – Medio-Lateral, AP 
– Antero-Posterior, cm – centimeter, s – second, Hz – Hertz 
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Table A-23. Descriptive statistics and Univariate test results of Voltage Main Effect for Center of 
Pressure (CoP) and Center of Mass (CoM) related measures from Gait Initiation 
trials related to Specific Aim-2.   

Measure Voltage 
setting 

Mean (SE) Statistical Test  
F value 

P Partial Eta 
Squared 

Observed 
Power 

ML CoP-CoM 
distance in S1 
phase (cm) 

BV 1.7 (0.2) F(2,16) = 1.46 0.641 0.05 0.11 
HV 1.7 (0.3) 
MV 
 

1.8 (0.3) 

AP CoP-CoM 
distance in S1 
phase (cm) 

BV 1.8 (0.4) F(2,16) = 0.17 0.846 0.02 0.07 
HV 1.9 (0.4) 
MV 
 

1.9 (0.5) 

Resultant 
CoP-CoM 
distance in S1 
phase (cm) 

BV 2.5 (0.5) F(2,16) = 0.39 0.686 0.05 0.10 
HV 2.6 (0.5) 
MV 
 

2.7 (0.6) 

ML CoP-CoM 
distance in S2 
phase (cm) 

BV 6.3 (0.8) F(2,16) = 1.44 0.267 0.15 0.26 
HV 7.1 (0.8) 
MV 
 

5.8 (0.5) 

AP CoP-CoM 
distance in S2 
phase (cm) 

BV 6.3 (0.7) F(2,16) = 0.05 0.948 0.01 0.06 
HV 6.5 (0.7) 
MV 
 

6.3 (0.9) 

Resultant 
CoP-CoM 
distance in S2 
phase (cm) 

BV 9.1 (0.9) F(2,16) = 0.86 0.443 0.10 0.17 
HV 9.9 (0.7) 
MV 
 

8.7 (0.8) 

ML CoP-CoM 
distance in S3 
phase (cm) 

BV 10.5 (1.3) F(2,16) = 0.43 0.656 0.05 0.11 
HV 11.2 (1.3) 
MV 
 

10.9 (1.1) 

AP CoP-CoM 
distance in S3 
phase (cm) 

BV 18.2 (2.3) F(2,16) = 0.10 0.910 0.01 0.06 
HV 18.4 (1.9) 
MV 
 

18.5 (2.1) 

Resultant 
CoP-CoM 
distance in S3 
phase (cm) 

BV 21.8 (1.8) F(2,16) = 0.26 0.775 0.03 0.08 
HV 22.3 (1.3) 
MV 22.0 (1.9) 

No significant differences were found (P > 0.05); SE – Standard Error, BV – baseline voltage, 
HV – high voltage, MV – maximum tolerable voltage, ML – Medio-Lateral, AP – Antero-
Posterior, cm – centimeter, s – second 
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Table A-24. Descriptive statistics and Univariate test results of interaction of frequency and 
voltage for Spatio-temporal measures from Gait Initiation trials related to Specific 
Aim-2.   

Measure Frequency 
setting 

Voltage 
setting 

Mean (SE) Statistical 
Test  
F value 

P PES OP 

Swing leg 
step 
length 
(cm) 

30Hz BV 43.5 (3.6) F(1.28,11.50) 
= 0.09 

0.831 0.01 0.06 
HV 42.8 (4.2) 
MV 44.1 (3.6) 

60Hz BV 45.4 (4.5) 
HV 44.8 (3.2) 
MV 
 

45.2 (3.6) 

Stance leg 
step 
length 
(cm) 

30Hz BV 92.1 (6.0) F(1.30,11.68) 
= 0.34 

0.630 0.04 0.09 
HV 92.1 (7.0) 
MV 93.3 (6.4) 

60Hz BV 95.5 (7.1) 
HV 94.1 (5.5) 
MV 
 

93.6 (6.3) 

Swing leg 
step time 
(s) 

30Hz BV 0.50 (0.02) F(2,18) = 0.67 0.526 0.07 0.14 
HV 0.53 (0.03) 
MV 0.52 (0.04) 

60Hz BV 0.51 (0.03) 
HV 0.54 (0.03) 
MV 
 

0.54 (0.02) 

Stance leg 
step time 
(s) 

30Hz BV 0.66 (0.03) F(2,18) = 1.07 0.364 0.11 0.21 
HV 0.66 (0.03) 
MV 0.64 (0.02) 

60Hz BV 0.65 (0.03) 
HV 0.68 (0.03) 
MV 
 

0.66 (0.02) 

Swing leg 
step 
velocity 
(cm/s) 

30Hz BV 89.1 (8.4) F(2,18) = 0.68 0.520 0.07 0.15 
HV 84.8 (9.8) 
MV 91.0 (10.0) 

60Hz BV 91.8 (10.4) 
HV 87.6 (9.4) 
MV 
 

88.0 (9.5) 

Stance leg 
step 
velocity 
(cm/s) 

30Hz BV 144.4 (13.5) F(1.30,11.74) 
= 1.24 

0.305 0.12 0.19 
HV 144.0 (13.9) 
MV 148.6 (13.2) 

60Hz BV 151.3 (14.9) 
HV 143.5 (12.1) 
MV 
 

144.6 (13.0) 
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Table A-24. Continued 
Measure Frequency 

setting 
Voltage 
setting 

Mean (SE) Statistical Test  
F value 

P PES OP 

Stance 
Width (cm) 

30Hz BV 16.6 (0.4) F(1.13,10.13) = 
0.78 

0.412 0.08 0.1
3 HV 17.4 (0.3) 

MV 17.5 (0.5) 
60Hz BV 17.6 (0.3) 

HV 17.9 (0.7) 
MV 
 

17.6 (0.5) 

Time to 
swing leg 
heel rise 
(s) 

30Hz BV 0.83 (0.06) F(2,18) = 0.33 0.725 0.04 0.0
9 HV 0.81 (0.08) 

MV 0.83 (0.06) 
60Hz BV 0.80 (0.08) 

HV 0.85 (0.07) 
MV 
 

0.81 (0.07) 

Time to 
swing leg 
toe off (s) 

30Hz BV 1.43 (0.08) F(2,18) = 0.18 0.835 0.02 0.0
7 HV 1.45 (0.10) 

MV 1.46 (0.08) 
60Hz BV 1.43 (0.10) 

HV 1.48 (0.11) 
MV 
 

1.45 (0.11) 

Time to 
stance leg 
heel rise 
(s) 

30Hz BV 0.94 (0.07) F(2,18) = 0.18 0.836 0.02 0.0
7 HV 0.95 (0.09) 

MV 0.96 (0.06) 
60Hz BV 0.92 (0.08) 

HV 0.97 (0.08) 
MV 
 

0.93 (0.08) 

Time to 
stance leg 
toe off (s) 

30Hz BV 1.68 (0.10) F(2,18) = 0.12 0.885 0.01 0.0
7 HV 1.70 (0.12) 

MV 1.69 (0.09) 
60Hz BV 1.68 (0.11) 

HV 1.74 (0.12) 
MV 1.69 (0.12) 

No significant differences were found (P > 0.05); SE – Standard Error, BV – baseline voltage, 
HV – high voltage, MV – maximum tolerable voltage, cm – centimeter, s – second, Hz – Hertz, 
PES – Partial Eta Squared, OP – Observed Power 



168 

Table A-25. Descriptive statistics and Univariate test results of Frequency Main Effect for 
Spatio-temporal measures from Gait Initiation trials related to Specific Aim-2.   

Measure Frequency 
setting 

Mean (SE) Statistical Test  
F value 

P PES OP 

Swing leg 
step length 
(cm) 

30Hz 43.5 (3.7) F(1,9) = 6.31 0.033 * 0.41 0.61 

60Hz 45.1 (3.7) 

Stance leg 
step length 
(cm) 

30Hz 92.5 (6.3) F(1,9) = 4.31 0.068 † 0.32 0.46 

60Hz 94.4 (6.2) 

Swing leg 
step time 
(s) 

30Hz 0.51 (0.03) F(1,9) = 4.39 0.066 † 0.33 0.47 

60Hz 0.53 (0.03) 

Stance leg 
step time 
(s) 

30Hz 0.65 (0.02) F(1,9) = 1.53 0.247 0.15 0.20 

60Hz 0.66 (0.02) 

Swing leg 
step 
velocity 
(cm/s) 

30Hz 88.3 (9.1) F(1,9) = 0.24 0.634 0.03 0.07 

60Hz 89.1 (9.5) 

Swing leg 
step 
velocity 
(cm/s) 

30Hz 145.7 
(13.2) 

F(1,9) = 0.11 0.750 0.01 0.06 

60Hz 146.5 
(13.2) 
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Table A-25. Continued 
Measure Frequency 

setting 
Mean (SE) Statistical Test  

F value 
P PES OP 

Stance 
width (cm) 

30Hz 17.2 (0.4) F(1,9) = 3.21 0.107 0.26 0.36 

60Hz 17.7 (0.3) 

Time to 
swing leg 
heel rise (s) 

30Hz 0.82 (0.06) F(1,9) = 0.01 0.932 0.00 0.05 

60Hz 0.82 (0.07) 

Time to 
swing leg 
toe off (s) 

30Hz 1.45 (0.08) F(1,9) = 0.01 0.922 0.00 0.05 

60Hz 1.45 (0.10) 

Time to 
stance leg 
heel rise (s) 

30Hz 0.95 (0.07) F(1,9) = 0.07 0.798 0.01 0.06 

60Hz 0.94 (0.08) 

Time to 
stance leg 
toe off (s) 

30Hz 1.69 (0.09) F(1,9) = 0.06 0.817 0.01 0.06 

60Hz 1.70 (0.11) 

* Significant difference (P < 0.05); † Statistical trend (0.05 <= P <= 0.07); SE – Standard Error, 
cm – centimeter, s – second, Hz – Hertz, PES – Partial Eta Squared, 
 OP – Observed Power 
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Table A-26. Descriptive statistics and Univariate test results of Voltage Main Effect for Spatio-
temporal measures from Gait Initiation trials related to Specific Aim-2.   

Measure Voltage 
setting 

Mean (SE) Statistical 
Test  
F value 

P Partial Eta 
Squared 

Observed 
Power 

Swing leg 
step length 
(cm) 

BV 44.5 (4.0) F(2,18) = 
0.31 

0.738 0.03 0.09 
HV 43.8 (3.6) 
MV 
 

44.6 (3.6) 

Stance leg 
step length 
(cm) 

BV 93.8 (6.5) F(2,18) = 
0.10 

0.902 0.01 0.06 
HV 93.1 (6.1) 
MV 
 

93.4 (6.3) 

Swing leg 
step time (s) 

BV 0.50 (0.03) F(2,18) = 
1.44 

0.263 0.14 0.27 
HV 0.53 (0.03) 
MV 
 

0.53 (0.04) 

Stance leg 
step time (s) 

BV 0.66 (0.03) F(2,18) = 
0.90 

0.424 0.09 0.18 
HV 0.67 (0.03) 
MV 
 

0.65 (0.02) 

Swing leg 
step velocity 
(cm/s) 

BV 90.4 (9.3) F(2,18) = 
1.58 

0.234 0.15 0.29 
HV 86.2 (9.3) 
MV 
 

89.5 (9.6) 

Stance leg 
step velocity 
(cm/s) 

BV 147.9 (14.1) F(2,18) = 
1.14 

0.341 0.11 0.22 
HV 143.8 (12.7) 
MV 
 

146.6 (12.9) 

Stance 
width (cm) 

BV 17.1 (0.3) F(2,18) = 
1.02 

0.382 0.10 0.20 
HV 17.6 (0.4) 
MV 
 

17.6 (0.4) 

Time to 
swing leg 
heel rise (s) 

BV 0.81 (0.07) F(2,18) = 
0.06 

0.939 0.01 0.06 
HV 0.83 (0.07) 
MV 
 

0.82 (0.05) 

Time to 
swing leg 
toe off (s) 

BV 1.43 (0.09) F(2,18) = 
0.38 

0.688 0.04 0.10 
HV 1.47 (0.10) 
MV 
 

1.45 (0.09) 

Time to 
stance leg 
heel rise (s) 

BV 0.93 (0.07) F(2,18) = 
0.17 

0.848 0.02 0.07 
HV 0.96 (0.08) 
MV 
 

0.94 (0.06) 
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Table A-26. Continued 
Measure Voltage 

setting 
Mean (SE) Statistical 

Test  
F value 

P Partial Eta 
Squared 

Observed 
Power 

Time to 
stance leg 
toe off (s) 

BV 1.68 (0.10) F(2,18) = 
0.38 

0.690 0.04 0.10 
HV 1.72 (0.11) 
MV 1.69 (0.10) 

No significant differences were found (P > 0.05); SE – Standard Error, BV – baseline voltage, 
HV – high voltage, MV – maximum tolerable voltage, cm – centimeter, s – second 
 
Table A-27. Descriptive statistics and Univariate test results of interaction of frequency and 

voltage for Coefficient of Variation (CV) of Spatio-temporal measures from Gait 
Initiation trials related to Specific Aim-2.   

Measure Frequency 
setting 

Voltage 
setting 

Mean (SE) Statistical Test  
F value 

P PES OP 

CV of 
Swing leg 
step length 
(%) 

30Hz BV 8.0 (1.7)  F(2,18) = 0.03 0.969 0.00 0.05 
HV 9.8 (3.3) 
MV 9.0 (2.0) 

60Hz BV 7.8 (1.5) 
HV 8.8 (1.3) 
MV 
 

8.3 (1.7) 

CV of 
Stance leg 
step length 
(%) 

30Hz BV 6.4 (1.0) F(2,18) = 1.81 0.192 0.17 0.33 
HV 5.0 (1.4) 
MV 5.9 (1.3) 

60Hz BV 4.9 (0.7) 
HV 5.4 (0.9) 
MV 
 

4.5 (1.0) 

CV of 
Swing leg 
step time 
(%) 

30Hz BV 8.4 (1.6) F(2,18) = 0.28 0.756 0.03 0.09 
HV 12.8 (3.1) 
MV 11.0 (2.6) 

60Hz BV 8.2 (1.4) 
HV 10.2 (1.9) 
MV 
 

9.5 (2.2) 

CV of 
Stance leg 
step time 
(%) 

30Hz BV 7.1 (1.2) F(2,18) = 1.46 0.258 0.14 0.27 
HV 5.1 (0.7) 
MV 6.1 (1.2) 

60Hz BV 7.1 (1.1) 
HV 8.0 (1.1) 
MV 
 

7.0 (0.9) 

CV of 
Swing leg 
step 
velocity (%) 

30Hz BV 8.5 (1.4) F(2,18) = 0.63 0.547 0.07 0.14 
HV 12.4 (2.8) 
MV 11.5 (2.7) 

60Hz BV 8.1 (1.4) 
HV 9.4 (2.0) 
MV 7.9 (1.5) 
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Table A-27. Continued 
Measure Frequency 

setting 
Voltage 
setting 

Mean (SE) Statistical Test  
F value 

P PES OP 

CV of 
Stance leg 
step 
velocity 
(%) 

30Hz BV 7.8 (0.8) F(2,18) = 7.21 0.005 
* 

0.46 0.89 
HV 5.1 (0.7) 
MV 8.0 (1.2) 

60Hz BV 5.8 (0.8) 
HV 8.7 (1.0) 
MV 
 

7.9 (1.7) 

CV of 
Stance 
width (%) 

30Hz BV 5.7 (0.9) F(2,18) = 0.84 0.447 0.09 0.17 
HV 4.1 (0.6) 
MV 4.9 (1.1) 

60Hz BV 8.4 (2.1) 
HV 4.7 (1.6) 
MV 
 

6.2 (2.2) 

CV of Time 
to swing 
leg heel 
rise (%) 

30Hz BV 26.7 (2.2) F(2,18) = 0.17 0.844 0.02 0.07 
HV 32.4 (5.6) 
MV 27.9 (3.8) 

60Hz BV 24.7 (4.5) 
HV 29.6 (5.0) 
MV 
 

29.2 (3.7) 

CV of Time 
to swing 
leg toe off 
(%) 

30Hz BV 15.5 (1.3) F(2,18) = 0.11 0.899 0.01 0.06 
HV 17.1 (2.9) 
MV 18.6 (3.1) 

60Hz BV 13.9 (2.0) 
HV 17.2 (2.9) 
MV 
 

17.0 (2.4) 

CV of Time 
to stance 
leg heel 
rise (%) 

30Hz BV 25.2 (2.3) F(2,18) = 0.23 0.794 0.03 0.08 
HV 25.9 (3.8) 
MV 25.8 (4.4) 

60Hz BV 21.8 (3.2) 
HV 26.5 (4.1) 
MV 
 

25.5 (3.7) 

CV of Time 
to stance 
leg toe off 
(%) 

30Hz BV 14.0 (1.4) F(2,18) = 0.16 0.852 0.02 0.07 
HV 15.0 (2.8) 
MV 16.4 (2.8) 

60Hz BV 12.8 (1.8) 
HV 15.1 (2.4) 
MV 14.4 (2.0) 

* Significant difference (P < 0.05); SE – Standard Error, BV – baseline voltage, HV – high 
voltage, MV – maximum tolerable voltage, Hz – Hertz, PES – Partial Eta Squared, 
 OP – Observed Power 
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Table A-28. Descriptive statistics and Univariate test results of Frequency Main Effect for 
Coefficient of Variation (CV) of Spatio-temporal measures from Gait Initiation trials 
related to Specific Aim-2.   

Measure Frequency 
setting 

Mean (SE) Statistical Test  
F value 

P Partial Eta 
Squared 

Observed 
Power 

CV of Swing 
leg step 
length (%) 

30Hz 8.9 (1.8) F(1,9) = 1.02 0.338 0.10 0.15 

60Hz 8.3 (1.2) 

CV of 
Stance leg 
step length 
(%) 

30Hz 5.7 (1.0) F(1,9) = 2.20 0.172 0.20 0.26 

60Hz 5.0 (0.7) 

CV of Swing 
leg step 
time (%) 

30Hz 10.7 (2.3) F(1,9) = 0.51 0.492 0.05 0.10 

60Hz 9.3 (1.2) 

CV of 
Stance leg 
step time 
(%) 

30Hz 6.1 (0.8) F(1,9) = 1.52 0.249 0.14 0.20 

60Hz 7.3 (0.6) 

CV of Swing 
leg step 
velocity (%) 

30Hz 10.8 (1.9) F(1,9) = 1.60 0.237 0.15 0.21 

60Hz 8.5 (1.0) 

CV of Swing 
leg step 
velocity (%) 

30Hz 7.0 (0.6) F(1,9) = 0.42 0.535 0.04 0.09 

60Hz 7.5 (0.8) 

CV of 
Stance 
width (%) 

30Hz 4.9 (0.6) F(1,9) = 1.72 0.222 0.16 0.22 

60Hz 6.5 (1.6) 
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Table A-28. Continued 
Measure Frequency 

setting 
Mean (SE) Statistical Test  

F value 
P Partial 

Eta 
Squared 

Observed 
Power 

CV of Time 
to swing leg 
heel rise (%) 

30Hz 29.0 (3.1) F(1,9) = 0.14 0.717 0.02 0.06 

60Hz 27.8 (3.5) 

CV of Time 
to swing leg 
toe off (%) 

30Hz 17.1 (2.0) F(1,9) = 0.27 0.619 0.03 0.08 

60Hz 16.0 (1.9) 

CV of Time 
to stance leg 
heel rise (%) 

30Hz 25.6 (2.9) F(1,9) = 0.11 0.748 0.01 0.06 

60Hz 24.6 (2.7) 

CV of Time 
to stance leg 
toe off %) 

30Hz 15.1 (2.0) F(1,9) = 0.27 0.615 0.03 0.08 

60Hz 14.1 (1.6) 

No significant differences were found (P > 0.05); SE – Standard Error, Hz – Hertz 
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Table A-29. Descriptive statistics and Univariate test results of Voltage Main Effect for 
Coefficient of Variation (CV) of Spatio-temporal measures from Gait Initiation trials 
related to Specific Aim-2.   

Measure Voltage 
setting 

Mean (SE) Statistical Test  
F value 

P Partial Eta 
Squared 

Observed 
Power 

CV of Swing 
leg step 
length (%) 

BV 7.9 (1.5) F(2,18) = 0.29 0.749 0.03 0.09 
HV 9.3 (2.2) 
MV 
 

8.6 (1.6) 

CV of 
Stance leg 
step length 
(%) 

BV 5.6 (0.8) F(2,18) = 0.13 0.880 0.01 0.07 
HV 5.2 (1.1) 
MV 
 

5.2 (1.1) 

CV of Swing 
leg step 
time (%) 

BV 8.3 (1.4) F(2,18) = 2.07 0.156 0.19 0.37 
HV 11.5 (2.1) 
MV 
 

10.3 (1.7) 

CV of 
Stance leg 
step time 
(%) 

BV 7.1 (0.6) F(2,18) = 0.20 0.820 0.02 0.08 
HV 6.6 (0.7) 
MV 
 

6.5 (1.0) 

CV of Swing 
leg step 
velocity (%) 

BV 8.3 (1.2) F(2,18) = 1.00 0.388 0.10 0.20 
HV 10.9 (1.8) 
MV 
 

9.7 (1.8) 

CV of 
Stance leg 
step velocity 
(%) 

BV 6.8 (0.7) F(2,18) = 0.55 0.587 0.06 0.13 
HV 6.9 (0.4) 
MV 
 

8.0 (1.4) 

CV of 
Stance 
width (%) 

BV 7.1 (1.4) F(2,18) = 1.79 0.196 0.17 0.32 
HV 4.4 (1.0) 
MV 
 

5.6 (1.6) 

CV of Time 
to swing leg 
heel rise 
(%) 

BV 25.7 (2.8) F(2,18) = 1.91 0.177 0.18 0.34 
HV 31.0 (4.1) 
MV 
 

28.6 (2.8) 

CV of Time 
to swing leg 
toe off (%) 

BV 14.7 (1.5) F(2,18) = 1.74 0.204 0.16 0.32 
HV 17.1 (2.1) 
MV 
 

17.8 (2.1) 

CV of Time 
to stance 
leg heel rise 
(%) 

BV 23.5 (2.4) F(2,18) = 0.61 0.554 0.06 0.14 
HV 26.2 (2.8) 
MV 
 

25.7 (3.1) 
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Table A-29. Continued 
Measure Voltage 

setting 
Mean (SE) Statistical Test  

F value 
P Partial Eta 

Squared 
Observed 
Power 

CV of Time to 
stance leg toe 
off (%) 

BV 13.4 (1.5) F(2,18) = 0.95 0.410 0.10 0.19 
HV 15.0 (1.9) 
MV 15.4 (1.9) 

No significant differences were found (P > 0.05); SE – Standard Error, BV – baseline voltage, 
HV – high voltage, MV – maximum tolerable voltage 
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Table A-30. Descriptive statistics and Univariate test results of interaction of frequency and 
voltage for Spatio-temporal measures from Gait trials related to Specific Aim-2.   

Measure Frequency 
setting 

Voltage 
setting 

Mean (SE) Statistical 
Test  
F value 

P PES OP 

Cadence 
(steps/min
ute) 

30Hz BV 102 (3) F(1.15,10.32) 
= 0.35 

0.594 0.04 0.09 
HV 106 (3) 
MV 110 (5) 

60Hz BV 105 (2) 
HV 106 (2) 
MV 
 

109 (2) 

Walking 
speed 
(cm/s) 

30Hz BV 96.3 (7.6) F(1.13,10.17) 
= 0.31 

0.614 0.03 0.08 
HV 100.6 (8.4) 
MV 94.4 (7.9) 

60Hz BV 100.3 (7.2) 
HV 103.6 (7.3) 
MV 
 

100.4 (7.9) 

Stride time 
(s) 

30Hz BV 1.18 (0.03) F(1.22,10.94) 
= 0.28 

0.654 0.03 0.08 
HV 1.13 (0.04) 
MV 1.12 (0.04) 

60Hz BV 1.15 (0.02) 
HV 1.13 (0.02) 
MV 
 

1.11 (0.02) 

Step time 
(s) 

30Hz BV 0.59 (0.02) F(1.29,11.62) 
= 0.11 

0.807 0.01 0.06 
HV 0.57 (0.02) 
MV 0.56 (0.02) 

60Hz BV 0.58 (0.01) 
HV 0.57 (0.01) 
MV 
 

0.55 (0.01) 

Opposite 
foot off (%) 

30Hz BV 16.44 (0.75) F(2,18) = 1.09 0.357 0.11 0.21 
HV 17.03 (0.84) 
MV 17.74 (1.15) 

60Hz BV 16.22 (0.55) 
HV 16.20 (0.64) 
MV 
 

17.01 (0.95) 

Opposite 
foot 
contact (%) 

30Hz BV 49.76 (0.13) F(2,18) = 0.29 0.749 0.03 0.09 
HV 49.92 (0.10) 
MV 49.98 (0.10) 

60Hz BV 49.79 (0.15) 
HV 50.03 (0.12) 
MV 
 

50.15 (0.13) 
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Table A-30. Continued 
Measure Frequency 

setting 
Voltage 
setting 

Mean (SE) Statistical 
Test  
F value 

P PES OP 

Foot off 
(%) 

30Hz BV 66.50 
(0.74) 

F(2,18) = 
0.12 

0.890 0.01 0.07 

HV 66.73 
(0.74) 

MV 67.42 
(0.94) 

60Hz BV 66.19 
(0.54) 

HV 66.18 
(0.54) 

MV 
 

66.93 
(0.90) 

Single 
support 
time (s) 

30Hz BV 0.39 (0.01) F(1.10,9.90) 
= 1.50 

0.252 0.14 0.21 
HV 0.37 (0.01) 
MV 0.36 (0.02) 

60Hz BV 0.39 (0.01) 
HV 0.42 (0.04) 
MV 
 

0.36 (0.01) 

Double 
support 
time (s) 

30Hz BV 0.39 (0.02) F(2,18) = 
0.09 

0.919 0.01 0.06 
HV 0.39 (0.03) 
MV 0.39 (0.02) 

60Hz BV 0.38 (0.02) 
HV 0.37 (0.02) 
MV 
 

0.38 (0.02) 

Stride 
length 
(cm) 

30Hz BV 1.11 (0.06) F(1.30,11.66) 
= 0.18 

0.745 0.02 0.07 
HV 1.12 (0.07) 
MV 1.06 (0.08) 

60Hz BV 1.14 (0.06) 
HV 1.16 (0.06) 
MV 
 

1.11 (0.08) 

Step 
length 
(cm) 

30Hz BV 0.56 (0.03) F(1.24,11.14) 
= 0.08 

0.829 0.01 0.06 
HV 0.56 (0.04) 
MV 0.54 (0.04) 

60Hz BV 0.57 (0.03) 
HV 0.58 (0.03) 
MV 0.55 (0.04) 

No significant differences were found (P > 0.05); SE – Standard Error, BV – baseline voltage, 
HV – high voltage, MV – maximum tolerable voltage, cm – centimeter, s – second, Hz – Hertz, 
PES – Partial Eta Squared, OP – Observed power 
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Table A-31. Descriptive statistics and Univariate test results of Frequency Main Effect for 
Spatio-temporal measures from Gait trials related to Specific Aim-2.   

Measure Frequency 
setting 

Mean (SE) Statistical Test  
F value 

P PES OP 

Cadence 
(steps/minute) 

30Hz 106 (2) F(1,9) = 0.11 0.744 0.01 0.06 

60Hz 107 (2) 

Walking 
speed (cm/s) 

30Hz 97.1 (7.7) F(1,9) = 5.95 0.037 * 0.40 0.59 

60Hz 101.5 (7.1) 

Stride time (s) 30Hz 1.14 (0.02) F(1,9) = 0.93 0.361 0.09 0.14 

60Hz 1.13 (0.02) 

Step time (s) 30Hz 0.57 (0.01) F(1,9) = 2.23 0.169 0.20 0.27 

60Hz 0.56 (0.01) 

Opposite foot 
off (%) 

30Hz 17.07 (0.82) F(1,9) = 3.94 0.078 0.30 0.43 

60Hz 16.48 (0.63) 

Opposite foot 
contact (%) 

30Hz 48.89 (0.10) F(1,9) = 1.34 0.277 0.13 0.18 

60Hz 49.99 (0.10) 

Foot off (%) 30Hz 66.88 (0.73) F(1,9) = 3.62 0.090 0.29 0.40 

60Hz 66.43 (0.56) 
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Table A-31. Continued 
Measure Frequency 

setting 
Mean (SE) Statistical 

Test  
F value 

P PES OP 

Single 
support time 
(s) 

30Hz 0.38 (0.01) F(1,9) = 1.54 0.245 0.15 0.20 

60Hz 0.39 (0.01) 

Double 
support time 
(s) 

30Hz 0.39 (0.02) F(1,9) = 3.63 0.089 0.29 0.40 

60Hz 0.37 (0.02) 

Stride length 
(cm) 

30Hz 109.9 (6.7) F(1,9) = 7.71 0.022 * 0.46 0.70 

60Hz 113.5 (6.2) 

Step length 
(cm) 

30Hz 55.2 (3.3) F(1,9) = 5.59 0.042 * 0.38 0.56 

60Hz 56.8 (3.1) 

* Significant difference (P < 0.05); SE – Standard Error, cm – centimeter, s – second, Hz – 
Hertz, PES – Partial Eta Squared, OP – Observed Power 
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Table A-32. Descriptive statistics and Univariate test results of Voltage Main Effect for Spatio-
temporal measures from Gait trials related to Specific Aim-2.   

Measure Voltage 
setting 

Mean (SE) Statistical Test  
F value 

P PES OP 

Cadence 
(steps/minute) 

BV 103 (2) F(1.14,10.26) = 2.15 0.172 0.19 0.28 
HV 106 (2) 
MV 
 

110 (3) 

Walking 
speed (cm/s) 

BV 98.3 (7.3) F(2,18) = 1.10 0.353 0.11 0.21 
HV 102.1 (7.6) 
MV 
 

97.4 (7.9) 

Stride time (s) BV 1.16 (0.03) F(2,18) = 2.27 0.132 0.20 0.40 
HV 1.13 (0.03) 
MV 
 

1.11 (0.02) 

Step time (s) BV 0.58 (0.01) F(2,18) = 2.96 0.077 0.25 0.50 
HV 0.57 (0.01) 
MV 
 

0.55 (0.01) 

Opposite foot 
off (%) 

BV 16.33 (0.64) F(1.07,9.60) = 1.30 0.286 0.13 0.18 
HV 16.61 (0.71) 
MV 
 

17.37 (1.04) 

Opposite foot 
contact (%) 

BV 49.77 (0.11) F(1.28,11.52) = 5.76 0.028 * 0.39 0.65 
HV 49.98 (0.09) 
MV 
 

50.06 (0.10) 

Foot off (%) BV 66.35 (0.62) F(1.13,10.17) = 1.16 0.316 0.11 0.17 
HV 66.45 (0.60) 
MV 
 

67.17 (0.91) 

Single 
support time 
(s) 

BV 0.39 (0.01) F(2,18) = 1.80 0.194 0.17 0.33 
HV 0.40 (0.02) 
MV 
 

0.36 (0.01) 

Double 
support time 
(s) 

BV 0.39 (0.02) F(2,18) = 0.25 0.781 0.03 0.08 
HV 0.38 (0.02) 
MV 
 

0.38 (0.02) 

Stride length 
(cm) 

BV 112.5 (6.0) F(1.22,10.99) = 1.14 0.324 0.11 0.17 
HV 114.3 (6.5) 
MV 
 

108.3 (8.0) 

Step length 
(cm) 

BV 56.5 (2.9) F(1.22,11.00) = 1.26 0.297 0.12 0.19 
HV 57.2 (3.2) 
MV 54.4 (3.8) 
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* Significant difference (P < 0.05); SE – Standard Error, BV – baseline voltage, HV – high 
voltage, MV – maximum tolerable voltage, cm – centimeter, s – second, PES – Partial Eta 
Squared, OP – Observed Power 
Table A-33. Descriptive statistics and Univariate test results of interaction of frequency and 

voltage for Coefficient of Variation (CV) of Spatio-temporal measures from Gait trials 
related to Specific Aim-2.   

Measure Frequency 
setting 

Voltage 
setting 

Mean (SE) Statistical 
Test  
F value 

P PES Observed 
Power 

CV of 
Cadence 
(%) 

30Hz BV 4.20 (0.60) F(1.10,9.87) 
= 0.95 

0.363 0.10 0.15 
HV 3.52 (0.50) 
MV 8.02 (4.00) 

60Hz BV 3.09 (0.40) 
HV 3.31 (0.50) 
MV 
 

3.96 (0.60) 

CV of 
Walking 
speed 
(%) 

30Hz BV 5.78 (0.80) F(1.06,9.52) 
= 1.65 

0.231 0.16 0.22 
HV 5.35 (0.70) 
MV 14.2 (8.00) 

60Hz BV 4.57 (0.50) 
HV 4.90 (0.90) 
MV 
 

7.15 (2.90) 

CV of 
Stride 
time (%) 

30Hz BV 4.02 (0.50) F(1.11,10.0
3) = 0.87 

0.386 0.09 0.14 
HV 16.67 

(10.90) 
MV 8.15 (4.00) 

60Hz BV 3.09 (0.40) 
HV 3.30 (0.50) 
MV 
 

3.96 (0.60) 

CV of 
Step time 
(%) 

30Hz BV 4.95 (0.50) F(1.05,9.45) 
= 1.05 

0.334 0.11 0.21 
HV 4.81 (0.60) 
MV 9.08 (3.80) 

60Hz BV 3.88 (0.60) 
HV 4.07 (0.40) 
MV 
 

4.48 (0.50) 

CV of 
Opposite 
foot off 
(%) 

30Hz BV 10.78 (1.30) F(2,18) = 
4.08 

0.035 
* 

0.31 0.65 
HV 9.05 (1.00) 
MV 12.99 (3.00) 

60Hz BV 9.25 (1.00) 
HV 10.59 (1.90) 
MV 
 

8.59 (1.20) 

CV of 
Opposite 
foot 
contact 
(%) 

30Hz BV 3.22 (0.20) F(1.09,9.79) 
= 0.55 

0.492 0.06 0.13 
HV 3.04 (0.40) 
MV 4.84 (1.70) 

60Hz BV 2.28 (0.30) 
HV 2.40 (0.30) 
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MV 
 

2.72 (0.30) 

 
Table A-33. Continued 

Measure Frequency 
setting 

Voltage 
setting 

Mean (SE) Statistical 
Test  
F value 

P Partial 
Eta 
Squared 

Observed 
Power 

CV of 
Foot off 
(%) 

30Hz BV 2.53 (0.20) F(2,18) = 
0.53 

0.601 0.06 0.12 
HV 2.85 (0.50) 
MV 3.56 (0.70) 

60Hz BV 2.35 (0.20) 
HV 2.51 (0.40) 
MV 
 

2.74 (0.40) 

CV of 
Single 
support 
time (%) 

30Hz BV 6.98 (1.00) F(2,18) = 
1.65 

0.220 0.16 0.30 
HV 6.75 (0.90) 
MV 14.60 

(7.20) 
60Hz BV 5.33 (0.80) 

HV 13.83 
(6.90) 

MV 
 

9.36 (2.30) 

CV of 
Double 
support 
time (%) 

30Hz BV 9.46 (1.20) F(2,18) = 
0.73 

0.495 0.08 0.15 
HV 7.02 (1.00) 
MV 8.76 (0.90) 

60Hz BV 9.60 (1.10) 
HV 9.07 (1.20) 
MV 
 

8.50 (1.00) 

CV of 
Stride 
length 
(%) 

30Hz BV 4.44 (0.80) F(1.02,9.2
1) = 0.90 

0.369 0.09 0.14 
HV 4.58 (0.50) 
MV 15.01 

(10.40) 
60Hz BV 4.19 (0.50) 

HV 3.85 (0.50) 
MV 
 

7.61 (3.10) 

CV of 
Step 
length 
(%) 

30Hz BV 6.32 (1.30) F(1.07,9.6
3) = 0.39 

0.562 0.04 0.09 
HV 4.75 (0.50) 
MV 14.06 

(8.40) 
60Hz BV 4.27 (0.50) 

HV 4.47 (0.50) 
MV 9.49 (3.40) 

* Significant difference (P < 0.05); SE – Standard Error, BV – baseline voltage, HV – high 
voltage, MV – maximum tolerable voltage, Hz – Hertz 
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Table A-34. Descriptive statistics and Univariate test results of Frequency Main Effect for 
Coefficient of Variation (CV) of Spatio-temporal measures from Gait trials related to 
Specific Aim-2.   

Measure Frequency 
setting 

Mean (SE) Statistical Test  
F value 

P PES OP 

CV of 
Cadence (%) 

30Hz 5.2 (1.4) F(1,9) = 1.75 0.219 0.16 0.22 

60Hz 3.4 (0.3) 

CV of 
Walking 
speed (%) 

30Hz 8.4 (2.9) F(1,9) = 2.07 0.184 0.19 0.25 

60Hz 5.5 (0.9) 

CV of Stride 
time (%) 

30Hz 9.6 (3.6) F(1,9) = 2.74 0.132 0.23 0.32 

60Hz 3.5 (0.3) 

CV of Step 
time (%) 

30Hz 6.3 (1.3) F(1,9) = 3.05 0.115 0.25 0.35 

60Hz 4.1 (0.4) 

CV of 
Opposite foot 
off (%) 

30Hz 10.9 (1.4) F(1,9) = 1.37 0.271 0.13 0.18 

60Hz 9.5 (1.0) 

CV of 
Opposite foot 
contact (%) 

30Hz 3.7 (0.5) F(1,9) = 6.71 0.029 * 0.43 0.64 

60Hz 2.5 (0.2) 

CV of Foot 
off (%) 

30Hz 3.0 (0.3) F(1,9) = 2.41 0.155 0.21 0.29 

60Hz 2.5 (0.2) 
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Table A-34. Continued 
Measure Frequency 

setting 
Mean 
(SE) 

Statistical Test  
F value 

P Partial Eta 
Squared 

Observed 
Power 

CV of Single 
support time 
(%) 

30Hz 9.4 (2.4) F(1,9) = 0.00 0.988 0.00 0.05 

60Hz 9.5 (2.9) 

CV of 
Double 
support time 
(%) 

30Hz 8.4 (0.7) F(1,9) = 0.56 0.472 0.06 0.10 

60Hz 9.1 (0.7) 

CV of Stride 
length (%) 

30Hz 8.0 (3.6) F(1,9) = 1.19 0.303 0.12 0.17 

60Hz 5.2 (1.1) 

CV of Step 
length (%) 

30Hz 8.4 (2.9) F(1,9) = 1.44 0.260 0.14 0.19 

60Hz 6.1 (1.2) 

* Significant difference (P < 0.05); SE – Standard Error, Hz – Hertz, PES – Partial Eta Squared, 
OP – Observed Power 
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Table A-35. Descriptive statistics and Univariate test results of Voltage Main Effect for 
Coefficient of Variation (CV) of Spatio-temporal measures from Gait trials related to 
Specific Aim-2.   

Measure Voltage 
setting 

Mean (SE) Statistical Test  
F value 

P PES OP 

CV of 
Cadence (%) 

BV 3.6 (0.4) F(1.09,9.81) = 
1.23 

0.299 0.12 0.18 
HV 3.4 (0.4) 
MV 
 

6.0 (2.2) 

CV of Walking 
speed (%) 

BV 5.2 (0.5) F(1.03,9.23) = 
1.04 

0.336 0.10 0.15 
HV 5.1 (0.6) 
MV 
 

10.7 (5.4) 

CV of Stride 
time (%) 

BV 3.6 (0.4) F(1.18,10.63) = 
0.87 

0.390 0.09 0.14 
HV 10.0 (5.4) 
MV 
 

6.1 (2.2) 

CV of Step 
time (%) 

BV 4.4 (0.5) F(1.08,9.69) = 
1.24 

0.298 0.12 0.18 
HV 4.4 (0.4) 
MV 
 

6.8 (2.1) 

CV of 
Opposite foot 
off (%) 

BV 10.0 (1.0) F(2,18) = 0.15 0.860 0.02 0.07 
HV 9.8 (1.3) 
MV 
 

10.8 (2.0) 

CV of 
Opposite foot 
contact (%) 

BV 2.7 (0.2) F(1.19,10.68) = 
1.03 

0.347 0.10 0.16 
HV 2.7 (0.3) 
MV 
 

3.8 (0.9) 

CV of Foot off 
(%) 

BV 2.4 (0.1) F(2,18) = 1.10 0.354 0.11 0.21 
HV 2.7 (0.3) 
MV 
 

3.1 (0.5) 

CV of Single 
support time 
(%) 

BV 6.2 (0.9) F(2,18) = 0.91 0.421 0.09 0.18 
HV 10.3 (3.6) 
MV 
 

12.0 (4.0) 

CV of Double 
support time 
(%) 

BV 9.5 (0.8) F(2,18) = 1.16 0.335 0.12 0.22 
HV 8.0 (0.9) 
MV 
 

8.6 (0.7) 

CV of Stride 
length (%) 

BV 4.3 (0.6) F(1.01,9.09) = 
1.12 

0.318 0.11 0.16 
HV 4.2 (0.3) 
MV 
 

11.3 (6.7) 
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Table A-35. Continued 
Measure Voltage 

setting 
Mean (SE) Statistical Test  

F value 
P PES OP 

CV of Step 
length (%) 

BV 5.3 (0.8) F(1.02,9.21) = 1.46 0.259 0.14 0.19 
HV 4.6 (0.4) 
MV 11.8 (5.7) 

No significant differences were found (P > 0.05); SE – Standard Error, BV – baseline voltage, 
HV – high voltage, MV – maximum tolerable voltage, PES – Partial Eta Squared, 
 OP – Observed Power 
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Table A-36. Descriptive statistics and Univariate test results of interaction of frequency and 
voltage for Unified Parkinson’s Disease Rating Scale’s Part-III (Motor) evaluation 
sub-scores and total score related to Specific Aim-2. 

Measure Frequency 
setting 

Voltage 
setting 

Mean (SE) Statistical 
Test  
F value 

P PES OP 

Tremor 
sub-
score 

30Hz BV 2.3 (0.9) F(2,18) = 2.51 0.109 0.22 0.44 
HV 2.7 (1.0) 
MV 4.1 (0.9) 

60Hz BV 2.3 (1.2) 
HV 2.4 (0.9) 
MV 
 

2.3 (0.9) 

Bradykin
esia 
sub-
score 

30Hz BV 15.1 (1.3) F(2,18) = 0.04 0.957 0.01 0.06 
HV 14.9 (1.5) 
MV 15.6 (1.1) 

60Hz BV 14.5 (1.4) 
HV 14.6 (1.4) 
MV 
 

15.4 (1.7) 

Posture 
sub-
score 

30Hz BV 0.8 (0.3) F(2,18) = 2.14 0.146 0.19 0.38 
HV 0.7 (0.3) 
MV 1.1 (0.2) 

60Hz BV 1.1 (0.2) 
HV 1.0 (0.2) 
MV 
 

0.9 (0.2) 

Gait 
sub-
score 

30Hz BV 1.3 (0.2) F(2,18) = 0.00 1.000 0.00 0.05 
HV 1.1 (0.1) 
MV 1.3 (0.2) 

60Hz BV 1.3 (0.2) 
HV 1.1 (0.3) 
MV 
 

1.3 (0.2) 

Balance 
sub-
score 

30Hz BV 0.1 (0.1) F(2,18) = 0.64 0.537 0.07 0.14 
HV 0.0 (0.0) 
MV 0.2 (0.1) 

60Hz BV 0.2 (0.1) 
HV 0.1 (0.1) 
MV 
 

0.1 (0.1) 

Speech 
sub-
score 

30Hz BV 1.6 (0.3) F(2,18) = 4.56 0.025 * 0.34 0.70 
HV 1.3 (0.3) 
MV 1.5 (0.3) 

60Hz BV 1.6 (0.3) 
HV 1.7 (0.3) 
MV 
 

1.2 (0.3) 
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Table A-36. Continued 
Measure Frequency 

setting 
Voltage 
setting 

Mean (SE) Statistical Test  
F value 

P PES OP 

Facial 
sub-
score 

30Hz BV 1.3 (0.2) F(2,18) = 0.34 0.717 0.04 0.10 
HV 1.3 (0.3) 
MV 1.1 (0.1) 

60Hz BV 1.2 (0.1) 
HV 1.4 (0.3) 
MV 
 

1.2 (0.2) 

Total 
UPDRS 
Part-III 
score 

30Hz BV 22.5 (2.1) F(2,18) = 1.74 0.203 0.16 0.32 
HV 22.0 (2.5) 
MV 24.9 (1.9) 

60Hz BV 22.2 (2.5) 
HV 22.3 (2.3) 
MV 
 

22.4 (2.6) 

Rigidity 
sub-
score 

30Hz BV 6.6 (1.0) F(2,18) = 2.50 0.110 0.22 0.44 
HV 6.9 (0.8) 
MV 8.0 (0.8) 

60Hz BV 6.7 (1.0) 
HV 7.3 (1.0) 
MV 7.0 (1.0) 

* Significant difference (P < 0.05); SE – Standard Error, BV – baseline voltage, HV – high 
voltage, MV – maximum tolerable voltage, Hz – Hertz, UPDRS - Unified Parkinson’s Disease , , 
Rating Scale’s Part-III (Motor evaluation), PES – Partial Eta Squared, OP – Observed Power; 
All the sub-scores (except rigidity) and the total UPDRS score are from an investigator who was 
blinded to the settings. Also, total score does not include rigidity sub-score. 
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Table A-37. Descriptive statistics and Univariate test results of Frequency Main Effect for 
Unified Parkinson’s Disease Rating Scale’s Part-III (Motor) evaluation sub-scores 
and total score related to Specific Aim-2.  

Measure Frequency 
setting 

Mean (SE) Statistical Test  
F value 

P PES OP 

Tremor sub-
score 

30Hz 3.0 (0.8) F(1,9) = 6.98 0.027 * 0.44 0.65 

60Hz 2.3 (0.9) 

Bradykinesia 
sub-score 

30Hz 15.2 (1.2) F(1,9) = 1.12 0.32 0.11 0.16 

60Hz 14.8 (1.4) 

Posture sub-
score 

30Hz 0.9 (0.2) F(1,9) = 1.71 0.223 0.16 0.22 

60Hz 1.0 (0.2) 
 
 

Gait sub-
score 

30Hz 1.2 (0.1) F(1,9) = 0.00 1.000 0.00 0.05 

60Hz 1.2 (0.2) 

Balance sub-
score 

30Hz 0.1 (0.1) F(1,9) = 0.31 0.591 0.03 0.08 

60Hz 0.1 (0.1) 

Speech sub-
score 

30Hz 1.5 (0.3) F(1,9) = 0.18 0.678 0.02 0.07 

60Hz 1.5 (0.3) 

Facial sub-
score 

30Hz 1.2 (0.1) F(1,9) = 0.18 0.678 0.02 0.07 

60Hz 1.3 (0.2) 
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Table A-37. Continued 
Measure Frequency 

setting 
Mean (SE) Statistical Test  

F value 
P PES OP 

Total 
UPDRS Part-
III score 

30Hz 23.1 (2.0) F(1,9) = 2.34 0.161 0.21 0.28 

60Hz 22.3 (2.3) 

Rigidity sub-
score 

30Hz 7.2 (0.7) F(1,9) = 0.287 0.605 0.03 0.08 

60Hz 7.0 (0.9) 

* Significant difference (P < 0.05); SE – Standard Error, Hz – Hertz, UPDRS - Unified 
Parkinson’s Disease Rating Scale’s Part-III (Motor evaluation), PES – Partial Eta Squared, OP – 
Observed Power; All the sub-scores (except rigidity) and the total UPDRS score are from an 
investigator who was blinded to the settings. Also, total score does not include rigidity sub-
score. 
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Table A-38. Descriptive statistics and Univariate test results of Voltage Main Effect for Unified 
Parkinson’s Disease Rating Scale’s Part-III (Motor) evaluation sub-scores and total 
score related to Specific Aim-2. 

Measure Voltage 
setting 

Mean (SE) Statistical Test  
F value 

P PES Observed 
Power 

Tremor 
sub-score 

BV 2.3 (1.0) F(2,18) = 1.32 0.291 0.13 0.25 
HV 2.6 (0.9) 
MV 
 

3.2 (0.9) 

Bradykines
ia sub-
score 

BV 14.8 (1.3) F(2,18) = 0.71 0.504 0.07 0.16 
HV 14.8 (1.4) 
MV 
 

15.5 (1.3) 

Posture 
sub-score 

BV 1.0 (0.2) F(1.28,11.55) = 0.61 0.489 0.06 0.12 
HV 0.9 (0.2) 
MV 
 

1.0 (0.2) 

Gait sub-
score 

BV 1.3 (0.2) F(2,18) = 0.67 0.523 0.07 0.15 
HV 1.1 (0.2) 
MV 
 

1.3 (0.1) 

Balance 
sub-score 

BV 0.2 (0.1) F(2,18) = 0.64 0.537 0.07 0.14 
HV 0.1 (0.1) 
MV 
 

0.2 (0.1) 

Speech 
sub-score 

BV 1.6 (0.3) F(1.30,11.72) = 1.88 0.198 0.17 0.27 
HV 1.5 (0.2) 
MV 
 

1.4 (0.3) 

Facial sub-
score 

BV 1.3 (0.1) F(2,18) = 0.92 0.418 0.09 0.18 
HV 1.4 (0.2) 
MV 
 

1.5 (0.1) 

Total 
UPDRS 
Part-III 
score 

BV 22.4 (2.2) F(2,18) = 1.19 0.326 0.12 0.23 
HV 22.2 (2.3) 
MV 
 

23.7 (2.1) 

Rigidity 
sub-score 

BV 6.7 (1.0) F(2,18) = 0.88 0.431 0.09 0.18 
HV 7.1 (0.9) 
MV 7.5 (0.8) 

No significant differences were found (P > 0.05); SE – Standard Error, Hz – Hertz, UPDRS - 
Unified Parkinson’s Disease Rating Scale’s Part-III (Motor evaluation), PES – Partial Eta 
Squared; All the sub-scores (except rigidity) and the total UPDRS score are from an investigator 
who was blinded to the settings. Also, total score does not include rigidity sub-score. 
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Table A-39. Correlation between total electrical energy delivered per second and Center of 
Pressure (CoP) related dependent variables during Eyes Open (EO) and Eyes 
Closed (EC) Standing trials  

 P r 
CoP RMS ML Displacement during EO trial 0.656 0.053 
CoP RMS AP Displacement during EO trial 0.332 0.116 
CoP RMS ML Velocity during EO trial 0.634 0.057 
CoP RMS AP Velocity during EO trial 0.368 0.108 
CoP RMS ML Displacement during EC trial 0.595 0.064 
CoP RMS AP Displacement during EC trial 0.321 0.119 
CoP RMS ML Velocity during EC trial 0.584 0.066 
CoP RMS AP Velocity during EC trial 0.358 0.110 

No significant correlation was observed (P > 0.05); RMS – Root Mean Square, ML – Medio-
Lateral, AP – Antero-Posterior, r - Pearson Correlation Coefficient 
 
Table A-40. Correlation between total electrical energy delivered per second (Joule) and 

dependent variables related to Gait Initiation  
 P r 
CoP ML Displacement in S1 phase 0.111 0.180 
CoP AP Displacement in S1 phase 0.256 -0.129 
CoP AP Displacement in S2 phase 0.235 0.134 
CoP ML Displacement in S3 phase 0.672 -0.048 
CoP AP Displacement in S3 phase 0.587 0.062 
CoP ML Velocity in S1 phase 0.155 0.160 
CoP AP Velocity in S1 phase 0.109 -0.180 
CoP ML Velocity in S2 phase 0.076 -0.200 
CoP AP Velocity in S2 phase 0.371 0.101 
CoP ML Velocity in S3 phase 0.801 -0.029 
CoP AP Velocity in S3 phase 0.275 0.123 
Maximum ML CoP-CoM distance in S1 phase 0.105 0.185 
Maximum AP CoP-CoM distance in S1 phase 0.122 0.176 
Maximum Resultant CoP-CoM distance in S1 phase 0.105 0.185 
Maximum ML CoP-CoM distance in S2 phase 0.595 0.061 
Maximum AP CoP-CoM distance in S2 phase 0.220 0.140 
Maximum Resultant CoP-CoM distance in S2 phase 0.311 0.116 
Maximum ML CoP-CoM distance in S3 phase 0.404 0.096 
Swing Leg Step Length 0.066 0.207 
Stance Leg Step Length 0.053 0.217 
Swing Leg Step Time 0.134 -0.169 
Stance Leg Step Time 0.677 -0.047 
Stance Leg Step Velocity 0.137 0.168 
Stance Width 0.094 0.197 
Time to Swing Leg Heel Rise 0.816 0.026 
Time to Swing Leg Toe Off 0.395 -0.096 
Time to Stance Leg Heel Rise 0.647 -0.052 
Time to Stance Leg Toe Off 0.384 -0.099 
Swing Leg Step Length Variability 0.449 -0.086 
Swing Leg Step Time Variability 0.117 -0.177 
Stance Leg Step Time Variability 0.305 -0.116 
Swing Leg Step Velocity Variability 0.109 -0.181 
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Table A-40. Continued 
 P r 
Stance Leg Step Velocity Variability 0.303 -0.117 
Stance Width Variability 0.997 0.000 
Time to Swing Leg Heel Rise Variability 0.512 -0.074 
Time to Swing Leg Toe Off Variability 0.853 -0.021 
Time to Stance Leg Heel Rise Variability 0.534 -0.071 
Time to Swing Leg Toe Off Variability 0.725 -0.040 

No significant correlation was observed (P > 0.05); r - Pearson Correlation Coefficient, CoP – 
Center of Pressure, CoM –Center of Mass, ML – Medio-Lateral, AP – Antero-Posterior 
 
Table A-41. Correlation between total electrical energy delivered per second (Joule) and 

dependent variables related to gait evaluation  
 P r 
Cadence 0.068 0.205 
Walking Speed 0.153 0.161 
Stride Time 0.726 0.040 
Step Time 0.057 -0.214 
Opposite Foot Off 0.109 -0.180 
Opposite Foot Contact  0.819 -0.026 
Foot Off 0.194 -0.147 
Single Support Time 0.872 -0.018 
Stride Length 0.281 -0.122 
Step Length 0.973 -0.004 
Variability in Cadence 0.866 -0.019 
Variability in Walking Speed 0.851 -0.021 
Variability in Stride Time 0.890 0.016 
Variability in Step Time 0.812 -0.027 
Variability in Opposite Foot Off 0.931 -0.010 
Variability in Opposite Foot Contact  0.987 -0.002 
Variability in Foot Off 0.828 -0.025 
Variability in Single Support Time 0.943 -0.008 
Variability in Double Support Time 0.433 -0.089 
Variability in Stride Length 0.914 0.012 
Variability in Step Length 0.772 -0.033 

No significant correlation was observed (P > 0.05); r - Pearson Correlation Coefficient. 
 
Table A-42. Correlation between TEED per second (Joule) and dependent variables related to 

the UPDRS Part-III (Motor evaluation)  
 P ρ 
Tremor 0.378 -0.100 
Bradykinesia 0.591 -0.061 
Posture 0.757 0.035 
Gait 0.503 -0.076 
Speech 0.346 0.107 
Facial Expression 0.526 0.072 
Total 0.262 -0.127 
Rigidity  0.063 -0.209 

No significant correlation was observed (P > 0.05); ρ – Spearman’s Rho Correlation Coefficient, 
TEED – Total Electrical Energy Delivered, UPDRS – Unified Parkinson’s Disease Rating Scale  
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