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TREADMILL WALKING WITH CONCURRENTLY CONTROLLED SPEED AND  
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by 
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Under the Direction of Dr. Feng Yang 

 

 

 

ABSTRACT 

Gait and stability impairments are common symptoms of Parkinson’s disease (PD) that can lead 

to a loss of mobility, increased fall risk, and a decreased quality of life. Rhythmic auditory 

cueing has commonly been used to improve gait speed by increasing cadence without 

modulating step length. However, most of the current rhythmic auditory cueing-based training 

modalities only control the speed and people with PD may just increase their step frequency 

without changing the stride length to walk faster. The increased cadence could be problematic 

for people with PD who may have already experienced high cadence and short steps, like in the 

shuffling gait. Given the interrelations between gait speed, step length, and cadence, 

investigating the effects of gait interventions that control speed and cadence simultaneously may 

be warranted. The primary purpose of this randomized controlled pilot study was to examine the 

acute effects of a treadmill walking intervention, which manipulates the step length and gait 

speed concurrently, on gait quality in people with PD. Thirty-two participants diagnosed with PD 
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(age: 67.13 ± 6.23 years) were randomly assigned to a 30-minute treadmill walking intervention 

that controlled speed and cadence (the advanced group) or only speed (the regular group). 

Before, in the middle of, and after the intervention, stride length (primary outcome), speed, 

cadence, and other spatiotemporal gait parameters (secondary) and dynamic gait stability 

(tertiary outcome), were assessed during overground walking and compared between groups over 

sessions.  The results suggest the advanced treadmill intervention increases stride length (p = 

0.04), gait speed (p = 0.05), double leg stance time (p = 0.04), and vertical ground reaction force 

(p = 0.04) more than the regular treadmill intervention. The two intervention regimes seem to 

show little differences in altering the single leg stance time, anteroposterior ground reaction force 

and impulse, or dynamic gait stability. The findings of this study could provide a foundation for 

designing effective interventions to improve gait and stability for this population. More studies 

are needed to investigate the best dosage and long-term and retention effects of the advanced 

treadmill gait training for people with PD’s gait quality. 

INDEX WORDS: Parkinson’s disease, gait speed, cadence, stride length, treadmill training, 

stability 
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1  THE PROBLEM 

1.1 Introduction 

Parkinson’s disease (PD) is a progressive neurological disorder that affects approximately 

9 million people worldwide (Owais and Siddique, 2023). Although the cause remains unknown, 

PD is defined by the progressive loss or degeneration of dopamine-producing neurons in the 

brain, which can lead to a variety of symptoms such as motor dysfunction, postural instability, 

and gait impairments. These can contribute to a loss of mobility, increased risk of falls, and re-

duced quality of life (Adkin et al., 2003; Bloem et al., 2001). The most common primary treat-

ment for PD involves using pharmacological management, levodopa, to restore depleted dopa-

mine levels. However, dopaminergic treatment has not only been shown to gradually diminish 

over time but can also cause severe motor-related side effects (Galna et al., 2015; Lewitt, 2008; 

Rascol et al., 2000; Thanvi et al., 2007). Further, postural stability does not respond well to these 

medications, and they can be ineffective at improving gait impairments, both cardinal symptoms 

of PD (Curtze et al., 2015; Sethi, 2008). Therefore, non-pharmacologic treatment is warranted as 

a supplemental therapy to levodopa for people with PD (PwPD). 

 Bradykinesia is associated with gait impairments in PwPD, which manifest as reduced 

gait speed, decreased step length, and increased cadence, resulting in shuffling steps (Morris et 

al., 1994). Slower gait speeds are associated with increased fall risk, and gait training has primar-

ily focused on increasing walking speed (Verghese et al., 2009). Because gait speed is deter-

mined by step length and cadence, PwPD could increase their gait speed by lengthening their 

step, increasing their cadence, or both. PwPD have displayed difficulty in regulating stride length 

and typically increase cadence as a strategy to increase gait speed (Morris et al., 1994). As a re-

sult, PwPD may exhibit a cadence already within the normal range or higher than healthy 
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counterparts (Hollman et al., 2011). Therefore, when attempting to increase gait speed, it is im-

portant for PwPD to increase step length while maintaining, or even reducing cadence, as a strat-

egy. 

PwPD commonly demonstrate a loss of automaticity and rhythmicity of their movements 

(Koshimori and Thaut, 2018). Rhythmic auditory stimulation (RAS) is an external cue, typically 

a metronome, that helps PwPD facilitate initiating and/or maintaining motor activity by synchro-

nizing their movements with external rhythmic cues through an innate internal timing process 

(Thaut et al., 2015). The cyclic nature of RAS can help PwPD synchronize ground contact when 

walking and control variability in musculoskeletal activation patterns (Ford et al., 2010; 

Koshimori and Thaut, 2018).  

The use of RAS during treadmill training has demonstrated increases in gait speed and 

step length, but findings are inconsistent (Howe et al., 2003; Morris et al., 1994; Murgia et al., 

2018; Nieuwboer et al., 2007; Thaut et al., 2019). Interventions have used faster tempos, in 

which the beat of the metronome depends on a person’s cadence, to increase gait speed. Because 

cueing faster tempos intends to alter cadence, gait speed can be increased without increasing step 

length. Increasing the step length may be more critical for PwPD, and using an RAS with a 

tempo at or above baseline may lead to even shorter steps (Morris et al., 1994; Morris et al., 

1996). It has recently been demonstrated that a slower RAS frequency can increase step length 

during treadmill walking in PwPD (Chawla et al., 2020). With a steady rhythm, PwPD can antic-

ipate their next walking step and possibly replace their dysfunctional internal timing regulation 

(Forte et al., 2021). Using a RAS tempo slower than the baseline cadence may be a more effec-

tive method for managing cadence and increasing step length to increase gait speed. 
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Like gait impairments, postural stability does not respond well to anti-Parkinsonian medi-

cation, and exercise interventions are necessary to improve postural instability and reduce falls in 

PwPD (Bronte-Stewart et al., 2002). Most treadmill training with RAS research focuses on gait 

speed, while few studies have evaluated the effect of gait training with RAS on postural stability. 

It has been suggested that the use of rhythmic auditory and visual stimulation during gait training 

improves balance function, indicating that gait training with RAS has the potential to reduce fall 

risk (Harro et al., 2014; Song et al., 2015).  

While there is some evidence that RAS with treadmill training can improve gait velocity 

and step length, it is unknown if simultaneously modulating gait speed and cadence is more ef-

fective in managing cadence to increase step length and gait speed compared to only modulating 

gait speed. Further, increasing step length can increase the time spent in the single leg stance 

phase, which might indicate an improvement in dynamic balance, leading to a reduction in fall 

risk while walking. It has been demonstrated that a single session of treadmill walking can elicit 

longer steps and faster walking (Bello et al., 2008; Pohl et al., 2003). Hence, this study aims to 

explore if simultaneously modulating speed and cadence during treadmill training can deliver 

more immediate benefits than controlling speed alone in PwPD. 

 

1.2 Research Questions 

This project aimed to answer the following questions: 

1. Does modulating speed and cadence concurrently (advanced treadmill intervention) 

elicit a greater improvement in stride length compared to controlling speed alone 

(regular treadmill intervention) in a single treadmill session in PwPD? 

2. How does the advanced treadmill intervention affect spatiotemporal and kinetic gait 

parameters relative to regular treadmill intervention? 
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3. Does the advanced treadmill intervention improve dynamic gait stability more than 

the regular treadmill intervention in a single session of treadmill walking in PwPD? 

Correspondingly, the following hypotheses were tested: 

1. The advanced treadmill intervention group would display a significantly larger increase 

in stride length compared to the regular treadmill intervention group following the 

training. 

2. The advanced intervention group exhibits more improvements in the spatiotemporal 

and kinetic gait parameters compared to the regular intervention group. 

3. The advanced treadmill intervention group would show a higher increase in dynamic 

gait stability than the regular treadmill intervention group from the pre-intervention to 

the post-intervention assessment. 

 

1.3 Purpose 

The overall purpose of this pilot, single-session, randomized controlled trial was to exam-

ine how the advanced treadmill intervention improves gait functions relative to the regular tread-

mill intervention in PwPD. Specifically, three aims were pursued: (1) to explore if a treadmill in-

tervention that simultaneously modulates cadence using RAS and speed immediately improves 

stride length compared to a treadmill intervention that only controls gait speed; (2) to examine 

how a treadmill intervention that concurrently controls cadence and speed immediately affects 

spatiotemporal gait parameters compared to a regular intervention that only controls speed, and 

(3) to investigate if a treadmill intervention that simultaneously modulates cadence using RAS 

and gait speed immediately improves dynamic gait stability compared to a treadmill intervention 

that only manipulates speed. 
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1.4 Significance of the Study 

To our knowledge, this was the first acute study that will simultaneously control speed 

and cadence as an intervention to improve gait characteristics in PwPD. The effects of two dif-

ferent treadmill interventions on spatiotemporal gait characteristics and dynamic gait stability 

were examined. Given that gait and postural impairments are common and devastating symp-

toms of PD, it is vital to determine the most effective treatments that help PwPD improve their 

walking and reduce their risk of falls. With improved gait, PwPD would have better mobility, re-

duced fall risk, and increased quality of life. This study is clinically and socioeconomically im-

pactful. 

 

1.5 Delimitations and Limitations 

Delimitations 

This study was limited to people with a clinician-confirmed PD diagnosis and a disability 

level characterized by the Hoehn and Yahr (H&Y) stage between 1 and 3. To control the hetero-

geneity of the participants, the age was restricted to 50 years and over. Due to the nature of the 

interventions, only those who could walk on a treadmill for at least 30 minutes without using a 

walking aid were recruited. Additionally, this project excluded anyone with self-reported uncon-

trolled cardiorespiratory or metabolic disease, other neurologic disorders that affect walking, and 

visual and communication impairments. These delimitations may reduce the generalizability of 

this study. 

Limitations 

This study is not without limitations. It was difficult to recruit an equal number of male 

and female participants, as men are 1.5 times more likely to develop PD than women. This could 
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dampen the generalizability of our findings of both sexes. Due to the specific inclusion criteria 

related to the age range and assistive device use, the findings of this project may not be general-

izable to PwPD in other age ranges and disability levels. Because this treadmill training interven-

tion is based on previous studies, it is unknown if this protocol is optimal. Given that the inter-

vention took place inside a lab, it remains unknown how the findings would transfer to everyday 

living conditions. Fatigue, footwear, sensorimotor function impairments, quality of sleep, hydra-

tion, nutrition, and the time of day of testing were not controlled. Lastly, because this study as-

sessed the acute effects of a single-session treadmill intervention, it is unclear what the long-term 

training effect would be and how long the effects would last. 

 

1.6 Overview of the Study 

Gait and postural impairments are prevalent and debilitating symptoms for PwPD that 

can limit their ability to perform daily tasks, cause injury, and compromise their quality of life. 

PwPD typically display decreased walking speed, shortened step length, and an increased ca-

dence resulting in shuffled gait. External auditory cueing is commonly used in conjunction with 

gait rehabilitation and has been shown to improve gait quality through rhythmic entrainment. 

Specifically, external auditory cueing, typically a metronome, has commonly been used at a 

tempo faster than baseline to increase walking speed on a treadmill. This may cause PwPD to 

take even shorter steps to increase speed. It may be more beneficial to use a slower cadence to 

increase step length for increasing gait speed. Therefore, this project adopted a randomized con-

trolled design to explore if simultaneously controlling cadence and gait speed (or the advanced 

treadmill intervention) is acutely more effective at improving the stride length and other gait 

characteristics than controlling gait speed alone (or the regular treadmill intervention). Thirty 

PwPD were enrolled in this study. They were randomly assigned into one of the two groups: 
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advanced intervention or regular intervention. Participants in the advanced group completed a 

single session of a treadmill walking intervention in which speed and cadence were manipulated. 

The regular training group completed a single session of treadmill walking where the speed alone 

was controlled. Gait parameters included stride length (primary outcome), cadence, gait velocity, 

single leg stance time, double leg stance time, peak vertical ground reaction force (GRF), peak 

anterior and posterior GRFs, braking and propulsive impulses, and rate of loading (secondary 

outcomes). In addition, dynamic gait stability (tertiary outcome) was examined. The three cate-

gories of outcome measurements were collected during overground walking and were compared 

between groups over sessions to test the three hypotheses, respectively. The findings of this pro-

ject may provide insight into the reaction of PwPD to the manipulated gait and furnish a new 

foundation to design effective interventions to improve gait characteristics for this population.
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2  REVIEW OF THE LITERATURE 

2.1 Overview and Relevance of Parkinson’s Disease 

Parkinson’s disease (PD) is a progressive neurodegenerative disorder that was first identi-

fied by James Parkinson in 1817 under the term “shaky palsy” (Parkinson, 2002). From 1990 to 

2015, the number of people with PD (PwPD) increased by 118% to over 6.2 million, making it 

the fastest growing neurological disorder and the leading cause of disability worldwide (Dorsey 

et al., 2018; Rocca, 2018). The incidence of PD increases with age and rises sharply around age 

65, where men are 1.5 times more likely to develop PD than women (Moisan et al., 2016; Van 

Den Eeden et al., 2003). Given the increase in longevity and the aging population, the number of 

people with PD is projected to exceed 12 million worldwide by 2040 (Dorsey and Bloem, 2018; 

Goldman, 2014; Scheperjans et al., 2015). Though non-infectious, some scientists consider PD a 

pandemic as it is experiencing exponential growth, no one is immune, and PD is increasing in 

every major region of the world (Morens et al., 2009).  

 While the cause of PD remains unknown, there is sufficient evidence that genetic varia-

bility and environmental risk factors are associated with developing the disease (Betarbet et al., 

2000; Blauwendraat et al., 2019). The α-synuclein gene (SNCA) was the first gene to be associ-

ated with the development of PD in 1997 (Polymeropoulos et al., 1997). Since then, more than 

20 gene loci have been associated with PD (Blauwendraat et al., 2019). Pesticide exposure, as a 

potential risk factor, was raised in the 1980s after the discovery of 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine (MPTP), which caused irreversible parkinsonism in patients (Langston et al., 

1983). It has been demonstrated that long-term exposure to pesticides can cause parkinsonism, 

and it is hypothesized that exposure to these environmental factors produces oxidative stress, 

which aids in neural degeneration (Betarbet et al., 2000; Jenner and Olanow, 1998).  
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 The cardinal signs of PD relate to motor dysfunction, including tremors at rest, bradyki-

nesia, rigidity, and postural impairments (Rajput et al., 1991; Wirdefeldt et al., 2011). Although 

historically considered a motor disease, non-motor manifestations, including sensory symptoms 

(pain, tingling), anxiety, depression, hypotension, sleep disturbances, and cognitive impairments, 

have been recognized (Chaudhuri and Schapira, 2009; Gallagher et al., 2010; Jankovic, 2008). It 

is now known that the above motor dysfunctions occur as a result of a loss of dopaminergic neu-

rons of the pars compacta of the substantia nigra leading to loss of dopamine in the striatum of 

the brain and the development of neuronal Lewy Bodies in the neurons that are still alive 

(Wirdefeldt et al., 2011). Symptoms do not develop until about 50-60% of the nigral neurons are 

lost, 80-85% of the dopamine content of the striatum is depleted, and the reduction of dopamine 

results in decreased automatic control of movement (Kalia and Lang, 2016; Michel et al., 2016; 

Postuma et al., 2010; Wu and Hallett, 2008). 

 Currently, only clinical criteria are used to diagnose PD, including resting tremors, rigid-

ity, bradykinesia, and postural impairments, as no standardized biomarker or neuroimaging find-

ing confirms its presence (Li and Le, 2020). Because these motor symptoms can also be present 

in other neurodegenerative disorders, PD diagnosis can be challenging. It is postulated that neu-

rologists have a misdiagnosis rate of 24%, while movement disorders specialists have a misdiag-

nosis rate of 8% (Jankovic et al., 2000; Rajput et al., 1991). 

 Due to the amount of motor and non-motor symptoms, PwPD have higher medical care 

needs, miss work or lose the ability to work, and can require paid and/or unpaid care partners, 

creating both direct and indirect economic burdens (Whetten-Goldstein et al., 1997). As of 2017, 

it was estimated that one million people were diagnosed with PD in the United States, with an 

approximate economic cost of $51.9 billion (Yang et al., 2020). Further, research suggests that 
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motor and non-motor symptoms of PD negatively impact the health-related quality of life 

(Crispino et al., 2020). 

 Though PD is the fastest growing neurological disorder in the world, there is neither a 

clinical biomarker for early detection nor a cure available. Both motor and non-motor related 

symptoms are experienced by PwPD and can reduce health-related quality of life and cause an 

economic burden, extending beyond the patient to society at large. Therefore, it is important to 

identify treatment options to help patients maintain independence and quality of life while living 

with PD. 

 

2.2 Clinical Motor Symptoms of Parkinson’s Disease 

As mentioned previously, common clinical motor symptoms of PD include resting trem-

ors, bradykinesia, rigidity, and postural impairments, which all contribute to impaired walking 

and functional mobility (Boonstra et al., 2008; Miller-Patterson et al., 2018; Morris, 2000; 

Plotnik and Hausdorff, 2008; Takakusaki et al., 2008). Bradykinesia refers to slowing movement 

and is a hallmark of basal ganglia disorders (Berardelli et al., 2001). The basal ganglia refer to a 

group of structures located beneath the cortex of the brain called the subcortical nuclei and are 

responsible for the coordination of movement (among other functions). The basal ganglia gener-

ate internal cues to facilitate the initiation of movement sequences and enable appropriate motor 

function execution, along with inhibiting unwanted movements (Muthukrishnan et al., 2019). 

The prevailing model of basal ganglia function consists of two circuits, the direct and in-

direct pathways, originating from distinct striatal medium spiny neurons (MSNs) and projecting 

to different output structures. It is hypothesized the direct pathway promotes movement by direct 

inhibitory projections to the globus pallidus internus (GPi), while the indirect pathway is thought 

to inhibit movement projecting to the GPi through globus pallidus externus (PGe) and 
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subthalamic nucleus (Calabresi et al., 2014). In PwPD, striatal dopaminergic depletion leads to 

increased GPi inhibition of the output structures. This leads to deficiencies in the execution of 

movement, resulting in bradykinesia, a cardinal motor symptom of PD (Boonstra et al., 2008; 

Cunnington et al., 1995; Debaere et al., 2003; Georgiou et al., 1993; Muthukrishnan et al., 2019). 

Gait manifestations of bradykinesia include a reduced gait speed, shuffling when walk-

ing, dragging one or both feet while walking, and freezing (muscles are immobile for a period of 

time). Gait hypokinesia is related to decreased stride height and length, reduced stride frequency, 

and extended double limb support (Kang et al., 2019). Gait disturbances are one of the most in-

capacitating symptoms of PD. PwPD tend to walk slower, with a shorter step and a higher ca-

dence compared to healthy counterparts (Canning et al., 2006; Morris, 2000; Morris et al., 1996). 

Further, PwPD may also present with stooped and forward-flexed posture, reduced arm swing, 

gait instability, falls, and increased stride-to-stride variability (Bello et al., 2010; Boonstra et al., 

2008; Hausdorff et al., 1998; Murray et al., 1978). Results from 190 patients with PD demon-

strated gait difficulties and postural instability as the main determinants of poor quality of life 

(Muslimovic et al., 2008). Because it can result in the loss of independence and quality of life, 

efforts must be dedicated to improving options for treating gait impairments in PwPD. 

 

2.3 Treatment for Improving Gait Function in Parkinson’s Disease 

Clinically, there are two types of treatment for PD: surgery (deep brain stimulation) and 

medication. Deep brain stimulation (DBS) of the subthalamic nucleus (STN) or the GPi is an es-

tablished treatment for advanced-stage PD and involves an electrode being implanted to provide 

continuous high-frequency electrical stimulation (Habets et al., 2018). Stimulation of the STN 

has been shown to consistently improve stride length but with no effects on stride time or stride 

variability, while stimulation of the GPi has been shown to improve gait velocity without any 
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significant improvement in stride length (Pötter-Nerger and Volkmann, 2013). Although DBS 

improves some motor symptoms of PD, it is not without adverse effects. Postoperative worsen-

ing of gait and increased risk of falls have been reported (Pötter-Nerger and Volkmann, 2013).  

The most common treatment for PD involves the attempt to restore depleted dopamine 

levels in the basal ganglia. Because dopamine does not cross the blood brain barrier, dopamine 

cannot simply be administered to a patient. Instead, patients can be given a precursor to dopa-

mine, called levodopa. Levodopa can cross the blood brain barrier and is used by the brain to 

synthesize more dopamine. Although levodopa does not halt the neurodegeneration that occurs 

in PD, it has been shown to improve some gait characteristics in PwPD. Improvements in stride 

length, gait speed, and double support time variability have been shown to improve with levo-

dopa, but it may not significantly impact cadence (Rochester et al., 2011). Unfortunately, the ef-

fect of dopaminergic treatment gradually diminishes over time, and motor control symptoms be-

come resistant to pharmacological therapy (Galna et al., 2015). Further, levodopa can cause se-

vere side effects termed Levodopa-induced dyskinesias (LIDs), including involuntary, erratic, 

writhing body movements (Lewitt, 2008; Rascol et al., 2000; Thanvi et al., 2007). Along with 

dyskinesias, other motor fluctuations, such as wearing-off, delayed/no on-phase, and freezing ef-

fects, can also occur in response to levodopa (Jankovic et al., 2000; Mehrholz et al., 2015). The 

longer a PwPD spends on levodopa, the more common LID becomes. It is possible for PwPD to 

progress to a stage of treatment that involves managing the dosage of levodopa to control the 

trade-off between the original Parkinsonian symptoms and LID (Rajput et al., 1991). 

Among non-pharmacological therapies for PD, exercise has become increasingly popular. 

A link between exercise and PD was first reported in 1992 when researchers documented that ex-

ercise in adulthood significantly reduced the risk of developing PD for the rest of their life 
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(Sasco et al., 1992). Further, more recent studies have indicated that exercise may provide not 

only a neuroprotective effect but also attenuate PD symptoms (Hirsch and Farley, 2009). Either 

as a complement to clinical treatment or alternative therapy, a meta-analysis and systematic re-

view of 14 studies report exercise improves both motor and non-motor symptoms of PD by en-

hancing the plasticity of motor-related structures (Goodwin et al., 2008). Clinical studies have 

examined various types of exercise, such as aerobic exercise, gait training, resistance training, 

and complementary exercises like tango and yoga, on symptoms of PD (Alberts and Rosenfeldt, 

2020; Cheung et al., 2018; Feng et al., 2020; Herman et al., 2009; Holmes and Hackney, 2017; 

Saltychev et al., 2016; Wu et al., 2017). 

 

2.4 Exercise-based Interventions for Improving Giat Function 

Aerobic Exercise Training 

Aerobic exercise training is considered one of the best ways to improve health throughout 

a person’s lifetime (Voss et al., 2011). Previous data have indicated that stationary cycling im-

proves aerobic ability and cognitive function in those with early-stage PD (Duchesne et al., 2015; 

Nadeau et al., 2016). Fourteen participants with mild to moderate PD who completed 12 sets of 

30-minute low-resistance interval training on a recumbent bike displayed improvements in dis-

ease severity, functional mobility, upper extremity movement, and cognitive function (Uygur et 

al., 2017). Aerobic exercise has also been suggested as the most effective method in reducing de-

pression in PwPD compared to other physical activities like Qigong and Tai Chi (Wu et al., 

2017). In a separate study, participants with PD completed a 12-week aerobic training program 

on a stationary bike and displayed increases in gait velocity and cadence but not step length 

(Nadeau et al., 2016). 
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In addition, aerobic exercise training has been associated with improving motor learning 

capacity in daily activities through increased plasticity of motor-related structures (Duchesne et 

al., 2016). Further, a single session of moderately intense (60-70% of VO2max) aerobic cycling 

was effective at promoting motor skills consolidation (motor memory formation) in participants 

with PD (Steib et al., 2018). Aerobic exercise training is a popular therapy that positively affects 

motor function, disease severity, and depression but has not been beneficial in improving step 

length during gait. 

Resistance Training 

Resistance training is another exercise that involves repetitive movements to increase 

muscular strength. Multiple systematic reviews and meta-analyses have reported that resistance 

training has a positive effect on muscle strength, motor function, endurance, mobility, and motor 

symptoms in PD (Brienesse and Emerson, 2013; Feng et al., 2020; Lima et al., 2013; Saltychev 

et al., 2016). Further, in a randomized controlled trial in which participants completed two re-

sistance training sessions a week for 12 weeks, PwPD improved sleep quality based on the Pitts-

burgh Sleep Quality Index (Silva-Batista et al., 2017). In a different study following a 12-week 

high intensity eccentric resistance training program, participants with mild to moderate PD ex-

hibited improvements in muscular strength, clinical measures of bradykinesia, and quality of life 

(Dibble et al., 2009). Participants also displayed an increase in gait velocity, but it was unclear 

how the cadence and step length changed in response to the training (Dibble et al., 2009). Be-

cause both step length and cadence can affect the gait speed, it is vital to check how exactly these 

two factors were modified by the training and their impact on the gait velocity. 
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Complementary Exercise 

Mind-body exercise programs such as Tango, Qigong, Tai Chi, and yoga have been stud-

ied in the PD population. These slow aerobic exercises have the potential to relax the body and 

mind. Tango is a partnered ballroom dance in which dancers must focus on their coordination, 

body movements, and stepping strategies. Due to the emotional, physical, and social aspects, 

tango could improve the quality of life, body self-efficacy, and activities of daily life in PwPD 

(Albani et al., 2019; Feng et al., 2020; Holmes and Hackney, 2017; Koch et al., 2016; Wells and 

Yang, 2021). A Bayesian network meta-analysis reported that tango is the most effective exer-

cise to increase functional mobility in PwPD compared to Qigong, Tai Chi, resistance training, 

and yoga (Tang et al., 2019). After completing 20 sessions of a 1-hour Tango class over 10 

weeks, PwPD displayed improvements in balance, functional reach, and gait velocity during the 

6-minute walk test, but the cadence and step length were not examined (Hackney and Earhart, 

2010). 

 Qigong originated from conventional Chinese medicine and is a type of exercise that in-

corporates movement, meditation, and breathing patterns to control the flow of Qi, a meridian 

system in the body (Tsang et al., 2002). Similarly, Tai Chi involves a series of dance-like move-

ments linked together in a slow and continuous sequence. Prior studies have reported that both 

Qigong and Tai Chi may improve balance, postural stability, and sleep disorders in PwPD (Chen 

et al., 2016; Kim et al., 2014). For example, after a 6-month Qigong intervention, PwPD reported 

better sleep, balance, and an increase in gait velocity in the 6-minute walk test and Timed-Up-

and-Go test (Xiao and Zhuang, 2016). In a separate 10-week study consisting of Qigong exer-

cises five times a week, PwPD displayed improvements in balance, hand-eye coordination, and 

gait velocity during the Timed-Up-and-Go test (Liu et al., 2016). Even though it is encouraging 
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that both studies reported increases in gait velocity, neither measured cadence nor step length; 

therefore, the cause of the increased gait velocity was undetermined. While multiple studies have 

demonstrated the positive effect Tai Chi has on balance, cognitive function, psychological well-

being, and sleep disorders, no improvements in gait impairments have been reported. 

Yoga has been increasingly used to integrate breathing with postures and movement. 

Yoga also consists of stretching, improving flexibility and strength (Tran et al., 2001). In a 12-

week study, PwPD improved motor and cognitive functions after the yoga-based training pro-

gram (Cheung et al., 2018). Similar to Tai Chi-related studies, the evidence supporting the effect 

of yoga on gait impairments is lacking. 

Additionally, dance-based exercise (Simpkins and Yang, 2023) and whole-body vibration 

training (Yang, 2020) have recently been applied to PwPD to improve their balance and gait 

functions with promising results. 

Treadmill Training  

Bradykinesia can cause common gait impairments in PwPD, which manifest as reduced 

gait speed, decreased step length, and increased cadence, resulting in shuffling steps (Morris et 

al., 1994). Further, slower gait speeds are associated with increased fall risk (Kyrdalen et al., 

2019), and as such, gait training has primarily focused on increasing walking speed (Verghese et 

al., 2009). Numerous studies have reported an increase in gait speed after a treadmill training in-

tervention for PwPD (Cakit et al., 2007; Canning et al., 2008; Pelosin et al., 2007; Skidmore et 

al., 2008).  

Treadmill training has also been established as an effective treatment program to improve 

step length in PwPD (Herman et al., 2009; Mehrholz et al., 2015). However, studies that report 

increases in gait speed and step length do not always describe cadence (Canning et al., 2008; 
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Frazzitta et al., 2009; Herman et al., 2009; Pohl et al., 2003). Compared with healthy counter-

parts, PwPD displayed difficulty in regulating stride length and increased cadence as a compen-

satory strategy to maintain speed (Morris et al., 1994). Because gait speed is determined by step 

length and cadence, PwPD could increase their gait speed by lengthening their step, increasing 

their cadence, or both.  

 

 

Figure 2.1 Interrelations between gait speed, cadence, and stride length, as defined by the 

mathematical equation. While a person is walking on a treadmill, the gait speed can be precisely 

controlled. Additionally, a metronome is usually used to modulate the cadence of the trainee. 

Given the strict mathematical relationships among gait speed, cadence, and stride length (shown 

as the equation), the stride length would be controlled. This provides us with a more advanced 

paradigm to train PwPD to force them to walk at the desired stride length, gait speed, and cadence. 

The training on the treadmill may improve the gait quality of PwPD on the ground. 

 

It has been shown that PwPD increase cadence to increase gait speed despite cadence be-

ing already within the normal range or higher than healthy counterparts (Hollman et al., 2011). In 

an 8-week training program in which the treadmill speed gradually increased, PwPD displayed 

significant increases in gait speed and cadence (Protas et al., 2005). Though participants also in-

creased their step length, these results were not statistically significant, indicating that increases 
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in gait speed more likely came from taking more steps rather than longer steps (Protas et al., 

2005). Similarly, in a 5-week treadmill training program that adopted a constant treadmill walk-

ing velocity but a progressively prolonged training session duration, PwPD increased their gait 

speed, step length, and cadence (Bello et al., 2013). Therefore, it would be equally important to 

control the cadence and step length for a gait training program targeting PwPD. A training strat-

egy that addresses both cadence and step length may lead to a better gait outcome. The interrela-

tions between the three fundamental gait parameters (stride length, cadence, and gait speed), as 

indicated in Figure 2.1, make such training paradigms possible. 

 

2.5 Rhythmic Auditory Stimulation 

Striatal dopamine loss is present in PwPD and results in a reduced transfer of information 

to the basal ganglia, which leads to a diminished ability to detect movement cues 

(Muthukrishnan et al., 2019; Redgrave et al., 2010). This may worsen movement selection and 

sequencing resulting in gait impairments, as PwPD may be unable to execute movement success-

fully due to the lack of proprioceptive information (Muthukrishnan et al., 2019; Weiss et al., 

2020). Cueing can serve as a stimulus to bypass the impaired internal timing present in PwPD 

(Ashoori et al., 2015). Cueing is defined as a mechanism of applying a spatial or temporal stimu-

lus to facilitate initiating or maintaining motor activity and has been suggested to help with the 

initiation, amplitude, and timing of movement (Ashoori et al., 2015; Ginis et al., 2018; 

Nieuwboer et al., 2007). Auditory and visual cues are the most widely used to improve gait in 

PwPD. Most auditory cues are delivered as rhythmic auditory stimulation (RAS) using a metro-

nome.  

 RAS is not a new concept and has been used during overground and treadmill gait train-

ing for over 20 years (Frazzitta et al., 2009; Harro et al., 2014; Murgia et al., 2018; Thaut et al., 
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1996). Although the loss of automaticity and rhythmicity of movements is present, it seems 

PwPD are still able to synchronize their movements with external rhythmic cues through an in-

nate internal timing process, referred to as rhythmic entrainment (Thaut et al., 2015). This pro-

cess is thought to depend on the interaction of several structures of the subcortico-thalamo-corti-

cal network, including cerebellum, basal ganglia, pre-supplementary and supplementary motor 

areas (Thaut et al., 1999). All of these areas are negatively affected by PD and contribute to the 

loss of normal rhythmic gait. Sound can increase a motor neuron’s excitability, aiding in antici-

patory motor control patterns in the brain and spinal cord and reducing the time for a muscle to 

activate a motor command (Forte et al., 2021). Brain imaging studies report rhythm perception 

can change the auditory-motor network (Koshimori and Thaut, 2018). The cyclic nature of RAS 

can help PwPD synchronize ground contact when walking and control variability in musculo-

skeletal activation patterns (Ford et al., 2010; Koshimori and Thaut, 2018). 

RAS and Gait Training 

 Like gait training without RAS, the use of RAS during gait training has demonstrated in-

creases in gait speed and step length, but findings are inconsistent (Howe et al., 2003; Morris et 

al., 1994; Murgia et al., 2018; Nieuwboer et al., 2007; Thaut et al., 2019). These interventions 

have used faster tempos, where the beats per minute (BPM) of the metronome or music depends 

on a person’s cadence. A strategy of maintaining a step cadence that matches or exceeds a per-

son’s baseline value can be adopted to adjust the gait speed (Arias and Cudeiro, 2008; Ashoori et 

al., 2015; McIntosh et al., 1997). Because cueing faster tempos intends to alter cadence, gait 

speed can be increased without increasing step length. As mentioned above, increasing step 

length may be more critical for PwPD, and using RAS at a tempo at or above baseline may lead 

to even shorter steps (Morris et al., 1994; Morris et al., 1996).  
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 It has recently been documented that a slower RAS frequency can increase step length 

during treadmill walking (Chawla et al., 2020). When walking at a tempo of 85% of baseline ca-

dence, PwPD lengthened their average step length from 0.56 m to 0.61 m (Hoppe et al., 2020). 

RAS can help create predictable temporal (cadence) synchronization patterns between sensory 

input and motor output, making the anticipation of movement possible for PwPD. With a steady 

internal rhythm, PwPD can anticipate their next walking step and possibly replace their dysfunc-

tional internal timing regulation (Forte et al., 2021). Among the limited gait training involving 

RAS, most of them adopted a faster tempo to increase gait speed to the detriment of cadence. Us-

ing a RAS tempo slower than baseline cadence may be a more effective method for increasing 

step length and possibly managing cadence, as a strategy to increase gait speed. 

 

2.6 Falls in Parkinson’s Disease 

Postural instability is one of the cardinal signs of PD and is a very common and challeng-

ing symptom that can lead to falls. With an incidence rate of 40% - 70%, fall prevention is an ur-

gent need for PwPD as falls can lead to physical injury, restrained mobility, and impaired ability 

to perform daily activities (Ashburn et al., 2008; Bloem et al., 2001; Hely et al., 2008). Further, 

more than 45% of these falls occur during ambulation or tasks of daily living (Ashburn et al., 

2008). Because falls often lead to a fear of falling in the future, PwPD may restrict activities to 

avoid a potential fall leading to further deconditioning and limiting their quality of life (Adkin et 

al., 2003; Bloem et al., 2001). 

Because postural stability does not respond well to anti-Parkinsonian medication, exer-

cise interventions are necessary to improve postural instability and reduce falls in PwPD 

(Bronte-Stewart et al., 2002). A meta-analysis reported that exercise, including balance training, 

Tai Chi, and strength training, could reduce short-term and long-term fall rates in PwPD (Shen et 
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al., 2016; Simpkins and Yang, 2023). Most treadmill training research focuses on gait speed and 

step length, while limited studies have examined the effects of treadmill training on balance and 

falls in PwPD. For example, PwPD who participated in a treadmill training intervention in which 

they walked in 4 directions (forwards, backwards, and sideways) on a treadmill while supported 

by a safety harness showed improvements in balance and a significant reduction in falls two 

weeks after the end of the 8-week intervention period (Protas et al., 2005). In a separate study 

utilizing speed-dependent treadmill training during an 8-week intervention, PwPD exhibited im-

provements in the Berg Balance Test, Dynamic Gait Index, and Falls Efficacy Scale, though falls 

were not reported (Cakit et al., 2007). 

Similarly, few studies have evaluated the effect of gait training with RAS on postural sta-

bility. When comparing speed-dependent treadmill training and overground RAS on balance 

function, both groups improved the Rapid Step-up Test and the Sensory Organization Test (eval-

uates postural sway) scores, suggesting a carryover effect of gait training on balance scores 

(Harro et al., 2014). In a different study that combined rhythmic auditory and visual stimulation 

during gait training, PwPD significantly increased gait velocity, step length, and Berg Balance 

Scores (Song et al., 2015). Although limited, these studies indicate that gait training can improve 

balance function and has the potential to reduce fall risk. 

Feasible Stability Region 

Stability requires continuous control of the body’s center of mass (COM) relative to its 

base of support (BOS). Balance is preserved during a static task, like standing, when the COM’s 

projection is confined within the BOS (Figure 2.2a) (Shumway-Cook and Horak, 1986). How-

ever, static stability limits do not apply to dynamic tasks (Yang, 2018). For example, during the 

early single stance phase of a gait cycle, the COM’s projection on the ground is always behind or 
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outside the BOS, defined as the leading foot-ground contact area. According to the static stability 

limit concept, a person should encounter a backward balance loss in this scenario, which does 

not occur in reality. Therefore, a different metric must be utilized when considering dynamic 

conditions. 

The Feasible Stability Region (FSR) theory simultaneously considers the COM position 

and velocity relative to the BOS (Pai and Patton, 1997; Yang et al., 2007). When the COM mo-

tion state (i.e., the combination of its position and velocity relative to the BOS) is within the FSR 

(Figure 2.2-b, point A), a person can maintain body balance without changing the BOS. When 

the COM motion state is below the FSR (Figure 2.2-b, point B), forward momentum is insuffi-

cient to move the COM over the BOS, leading to backward balance loss. When the COM motion 

state is above the FSR (Figure 2.2-b, point C), the COM has excessive forward momentum, 

which would carry the COM beyond the toe of the BOS. A forward recovery step is necessary to 

avoid falling forward. 

Determined as the shortest distance from the COM’s motion state to the lower limb of the 

FSR, dynamic gait stability (Figure 2.2-b, solid lines) has been used to quantify fall risk in both 

healthy and pathological populations during walking and sit-to-stand tasks under unperturbed or 

perturbed conditions (Ahn et al., 2024a; Ahn et al., 2024b; Ahn et al., 2022a; Ahn et al., 2022b; 

Ban et al., 2024; Bhatt et al., 2011; Bhatt et al., 2013; Kajrolkar et al., 2014; Lin et al., 2020; Liu 

and Yang, 2017; Mak et al., 2011; Shin et al., 2024; Simpkins et al., 2022; Simpkins and Yang, 

2024; Wang et al., 2011; Yang et al., 2022; Yang et al., 2009; Yang and Liu, 2021; Yang and 

Pai, 2013; Yang and Pai, 2014; Yang et al., 2008; Yang et al., 2018; Yang et al., 2019). Dynamic 

gait stability has been closely related to the fall risk during walking in young and older adults 

compared with other stability measures (Yang et al., 2009; Yang and Pai, 2014). 
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Figure 2.2 A depiction of a) static stability and b) dynamic stability based on the Feasible Sta-

bility Region (FSR) theory. Static stability limits are determined by the center of mass (COM) 

position relative to the base of support (BOS). Whenever the COM projection is within the BOS, 

a person is stable. The FSR simultaneously considers the COM position and velocity relative to 

BOS. The system’s COM motion state’s two components (i.e., its anteroposterior position and 

forward velocity) are calculated relative to the rear of the BOS (i.e., the leading heel) and normal-

ized by foot length and √𝑔 × 𝑏ℎ, respectively, where g represents the acceleration due to gravity 

and bh the body height. For point A, the COM’s motion state is within the boundaries of the FSR, 

and balance is maintained without changing the BOS. When the COM’s motion state is below the 

FSR’s bottom limit (point B), dynamic stability is negative, indicating an unstable state against 

experiencing a backward fall. When the COM’s motion state is above the FSR’s upper limit (point 

C), dynamic stability is greater than 1, indicating an unstable state against experiencing a forward 

fall (a trip). The dynamic gait stability value (s) is calculated as the shortest distance from the COM 

motion state to the bottom limit of the FSR. 

 

 

2.7 Treadmill Intervention 

 It has been demonstrated that PwPD tend to present with a shuffling gait which looks like 

walking slower, with shorter steps and a higher cadence (Canning et al., 2006; Morris et al., 

1996). Because pharmacological therapy can be less effective at improving gait deficits, cause 

side effects, and experience a low response rate, gait training is encouraged as a supplemental 

therapy to medication for PwPD (Lewitt, 2008; Rascol et al., 2000). RAS can help PwPD syn-

chronize their ground contact to an external auditory cue, improving joint movements and 
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variability (Koshimori and Thaut, 2018). Previous RAS-based studies utilized a tempo at or 

above the baseline cadence to increase gait speed (Arias and Cudeiro, 2008; Ashoori et al., 2015; 

McIntosh et al., 1997). This method can increase cadence, without increasing step length to in-

crease gait speed in a population that already undergoes an increased cadence. 

In a recent case study involving three PwPD, Sherron, et al. proposed a gait training se-

quence that consisted of using RAS at a tempo slower than baseline cadence on the treadmill to 

promote longer step lengths, followed by RAS at a faster tempo than baseline during overground 

walking to promote faster walking speed (Sherron et al., 2020). This sequence resulted in all par-

ticipants increasing gait speed and step length without significantly increasing cadence after the 

6-week intervention. Consequently, using a metronome to modulate step length and treadmill 

speed to control gait velocity may be an effective method to maintain cadence while increasing 

step length and velocity during walking in PwPD (Figure 2.1). This project was dedicated to an-

swering this question. 
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3  METHODOLOGY 

3.1 Study Design 

This pilot study was a randomized controlled trial investigating the acute effects of a 

treadmill intervention that controlled speed and cadence compared to speed alone on gait out-

comes in PwPD. Participants were sex-matched and randomized into two groups: advanced and 

regular treadmill intervention groups. Participants in the advanced group walked on a treadmill 

for 30 minutes. Both treadmill speed and walking cadence were gradually adjusted to increase 

step length and gait speed. Cadence was controlled using a metronome, and the gait speed was 

controlled by the treadmill belt. The regular treadmill group followed the same procedures as the 

advanced treadmill group, except they did not listen to a metronome, and only the treadmill belt 

speed progressively increased. Immediately before, during, and after the treadmill intervention, 

overground walking was assessed. 

 

Figure 3.1 The schematic of the study design to test spatiotemporal, kinetic, and dynamic gait 

stability variables during overground walking at a self-selected speed before, during, and after a 

30-minute treadmill walking intervention. For the advanced intervention, participants walked at 

the self-selected treadmill speed during blocks 1-3 while cadence was progressively decreased. 

During blocks 4-6, the cadence from block 3 was maintained and treadmill speed progressively 

increased. For the regular intervention, cadence was not controlled at all. During blocks 1-3, par-

ticipants walked at their self-selected treadmill speed. During blocks 4-6, treadmill speed progres-

sively increased. See Figures 3.4 and 3.5 for details on the schedule for adjusting the cadence and 

speed for both groups. 
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3.2 Participants 

No restrictions were applied to the participants in terms of their sex, race, or ethnicity. 

However, the following inclusion criteria were implemented to ensure that this study examines 

characteristics of the targeted subset of PwPD and to control the excessive heterogeneity among 

the participants. 

1) a PD diagnosis by a neurologist with a reported H&Y Stage between 1 and 3, 

2) Aged 50 years and over, 

3) a Parkinson’s Disease Quality of Life Questionnaire - 8 score < 40 to ensure that 

participants had the physical and cognitive capabilities to complete the study 

(Jenkinson et al., 1997), 

4) a Montreal Cognitive Assessment score > 23 to make sure that all participants 

could follow instructions throughout the study (Hoops et al., 2009), 

5) the ability to walk at least 10 m overground and on a treadmill for at least 30 

minutes without the use of a walking aid, 

6) no known uncontrolled cardiorespiratory or metabolic disease, 

7) no other neurologic disorders that can affect walking ability, 

8) no visual or communication impairments, and 

9) no history of lower extremity injury within the last six months. 

By using the preliminary data from six PwPD (Appendix D), a power analysis (Appendix 

E) was conducted, which indicated that at least 15 PwPD per group were required to detect the 

difference in the stride length between groups with a statistical power of 0.80 at an alpha level of 

0.05. 

Participants were recruited from Atlanta, GA, and the surrounding area. Recruitment fly-

ers were distributed to hospitals, gyms, PD support groups, rehabilitation centers, and senior 
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centers in the greater Atlanta area and via email to the community. The Georgia chapter of the 

Parkinson's Foundation was contacted for recruitment. The investigator also visited several of the 

above-mentioned facilities and participated in events organized for PwPD in the metro Atlanta 

area. 

Seventy-five people expressed interest in participating in this study and were contacted to 

set up a phone screen. Among them, 19 were not reachable, and 56 PwPD were screened for eli-

gibility to participate (Figure 3.2). Nine declined to participate after completing the phone 

screen, 10 were disqualified for not meeting inclusion criteria, and five did not follow up to 

schedule participation. Therefore, 32 PwPD were initially included in this study. After reading 

and signing an informed consent approved by the Institutional Review Board at Georgia State 

University (Approval protocol number: H22192), they were randomly assigned to either the ad-

vanced or control group based on pre-generated random numbers. 
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Figure 3.2 Flow chart of participant screening and recruitment. Seventy-five individuals 

showed interest in this study. However, 56 of them were able to be reached and assessed for eligi-

bility. 
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Table 3.1 Comparisons of demographic information (mean ± standard deviation) between 

the advanced and regular intervention groups for 32 participants who were initially enrolled in 

this study. Independent t-test compared age, height, mass, Parkinson’s Disease Quality of Life 

Questionnaire-8 (PDQ-8) scores, self-selected treadmill speed, and physical activity scores. The 

maximum score for physical activity level is 10. (A 0 indicates an inactive person and a 10 signi-

fies a highly active person.) Mann-Whitney U test analyzed the Montreal Cognitive Assessment 

(MoCA) scores, Hoehn and Yahr (H&Y) stage, and disease duration. Fisher’s exact test com-

pared sex, medication status, and medication phase. 

 

Parameter Group p-value 

Advanced (n = 15) Regular (n = 17) 

Age (years) 67.60 ± 4.66 67.53 ± 7.84 0.98 

Height (m) 1.73 ± 0.09 1.72 ± 0.09 0.79 

Mass (kg) 77.05 ± 11.60 80.47 ± 15.72 0.49 

Sex (female/male) 3/12 3/14 1.00 

MoCA (/30) 28.13 ± 1.55 27.29 ± 1.69 0.17 

PDQ-8 (/100) 11.46 ± 7.11 13.17 ± 10.07 0.59 

H&Y  1.53 ± 0.40 1.59 ± 0.40 0.82 

Disease duration (years) 3.10 ± 2.78 3.41 ± 2.71 0.39 

Medication (yes/no) 14/1 16/1 1.00 

Phase (on/off) 14/1 15/2 1.00 

Comfortable treadmill speed (bh/s) 0.57 ± 0.17 0.51± 0.17 0.33 

Physical activity score* (/10) 8.75 ± 2.09 7.99 ± 2.06 0.21 

*: Physical activity value was missing for 3 participants in the advanced group and 4 in the regu-

lar group. 

 

3.3 Instruments 

Motion Capture System 

Kinematic data were collected using a 9-camera VICON motion capture system (VICON, 

Denver, CO, USA) sampling at a frequency of 100 Hz. The model used 26 reflective markers 

that were applied to the following body landmarks: vertex, ears, rear neck (C7), shoulders, right 

scapular, elbows, wrists, sacrum, greater trochanters, mid-thighs, knees, tibias, ankles, heels, and 

toes. The marker set was based on the Helen-Hayes marker set, which has been broadly used in 

the relevant research area (Tabakin, 2000). Markers were attached to the skin with double-sided 

tape. Vicon Nexus 2.11 software (Oxford Metrics, Oxford, UK) was used during the data 
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collection trials. All cameras were calibrated before each testing session to ensure accurate data 

collection. 

 

Force Plates 

Two in-serial AMTI force plates (Advanced Mechanical Technology Inc., Watertown, 

MA, USA) were used to collect GRFs during overground walking. Data were collected at a fre-

quency of 1000 Hz. The GRF data was synchronized with the motion data through Vicon Nexus. 

The force plates are embedded in the middle section of a 10-m linear walkway, which is in the 

center of the capture volume of the motion capture system. 

ActiveStep Treadmill 

The ActiveStep treadmill (ActiveStep, Simbex, NH) was used for the treadmill interven-

tion for both groups. Participants were fitted with a safety harness that was attached to an over-

head arc from the shoulders via ropes. The length of the ropes was adjusted such that the harness 

did not provide body weight support or restrict movement. However, it provided necessary pro-

tection in case a loss of balance or fall occurred. 

 

Figure 3.3 The ActiveStep treadmill used to deliver both the advanced and regular treadmill 

interventions. A full-body safety harness connected to an overhead arch via dynamic ropes 
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protected participants from loss of balance or falls without interfering with their movement on the 

treadmill. 

 

 

 

3.4 Physical/Cognitive Functions Assessment Tools 

Parkinson’s Disease Quality of Life-8 Questionnaire (PDQ-8) 

 The PDQ-8 is a shortened version of the patient-reported 39-item Parkinson’s Disease 

Questionnaire (PDQ-39) used to quantify the quality of life among PwPD (Peto et al., 1998). The 

PDQ-8 consists of one question from each of the domains of the PDQ-39 and has been reported 

as a reliable and valid alternative (Chen et al., 2017; Huang et al., 2011). The maximum score is 

100. A higher score represents a poorer quality of life.  

Montreal Cognitive Assessment 

The Montreal Cognitive Assessment (MoCA) is a reliable, and well-validated screening 

tool to detect mild cognitive decline (Hoops et al., 2009). MoCA assesses short-term memory, 

visuospatial abilities, executive function, attention, concentration, working memory, language, 

and orientation to time and place (Nasreddine et al., 2005). The maximum score is 30, which in-

dicates normal cognition. The MoCA has been widely used among PwPD (Hoops et al., 2009; 

Vásquez et al., 2019). 

 

3.5 Procedures 

All data collection took place in the Biomechanics Laboratory at Georgia State Univer-

sity. Prior to participant arrival, all the instruments and equipment, such as the motion capture 

system and AMTI force plates, were calibrated in order to ensure accurate data. 
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Screening Session 

Phone-based screenings were first conducted with potential participants to determine eli-

gibility for inclusion in the study. At the beginning of the phone screening, the investigator ex-

plained the purpose of this study, study procedures, and requirements for participation. The in-

vestigator also informed participants that participation is voluntary. If they were still interested in 

participating, each participant completed the PDQ-8 (Appendix B) and answered questions to en-

sure they met the inclusion criteria. Based on normative data for PwPD with an H&Y stage 1-3, 

those who scored above 40 were disqualified from participating to ensure that participants had 

the physical and cognitive capabilities to complete the study (Jenkinson et al., 1997). If the po-

tential participant who passed the screening was still willing to participate in the study, they 

scheduled a time to come to the Biomechanics Laboratory for data collection.  

Participation Preparation 

When the participants came to the lab, the investigator explained the purpose and require-

ments of this study to them, followed by obtaining written consent from the participant. Then, 

they completed the MoCA (Appendix C). Those who scored below 23 on the MoCA were ex-

cluded to ensure that all participants could follow instructions throughout the study (Hoops et al., 

2009). 

Once the cognitive assessment was completed, anthropometric measurements were taken, 

including body height, body mass, ankle width, knee width, and inter-ASIS distance. Twenty-six 

reflective markers used for motion capture data collection were placed on bony landmarks using 

double-sided tape. All participants then completed a five-minute warm-up session on the tread-

mill. 
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Pre-Intervention Test 

Participants walked on a 10-m linear walkway at their comfortable gait speed three times. 

Intervention 

Participants were then fitted with a safety harness and stepped on the ActiveStep tread-

mill (Simbex, NH, Figure 3.3). They began with a familiarization period that was also used to 

determine their self-selected treadmill walking speed. The self-selected treadmill speed and ca-

dence were used to determine the parameters for the training protocol. All participants then com-

pleted an assigned 30-minute treadmill walking intervention.  

Advanced Treadmill Group 

Participants completed 30 minutes of treadmill walking broken down into six blocks of 5 

minutes (Figure 3.4). During the first three blocks (blocks 1-3), an online metronome through a 

speaker was used as a rhythmic auditory cue for cadence. The participant was instructed to walk 

to the beat of the metronome. The cadence of the metronome was determined by the participant’s 

self-selected treadmill walking cadence and progressively decreased by 5% each block or as tol-

erated. Gait speed was determined by the participant’s self-selected speed on the treadmill and 

remained constant for the first three blocks. A 2-minute rest break occurred between each block 

pair. 

During blocks 4-6, the metronome remained constant as determined by the 3rd block, and 

gait speed was progressively increased by 5% each block or as tolerated. Participants were given 

a 2-minute rest break between each block pair. 

As mentioned above, participants were instructed to walk to the beat of the metronome. 

For each new cadence in blocks 1-3, participants were given about 30-60 seconds to familiarize 

themselves with the step frequency. If the participant visibly could not walk to the beat, or they 
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indicated walking at the cadence was too uncomfortable, the cadence was adjusted. Similarly, for 

blocks 4-6, participants were given 30-60 seconds to familiarize themselves with the new tread-

mill speed. If the participant could not continue walking at the cadence with the new treadmill 

speed, the treadmill speed was adjusted so the participant could maintain the desired step fre-

quency. 

If not all participants were able to comply with intervention parameters, a sub-analysis 

was conducted to examine any differences in the primary gait parameters (cadence, gait speed, 

and stride length) between participants who were able to complete the intervention as intended 

versus those who could not. Such comparisons may provide insight into how the intensity of the 

intervention parameters influence post-assessment overground walking.  

 

Figure 3.4 A flow chart of the advanced group. After determining their self-selected speed and 

cadence on the treadmill, each participant completed 30 minutes of treadmill walking broken down 

into six 5-minute blocks. Blocks 1-3: participants walked at their self-selected (SS) speed while 

cadence, controlled by a metronome, decreased by 5%, or as tolerated, each block. Blocks 4-6: 

Participants maintained the cadence from block 3, while gait speed progressively increased by 5%, 

or as tolerated, in each block. A 2-minute rest break was given between each pair of blocks except 

for blocks 3 and 4 which were about 6 minutes apart due to the 5-minute rest time following block 

3 and the about 1-minute mid-point gait assessment. 
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Regular Treadmill Group 

Participants in the regular treadmill group also completed 30 minutes of treadmill walk-

ing broken down into six 5-minute blocks (Figure 3.5). During blocks 1-3, participants walked at 

their self-selected speed (the cadence was not controlled). Throughout blocks 4-6, treadmill 

speed was incrementally increased by 5% each block, or as tolerated, and participants continued 

to walk at their self-selected cadence. A 2-minute rest break separated each block. 

During blocks 3-6, participants were given 30-60 seconds to familiarize themselves with 

the new treadmill speed. If participants said it was too fast to maintain for the 5-minute block, 

the speed was adjusted.  

 

Figure 3.5 A flow chart of the regular group. Each participant in the regular treadmill group 

completed six 5-minute treadmill walking blocks for a total of 30 minutes. Blocks 1-3: participants 

walked at their self-selected (SS) speed. Blocks 4-6: Participants continued to walk while treadmill 

speed progressively increased by 5%, or as tolerated, in each block. Participants walked at their 

self-selected cadence. A 2-minute rest break was given between each pair of blocks except for 

blocks 3 and 4 which were about 6 minutes apart due to the 5-minute rest time following block 3 

and the about 1-minute mid-point gait assessment. 

 

Mid-Intervention Test 
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Immediately after block 3, the safety harness was removed, and participants rested for 

five minutes to reduce any inertial effects of the treadmill. Participants then walked on the 10-m 

linear walkway at their comfortable gait speed three times. The safety harness was re-fitted, and 

the participants completed the remainder of the treadmill intervention. 

 

Post-Intervention Test 

Upon completing the intervention, subjects rested for five minutes to reduce the inertial 

effects of the treadmill. All participants completed three more overground walking trials, follow-

ing the same procedure as the pre- and mid-intervention tests. 

 

3.6 Data Processing and Reduction 

Vicon Nexus (Oxford Metrics, Oxford, UK) was used to collect the full-body kinematics 

and kinetics during overground walking before and after the intervention session. Marker paths 

and ground reaction force were low-pass filtered using fourth-order, zero lag, Butterworth filters 

with a frequency ranging from 4.5 to 9 Hz (determined by the residual analysis) and 30 Hz, re-

spectively (Winter, 2009). Locations of joint centers, heels, and toes were computed from the fil-

tered marker positions (Pai et al., 2006; Vaughan et al., 1992). The body’s center of mass (COM) 

position was computed using gender-dependent segmental inertial parameters (Yang et al., 

2019). COM’s instantaneous velocity was determined as the first-order derivative of COM posi-

tion with respect to time. The two transitional gait events, touchdown (TD) and liftoff (LO), were 

determined based on the foot kinematic data for as many steps as possible on each trial (Ahn et 

al., 2022a; Yang et al., 2012). The following three categories of outcome measures were deter-

mined based on the body kinematics and GRF data for all walking trials during the three (pre-

intervention, midpoint, and post-intervention) assessment sessions. 
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Outcome Variables 

Stride length was the primary outcome measure as it not only reflects the quality of gait 

but is related to the risk of falls (Espy et al., 2010a; Espy et al., 2010b) (Figure 3.6-a). It was 

measured as the anteroposterior distance between ipsilateral heel markers at two consecutive 

touchdowns and was normalized to body height (bh). 

The secondary outcome variables included the following spatiotemporal and kinetic gait 

parameters: gait speed, cadence, single leg stance time, double leg stance time, peak vertical and 

anteroposterior GRF, braking and propulsive impulses, and rate of loading. Gait speed was deter-

mined as the average value of the instantaneous COM velocity over the middle 5-meter region of 

the walkway to eliminate the accelerating and decelerating effects. It was also normalized by bh. 

Stride time (s) was calculated as the time elapsed between consecutive touchdowns on the same 

side. Cadence (steps/min) was calculated by the following equation: 

 

Cadence = 1/stride time × 120 (Eq. 1) 

 

Single leg stance time (s) was determined as the time between touchdown and toe-off for 

each respective limb. Double leg stance time (s) was defined as the time over which both limbs 

are in contact with the ground. As many as possible single stance and double stance phases were 

identified for each trial. The average value for all identified single and double stance phases over 

the three trials was computed. 

Peak vertical and anteroposterior GRF were respectively determined as the maximum 

value of the vertical, anterior, and posterior components of GRF (Figure 3.6-a, b). Braking and 
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propulsive impulses were calculated by integrating GRF over the braking and propulsive phases, 

respectively (Figure 3.6-a). The rate of loading was calculated as the slope of the vertical GRF 

from TD to the first peak vertical GRF during the loading phase (Ahn et al., 2022a) (Figure 3.6-

b). The GRF-related measurements were normalized to the body weight (bw). 

Two components of the COM motion state (position and velocity) were calculated rela-

tive to the rear of the BOS and normalized by the foot length and √𝑔 × 𝑏ℎ, respectively, where g 

is the gravitational acceleration (Yang, 2018; Yang et al., 2008). Dynamic gait stability, serving 

as the tertiary outcome measure, was calculated as the shortest distance from the COM motion 

state to the lower boundary of the FSR (Figure 2.1). Given that both the COM position and ve-

locity are normalized, dynamic gait stability is a unitless metric. Dynamic gait stability was first 

calculated for all valid TDs and LOs within each walking trial (Figure 3.6-b). This procedure 

was repeated for all trials, and the average value over all TDs or LOs across the three trials was 

calculated for analysis. 

To further quantify the effects of each intervention program and compare the interven-

tion-induced alterations in outcome measures between groups, the changes from pre-intervention 

to post-intervention assessment for the outcome measures were also calculated. 
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Figure 3.6 Representation of the a) ground reaction force (GRF) in the anteroposterior, b) GRF 

in the vertical direction, and c) stride length measured as the anteroposterior distance between 

ipsilateral heel markers at two consecutive touchdowns. Peak braking force, peak propulsive force, 

and peak vertical GRF were determined as the maximum values in the anterior, posterior, and 

vertical components of GRF (open circles). The braking impulse is the area enclosed above the 

GRF curve and below the time axis. The propulsive impulse is the area enclosed above the time 

axis and below the GRF curve. The rate of loading (RoL, red line) was calculated as the slope of 

the vertical GRF from touchdown (TD) to the first peak of vertical GRF during the loading phase. 

TD is the impact between the heel and the ground and liftoff (LO) is identified as terminal contact 

between the foot and the ground. Both events are determined by a threshold of greater or less than 

10 N at TD and LO events (Yang et al., 2012) as shown as a horizontal line in b). 

 

3.7 Statistical Analyses 

Normality and homogeneity of variance were checked before analyses for all continuous 

variables (demographic parameters, disease information, outcome measures, change in outcome 

measures) with Shapiro-Wilk and Levene’s tests, respectively. Variables that were not normally 

distributed were transformed as needed depending on the skew direction and the normality was 

rechecked. For variables that continued to violate the normality and variance assumptions 
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following transformation, non-parametrical approaches were used. 

For demographic parameters, disease information, and change in outcome measures, two-

tailed independent t-tests and Fisher’s exact tests were used to compare the two groups. The 

Mann-Whitney U test was used for variables that could not be corrected by transformation. 

A mixed model analysis of variance (ANOVA) was used to test all hypotheses, particu-

larly for the normally distributed variables. Specifically, the ANOVA model analyzed all three 

categories of outcome measures (primary: stride length; secondary: gait speed, cadence, step 

times, peak vertical GRF, peak anteroposterior GRF, braking impulse, propulsive impulse, rate 

of loading; and tertiary: dynamic gait stability) to identify the influence of advanced and regular 

treadmill interventions on overground gait measures. The within-subject factor was the session 

(pre-intervention vs. post-intervention gait assessment), and the between-subject factor was the 

group (advanced vs. regular treadmill intervention). The appropriate planned post-hoc tests (ei-

ther independent t-test or paired t-test) followed significant interaction or main effects. For varia-

bles that violated the normality or variance assumptions, a Generalized Estimating Equation 

(GEE) model was used for statistical analysis. The corresponding non-parametric independent t-

test (Mann-Whitney U) and dependent t-test (Wilcoxon Signed Rank test) were used for analysis. 

To show the magnitude of the difference between groups, the effect size was calculated 

for each variable. Cohen’s d was used for the t-tests’ effect size. The original effect sizes from 

the repeated-measures ANOVA (partial 2), GEE (φ), Mann-Whitney test (r = 
𝑍−𝑠𝑡𝑎𝑡𝑖𝑠𝑡𝑖𝑐

√ 𝑠𝑎𝑚𝑝𝑙𝑒 𝑠𝑖𝑧𝑒
), and 

Wilcoxon Signed Rank test (r = 
𝑍−𝑠𝑡𝑎𝑡𝑖𝑠𝑡𝑖𝑐

√ 𝑠𝑎𝑚𝑝𝑙𝑒 𝑠𝑖𝑧𝑒
) were converted to Cohen’s d. For tests involving 

repeated measures, the conversion used a pooled standard deviation, controlling for the intercor-

relation of both groups (Lakens, 2013). Effect sizes were interpreted as small (0.2 ≤ d < 0.5), me-

dium (0.5 ≤ d < 0.8), or large (d ≥ 0.8) (Sullivan and Feinn, 2012).  The 95% confidence 
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intervals (95% CI) for Cohen’s d were also calculated. A priori alpha level of ≤ 0.05 was set to 

determine statistical significance for all statistical analyses. All statistical analyses were per-

formed using the IBM SPSS 29.0 (IBM Corp., Armonk, NY) software package.  
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4  RESULTS 

4.1 Participant Demographics 

Thirty-two qualified participants with PD were enrolled in this study. Participants were 

randomly assigned to either the advanced or regular treadmill intervention group (Figure 3.2). 

Two participants were excluded from the analysis. For one participant, the treadmill stopped 

working and the participant did not complete the intervention. The other participant mistakenly 

and accidentally walked at their fastest speed even though this participant was told to walk at 

normal speed. For these two participants, their data was not used in the analysis. Therefore, thirty 

participants (15 in the advanced group and 15 in the regular group) completed all pre-interven-

tion and post-intervention overground walking trials, and their data were analyzed. 

Among them, twenty-one participants (advanced group: n = 10; regular group: n = 11) 

completed the mid-intervention overground walking trials. This portion of the procedures was 

added after some participants had completed data collection. Due to the uneven number of par-

ticipants who underwent the mid-point assessment, the mid-intervention test was not included in 

the statistical analysis of the main text. However, their values and statistical analyses are pro-

vided in the appendix. 

There were no significant group-related differences for sex (p = 1.00), age (p = 0.69), 

body height (p = 0.95), and body mass (p = 0.47), Table 4.2). Similarly, there were no group-re-

lated differences in MoCA (p = 0.22) and PDQ-8 (p = 0.64) scores. Disease duration (p = 0.40) 

and H&Y stage (p = 0.78) were also comparable between groups. It has been reported that the 

effects of rhythmic auditory cueing do not depend on dopaminergic medication (Ghai et al., 

2018). Therefore, the “on” and “off” state of the medication was not controlled. 

All participants were able to complete the treadmill intervention without adverse effects, 

discomfort, or injury. Although a majority of the participants were able to tolerate the changes in 
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the cadence and speed, some of them could not reach the expected 15% decrease in the cadence 

and/or 15% increase in the speed (Table 4.1). In the advanced group, 8 participants decreased 

their cadence by 15%, while the other 7 participants decreased their cadence by 10-14% during 

the intervention (Table 4.1). Seven participants increased the treadmill speed by 15%, 6 in-

creased the treadmill speed by 10-14%, and 2 participants increased the treadmill speed by 8%. 

All participants in this group also successfully stepped to the beat of the metronome and con-

trolled their cadence as expected during the training. In the regular group, 11 participants in-

creased their speed by 15%, while the other 4 participants increased their treadmill speed by 

12%. 

 

Table 4.1 Actual total adjustments of the cadence and speed for participants in the advanced 

(n = 15) and regular (n = 15) groups for the treadmill intervention during the experiment. Speed 

values for both groups are the total percentage increase from block 3 to block 6 for both groups. 

Cadence values are the total percentage decrease from block 1 to block 3 for the advanced group. 

 

Participant Advanced  Regular 

Cadence (reduction) Speed (increase) Speed (increase) 

1 15% 15%  15% 

2 15% 10%  15% 

3 12% 8%  15% 

4 15% 13%  15% 

5 15% 15%  15% 

6 15% 15%  15% 

7 15% 12%  15% 

8 12% 15%  12% 

9 15% 13%  15% 

10 12% 8%  12% 

11 15% 15%  12% 

12 14% 15%  15% 

13 12% 15%  12% 

14 10% 10%  15% 

15 14% 12%  15% 
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Table 4.2 Comparisons of demographic information (mean ± standard deviation) between 

the advanced and regular intervention groups for 30 participants whose data were included in the 

final analyses. Independent t-test compared age, height, mass, Parkinson’s disease Quality of 

Life Questionnaire-8 (PDQ-8) scores, and physical activity scores. The maximum score for phys-

ical activity level is 10. (A 0 indicates an inactive person and a 10 indicates a highly active per-

son.) Mann-Whitney U test analyzed the Montreal Cognitive Assessment (MoCA) scores, Hoehn 

and Yahr (H&Y) stage, and disease duration. Fisher’s exact test compared sex, medication sta-

tus, and medication phase. 

 

Parameter Group p-value 

Advanced (n = 15) Regular (n = 15) 

Age (years) 67.60 ± 4.66 66.67 ± 7.63 0.69 

Height (m) 1.73 ± 0.09 1.73 ± 0.09 0.95 

Mass (kg) 77.05 ± 11.60 80.94 ± 16.74 0.47 

Sex (female/male) 3/12 2/13 1.00 

MoCA (/30) 28.13 ± 1.55 27.33 ± 1.76 0.22 

PDQ-8 (/100) 11.46 ± 7.11 13.05 ± 10.75 0.64 

H&Y stage  1.53 ± 0.40 1.60 ± 0.43 0.78 

Disease duration (years) 3.10 ± 2.78 3.40 ± 2.89 0.40 

Medication (yes/no) 14/1 15/0 1.00 

Phase (on/off) 14/1 14/1 1.00 

Physical activity score* (/10) 8.75 ± 2.09 7.99 ± 2.06 0.21 

*: Data is missing for 3 participants in the advanced group and 2 in the regular group. 

 

 

4.2 Primary Outcome (Stride Length) 

Results of a mixed ANOVA displayed a significant group by time interaction effect on 

the stride length (p = 0.02, d = 0.7, 95% CI: [-0.01, 1.48], Figure 4.1). Both groups took a longer 

step after the intervention compared to before the intervention (advanced group: p <0.001, d = 

3.7, 95% CI: [2.86, 4.53]; regular group: p = 0.002, d = 0.92, 95% CI: [0.16, 1.67], Figure 4.1). 

However, the increase in the stride length from the pre-intervention to post-intervention assess-

ment among the advanced group (0.064 ± 0.036 bh) was significantly longer than in the regular 

group (0.032 ± 0.033 bh, p = 0.04, d = 0.78). 
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Figure 4.1 Comparison (group mean ± standard deviation) of stride length (normalized to 

body height, bh) during overground walking at a self-selected speed before (Pre) and after (Post) 

completing a 30-minute treadmill intervention between the advanced (n = 15) and regular (n = 

15) groups. The p-value of the group by session interaction effect is reported (pG×S). The effect 

size is provided as Cohen’s d.  

 

 

4.3 Secondary Outcomes (Spatiotemporal and Kinetic Gait Parameters) 

4.3.1 Spatiotemporal Gait Parameters 

Double leg stance time violated the assumption of normality and could not be corrected 

by transformation. Therefore, a GEE was used to analyze the presence of an interaction and main 

effects. Mann-Whitney U test and Wilcoxon Signed Rank test were used as post-hoc tests. 

During overground walking at participants’ preferred walking speed, cadence showed a 

significant main effect for the session (p = 0.008, d = 1.03, 95% CI: [0.52, 1.55], Figure 4.2-a), 

but not a significant group main effect (p = 0.68, d = 0.15, 95% CI: [-0.57, 0.86], Figure 4.2-a) or 

interaction effect (p = 0.14, d = 0.51, 95% CI: [-0.17, 1.29], Figure 4.2-a). The advanced group 

took more steps after the intervention compared to before the intervention (p = 0.004, d = 2.47, 

95% CI: [1.74, 3.24], Figure 4.2-a), while there was no significant difference from pre- to post-

intervention in the regular group (p = 0.42, d = 0.33, 95% CI: [-0.39, 1.04], Figure 4.2-a).  
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Gait speed displayed a significant group by session interaction (p = 0.05, d = 0.74, 95% 

CI: [-0.01, 1.48], Figure. 4.2-b). Both groups increased their walking speed from pre- to post-in-

tervention (advanced group: p < 0.001, d = 2.89, 95% CI: [2.09, 3.69], Figure 4.2-b; regular 

group: p = 0.01, d = 1.56, 95% CI: [0.83, 2.3], Figure 4.2-b). However, the increase in the gait 

speed from the pre-intervention to post-intervention assessment among the advanced group (0.09 

± 0.06 bh/s) was not statistically larger than the regular group (0.04 ± 0.06 bh/s, p = 0.09, d = 

0.63). 

For single leg stance time, there was no significant group by session interaction effect (p 

= 0.9, d = 0.04, 95% CI: [-0.67, 0.76], Figure 4.2-c). Both groups spent the same amount of time 

in single leg stance after the intervention compared to before the intervention (advanced group: p 

= 0.87, d = 0.00, 95% CI: [-0.72, 0.72], Figure 4.2-c; regular group: p = 0.70, d = 0.23, 95% CI: 

[-0.49, 0.94], Figure 4.2-c). Change scores for the single leg stance phase were similar between 

groups (advanced group: 0.001 ± 0.02s; regular group: 0.002 ± 0.02s; p = 0.90, d = 0.05). 

Double leg stance time displayed a significant group by session interaction (p = 0.04, d = 

0.32, 95% CI: [-0.40, 1.05], Figure 4.2-d). From pre- to post-intervention, the advanced group 

significantly reduced the amount of time spent in double leg stance (p = 0.003, d = 0.99, 95% CI: 

[-0.74, 2.26], Figure 4.2-d) while there was no difference for the regular group (p = 0.23, d = 

0.66, 95% CI: [-0.06, 1.39], Figure 4.2-d). Although the double leg stance time was comparable 

between the two groups before the intervention (p = 0.94), the advanced group exhibited a signif-

icant reduction in double stance time after the intervention than those in the regular group (p = 

0.03). As such, the advanced group significantly reduced the amount of time spent in double leg 

stance (-0.018 ± 0.017s) compared to the regular group (-0.006 ± 0.015s, p = 0.049, d = 0.75). 
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Figure 4.2 Comparison (group mean ± standard deviation) of the a) cadence, b) gait speed 

(normalized to body height, bh), c) single leg stance time, and d) double leg stance time during 

overground walking at a self-selected speed before (Pre) and after (Post) completing a 30-minute 

treadmill intervention between the advanced (n = 15) and regular (n = 15) groups. The p-value of 

the group by session interaction effect is reported (pG×S). The effect size is also provided as Co-

hen’s d. 

 

4.3.2 Kinetic Gait Parameters 

 Thiry participants (15 per group) completed all overground walking trials during the pre- 

and post-intervention assessments. Of these participants, two did not produce a clean landing on 

the force plate (1 per group) during any post-intervention overground walking trials. Thus, the 

kinetics results represent data from 14 participants from either group. Because there were no sta-

tistical differences between the left and right sides for any of the variables (p ≥ 0.44 for all varia-

bles), the results reported here reflect the average of the left leg and right leg across the trials. 

The first and second peak vertical GRFs and peak propulsive force did not meet the normality 
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and/or variance assumptions and could not be corrected by transformation. Therefore, they were 

analyzed by using a GEE model to detect the group or session main effect and the interaction ef-

fect. The Mann-Whitney U test and Wilcoxon Signed Rank tests followed as post-hoc tests. 

 The first peak vertical GRF displayed a significant group by session interaction effect (p 

= 0.04, d = 0.71, 95% CI: [-0.16, 1.38], Table 4.3). The advanced group significantly increased 

first peak vertical GRF (p = 0.01, d = 0.83, 95% CI: [0.72, 2.21], Table 4.3) from the pre-inter-

vention to the post-intervention test while no difference in the regular group (p = 0.36, d = 0.36, 

95% CI: [0.08, 1.53], Table 4.3) was spotted from pre- to post-walking intervention. Addition-

ally, the advanced group displayed a significantly larger increase in the first peak vertical GRF 

resulting from the intervention (0.06 ± 0.07 bw) compared to the regular group (0.02 ± 0.05 bw, 

p = 0.04, d = 0.82). 

A significant group main effect was seen for the second peak vertical GRF (p = 0.04, d = 

0.39, 95% CI: [-0.42, 1.08], Table 4.3) without a significant interaction effect (p = 0.21, d = 0.24, 

95% CI: [-0.3, 1.22], Table 4.3) or session main effect (p = 0.26, d = 0.48, 95% CI: [-0.28, 1.25], 

Table 4.3). The second peak vertical GRF was similar between the two groups before the inter-

vention (p = 0.30) and the advanced group exhibited a significantly larger second peak vertical 

GRF than their peers in the regular group (p = 0.01, d = 0.17, 95% CI: [-0.84, 1.19]). The change 

score in the second peak vertical GRF was comparable between groups (advanced group: 0.02 ± 

0.05 bw; regular group: 0.001 ± 0.05 bw, p = 0.26, d = 0.43). 

Results did not show a significant interaction effect for the rate of loading during over-

ground walking (p = 0.53, d = 0.24, 95% CI: [-0.51, 0.98], Table 4.3). Neither group (p = 0.14, d 

= 0.45, 95% CI: [-0.25, 1.2], Table 4.3) nor session main effect (p = 0.052, d = 0.71, 95% CI: 

[0.19, 1.22], Table 4.3) was significant. Additionally, the rate of loading change scores did not 
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differ between groups (advanced group: 0.79 ± 1.91 bw/s; regular group: 0.34 ± 1.14 bw/s, p = 

0.31, d = 0.40). 

While the peak braking force did not display a significant group by session interaction 

effect (p = 0.08, d = 0.7, 95% CI: [-0.07, 1.46], Table 4.3) or group main effect (p = 0.16, d = 

0.49, 95% CI: [-0.23, 1.22], Table 4.3), the session main effect was significant (p < 0.001, d = 

1.17, 95% CI: [0.65, 1.7], Table 4.3). Planned post-hoc t-tests were conducted to determine the 

time course for each group. The advanced group significantly increased the peak braking force (p 

= 0.002, d = 1.53, 95% CI: [0.76, 2.29], Table 4.3) from the pre-intervention to the post-interven-

tion test yet the regular group did not (p = 0.15, d = 0.89, 95% CI: [0.17, 1.62], Table 4.3). The 

alteration in the peak braking force from pre- to post-intervention assessment among the ad-

vanced group (0.03 ± 0.03 bw) was not significantly different from in the regular group (0.01 ± 

0.03 bw, p = 0.12, d = 0.62). 

The peak propulsive force displayed a significant session main effect (p < 0.001, d = 

1.37, 95% CI: [0.85, 1.89], Table 4.3), but not a significant group by session interaction effect (p 

= 0.17, d = 0.44, 95% CI: [-0.32, 1.2], Table 4.3) or group main effect (p = 0.07, d = 0.35, 95% 

CI: [-0.4, 1.11], Table 4.3). Post-hoc t-tests revealed propulsive force significantly increased in 

the advanced group (p = 0.003, d = 1.17, 95% CI: [1.29, 2.84], Table 4.3) resulting from the in-

tervention. However, the change in the peak propulsive force from the pre-assessment to the 

post-assessment test was not significant for the regular group (p = 0.14, d = 0.48, 95% CI: [0.24, 

1.69], Table 4.3). The increase in the propulsive force from before to after the intervention for 

the advanced group (0.02 ± 0.02 bw) was not significantly larger than in the regular group (0.01 

± 0.03 bw, p = 0.18, d = 0.53).  



 50 

Braking impulse did not display a significant interaction effect (p = 0.19, d = 0.5, 95% 

CI: [-0.25, 1.22], Table 4.3), session main effect (p = 0.14, d = 0.32, 95% CI: [-0.19, 0.83], Table 

2), or group main effect (p = 0.46, d = 0.33, 95% CI: [-0.39, 1.05], Table 4.3). From pre- to post-

intervention, neither group displayed a significant increase in the braking impulse (advanced 

group: 0.002, 0.01 bw∙s; regular group: 0.00 ± 0.004 bw∙s, p = 0.11, d = 0.63). 

For propulsive impulse, a significant session effect was reported (p = 0.001, d = 1.25, 

95% CI: [0.73, 1.78], Table 4.3) but not a significant group by session interaction (p = 0.63, d = 

0.19, 95% CI: [-0.56, 0.93], Table 4.3) or a significant group main effect (p = 0.3, d = 0.49, 95% 

CI: [-0.23, 1.22], Table 4.2). Post-hoc t-tests showed the advanced group increased their propul-

sive impulse (p = 0.003, d = 1.54, 95% CI: [0.75, 2.33], Table 4.3) significantly from the pre- to 

post-intervention test. On the other hand, the regular group did not show a significant change in 

the propulsive impulse between the test sessions (p = 0.08, d = 0.8, 95% CI: [-0.08, 1.52], Table 

4.3). In addition, the change score was comparable between the two groups (advanced group: 

0.003 ± 0.003 bw∙s; regular group: 0.002 ± 0.01 bw∙s, p = 0.69, d = 0.15).
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Table 4.3 Comparison of kinetic variables during overground walking at a self-selected speed presented as group mean ± standard deviation 

before (Pre) and after (Post) a 30-minute treadmill walking intervention for the advanced (ADV, n = 14) and regular (REG, n = 14) groups. The Gen-

eralized Estimating Equation (GEE) or the Analysis of Variance (ANOVA) with repeated measures were used. Effect sizes (Cohen’s d) and 95% 

Confidence Intervals (95% CI) of the effect size are provided.  

 

Variable Group Session Group × session interaction Group main effect Session main effect 

Pre Post F/χ2, p-value d [95% CI] F/χ2
, p-value d [95% CI] F/χ2

, p-value d [95% CI] 

First Peak vGRF 

(bw)† 

ADV 1.20 ± 0.13 1.27 ± 0.12 4.25, p = 0.04 0.66[-0.16, 1.38] 2.39, p = 0.12 0.41[-0.35, 1.16] 12.38, p < 0.001 0.16[-0.58, 0.91] 

REG 1.16 ± 0.11 1.17 ± 0.11       

Second Peak 

vGRF (bw)† 

ADV 1.07 ± 0.08 1.10 ± 0.08 1.59, p = 0.21 0.46[-0.30, 1.22] 4.16, p = 0.04 0.33[-0.42, 1.08] 1.26, p = 0.26 0.48[-0.28, 1.23] 

REG 1.04 ± 0.07 1.04 ± 0.03       

Rate of Loading 

(bw/s) 

ADV 8.83 ± 2.45 9.92 ± 1.75 0.40, p = 0.53 0.24[-0.51, 0.98] 2.36, p = 0.14 0.48[-0.23, 1.20] 4.16, p = 0.052 0.71[0.19, 1.22] 

REG 7.78 ± 1.61 8.17 ± 2.07       

Braking Force 

(bw) 

ADV -0.20 ± 0.05 -0.24 ± 0.04 3.43, p = 0.08 0.70[-0.07, 1.46] 2.05, p = 0.16 0.49[-0.23, 1.22] 14.24, p < 0.001 1.17[0.65, 1.70] 

REG -0.18 ± 0.05 -0.20 ± 0.06       

Propulsive Force 

(bw)† 

ADV 0.21 ± 0.03 0.23 ± 0.03 1.88, p = 0.17 0..44[-0.32, 1.20] 3.39, p = 0.07 0.36[-0.39, 1.11] 17.18, p < 0.001 1.37[0.85, 1.89] 

REG 0.19 ± 0.05 0..20 ± 0.03       

Braking Impulse 

(bw·s) 

ADV -0.03 ± 0.01 -0.04 ± 0.004 1.77, p = 0.20 0.50[-0.25, 1.22] 0.55. p = 0.46 0.33[-0.40, 1.05] 2.38, p = 0.14 0.32[-0.19, 0.83] 

REG -0.03 ± 0.001 -0.03 ± 0.001       

Propulsive  

Impulse (bw·s) 

ADV 0.03 ± 0.004 0.04 ± 0.001 0.24, p = 0.63 0.19[-0.56, 0.93] 1.11, p = 0.30 0.49[-0.23, 1.22] 13.08, p < 0.001 1.25[0.73, 1.78] 

REG 0.03 ± 0.01 0.03 ± 0.001       

 

†: GEE model was used. F/χ2 represents the statistic for the ANOVA/GEE model. 

bw: body weight.  

p-values ≤ 0.05 are bolded.  
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4.4 Tertiary Outcome (Dynamic Gait Stability) 

Thiry participants (15 participants in either group) completed all overground walking tri-

als. The results reflect dynamic gait stability on the participants’ dominant leg due to the be-

tween-side symmetry (p ≥ 0.08). The position of COM at liftoff (LO) and dynamic gait stability 

at LO violated the assumption of normality and could not be corrected by transformation. For 

these variables, a GEE was used to analyze the presence of an interaction effect and main effects 

followed by appropriate non-parametric post-hoc tests. 

During overground walking at a self-selected speed, a significant session main effect was 

found for the COM position at touchdown (TD) (p = 0.002, d = 1.0, 95% CI: [0.5, 1.53], Table 

4.4), however, no significant interaction effect (p = 0.45, d = 0.29, 95% CI: [-0.73, 1.3], Table 

4.4) or group main effect (p = 0.71, d = 0.14, 95% CI: [-0.58, 0.86], Table 4.4) were displayed. 

After conducting follow-up t-tests, it was determined from pre- to post-intervention, both groups 

shifted the COM position posteriorly (p = 0.04, d = 0.8, 95% CI: [0.07, 1.53] for the advanced 

group, p = 0.006, d = 2.12, 95% CI: [1.38, 2.87] for the regular group, Table 4.4). The change 

scores were similar between groups (advanced group: -0.08 ± 0.14; regular group: -0.05 ± 0.06, p 

= 0.39, d = 0.32). 

COM velocity at TD did not demonstrate a significant interaction effect (p = 0.22, d = 

0.48, 95% CI: [-0.55, 1.5], Table 4.4) or significant group effect (p = 0.15, d = 0.48, -0.24, 1.21], 

Table 4.4). However, COM velocity at TD showed a significant session effect (p < 0.001, d = 

1.4, 95% CI: [0.83, 1.9], Table 4.4). Post-hoc t-tests showed the advanced group increased their 

COM velocity (p < 0.001, d = 3.21, 95% CI: [2.39, 1.03], Table 4.4) from the pre- to the post-

intervention sessions. The regular group showed a marginal increase in their COM velocity be-

tween the test sessions (p = 0.05, d = 0.71, 95% CI: [-0.21, 1.44], Table 4.4). The change scores 

in the COM velocity were comparable (advanced group: 0.05 ± 0.03; regular group: 0.03 ± 0.05, 
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p = 0.43, d = 0.29) between groups. 

Dynamic gait stability at TD did not display a significant interaction effect (p = 0.31, d = 

0.36, 95% CI: [-0.66, 1.38], Table 4.4) or significant group effect (p = 0.16, d = 0.49, 95% CI: [-

0.24, 1.21], Table 4.4). However, there was a significant session effect (p < 0.001, d = 1, 95% 

CI: [ 0.48, 1.52], Table 4.4). Specifically, post-hoc t-tests demonstrated the advanced group in-

creased significantly dynamic stability at this event after the intervention (advanced: p = 0.003, d 

= 1.66, 95% CI: [0.9, 2.41], Table 4.4) but not for the regular group (p = 0.10, d = 0.54, 95% CI: 

[-0.19, 1.26], Table 4.4). The between-session change in dynamic gait stability was similar be-

tween groups (advanced group: 0.03 ± 0.03; regular group: 0.02 ± 0.04, p = 0.47, d = 0.27). 

The position of COM at LO displayed a significant session main effect (p < 0.001, d = 

0.08, 95% CI: [00.64, 0.79], Table 4.4) without a significant interaction effect (p = 0.19, d = 

0.44, 95% CI: [-0.29, 1.18], Table 4.4) or group main effect (p = 0.08, d = 0.37, 95% CI: [-0.30, 

1.09], Table 4.4). Separate t-tests conducted for each group showed that both groups signifi-

cantly shifted the COM position more posteriorly (p = 0.003, d = 0.88, 95% CI: [0.60, 2.09] for 

the advanced group, p = 0.02, d = 1.46, 95% CI: [0.72, 2.20] for regular group, Table 4.4) from 

pre-to post-intervention. However, the change scores from the pre- to the post-assessment were 

comparable between groups (advanced group: -0.09 ± 0.10; regular group: -0.05 ± 0.07, p = 0.81, 

d = 0.74). 

The COM velocity at LO demonstrated a significant session main effect (p < 0.001, d = 

1.25, 95% CI: 0.73, 1.78], Table 4.4) but not a group by session interaction effect (p = 0.57, d = 

0.21, 95% CI: [-0.8, 1.23], Table 4.4) or group main effect (p = 0.26, d = 0.39, 95% CI: [-0.33, 

1.11], Table 4.4). Post-hoc t-tests revealed both groups significantly increased their COM veloc-

ity from pre- to post-assessment (advanced group: p < 0.001, d = 2.95, 95% CI: [2.15, 3.75]; 
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regular group: p = 0.04, d = 0.72, 95% CI: [-0.02, 1.45], Table 4.4). However, the increases in 

velocity between groups did not differ (advanced group: 0.04 ± 0.03; regular group: 0.03 ± 0.05, 

p = 0.81, d = 0.09). 

Dynamic gait stability at LO displayed a significant session main effect (p = 0.01, d = 

0.28, 95% CI: [-0.44, 1.00], but not a group main effect (p = 0.6, d = 0.006, 95% CI: [-0.11, 

1.39], Table 4.4) or significant interaction (p = 0.88, d = 0.87, 95% CI: [0.09, 1.66], Table 4.4). 

Though a significant session main effect was reported, post-hoc tests revealed no difference from 

pre- to post-intervention in dynamic gait stability at LO for the advanced group (p = 0.07, d = 

1.33, 95% CI: [0.60, 2.06], Table 4.4) or the regular group (p = 0.13, d = 0.41, 95% CI: [-0.24, 

1.21], Table 4.4). Similarly, the between-session change in dynamic gait stability at this moment 

was comparable between groups (advanced group: 0.01 ± 0.02; regular group: 0.01 ± 0.03, p = 

0.31, d = 0.37). 
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Table 4.4 Comparison of dynamic gait stability variables during overground walking at a self-selected speed presented as group mean ± standard 

deviation before (Pre) and after (Post) a 30-minute treadmill walking intervention for the advanced (ADV, n = 15) and regular (REG, n = 15) groups. 

The Generalized Estimating Equation (GEE) or the Analysis of Variance (ANOVA) with repeated measures were used. Effect sizes (Cohen’s d) and 

95% Confidence Intervals (95% CI) of the effect size are provided. The COM position, velocity, and dynamic gait stability are dimensionless varia-

bles. 

 

Variable Group Session Group × session interaction Group main effect Session main effect 

Pre Post F/χ2, p-value d [95% CI] F/χ2, p-value d [95% CI] F/χ2, p-value d [95% CI] 

COM  

Position TD 

ADV -0.80 ± 0.19 -0.87 ± 0.20 0.60, p = 0.45 0.29[-0.73, 1.30] 0.14, p = 0.71 0.14[-0.58, 0.86] 11.07, p = 0.002 1.01[0.50, 1.53] 

REG -0.79 ± 0.16 -0.84 ± 0.17       

COM  

Velocity TD 

ADV 0.34 ± 0.06 0.38 ± 0.05 1.61, p = 0.22 0.48[-0.55, 1.50] 2.17, p = 0.15 0.48[-0.24, 1.21] 25.15, p < 0.001 1.36[0.83, 1.90] 

REG 0.32 ± 0.06 0.34 ± 0.06       

Stability at 

TD 

ADV 0.11 ± 0.06 0.15 ± 0.05 1.06, p = 0.31 0.36[-0.66, 1.38] 2.09, p = 0.16 0.48[-0.24, 1.21] 13.56, p < 0.001 1.00[0.48, 1.52] 

REG 0.10 ± 0.05 0.11 ± 0.04       

COM  

Position LO† 

ADV -0.27 ± 0.24 -0.36 ± 0.22 1.69, p = 0.19 0.44[-0.29, 1.18] 3.12, p = 0.08 0.37[-0.3, 1.1] 20.96, p < 0.001 0.08[-0.64, 0.79] 

REG -0.17 ± 0.14 -0.22 ± 0.14       

COM  

Velocity LO 

ADV 0.32 ± 0.05 0.36 ± 0.05 0.33, p = 0.57 0.21[-0.80, 1.23] 0.26, p = 0.26 0.39[-0.33, 1.11] 21.19, p < 0.001 1.25[0.74, 1.78] 

REG 0.31 ± 0.06 0.33 ± 0.06       

Stability at 

LO† 

ADV 0.23 ± 0.06 0.24 ± 0.05 0.02, p = 0.88 0.87[0.09, 1.66] 0.27, p = 0.60 0.06[-0.11, 1.39] 6.10, p = 0.01 0.28[-0.44, 1.00] 

REG 0.24 ± 0.04 0.25 ± 0.04       

 

†: GEE model was used. F/χ2 represents the statistic for the ANOVA/GEE model. 

p-values ≤ 0.05 are bolded. 
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4.5 Subgroup Analyses 

4.5.1 Subgroup Analyses Based on Protocol Tolerance in Advanced Group 

Participants in the advanced group had both cadence and speed adjusted during the tread-

mill intervention. Given that 7 and 8 participants in the advanced group could not respectively 

meet the 15% decrease in cadence and 15% increase in treadmill speed during the intervention 

(Table 4.5), two subgroup analyses were conducted. 

The first subgroup analysis was to determine if there were any differences in the interven-

tion-induced improvements in the three main gait characteristics (stride length, cadence, and gait 

speed) between participants who were able to reduce their cadence by 15% (n = 8) and those 

who decreased cadence by less than 15% (n = 7). Results of the independent t-tests comparing 

change scores between groups indicated no significant differences for stride length (p = 0.68, d = 

0.22, 95% CI: [-0.80, 1.23]), cadence (p = 0.63, d = 0.25, 95% CI: [-0.77, 1.27]), or gait speed (p 

= 0.56, d = 0.24, 95% CI: [-0.78, 1.26]) (Table 4.5). 

 A separate subgroup analysis was performed to compare participants in the advanced 

group who were able to achieve the desired treadmill speed increase of 15% (n = 7) during the 

intervention and those who increased the treadmill speed less than 15% (n = 8). Similar to the 

above results, independent t-tests comparing change scores demonstrated no statistical differ-

ences between groups in stride length (p = 0.21, d = 0.87, 95% CI: -0.19, 1.93]), cadence (p = 

0.22, d = 0.66, 95% CI: [-0.38, 1.71]), or gait speed (p = 0.18, d = 0.75, 95% CI: [-0.30, 1.80]) 

(Table 4.5). 
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Table 4.5 Comparison of the change scores for cadence, gait speed, and stride length during overground walking at a self-selected 

speed presented as group mean ± standard deviation before and after a 30-minute treadmill walking intervention for participants in the 

advanced group who were able to increase speed by 15% (n = 7) and those who were not (n = 8), and participants who were able to 

decrease cadence by 15% (n = 8) and those who were not (n = 7). Two-sided independent t-tests are used. Effect sizes (Cohen’s d) and 

95% confidence intervals (95% CI) of the effect size are provided. 

bh: body height.  

p-values ≤ 0.05 are bolded.  

 

 

Variable Speed Cadence 

 15% <15% p-value d [95% CI] 15% <15% p-value d [95% CI] 

(n = 7) (n = 8) (n = 8) (n = 7) 

Cadence (steps/min) 4.69 ± 4.08 2.21 ± 3.33 0.22 0.66[-0.38, 1.71] 3.83 ± 3.13 2.84 ± 4.62 0.63 0.25[-0.77, 1.27] 

Speed (bh/s) 0.11 ± 0.05 0.07 ± 0.06 0.18 0.75[-0.30, 1.80] 0.09 ± 0.06 0.08 ± 0.06 0.56 0.24[-0.78, 1.26] 

Stride length (/bh) 0.08 ± 0.03 0.05 ± 0.04 0.21 0.87[-0.19, 1.93] 0.07 ± 0.04 0.06 ± 0.04 0.68 0.22[-0.80, 1.23] 
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4.5.2 Subgroup Analyses Based on Disease Severity 

 This study recruited PwPD with a reported H&Y stage 1-3. To check if the disease sever-

ity played a role in modulating the effects of the advanced gait training program, two additional 

subgroup analyses were conducted. For each analysis, participants with H&Y stage 1 and H&Y 

stage 2 were compared to investigate how disease severity influenced the effects of two interven-

tions on the stride length, gait speed, and cadence during overground walking.  

 For participants with H&Y stage 1 (advanced group: n = 10; regular group: n = 10), there 

were no significant differences in the change scores between groups for stride length (p = 0.22, d 

= 0.57, 95% CI: [-0.33, 1.46]), cadence (p = 0.77, d = 0.13, 95% CI: [-0.75, 1.01]), or gait speed 

(p = 0.40, d = 0.39, 95% CI: [-0.50, 1.27]) (Table 4.6).  

 A secondary subgroup analysis was conducted to compare the advanced (n = 5) and regu-

lar (n = 5) treadmill interventions on overground stride length, cadence, and gait speed, for par-

ticipants with H&Y stage 2. Results indicated there was a statistical difference in change score 

for stride length (p = 0.02, d = 2.50, 95% CI: [-0.34, 3.28], Table 4.6). The participants in the ad-

vanced group with H&Y stage 2 increased stride length from pre- to post-intervention more than 

participants in the regular group with H&Y stage 2 (Table 4.6). There were no group differences 

for cadence (p = 0.08, d = 1.25, 95% CI: [-0.11, 2.60], Table 4.6). The gait speed showed a bor-

derline significance (p = 0.051, d = 1.46, 95% CI: [-0.07, 2.85], Table 4.6), with participants 

with H&Y stage 2 in the advanced group increasing their gait speed more relative to those in the 

regular group. 
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Table 4.6 Comparison of the change scores for cadence, gait speed, and stride length during overground walking at a self-selected 

speed presented as group mean ± standard deviation before and after a 30-minute treadmill walking intervention for participants in the 

advanced (ADV) and regular (REG) groups analyzed by disease severity (Hoehn and Yahr stage 1 and 2). Effect sizes (Cohen’s d) and 

95% Confidence Intervals (95% CI) of the effect size are provided. 

 

bh: body height.  

p-values ≤ 0.05 are bolded.  

 

Variable Hoehn and Yahr Stage 1 Hoehn and Yahr Stage 2 

 ADV REG p-value d [95% CI] ADV REG p-value d [95% CI] 

(n = 10) (n = 10) (n = 5) (n = 5) 

Cadence (steps/min) 3.21 ± 3.21 2.76 ± 3.59 0.77 0.13[-0.75, 1.01] 3.69 ± 5.18 -2.52 ± 4.79 0.08 1.25[-0.11, 2.60] 

Speed (bh/s) 0.09 ± 0.06 0.07 ± 0.05 0.40 0.39[-0.50, 1.27] 0.09 ± 0.04 0.005 ± 0.06 0.051 1.46[-0.07, 2.85] 

Stride length (/bh) 0.06 ± 0.04 0.04 ± 0.03 0.22 0.57[-0.33, 1.46] 0.06 ± 0.04 0.008 ± 0.02 0.02 2.50[-0.34, 3.28] 



 60 

 

5  DISCUSSION 

The overall purpose of this pilot, single-session, randomized controlled trial was to exam-

ine how the advanced treadmill intervention, by controlling both gait speed and cadence simulta-

neously, improves gait functions relative to the regular treadmill intervention via manipulating 

the speed only in PwPD. The following objectives were investigated: 

1. Does modulating speed and cadence concurrently (advanced treadmill intervention) 

elicit a greater improvement in stride length compared to controlling speed alone 

(regular treadmill intervention) in a single treadmill session in PwPD? 

2. How does the advanced treadmill intervention affect spatiotemporal and kinetic gait 

parameters relative to regular treadmill intervention? 

3. Does the advanced treadmill intervention improve dynamic gait stability more than 

the regular treadmill intervention in a single session of treadmill walking in PwPD? 

Correspondingly, the following hypotheses were tested: 

1. The advanced treadmill intervention group would display a significantly larger increase 

in stride length compared to the regular treadmill intervention group following the 

training. 

2. The advanced intervention group exhibits more improvements in the spatiotemporal 

and kinetic gait parameters compared to the regular intervention group. 

3. The advanced treadmill intervention group would show a higher increase in dynamic 

gait stability than the regular treadmill intervention group from the pre-intervention to 

the post-intervention assessment. 

 

 



 61 

5.1 Stride Length (primary) 

The first hypothesis was supported as the results of this study indicated that completing a 

30-minute treadmill training intervention that controls speed and cadence concurrently increases 

stride length more than an intervention that only controls speed. Specifically, participants in the 

advanced group significantly increased their stride length (Figure. 4.1), more than participants in 

the regular group. After the intervention, all participants demonstrated longer stride lengths at 

their comfortable overground walking speed, unlike some participants in the regular who dis-

played a reduction in stride length. The combination of progressively reducing cadence using 

rhythmic auditory cueing and progressively increasing gait speed on the treadmill resulted in 

larger improvements in stride length compared to only increasing speed on the treadmill.  

Since gait hypokinesia is a common symptom of PD and is directly related to an inability 

to generate large steps (Ebersbach et al., 1999; Morris et al., 1994; Rubinstein et al., 2002), im-

proving stride length as a strategy to increase gait speed is critical. Treadmill walking has been 

established as an effective intervention to improve step length (Herman et al., 2009; Mehrholz et 

al., 2015). However, most treadmill-based gait training programs for PwPD solely focus on in-

creasing the gait speed during the training without controlling or reporting the cadence (Bello et 

al., 2008; Canning et al., 2008; Herman et al., 2007; Pohl et al., 2003; Skidmore et al., 2008; 

Verghese et al., 2009). Because PwPD display difficulty in regulating stride length and therefore 

increase cadence as a compensatory strategy to maintain and increase walking speed (Bayle et 

al., 2016; Morris et al., 1994), they could be relying on increasing cadence as a primary strategy, 

more than stride length, to increase the gait speed (Protas et al., 2005).  

Treadmill-based interventions are commonly utilized because the continuous movement 

of the belt encourages more automatic gait (Bello et al., 2008; Frenkel-Toledo et al., 2005) re-

sulting in less gait variability compared to overground walking (Bello and Fernandez-Del-Olmo, 
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2012). Additionally, rhythmic auditory stimulation (RAS) has been successful at improving gait 

parameters in PwPD (Thaut et al., 1996), as it can serve as a stimulus to bypass the impaired in-

ternal timing present in PwPD (Ashoori et al., 2015). Therefore, the combination of using RAS 

to control cadence, which influences stride length, in addition to the controlled speed of the 

treadmill, was used in the advanced intervention group to explore if gait outcomes were im-

proved more than controlling treadmill speed alone.  

The advanced treadmill intervention, explored in this dissertation project, showed more 

benefits in improving the stride length and gait speed but similar effects on the cadence in com-

parison to the regular treadmill intervention (Figures 4.1 & 4.2). Such observations could be ac-

counted for by the concurrently controlled gait speed and cadence in the advanced intervention 

group. As indicated above, the three fundamental gait characteristics (cadence, gait speed, and 

stride length) are closely interrelated. The simultaneous control of the gait speed and cadence 

means that the stride length would be regulated by the training protocol as well. Therefore, the 

advanced intervention forced the trainees to walk in a certain manner, in which all three basic 

gait parameters were manipulated. However, the regular training group had more options for re-

sponding to the increased gait speed by altering the cadence and/or stride length. 

In this study, a slower cadence was used as a strategy to increase stride length on the 

treadmill in the advanced group. Previous literature has focused on using RAS at faster tempos to 

increase walking speed (McIntosh et al., 1997) because increasing cadence is a tactic to increase 

gait speed (Arias and Cudeiro, 2008; Ashoori et al., 2015). Increasing cadence while on a tread-

mill at a constant speed, especially when cadence is already within or above a normal range, may 

promote even shorter steps without encouraging PwPD to increase stride length while walking, 

possibly exaggerating a shuffling gait. Moreover, fast gait speed, coupled with a reduced step 
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length and a forward-leaning trunk could increase the risk of forward balance loss or falls for 

PwPD who display freezing of gait (Urakami et al., 2021). These characteristics result in a re-

duced distance between the COM position and the anterior boundary of the BOS, which can lead 

to an increased risk of losing forward balance.  

Given the loss of automaticity and rhythmicity of movements, PwPD are still able to syn-

chronize their movements with external rhythmic cues through an innate internal timing process 

(Thaut et al., 2015). The cyclic nature of RAS can help PwPD synchronize ground contact when 

walking and control variability in musculoskeletal activation patterns (Ford et al., 2010; 

Koshimori and Thaut, 2018). Matching their steps to a slower cadence increased the stride length 

while simultaneously increasing gait speed on the treadmill, preventing participants from relying 

on shorter, faster steps to increase the walking speed. Subgroup analyses were conducted to com-

pare participants in the advanced group who could comply with the 15% decrease in cadence and 

15% increase in gait speed and those who could not. There were no statistical differences in 

stride length, cadence, and gait speed between participants who could decrease cadence by 15% 

and those who could not. The results were similar for participants who could increase treadmill 

speed by 15% and those who could not. Given the advanced group displayed more improve-

ments in stride length, cadence, and gait speed compared to the regular group, these results high-

light the importance of utilizing parameters that are individualized to the participants and con-

sistently matching step frequency is more important than the parameter intensity. This could be 

considered a candidate explanation of why the advanced intervention is more beneficial in 

lengthening the stride than the regular treadmill intervention. 

 

5.2 Spatiotemporal and Kinetic Gait Parameters (secondary) 

5.2.1 Spatiotemporal Gait Parameters 



 64 

The second hypothesis was partially supported, and the results indicated that the ad-

vanced group displayed larger improvements in gait speed (Figure 4.2) and double leg stance 

time (Figure 4.2) compared to the regular group. No differences were reported from pre- to post-

intervention in single leg stance time for both groups (Figure 4.2), and the advanced group took 

more steps after the intervention than before the intervention while there was no difference in ca-

dence for those in the regular group (Figure 4.2). 

The procedures of this study were based on a small case series involving 3 participants 

who completed a 6-week intervention that combined treadmill walking at 85% of their self-se-

lected cadence, followed by overground walking at 115% of their self-selected cadence (Sherron 

et al., 2020). It has been demonstrated that walking to a slower auditory cue on the treadmill in-

creases stride length (Chawla et al., 2020). Due to the connections of auditory and motor areas of 

the brain, walking to a beat (music or metronome) seems to help PwPD organize and initiate 

movement (Thaut and Abiru, 2010). It was proposed the coupling of a slower cadence on the 

treadmill to increase stride length, followed by a faster overground walking cadence to increase 

gait speed, would have a positive effect on the spatiotemporal characteristics of gait (Sherron et 

al., 2020). The combination and use of RAS proposed by these researchers was a novel interven-

tion, in that previous study increased speed or cadence, without considering stride length, to im-

prove gait speed (Arias and Cudeiro, 2008; Ashoori et al., 2015; McIntosh et al., 1997).  

The current study completed the entire intervention on the treadmill, and speed was in-

creased on the treadmill in lieu of increasing walking cadence overground. Although difficult to 

compare given the previous intervention lasted six weeks and the intervention in the current pilot 

study consisted of a single session, the results for the advanced group from this study align with 

those from Sherron et al. displaying an increase in stride length and gait speed, with a small (but 
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nonsignificant) increase in cadence (Sherron et al., 2020). From pre- to post-intervention, both 

groups displayed significant increases in stride length (advanced group: p < 0.001; regular group: 

p = 0.002) and gait speed (advanced group: p < 0.001; advanced group: p = 0.01), with larger in-

creases in the advanced group. The advanced group also increased their cadence from 108 

steps/min to 111 steps/min (p = 0.004, d = 2.49) while the regular group increased the number of 

steps from 108 steps/min to 109 steps/min (p = 0.42, d = 0.33). However, the statistically signifi-

cant increase in the stride length within the advanced group from the pre- to the post-intervention 

session could be considered less clinically meaningful. Firstly, the effect size of the stride length 

is small (d = 0.33) and the increase in the cadence was smaller than the minimum detectable 

change for cadence is 15 steps/min (Lang et al., 2016), suggesting participants in both groups 

took bigger steps as a primary strategy to walk faster. Additionally, the cadence at pre-test was 

108 steps/min in this study is within the range of cadence for healthy adults (Hollman et al., 

2011; Senden et al., 2024). Because PwPD in this study did not demonstrate a walking cadence 

significantly higher compared to those of healthy adults, the increase in cadence after the inter-

vention is not likely to be clinically meaningful, as it is still within the range of healthy adults. 

Lastly, the increase of 3 steps/min in the cadence would potentially cause little changes in the 

gait speed (2.8%). Therefore, the lengthened stride was the dominant factor leading to the in-

creased gait speed in the advanced group. 

In the present study, only speed was increased on the treadmill for the regular group, as 

previous studies have used increasing the treadmill speed to increase overground gait speed 

(Bello et al., 2013; Protas et al., 2005). This study aimed to examine if the advanced group 

showed more improvements in gait characteristics relative to the regular group. Compared to 

other acute treadmill interventions that only manipulated gait speed, our results are inconsistent 
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(Bello et al., 2008; Pohl et al., 2003). During a 30-minute single-session treadmill intervention in 

which the treadmill speed was increased by 10% each time the participant completed 10 seconds 

of walking safely and without stumbling, participants increased their stride length by 8.3% (Pohl 

et al., 2003). This is significantly more than the 4% increase in stride length of the regular group, 

but the same as the 8% increase in stride length demonstrated by the advanced group. 

Further, Pohl et al. reported a 13.8% increase in gait speed among participants (Pohl et 

al., 2003). The present study reported the regular group increased gait speed by 6% and the ad-

vanced group walked 11.6% faster after the intervention. These differences are likely attributed 

to the study design. In the current study, gait speed was increased by 5% for three 5-minute 

blocks. Therefore, the total gait speed never increased more than 15%. In the previous study, the 

treadmill speed was increased 10% for every 10 seconds of safe walking, for up to 5 training pe-

riods. Gait speed is determined by stride length and cadence. With such a large increase in gait 

speed, it is reasonable that both stride length and cadence would also increase, however, the pre-

vious study did not report cadence. It is possible participants walked at a faster cadence com-

pared to healthy adults before the intervention, which was then further increased to produce a 

faster gait after the intervention. Therefore, this past study does not provide a complete picture of 

the impact and relationship of cadence and stride length on gait speed (Pohl et al., 2003).  

In terms of double leg stance time, the results agree with those of Pohl et al., in which 

participants in the advanced group displayed a significant decrease in the amount of time spent in 

double leg stance, while there was no change for the regular group (Pohl et al., 2003). The dura-

tion of double leg stance time is a function of gait speed and a decrease in the double stance 

phase is associated with an increase in walking speed (Morris et al., 1998; Perry and Burnfield, 

2024). This can further explain the increases in gait speed demonstrated by the two groups, as the 
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advanced group increased gait speed significantly more than the regular group (p = 0.05).  

In a different study that utilized a single-session intervention consisting of five 4-minute 

blocks of treadmill walking at their self-selected overground speed, participants immediately in-

creased their gait speed and stride length during overground walking (Bello et al., 2008). Unlike 

the current study that increased gait speed by 15%, Bello et al. demonstrated improvements in 

spatiotemporal characteristics by walking on the treadmill at the same speed as participants’ self-

selected overground speed. These improvements could be attributed to the disease severity of the 

participants and the difference in the training protocol. 

First, it has been shown that the disease severity may play a role in the effects of tread-

mill-based gait training for PwPD (Frenkel-Toledo et al., 2005). In the previous study, after 

walking at their self-selected overground speed on a treadmill, people with moderate PD (stage 

2) increased their cadence and step length as a strategy to increase their gait speed, while people 

with advanced PD (stage 3) increased their step length as a means to increase their gait speed, 

without increasing their cadence (Bello et al., 2008). The prior study involved PwPD with H&Y 

stage spanning between 2 and 3 (moderate to advanced) with an average of 2.67 ± 0.41. On the 

other hand, the current dissertation study recruited PwPD with the H&Y stage of 1-3. More spe-

cifically, most participants (n = 20) reported H&Y stage 1-1.5 (1.6 ± 0.43), with the most ad-

vanced participant stage 2.5.  

Two separate sub-analyses were conducted to compare the advanced and regular inter-

ventions for participants with H&Y stage 1 and H&Y stage 2. No statistical differences were de-

tected in the change score for stride length, cadence, or gait speed during overground walking 

when comparing the participants with H&Y stage 1 in the regular and advanced groups. How-

ever, when comparing the participants with H&Y stage 2, those in the advanced group 
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statistically increased their stride length from pre- to post-intervention compared to the regular 

group (p = 0.02, Table 4.6), and gait speed displayed a trend for significance (p = 0.051). There 

was no significant difference in change score between groups for cadence (p = 0.08). These re-

sults suggest participants with H&Y stage 2 in the advanced group displayed the greatest im-

provements during the intervention. On the other hand, participants with H&Y stage 2 in the reg-

ular group showed decreases in cadence (-2.52 ± 4.79 steps/min) and gait speed (-0.005 ± 0.06 

bh/s) from pre- to post-intervention. This implies that PwPD with a higher H&Y stage would 

benefit from the advanced training modality more than those with a lower stage. However, fur-

ther studies are warranted to investigate how treadmill interventions affect disease severity given 

the relatively small sample sizes (10 per group for stage 1 and 5 per group for stage 2). 

Second, the discrepancies in the training protocol could have also accounted for the dif-

ference in the findings between this dissertation and the previous study. In the present disserta-

tion study, all participants started the walking intervention with their comfortable treadmill walk-

ing speed, while the initial treadmill speed was the participants’ self-selected overground speed 

in the prior study (Bello et al., 2008). It is well known that the self-selected overground speed is 

higher than the self-selected treadmill gait speed (Malatesta et al., 2017; Yang and King, 2016). 

For 25 out of the 30 participants in this dissertation project, their speed during the last treadmill 

intervention block did not reach their pre-test self-selected overground speed. Therefore, the in-

tervention protocol could have been more intense in the previous study than in the current disser-

tation project, possibly contributing to the difference in the findings between studies. 

 

5.2.2 Kinetic Gait Parameters 

Vertical Ground Reaction Force 
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The peak vertical GRF was determined at two points during overground walking: the first 

peak at heel strike (the first or passive peak vertical GRF during the weight acceptance phase) 

and the second peak at toe-off (the second or active peak vertical GRF at push off). The results 

indicate a significant interaction effect for the first peak vertical GRF in which the advanced 

group significantly increased their vertical GRF more than those in the regular group from pre- 

to post-test (Table 4.3). Additionally, the advanced group exhibited a significantly larger second 

vertical GRF at the post-intervention test than the regular group (Table 4.3). A strong association 

between gait speed and peak vertical GRF has been established during linear walking 

(Andriacchi et al., 1977). A faster gait speed results in more acceleration and deceleration of the 

body’s COM in the vertical direction. PwPD predominantly walk slower than the healthy popula-

tion (Morris et al., 1994) and demonstrate a concurrent reduction in peak vertical GRF (Alam et 

al., 2017; Farashi, 2020). However, the time-domain pattern of vertical GRF during the stance 

phase is shown to be similar between PwPD and healthy individuals (Farashi, 2021; Giardini et 

al., 2023). This notion is further confirmed by the findings of the two vertical GRFs in this dis-

sertation study. 

The results of this study partially align with those of Pohl et al. (Pohl et al., 2003). For 

example, after completing a single-session treadmill intervention in which speed was increased 

by 10% after 10 seconds of safe walking, participants displayed increases in both peak vertical 

GRFs, though these increases were not statistically significant (Pohl et al., 2003). Results from 

these studies further emphasize the association between gait speed and vertical GRF among 

PwPD, suggesting that it is necessary to consider gait speed when interpreting vertical GRF. 

Rate of Loading 



 70 

The rate of loading represents the rate at which the acceleration of the body’s COM 

changes immediately following touchdown (Schmida et al., 2022), and is thought to describe the 

intensity at which force develops at touchdown (Stacoff et al., 2005). The results from this study 

suggest neither intervention influenced the rate of loading during overground walking at a self-

determined speed (Table 4.3). These results are similar to those previously reported in PwPD that 

demonstrated no significant increase in the rate of loading after completing a single-session 

treadmill intervention in which speed was progressively increased (Pohl et al., 2003). 

Given the significantly increased first peak vertical GRF in the advanced group during 

the post-intervention assessment versus pre-intervention, it is reasonable to expect to see an in-

crease in the rate of loading in this group after the intervention. However, non-significant find-

ings in the advanced group related to the rate of loading in this dissertation study could be be-

cause participants in this group altered their joint positions and limb movement before and dur-

ing touchdown which affected the rate of loading. A function of skeletal muscle is to act as a 

shock absorber during movement, which can also reduce the rate of loading. Because this study 

did not analyze joint angles or EMG activity, it is difficult to determine the underlying character-

istics of the rate of loading. The EMG activity should be taken as additional metrics for future 

studies to further investigate the rate of loading related to the advanced treadmill gait training for 

PwPD.  

Braking and Propulsive Force 

It was anticipated the advanced group would portray a larger increase in both peak brak-

ing and peak propulsive forces. This was hypothesized because the advanced group was expected 

to walk faster after the intervention, and in healthy populations, increased gait speed requires 

larger braking and propulsive forces (Nilsson and Thorstensson, 1989). The results do not 
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support this hypothesis. From pre- to post-intervention, the advanced group increased both peak 

braking and propulsive forces, compared to no significant increase in the regular group, while no 

significant interaction effect was seen for either variable (Table 4.3). Along with increased walk-

ing speed (Peterson et al., 2011), the step length (Balasubramanian et al., 2007; Martin and 

Marsh, 1992) has been recognized as a key component related to peak braking force. A longer 

step length places the foot more anterior and may cause a greater posterior GRF. Both groups 

displayed increases in gait speed and stride length, but the improvements were larger in the ad-

vanced group. As such, the advanced group also displayed an increase in peak braking force.  

The results for the peak braking force are similar to those of peak propulsive force with 

the advanced group displaying an increase in peak propulsive force from pre- to post-interven-

tion, while the regular group reported no improvement (Table 4.3). Again, the improvements 

seen in the advanced group are likely related to the increases in gait speed and stride length. It’s 

been estimated that producing horizontal propulsion forces during walking makes up half of its 

metabolic cost in a healthy population (Gottschall and Kram, 2003). In pathological gait, the 

metabolic energy needed is over twice that of a healthy gait (Gonzalez and Corcoran, 1994; Kuo 

and Donelan, 2010). In PwPD, disturbances in gait are one of the first signs of motor dysfunc-

tion, and propulsion is frequently compromised. Increased co-activation of antagonistic muscles 

and reduced amplitude of distal lower extremity musculature has been shown to affect gait in 

PwPD (Cioni et al., 1997; Dietz et al., 1995; Rodriguez et al., 2013). This can result in an under-

scaling of power generation at push-off during walking (Dietz et al., 1995; Morris et al., 1999). 

Like vertical GRF, propulsive force is reduced in PwPD compared to age and sex-matched 

healthy controls (Sharifmoradi and Farahpour, 2016).  
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Given that PwPD have demonstrated a diminished ability to propel themselves forward 

(Albani et al., 2014), the improvements in peak propulsive force seen in the advanced group war-

rant further investigation. It is reasonable to infer this improvement is the result of increased gait 

speed and stride length. Similar to how step length is a component of peak braking force, propul-

sive force is affected by the distance between the body’s COM and its center of pressure (Hsiao 

et al., 2015). However, it is not clear how these kinematic strategies altered muscle activity, spe-

cifically at the ankle joint. 

Braking and Propulsive Impulse 

 It was hypothesized that the advanced group would display larger increases in braking 

and propulsive impulse after the intervention relative to the regular group. Despite the lack of the 

group by session interaction effects, the advanced group produced a statistically larger propul-

sive impulse from pre- to post-testing (Table 4.3). This was expected, as increases in step length 

are associated with increased braking and propulsive impulses when walking at a steady-state 

speed in healthy populations (Martin and Marsh, 1992). However, neither group increased brak-

ing impulse after the intervention. Given the small sample size whose ground reaction force is 

available in this study, it is premature to make any definitive conclusion on this. One candidate 

explanation could be related to the change in the gait speed for the two groups. Currently, inter-

pretations of impulse involve analyzing how healthy subjects accelerate and decelerate across 

steady-state speeds. When healthy participants increased their steady state speed from 1.0 to 2.0 

m/s, both braking and propulsive impulses increased (Nilsson and Thorstensson, 1989). While 

both groups increased their walking speed significantly from pre- to post-intervention, the ad-

vanced group increased their speed more than the regular (though not a significant amount), 

which could explain the increase they demonstrated in propulsive impulse. More studies are 
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needed to further explore how the advanced intervention could affect braking and propulsive im-

pulses. 

 

5.3 Dynamic Gait Stability (tertiary) 

This study also sought to determine if a treadmill intervention that controlled speed and 

cadence improved dynamic gait stability more than a treadmill intervention that only controlled 

speed. The findings revealed that both groups displayed similar dynamic gait stability after the 

intervention, rejecting the hypothesis (Table 4.4). 

The COM motion state used to determine dynamic gait stability simultaneously considers 

the COM position and COM velocity relative to the BOS. At the beginning (TD) and end (LO) 

of the stance phase (two transitional instants during human gait), both groups similarly posi-

tioned their COM less anteriorly compared to pre-test overground walking, with a larger poste-

rior shift occurring in the advanced group (Table 4.4). According to the FSR theory, a value of 

zero of the COM position indicates the COM is located directly over the heel, a value of one in-

dicates the COM position is located directly over the toes, and a value of negative one is the po-

sition of one-foot-length behind the heel (Figure 2.2). Both groups displayed slightly more nega-

tive values after the intervention. This can be explained by the increase in stride length displayed 

by both groups. A larger stride length creates more distance between the body’s COM and the 

BOS at TD and LO, which can lead to greater instability. Numerous studies have reported a posi-

tive correlation between the step length and COM position at TD among various populations 

(Liu and Yang, 2017; Yang et al., 2016; Yang and King, 2016; Yang and Pai, 2013). An increase 

in COM velocity can compensate and provide forward momentum to avoid instability against 

balance loss. As such, both groups increased the COM velocity from before to after the 
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intervention, with the advanced group displaying a relatively larger, but not significant, improve-

ment in velocity.  

The combination of a more negative COM position and an increase in COM velocity re-

sulted in similar dynamic gait stability in both groups. These outcomes align with a previous 

study that found PwPD displayed similar dynamic gait stability compared to healthy individuals 

during overground walking at a self-selected speed (Ban et al., 2024). In the previous study, 

PwPD walked slower and took shorter steps compared to healthy individuals, which is consistent 

with earlier findings (Canning et al., 2006; Hobert et al., 2019). Relative to healthy adults, PwPD 

display a decreased step length, decreased gait speed, and increased gait variability (Knutsson, 

1972). These alterations may indicate a “cautious gait” strategy, which has been previously re-

ported as a safety adaptation (Browning and Kram, 2007). A slower gait speed may allow PwPD 

a more controlled gait, aiding in their ability to maintain dynamic balance. According to the FSR 

theory, a slower walking speed reduces the velocity of the body’s COM relative to the BOS, 

jeopardizing dynamic gait stability in PwPD (Yang et al., 2008). To offset the instability created 

by a slower walking speed, PwPD adjusted by taking shorter steps. Shortening the step length 

shifts the COM forward, bringing it closer to the BOS, thereby improving dynamic gait stability 

(Yang and King, 2016).  

In summary, both groups displayed a posterior shift in COM position, coupled with an 

increase in COM velocity, resulting in comparable dynamic gait stability.  

5.4 Conclusions 

 Overall, the advanced group exhibited more improvements in gait characteristics during 

overground walking than the regular group, which was predicted due to the intervention aimed at 

increasing stride length and gait speed. Contrary to what was expected, the improvements seen in 
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the advanced group are similar to previous research that only increased gait speed during tread-

mill interventions. Specifically, the advanced group significantly increased gait speed, stride 

length, first and second peak vertical GRF, and reduced double leg stance time. Given this was a 

single-session intervention for PwPD, and the kinematic and kinetic characteristics of gait ana-

lyzed in this study are interrelated, it is reasonable that a 30-minute treadmill intervention will 

not have a significant effect on all gait parameters. However, the trends displayed in the results 

are promising.  

 In terms of stride length and gait speed, the advanced group displayed a significantly 

larger increase during overground walking than the regular group. This was anticipated as the 

protocol was designed to increase stride length by walking at a lower frequency on the treadmill, 

forcing the participant to take larger steps, followed by increasing the speed on the treadmill to 

increase walking speed. Given gait speed is determined by stride length and cadence, it was ex-

pected that cadence would remain the same, if not decrease. However, the advanced group in-

creased cadence, though not by a clinically meaningful amount. 

 The increases in gait speed and stride length demonstrated by the advanced group influ-

enced improvements in peak vertical GRFs, peak braking and propulsive force, and propulsive 

impulse from pre- to post-intervention compared to the regular group. Because PwPD display a 

reduced ability to propel themselves forward, investigating the relationship between joint mo-

ments and GRFs may be meaningful for future rehabilitation program design. In terms of dy-

namic gait stability, the results indicate the advanced and regular groups have similar dynamic 

gait stability during overground walking at their self-selected speed. Though originally unex-

pected, this result is reasonable given it has recently been demonstrated that PwPD exhibit dy-

namic gait stability comparable to healthy controls. These results are the combination of a 
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posteriorly shifted COM position and increased gait speed. The findings suggest that an interven-

tion that concurrently controls cadence and gait speed shows more improvements in gait charac-

teristics than only controlling speed in this intervention protocol. Overall, increasing stride length 

and gait speed have a positive effect on spatiotemporal variables, though the underlying mecha-

nisms deserve further investigation.  

 

5.5 Implications 

Walking has been identified as the first activity in which PwPD report difficulty. This is 

the first study to concurrently control speed and cadence during a treadmill intervention for 

PwPD. The results of this study show walking speed, stride length, and vertical GRF signifi-

cantly increased, and double leg stance time significantly decreased, with a combination of pro-

gressive decreases in step frequency and progressive increases in treadmill speed in PwPD. 

These findings suggest that the utilization of an external auditory cue while simultaneously ma-

nipulating gait speed can improve walking speed and stride length. These findings provide mean-

ingful evidence that larger increases in stride length and gait speed influence improvements in 

other gait characteristics that diminish in PwPD. 

 

5.6 Limitations and Further Research 

This study has limitations. First, the participants’ disability level was at the mild to mod-

erate stage, with most participants (10/15 in each group) showing a stage between 1 and 1.5 on 

the H&Y scale. It is unknown if the results of the intervention are generalizable to other PD 

stages. Given that more advanced stages exhibit worsening symptoms, it is meaningful to inves-

tigate how the interventions compare in this population. Second, this study did not analyze joint 

angles, joint moments, or muscle activity, impeding our ability to analyze the underlying 



 77 

mechanisms. Given the lack of kinetics included in PD research, future work should examine the 

relationships between joint moments, joint positions, and kinetics to determine how PwPD alter 

their limb movements to improve gait characteristics. Third, this was a single-session 30-minute 

intervention, and the results were an analysis of the immediate effects. It is unknown how long 

the results persisted. Long-term interventions and follow-up tests to determine the length of the 

adaptation should be included in future work. 

Fourth, all participants in their respective groups followed the same training schedule. 

Additional research should include utilizing different parameters in persons with different dis-

ease severity, including different frequency and progression rates. Fifth, most of the participants 

in this study were male (advanced group: 80%; regular group: 86%), so the findings may not be 

generalizable to both sexes. However, men are about 1.5 times more likely to be diagnosed with 

PD than women, and this study sample could be a reasonable reflection of this population. Sixth, 

fatigue, quality of sleep, hydration, nutrition, and the time of day of testing were not controlled. 

Further, participants wore the shoes they deemed best for treadmill walking, so footwear was not 

standardized. Sensory function was also not measured. Unassessed sensations in the feet may 

have affected the ability to detect sensory feedback. However, given this was a randomized con-

trolled trial, differences between groups, if any, could have been alleviated by the study design. 

Lastly, the intervention took place in a laboratory setting and participants completed overground 

walking on a flat, safe surface. It is unknown if the results extend to real-world scenarios. There-

fore, more studies with larger sample sizes and more rigorous study designs are needed to further 

investigate the clinical implications of the advanced treadmill intervention. With the compelling 

results from the current study, the following future research directions could be tackled before 

clinically deploying the advanced treadmill paradigm: 
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1. The long-term training and retention effects. In this study, participants completed a 

single-session treadmill walking intervention, and gait characteristics were analyzed 

immediately following completion of the intervention. Though previous studies have 

reported improvements in gait outcomes after a single session (Bello et al., 2008; 

Pohl et al., 2003), a long-term intervention in line with typical rehabilitation timelines 

(8-12 weeks) may yield greater improvements. Based on a mini-review of treadmill 

training interventions for PwPD, only 5 out of the 14 training programs included a 

follow-up test (Herman et al., 2009). These ranged from 1 to 6 months after the final 

intervention session. Including follow-up visits can help determine the length of the 

biomechanical adaptations of the intervention, along with ensuring participant pro-

gress and identifying any reduction in compliance. 

2. Including PwPD showing a more severe disability level. Depending on the severity 

level, PwPD may utilize different strategies to execute faster walking (Bello et al., 

2008). Investigating how people with more severe PD respond to gait interventions 

can improve training effectiveness. Given that gait disturbances are one of the most 

incapacitating symptoms of PD, improving gait in more advanced PD stages may im-

prove quality of life and prolong independence. 

3. Identifying the optimal training dosage in terms of the frequency of the training, the 

length of the training bouts, and the protocol for manipulating the gait speed and ca-

dence. During long-term interventions, frequent testing may help determine progres-

sion guidelines to optimize progress and identify plateaus. Guidelines for PwPD sug-

gest performing aerobic exercise 3x/week, for 30-40 minutes of the main exercise set, 
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at 70-85% of heart rate max (Alberts and Rosenfeldt, 2020). Incorporating these pa-

rameters may provide additional benefits beyond gait improvements. 

4. To further examine how the physiological, kinematic, and kinetic gait parameters are 

correlated to determine the neuro-biomechanical mechanisms of advanced treadmill 

intervention. Analyzing muscle activity, joint kinetics, and kinematics can help ex-

plain the mechanisms underlying the changes in gait characteristics and dynamic sta-

bility induced by the intervention. 

5. To investigate if and how the footwear, fatigue, quality of sleep, hydration, nutrition, 

the time of day of testing were not controlled, and sensorimotor function impairment 

could play a role in determining the effects of the advanced treadmill intervention. 

6. To explore how the foot landing pattern interacts with the advanced intervention to 

improve gait quality among PwPD. For example, walking with a heel strike instead of 

a forefoot strike may reduce gait variability, increase toe clearance during walking 

(Ginis et al., 2017), and reduce fall risk. It would be clinically meaningful to examine 

if such benefits with heel strike landing technique could be enhanced, maintained, or 

diminished. 
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APPENDICES 

Appendix A: PD Questionnaire 

1. When were you diagnosed with Parkinson’s disease?  (MM/YYYY)  __________ 

 

  

2. Based on Hoehn and Yahr (H&Y), what stage are you diagnosed with?   __________ 

 

 

3. Are you able to walk overground more than 30 feet without the need YES   NO 

    of walking aid or assistance? [Disqualified if answers NO]   

    

 

 

4. Are you able to walk on a treadmill for at least 15 minutes without  YES   NO 

          the need of walking aid or rest? [Disqualified if answers NO] 

 

  About how long can you walk without needing to rest?  ________________ 

 

 

 

5. Have you been diagnosed with any uncontrolled cardiorespiratory  YES   NO 

    or metabolic diseases? [Disqualified if answers YES.] 

 

 

 

6. Do you experience any other known neurologic disorders that affect  YES   NO 

    your ability to walk? [Disqualified if answers YES.] 

 

 

 

7. Have you been diagnosed with any visual, auditory or communication  YES  NO 

    disorders that might impede your understanding of the purpose of this  

    study? [Disqualified if answers YES.] 

 

 

 

8. Have you suffered a lower extremity injury within the last 6 months? YES  NO         

    [Disqualified if answers YES.] 
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Appendix B: Parkinsons Disease Quality of Life Questionnaire - 8 

Due to having Parkinson’s disease 

how often during the last month have you… 

Please check one box for each question 

 
Never Occasionally Sometimes Often 

Always  
or cannot  
do at all 

1. 
Had difficulty getting around  

in public places? 

 
     

2. Had difficulty dressing? 
 
     

3. Felt depressed? 
 
     

4. 
Had problems with your close per-

sonal relationships? 

 
     

5. 

Had problems with your concen-

tration, for example,  

when reading or watching TV? 

 
     

6. 
Felt unable to communicate effec-

tively? 

 
     

7. 
Had painful muscle cramps  

or spasms? 

 
     

8. 
Felt embarrassed in public due to 

having Parkinson’s disease? 
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Appendix C: Montreal Cognitive Assessment 
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Appendix D: Preliminary Results 

Six PwPD (2 females and 4 males, mean ± standard deviation age: 67 ± 2.97 years; body 

height: 1.65 ± 0.09 m; body mass: 72.8 ± 17.2 kg) participated in the pilot study. The protocol of 

the pilot study followed the one listed above in Section 3.5, with the exception that the mid-inter-

vention overground walking assessment was excluded.  

All outcomes were comparable between groups before the intervention (Table D1). No 

significant group-by-session interaction was observed for stride length (F1,4 = 0.48, p = 0.5, partial 

η2 = 0.11, Figure D1). However, the advanced group appeared to show a larger but non-significant 

increase in the stride length from pre- to post-intervention compared to the regular group (Figure 

D1, effect size of Cohen’s d = 0.4). The non-significant finding could be due to the small sample 

size. No significant interaction effects were detected for cadence (F1,4 = 0.04, p = 0.8, partial η2 = 

0.01), gait speed (F1,4 = 0.14, p = 0.7, partial η2 = 0.03), dynamic gait stability at touchdown (F1,4 

= 1.41, p = 0.3, partial η2 = 0.26), and dynamic gait stability at liftoff (F1,4 = 2.47, p = 0.2, partial 

η2 = 0.38) (Table D1).  

 

Figure D1 Comparisons of the stride length between the advanced training and regular training 

groups over the pre- and post-intervention assessments. The stride length is normalized by the 

body height. 
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Table D1 Gait parameters and dynamic gait stability presented as (mean ± standard devia-

tion) before (Pre) after (Post) a 30-minute treadmill walking intervention for the advanced (n = 

3) and regular (n = 3) groups.  

Variable 

Variable Test session Group 

Advanced Regular 

Gait Characteristics    

   Stride Length (/bh) Pre 0.70 ± 0.08 0.70 ± 0.06 

Post 0.80 ± 0.11 0.77 ± 0.03 

   Cadence (steps/min) Pre 113.55 ± 1.03 110.10 ± 18.30 

Post 119.69 ± 3.12 115.2 ± 25.80 

   Gait Speed (m/s) Pre 1.19 ± 0.07 1.15 ± 0.14 

Post 1.40 ± 0.07 1.31 ± 0.28 

Dynamic Gait Stability    

   Touchdown Pre 0.07 ± 0.01 0.05 ± 0.01 

Post 0.09 ± 0.02 0.05 ± 0.05 

   Liftoff Pre 0.23 ± 0.03 0.22 ± 0.01 

 Post 0.22 ± 0.02 0.17 ± 0.05 
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Appendix E: Power Analysis 

The sample size for this study was determined based on the preliminary results from the 

pilot study (see Appendix D). Stride length was considered the primary outcome measure to cal-

culate the sample size, as the reduced stride length is one of the most common gait deficits in 

PwPD. In addition, the main target of this dissertation project was to increase the stride length as 

a strategy to improve gait speed, which was not the focus in previous studies (Bello et al., 2013; 

Fisher et al., 2008; Herman et al., 2007; Morris et al., 1994; Protas et al., 2005). The estimated 

effect size (d) of stride length between groups calculated from a mixed ANOVA in the pilot 

study was 0.7. The software G*Power indicated that 15 participants in each group would allow 

us to detect a group-related difference in stride length with an alpha level of 0.05 and a statistical 

power of 0.80 (Faul et al., 2009).
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Appendix F: Supplementary Results 

 

Table F1 Kinematic gait variables during overground walking at a self-selected speed pre-

sented as (mean ± standard deviation) before (Pre), during (Mid), and after (Post) a 30-minute 

treadmill walking intervention for the advanced (ADV, n = 12) and regular (REG, n = 13) 

groups.  

 

Variable Group Session 

Pre Mid Post 

Stride Length (/bh) ADV 0.82 ± 0.07 0.87 ± 0.07 0.88 ± 0.03 

REG 0.79 ± 0.12 0.81 ± 0.12 0.82 ± 0.11 

Cadence (steps/min) ADV 106.72 ± 11.48 108.93 ± 12.31 110.00 ± 10.53 

REG 109.53 ± 6.20 110.27 ± 5.24 110.60 ± 5.50 

Gait Speed (bh/s) ADV 0.75 ± 0.13 0.82 ± 0.14 0.83 ± 0.12 

REG 0.74 ± 0.14 0.77 ± 0.13 0.78 ± 0.13 

Single leg stance (s) ADV 0.43 ± 0.05 0.43 ± 0.04 0.43 ± 0.03 

REG 0.41 ± 0.02 0.41 ± 0.02 0.41 ± 0.02 

Double leg stance (s) ADV 0.14 ± 0.03 0.14 ± 0.03 0.13 ± 0.03 

REG 0.14 ± 0.03 0.14 ± 0.02 0.14 ± 0.02 

 

bh: body height 
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Table F2 Comparison of kinematic spatiotemporal variables during overground walking at a self-selected speed presented as 

group mean ± standard deviation before (Pre), during (Mid), and after (Post) a 30-minute treadmill walking intervention for the ad-

vanced (ADV, n = 12) and regular (REG, n = 13) groups. The Analysis of Variance (ANOVA) with repeated measures was used. The 

within-subject factor was the session (pre vs. mid vs. post) and the between-subject factor was the group (ADV vs. REG). Effect sizes 

(Cohen’s d) are provided. 

 

Variable Group Group × session 

interaction 

Group main  

effect 

Post-hoc p-value Session main  

effect 

Post-hoc p-value 

F, p-value d F, p-value d Pre Mid Post F, p-value d Pre - mid Mid - post Pre - post 

Stride  

Length (/bh) 

 3.39, p = 0.04 0.91 1.93, p = 0.18 0.55 0.40 0.15 0.09 28.26, p <0.001 1.2  

ADV        <0.001 0.07 <0.001 

REG        0.03 0.25 0.005 

Cadence 

(steps/min) 

 1.02, p = 0.36 0.39 0.21, p = 0.65 0.18 0.45 0.73 0.86 3.92, p = 0.04 0.45  

ADV        0.09 0.17 0.02 

REG        0.56 0.66 0.41 

Gait  

Speed (bh/s) 

 1.75, p = 0.19 0.62 0.62, p = 0.44 0.31 0.74 0.38 0.28 17.82, p < 0.001 0.94  

ADV        0.001 0.10 < 0.001 

REG        0.07 0.28 0.02 

Single leg 

stance (s) 

 0.61, p = 0.51 0.02 2.52, p = 0.13 0.66 0.11 0.19 0.13 0.56, p = 0.46 0.19  

ADV        0.14 0.48 0.44 

REG        0.98 0.92 0.94 

Double leg 

stance (s) 

 1.04, p = 0.36 0.63 0.32, p = 0.58 0.24 0.79 0.70 0.33 5.78, p = 0.01 1.0  

ADV        0.26 0.02 0.01 

REG        0.42 0.46 0.21 

 

bh: body height. 

p-values ≤ 0.05 are bolded.  
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Table F3 Kinetic variables during overground walking at a self-selected speed presented as 

(mean ± standard deviation) before (Pre), during (Mid), and after (Post) a 30-minute treadmill 

walking intervention for the advanced (ADV, n = 10) and regular (REG, n = 11) groups. 

 

Variable Group Session 

Pre Mid Post 

1st peak vGRF (bw) ADV 1.22 ± 0.15 1.3 ± 0.16 1.28 ± 0.14 

REG 1.17 ± 0.13 1.18 ± 0.12 1.19 ± 0.13 

2nd peak vGRF (bw) ADV 1.09 ± 0.09 1.1 ± 0.08 1.11 ± 0.09 

REG 1.04 ± 0.08 1.03 ± 0.05 1.04 ± 0.04 

Rate of Loading (bw/s) ADV 9.67 ± 2.46 10.33 ± 2.72 10.24 ± 1.92 

REG 1.96 ± 1.79 7.77 ± 1.95 8.29 ± 2.29 

Peak Brake Force (bw) ADV -0.21 ± 0.05 -0.25 ± 0.05 -0.24 ± 0.04 

REG -0.19 ± 0.06 -0.19 ± 0.05 -0.20 ± 0.06 

Peak Propel Force (bw) ADV 0.22 ± 0.03 0.24 ± 0.03 0.24 ± 0.003 

REG 0.20 ± 0.06 0.20 ± 0.04 0.21 ± 0.03 

Braking Impulse (bw∙s) ADV -0.03 ± 0.01 -0.04 ± 0.01 -0.04 ± 0.004 

REG -0.03 ± 0.01 -0.03 ± 0.01 -0.03 ± 0.01 

Propel Impulse (bw∙s)  ADV 0.03 ± 0.003 0.04 ± 0.004 0.04 ± 0.005 

REG 0.03 ± 0.01 0.03 ± 0.01 0.03 ± 0.01 

 

vGRF: vertical ground reaction force. 

bw: Body weight.  
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Table F4 Comparison of kinetic variables during overground walking at a self-selected speed before (Pre), during (Mid), and 

after (Post) a 30-minute treadmill walking intervention for the advanced (ADV, n = 10) and regular (REG, n = 11) groups. The Analy-

sis of Variance (ANOVA) with repeated measures was used. Effect sizes (Cohen’s d) are provided.  

Variable Group Group × session 

interaction 

Group main  

effect 

Post-hoc p-value Session main  

effect 

Post-hoc p-value 

F, p-value d F, p-value d Pre Mid Post F, p-value d Pre - Mid Mid - Post Pre - Post 

1st Peak 

vGRF (bw) 

 3.45, p = 0.04 0.65 1.81, p = 0.20 0.57 0.52 0.78 0.19 5.71, p = 0.01 0.97  

ADV        0.001 0.12 0.02 

REG        0.69 0.66 0.48 

2nd Peak 

vGRF (bw) 

 0.75, p = 0.48 0.36 4.61, p = 0.05 0.88 0.25 0.34 0.03 0.31, p = 0.73 0.12  

ADV        0.50 0.65 0.22 

REG        0.46 0.61 0.78 

Rate of 

Loading 

(bw/s) 

 0.78, p = 0.43 0.14 3.01, p = 0.10 0.71 0.21 0.06 0.18 0.86, p = 0.41 0.34  

ADV        0.35 0.81 0.31 

REG        0.74 0.08 0.42 

Peak Brake 

Force (bw) 

 3.36, p = 0.05  0.63 2.06, p = 0.17 0.60 0.58 0.04 0.19 5.40, p = 0.01 1.10    

ADV        0.002 0.36 0.01 

REG        0.88 0.29 0.25 

Peak Propel 

Force (bw) 

 1.54, p = 0.23 0.61 2.46, p = 0.13 0.68 0.41 0.05 0.07 7.68, p = 0.003 1.16  

ADV        0.01 0.43 0.01 

REG        0.63 0.04 0.11 

Brake  

Impulse 

(bw∙s) 

 1.98, p = 0.15 0.43 1.32, p = 0.27 0.49 0.73 0.07 0.34 1.45, p = 0.25 0.81  

ADV        0.01 0.27 0.20 

REG        0.82 0.86 0.99 

Propel  

Impulse 

(bw∙s) 

 0.81, p = 0.43 0.29 1.44, p = 0.24 0.58 0.50 0.19 0.16 10.14, p < 0.001 0.97  

ADV        0.002 0.32 0.01 

REG        0.14 0.18 0.06 

vGRF: vertical ground reaction force; bw: body weight.  

p-values ≤ 0.05 are bolded. 
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Table F5 Dynamic gait stability variable overground walking at a self-selected speed pre-

sented as (mean ± standard deviation) before (Pre), during (Mid), and after (Post) a 30-minute 

treadmill walking intervention for the advanced (ADV, n = 12) and regular (REG, n = 13) 

groups.  

 

Variable Group Session 

Pre Mid Post 

COM Position at TD ADV -0.78 ± 0.20 -0.89 ± 0.17 -0.87 ± 0.18 

REG -0.78 ± 0.15 -0.83 ± 0.15 -0.83 ± 0.16 

COM Velocity TD ADV 0.34 ± 0.06 0.37 ± 0.07 0.38 ± 0.06 

REG 0.32 ± 0.07 0.34 ± 0.06 0.35 ± 0.06 

Stability at TD ADV 0.13 ± 0.06 0.13 ± 0.06 0.15 ± 0.06 

REG 0.10 ± 0.05 0.11 ± 0.04 0.12 ± 0.04 

COM Position at LO ADV -0.29 ± 0.26 -0.36 ± 0.25 -0.36 ± 0.23 

REG -0.18 ± 0.14 -0.22 ± 0.14 -0.22 ± 0.15 

COM Velocity at LO ADV 0.33 ± 0.06 0.36 ± 0.06 0.36 ± 0.05 

REG 0.31 ± 0.06 0.33 ±0.06 0.33 ± 0.06 

Stability at LO ADV 0.23 ± 0.07 0.24 ± 0.06 0.25 ± 0.06 

REG 0.25 ± 0.04 0.25 ± 0.03 0.26 ± 0.04 

 

COM: Center of mass; TD: Touchdown; LO: Liftoff. 
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Table F6 Comparison of dynamic gait stability variables during overground walking at a self-selected speed before (Pre) and 

after (Post) a 30-minute treadmill walking intervention for the advanced (ADV, n = 12) and regular (REG, n = 13) groups. The Analy-

sis of Variance (ANOVA) with repeated measures was used. Effect sizes (Cohen’s d) are provided. 

 

Variable Group Group × session 

interaction 

Group main  

effect 

Post-hoc p-value Session main  

effect 

Post-hoc p-value 

F, p-value d F, p-value d Pre Mid Post F, p-value d Pre - Mid Mid - Post Pre - Post 

COM  

Position TD 

 1.30, p = 0.27 0.41 0.31, p = 0.59 0.22 0.95 0.40 0.50 12.36, p<0.001 1.11  

ADV        0.002 0.29 0.01 

REG        0.08 0.85 0.10 

COM  

Velocity TD 

 0.36, p = 0.63 0.58 1.45, p = 0.24 0.47 0.37 0.32 0.14 12.03, p<0.001 1.21    

ADV        0.06 0.01 0.003 

REG        0.07 0.18 0.02 

Stability TD  0.38, p = 0.62 0.53 1.21, p = 0.28 0.42 0.31 0.47 0.19 5.25, p = 0.02 0.86  

ADV        0.72 0.002 0.04 

REG        0.30 0.16 0.07 

COM  

Position LO 

  

 0.48, p = 0.56 0.59 2.9, p = 0.10 0.69 0.17 0.09 0.08 9.56, p <0.001 1.66  

ADV        0.13 0.72 0.01 

REG        0.84 0.91 0.07 

COM  

Velocity LO 

 0.09, p = 0.82 0.54 1.02, p = 0.32 0.37 0.43 0.32 0.31 10.7, p <0.001 1.06    

ADV        0.03 0.22 0.01 

REG        0.06 0.22 0.03 

Stability LO  0.003, p =0.98 0.51 0.42, p = 0.53 0.21 0.57 0.54 0.51 2.93, p = 0.08 0.73  

ADV        0.36 0.34 0.18 

REG        0.35 0.24 0.15 

 

COM: Center of mass; TD: Touchdown; LO: Liftoff. 

p-values ≤ 0.05 are bolded. 
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