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Non-steady-state locomotion involving complex ambulation tasks, such as changing directions, 

walking over an obstacle, or moving from one terrain to another, are frequently presented in 

everyday life. These motor tasks that occur at home and within the community are often difficult 

to execute for individuals with neuromuscular conditions, where reduced dexterity and cognition 

hinder task planning and performance. Parkinson’s disease is characterized by restrictive gait 

patterns, such as tremors, increased limb stiffness, and impaired balance, which typically are 

exacerbated when completing complex tasks. Early diagnosis is critical for individuals with 

Parkinson’s disease to begin exercise programs and other therapies that can assist with slowing 

the progression of the disease. Optical gait analysis is a research tool that can be used to quantify 

kinematic differences within 1 mm of precision of those with motor impairments compared to 

healthy individuals. It also has the potential to be used in clinical settings to assist with the 

diagnosis of Parkinson’s disease for people still in the early stages of the disease when symptoms 

are not yet outwardly perceptible. My research analyzed the joint angles and joint ranges of 

motion of the hips, knees, and ankles of individuals with early-stage Parkinson’s disease 
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compared to a healthy control group as they walked continuously on a terrain circuit that 

integrated a level ground walkway, staircase, turn, and ramp. It was hypothesized that since 

individuals with Parkinson’s disease are challenged by internal regulation of their mechanics, 

these complex tasks and corresponding analysis would reveal inherent kinematic differences 

during specific terrains or transitions. Additionally, we hypothesized that of the events analyzed, 

transitional events (i.e., moving from one terrain to another) would be more prone to cause 

deviations from control subjects due to the higher neuromechanical demand required. One stride 

was analyzed during each transitional or non-transitional event, identifying the joint angles and 

total joint ranges of motion (ROM). Four of the twelve events had a statistically significant 

difference (α = 0.05) between groups. Individuals with Parkinson’s disease displayed greater hip 

ROM during ramp ascent, less knee ROM during ramp ascent to the turn transitions and stair 

ascent to the turn transitions, and less hip ROM during ramp descent to level-walking transitions. 

Reduced knee flexion also revealed decreased stride length when approaching the turn and was 

associated with a higher number of steps taken to complete the transition. Differences in hip 

ROM, when ascending and transitioning off of the ramp, suggested that the unconstrained 

manner of ramp ambulation (relative to the stairs) presents individuals with Parkinson’s disease a 

greater challenge, perhaps due to an increased motor redundancy for task planning. Collectively, 

our analyses show that these common types of complex lower-limb tasks can be distinguished 

even at the early stages of Parkinson’s disease, and could assist in slowing its progression.  
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CHAPTER 1 

 

EARLY-STAGE PARKINSON’S DISEASE INFLUENCES THE COORDINATION OF  

TRANSITIONAL AND NON-TRANSITIONAL OVERGROUND AMBULATION  

 

 

1.1 INTRODUCTION 

1.1.1 Complex Task Planning 

Daily movement is commonly presented with complex motor tasks that require a quick 

cognitive response to the environment. These tasks might involve unexpected starting or 

stopping, changing directions, walking over an obstacle, or moving from one terrain to another, 

all of which require higher motor dexterity and cognition compared to standard steady-state 

ambulation [1]. These complex tasks interfere with neuromuscular task planning, demanding 

additional muscle coordination to adapt to external stimuli successfully. Studies have frequently 

performed experiments to understand kinematic patterns during unobstructed, steady-state 

walking tasks; however, neuromuscular response to complex tasks is not well-understood [2, 3]. 

Healthy individuals can often overcome shifts in their typical gait patterns, but those with motor 

impairments, such as individuals with Parkinson’s disease (PD), often have difficulty planning 

and executing complex tasks [4]. 

1.1.2 Parkinson’s Disease 

PD is a neurodegenerative disorder, typically diagnosed in older individuals, that 

progressively weakens motor function, causing symptoms such as tremors, increased limb 

stiffness, and impaired balance. PD is characterized by restrictive gait patterns, such as shuffling, 



 

2 

freezing gait, decreased stride length, slowed movement (bradykinesia), reduced movement 

(hypokinesia), or no movement (akinesia) [5, 6].  Greater than 85% of those with PD develop 

gait complications within 3 years of diagnosis, with most of the problems not being visibly 

noticeable in the early stages of the disease [7]. However, these gait deficiencies are often 

exaggerated during complex walking tasks [8]. Little is known about the ability of PD 

individuals to alter task planning and if they perform those tasks with different underlying 

kinematics compared to healthy individuals. Analyzing the neuromuscular demand required to 

complete complex tasks could be an effective method for studying motor and cognitive function 

at the early stages of PD, and might reveal associated kinematic insufficiencies that develop.  

PD individual’s decline in motor function and altered performance of complex events 

affect their capacity to complete normal daily activities. Approximately 60% of PD individuals 

have stated experiencing at least one fall, which often results in further impairment and a 

subsequent reduction in physical activity [9]. Research has shown that individuals with PD that 

have enrolled in exercise programs have displayed a reduced rate of falls [10]. Furthermore, 

exercise and other therapeutic treatments have shown to slow the progression of the disease and 

improve motor function. Starting and maintaining exercise interventions benefit the physical 

abilities of individuals with PD, allowing them to improve their quality of life and continue to 

live independently [11]. However, in order to start such treatments, early detection of the disease 

is essential. Neurologists diagnose PD based on a person’s medical history and through an 

examination of their symptoms, but there is no quantitative test to identify if an individual has 

PD [12]. 
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1.1.3 Optical Gait Analysis 

One useful tool to quantify the motor capabilities of individuals with PD is to perform a 

gait analysis using an optical motion capture system. These systems provide a high-resolution 

method to analyze joint and body segments to calculate body kinematics within 1 mm of 

precision of those with motor deficiencies. Recent technological advancements of these systems 

allow it to not only be employed in engineering research settings but also has created 

opportunities for uses in clinical laboratory testing. They can be utilized for studying the state of 

disease due to their ability to determine the main contributors to a particular motor impairment 

[13]. Even though this may not be considered a medical diagnosis, it assists in prescribing 

treatments and evaluating the outcomes of therapies [13].  

1.1.4 Non-Steady-State Locomotion and Parkinson’s Disease 

Detecting changes in gait kinematics in individuals with little to no outward sign of PD 

relative to control subjects would provide insights into early signs of the disease and may 

promote earlier detection. PD interferes with a person's ability to perform and control complex 

ambulation tasks, but most research has only investigated gait kinematics during straight-line 

walking tasks [6]. The following study analyzed the kinematic joint ranges of motion for the 

hips, knees, and ankles in individuals with early-stage PD compared to healthy control subjects, 

in order to identify gait impairments through the use of a variety of complex walking tasks. The 

goal of the study was to identify biomarkers in early-stage PD gait when they are faced with a 

continuously changing terrain circuit that integrated a level ground walkway, staircase, turn, and 

ramp. This non-steady-state circuit presented participants with a variety of complex terrains and 
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transitions between those terrains. This study hypothesized that since individuals with PD are 

challenged by self-regulation of their mechanics, when presented with complex terrains, a gait 

analysis would reveal underlying kinematic differences for a particular task or transition. 

Furthermore, transitional events on the circuit might be more prone to diverge from the healthy 

subjects, since those with PD tend to be challenged by dual-task performance and struggle to 

overcome gait disturbances [8, 14].  

1.2 MATERIALS AND METHODS 

1.2.1 Experimental Data Collection 

This study recruited a total of ten subjects that consisted of five subjects with PD and five 

healthy subjects. Both groups provided written informed consent to participate in the experiment 

that is outlined in a protocol approved by the Institutional Review Board at The University of 

Texas Southwestern Medical Center. The healthy individuals acted as the controls and comprised 

of four males and one female with a mean age of 25.2 (2.5) years, a mean height of 1.75 (0.11) 

meters, and a mean mass of 66.8 (12.2) kilograms. All PD participants were in the early stages of 

the disease (Table 1) with a Hoehn and Yahr stage (H & Y) of 1 or 2, which was determined 

previously by Staci M. Shearin, Ph.D., PT, NCS [15]. 

All subjects were using their prescribed dosage of medication during testing, and none of 

them had an implanted deep-brain stimulator. Additionally, as early-stage PD individuals, 

subjects did not experience freezing gait or any other observable indicators of the disease. Each 

subject was equipped with 66 retroreflective markers attached to 12 significant body segments 

on the arms, legs, and trunk. A ten-camera optical motion capture system (Vicon, 100 Hz) was 
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utilized to track the markers outfitted on the participants. Gait kinematic data was collected for 

the subjects as they walked comfortably through the terrain circuit. (Figure 1). 

Table 1. Characteristics of study participants with Parkinson's disease. 

H & Y 
Stage 

Age 
Years 

with PD 
Falls 

Exercise/
Week 
(min) 

Gender 
Height 

(m) 
Mass 
(kg) 

Dominant 
Hand 

Side 
Affected 

2 57 8 1 840 M 1.72 94.8 R R 

1 62 5 0 240 F 1.72 54.4 R R 

1 66 1.5 0 80 F 1.72 82.6 L R 

2 67 3 0 600 M 1.80 92.5 R L 

2 62 6 0 480 F 1.72 63.5 R L 

 

The terrain circuit consisted of a 2.5-meter ramp with a 10-degree incline, a four-step 

staircase with a step height of 0.15 meters, and a step depth of 0.30 meters. There was also an 

additional step between the ramp and staircase with the same step height and depth. PD 

participants performed a total of ten trials beginning with their left leg, five trials moving from 

ramp ascent to stair descent, and the other five trials moving from stair ascent to ramp descent. 

PD individuals were instructed to use handrails when necessary in order to complete the terrain 

events safely. The healthy controls performed the same number of trials without handrails, also 

beginning with their left leg. 
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Figure 1. Terrain circuit completed by all study participants. 

1.2.2 Data Processing 

All captured motion files were imported into Visual3D (C-Motion), where dynamic 

models were created for each subject. These models were produced using a static calibration 

recording, where segment masses were calculated as a percentage of total body mass [16, 17]. 

Model-based computations were performed for each trial completed by subjects, ascertaining the 
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joint angles for the ankles, knees, and hips. The unprocessed joint angle trajectories for a full 

trial were smoothed using a low-pass Butterworth filter with a cutoff frequency of 6 Hz. All 

trials contained the three joint angle trajectories for the entire terrain circuit, which were 

exported to be further analyzed using MATLAB (MathWorks). 

1.2.3 Non-Transitional Terrain Events 

Force plates were not employed on the terrain circuit to identify the phases of the gait 

cycle; heel-strike and toe-off for both feet were determined in Visual3D through the addition of 

labels to all recordings of each subject. Since participants were required to complete several 

complex tasks on the terrain circuit, each region of the circuit was defined as an explicit terrain 

event. Non-transitional terrain events analyzed were ramp ascent (RA), stair descent (SD), stair 

ascent (SA), and ramp descent (RD). Due to the differences in step length from subject to 

subject, each event was defined as a single gait cycle that started at the initial heel-strike of either 

leg on the studied terrain (Figure 2). Frame numbers for each trial were documented using the 

heel-strike labels previously created in Visual3D, which defined the interval of the event for a 

particular subject’s trial on the circuit. These intervals were utilized in MATLAB to determine 

the joint angles for the ankles, knees, and hips. Joint angles during an event were evaluated for 

only the leading leg of the gait cycle, which was designated as the leg that began the terrain 

event.  

Ranges of motion (ROM) were also evaluated for each non-transitional terrain event. The 

range of motion was calculated as the difference between the maximum joint angle and the 

minimum joint angle of a participant’s gait cycle within a terrain event (Figure 3). The range of 
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motion for each subject was averaged over all their trials. Then, an overall group average was 

taken for individuals with PD and healthy controls. 

 

Figure 2. Gait cycle description for non-transitional terrain events. 

 

Figure 3. Range of motion analysis for a single trial for ramp ascent and stair descent. 

1.2.4 Transitional Terrain Events 

Transitional events were defined as when subjects were required to move from one non-

transitional event to the next. Analysis included the following eight transitional events: level-
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walking to ramp ascent (LW/RA), ramp ascent to turn (RA/T), turn to stair descent (T/SD), stair 

descent to level-walking (SD/LW), level-walking to stair ascent (LW/SA), stair ascent to turn 

(SA/T), turn to ramp descent (T/RD), and ramp descent to level-walking (RD/LW). Each of 

these events was defined as one gait cycle that ended during the first heel-strike of either leg on 

the next terrain (Figure 4). Similar to the analysis of non-transitional events, ranges of motion 

were determined from joint angle profiles for all subjects on each event. 

 

Figure 4. Gait cycle description for transitional terrain events. 

1.2.5 Statistical Analysis for Ranges of Motion 

Statistical analysis for ranges of motion was performed separately for the non-transitional 

and transitional terrain events. The between-group differences for ranges of motion in the ankles, 

knees, and hips were investigated to determine any significant differences expressed in the PD 

participants compared to the healthy controls for a terrain event. Unpaired, two-sample t-tests 

were used, assessing PD trials against control trials. This analysis defined that a result from a 

terrain event was considered significantly different if it had a p-value of less than 5% (α = 0.05).    
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1.3 RESULTS 

MATLAB figures were generated for non-transitional and transitional terrain events to 

determine the total range of motion in each joint during one gait cycle.  Joint angle profiles for 

each terrain are reported below as three associated figures for the ankle, knee, and hip (Figures 5 

– 16). These profiles are displayed in the sagittal plane as subjects moved from ramp ascent to 

stair descent and from stair ascent to ramp descent. For each terrain event, joint angle profiles 

report the average for each of the five PD subjects’ and five control subjects’ trials along with an 

overall average for both groups. Stars () denotes terrain events that demonstrated a statistically 

significant difference in ranges of motion between PD and control subjects.  

 

Figure 5. Joint angles for level-walking to ramp ascent (LW/RA).  
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Figure 6. Joint angles for ramp ascent (RA).  

 

 

Figure 7. Joint angles for ramp ascent to turn (RA/T).  
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Figure 8. Joint angles for the turn to stair descent (T/SD).  

 

 

Figure 9. Joint angles for stair descent (SD). 
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Figure 10. Joint angles for stair descent to level-walking (SD/LW). 

 

 

Figure 11. Joint angles for level-walking to stair ascent (LW/SA).  
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Figure 12. Joint angles for stair ascent (SA). 

 

 

Figure 13. Joint angles for stair ascent to turn (SA/T).  
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Figure 14. Joint angles for the turn to ramp descent (T/RD). 

 

 

Figure 15. Joint angles for ramp descent (RD). 
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Figure 16. Joint angles for ramp descent to level-walking (RD/LW).  

Statistical analysis revealed four total terrain events that demonstrated a significant 

difference between groups, which included three transitional terrain events and one non-

transitional terrain event. Assessment of non-transitional terrain events displayed a greater range 

of motion in the hips during ramp ascent (RA) for individuals with PD, where ramp ascent was 

the only significantly different non-transitional event with a calculated p-value of 1.81% (Figure 

6). The second, most substantial difference for non-transitional events was during ramp descent 

with PD individuals displaying a larger range of motion in their hips; however, this event was 

not considered statistically significant. 

Analysis of transitional terrain events concluded that individuals with PD had less range 

of motion for three of the eight transitions. The terrain transitions evaluated displayed that 

individuals with PD demonstrated less motion in their hips for ramp descent to level-walking 
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(RD/LW) with a p-value of 0.08% (Figure 16).  Furthermore, ranges of motion outcomes were 

significantly less for PD participants in their knees when approaching the turn. Knee flexion 

decreased as they moved from ramp ascent to the turn (RA/T) (Figure 7) and from stair ascent to 

the turn (SA/T) (Figure 13), demonstrating calculated p-values of 1.91% and 0.06%, 

respectively. The ranges of motion for all four of the terrain events that showed significant 

differences are summarized below with their corresponding p-values (Table 2). Overall, knee 

ROM from stair ascent to the turn and hip ROM from ramp descent to level-walking showed the 

greatest statistically significant differences for PD individuals against controls, followed by hip 

ROM during ramp ascent and knee ROM from ramp ascent to the turn. A few modest significant 

differences were also seen for the PD subjects, in which they showed greater hip ROM during 

ramp descent and smaller knee ROM from the turn to stair descent. These terrain events 

exhibited p-values less than or equal to 10%; however, they did not meet the predefined criteria 

of less than 5% that determined if a terrain event demonstrated a statistically significant 

difference.  

Table 2. Terrain events with significantly different ROM for PD and control subjects. 

Terrain Event PD ROM Control ROM p-value 

Knee – RA/T 64.06 (6.48) 68.47 (5.91) 1.91% 

Knee – SA/T 66.92 (6.69) 76.37 (9.91) 0.06% 

Hip – RA 65.64 (5.74) 58.14 (13.86) 1.81% 

Hip – RD/LW 34.32 (5.81) 42.21 (8.94) 0.08% 
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Evaluation of individuals with PD as they approached the turn revealed that they tended 

to take additional steps compared to the healthy control subjects resulting in a decrease in stride 

length and reduced knee flexion. When walking on the ramp, PD study participants were 

presented with a less constrained terrain compared to the stairs, making the terrain events 

associated with the ramp more prone to inducing abnormal gait patterns. The analysis showed 

that three of the four terrain events considered significantly different, occurred when walking on 

the ramp or transitioning off the ramp.  Furthermore, an examination of transitional compared to 

non-transitional terrain events showed that ramp ascent had an opposite direction of significance 

compared to the three transitional events. 

1.4 DISCUSSION 

Ranges of motion were evaluated for the PD group when walking on and transitioning to 

a ramp and staircase. The comparative analysis for this study performed computations to 

quantify any existing kinematic differences in the joint angles of the early-stage PD group 

compared to the healthy control group.  The two main findings of this research revealed 

significant kinematic deviations in the hips when ascending or transitioning off of the ramp, and 

in the knees while approaching the turn. These dissimilarities highlight the neuromotor 

underpinnings associated with PD and provide a better understanding of the underlying approach 

used for planning and executing complex, non-steady-state walking tasks. 

The first finding suggested that a ramp presents a spatially unconstrained terrain that 

manifests a more arbitrary method during task planning and task completion.  The restricted 

manner of the stairs offers a recurring terrain for individuals with PD, providing a more 
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consistent routine for task execution. Moreover, the stairs have a designated height on each step 

that gives PD subjects a clearer idea of what their step height needs to be to permit forward 

movement. Since the ramp is unable to provide a well-defined area like the stairs, subjects have a 

higher chance of perturbation.  This idea is supported by the increase in range of motion seen in 

the hip joint during ramp ascent and ramp descent, and the decrease when transitioning back to 

level-walking. This higher variability associated with a less constrained terrain results in 

exacerbated motor impairments in PD individuals, and also makes overcoming these non-level-

walking gait disturbances more challenging. 

Another finding of this research was the notable decrease in knee range of motion when 

transitioning to the turn. When moving from stair ascent to the turn and from ramp ascent to the 

turn, individuals with PD exhibited less range of motion, indicating shorter strides.  Reduced 

stride length is a common element of PD and corresponds to gait hypokinesia, which is a 

symptom known to continue to worsen with time [18]. Morris et al. completed research on 

reduced movement in gait and concluded that PD individuals have greater "difficulty with 

internal regulation of stride length" and are unable to activate the correct step response to a given 

condition initially.  Even though this work did see improvement in stride length through the use 

of visual cues, they only tested PD subjects when performing steady-state walking tasks. Another 

study by Kelly et al. aimed to improve dual-task performance through instruction to PD subjects 

for both simple and complex walking tasks [7]. Their results were consistent with Morris's study, 

showing that PD subjects were able to adapt in response to auditory cues during simple, straight-

line walking tasks. However, when required to perform more complex walking tasks, PD 

subjects were unable to modify walking through the use of only their focused concentration.  
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Overall, these past studies support that gait insufficiencies appear in PD individuals when 

completing complex walking tasks, and that they cannot be improved simply by paying closer 

attention to their approach during task performance.  This decline in PD individuals’ ability to 

self-regulate their mechanics makes it difficult for them to complete these tasks without error. 

This research further emphasized that there is a decrease in internal regulation in PD and 

uncovered what significant kinematic differences exist in the early stages of the disease when 

subjects are completing complex tasks.  Level-walking does not induce the same motor and 

cognitive errors in PD individuals compared to what is seen when increasing the complexity of 

tasks. Previous research has shown that 92% of PD subjects have motor complications with 

balance when completing complex tasks that involve multi-tasking [19]. During the performance 

of complex tasks, deviations from normal gait can also occur in healthy controls, but individuals 

with PD have a much higher chance of error. Clinical examination of PD using a terrain circuit 

with a ramp and a turn would be more informative than an evaluation that consisted of only 

level-walking. Gait analysis for these types of tasks could contribute to current diagnosis 

techniques and assist with early detection of the disease.   

A few limitations of this research should also be considered. Unlike previous research 

that only tested PD individuals with steady-state walking tasks, this study took additional 

measures to have a more accurate representation of the full range of complex conditions seen 

during daily living. However, since the terrain circuit was used to fit the experimental protocol, it 

may not be an ideal representation of the naturally occurring complex tasks and may limit the 

generalizations made from the study’s findings. Secondly, the difference between the mean age 

of the healthy control subjects and PD subjects should be noted. The PD group was an average 
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age of 62.8 years old, whereas the control group averaged at 25.2 years old. This age gap could 

have influenced our results, in that, the control group may not have reflected the gait of healthy 

individuals that were around the same age of the PD group. Lastly, another limitation of this 

study was that it only examined five PD subjects. This smaller subject size was beneficial for 

manual gait analysis required due to differences in stride length on the different terrain events 

but might have affected the interpretation of the results.   

1.5 CONCLUSION  

This study completed a gait analysis between a PD group and a healthy control group, 

concluding that there were four distinct kinematic changes in the ranges of motion for subjects 

previously diagnosed with early-stage PD.  Increased hip ROM when ascending the ramp and 

decreased hip ROM when transitioning off of the ramp indicated that this terrain event was more 

susceptible to deviate from healthy gait patterns due to the less constrained structure of the ramp. 

Additionally, reduced knee flexion when approaching the turn suggested an overarching decrease 

in stride length due to PD individual’s tendency to take frequent and smaller steps, consistent 

with a festinating gait pattern. PD gait during simple walking tasks can be improved when 

focusing on either visual or auditory cues, however these approaches have an unresponsive effect 

on gait when trying to improve abnormal gait patterns that arise during complex tasks. 

The significance of this research is to provide a better understanding of the underlying 

approach used for task completion in PD to promote earlier detection of the disease. The study 

showed that utilizing a non-steady-state circuit that consists of multiple, complex motor tasks 

may be a better approach to use when trying to diagnose PD through optical gait analysis in 
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clinical settings. Steady-state walking tasks, such as straight-line, level-walking does not provide 

the same information needed to diagnose individuals who may be in the early stages of PD.   
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