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ABSTRACT 

THE INFLUENCE OF AN OVERGROUND LOCOMOTOR TRAINING PROGRAM 
ON WALKING GAIT PROPULSIVE FORCE IN AMBULATORY PATIENTS WITH 
PARKINSON’S DISEASE 

Thomas A. Corfman, Ph.D. 

George Mason University, 2022 

Dissertation Director: Dr. Andrew A. Guccione, 

 

OBJECTIVE: To determine the effect of a 12-week overground locomotor training 

(OLT) program on the anterior-posterior (A-P) ground reaction force in ambulatory 

subjects with mild to moderate Parkinson’s disease (PD). 

DESIGN: This is a pre- and post-test design interventional study. 

SETTING: The study was conducted at the university gait analysis laboratory. 

METHODS:  Participants performed a propulsive force testing procedure before and after 

the OLT program. 

PARTICIPANTS: Eleven adults with mild to moderate PD (Hoehn & Yahr stage 1-3, 

ambulatory). 

INTERVENTIONS: The intervention was a 12-week OLT program. 

MAIN OUTCOME MEASURES: Gait parameters: peak anterior ground reaction force 

(AGRF), rate of rise (ROR) of AGRF, push-off impulse, push-off duration, peak 
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posterior ground reaction force (PGRF), single stance duration, center of mass (COM) to 

center of pressure (COP) distance at push-off, and walking speed. 

RESULTS: Paired t-tests indicated significant differences in the ROR between pre and 

post OLT, the push-off impulse pre OLT and post OLT, and the preferred walking speed 

pre and post OLT. In addition, a Wilcoxon signed-rank test indicated significant 

differences in the push-off duration between pre and post OLT, and the single stance 

duration pre and post OLT.  No significant differences were observed in peak AGRF and 

PGRF between pre and post OLT, and in the COM-COP distance between pre and post 

OLT.  

DISCUSSION: Taken together, our results suggest the OLT program was able to 

improve walking postural and dynamic stability in patients with PD. PD patients were 

able to spend less time in stance phase, less time in push-off duration, and decrease the 

rise time of the AGRF (push-off rate increased). This appears to have led to a quicker, 

more powerful AGRF without changes in peak PGRF, peak AGRF, or push-off posture, 

and an increase in walking speed in our patients with PD. 
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INTRODUCTION 

Parkinson’s Disease (PD) is a prevalent movement disorder disrupting the lives of 

individuals in the US, with over 50,000 new cases each year (NIH Fact Sheets - 

Parkinson’s Disease) and a worldwide prevalence of approximately 1% of all individuals 

over the age of 60 (Tysnes & Storstein, 2017). It is the second most common 

neurological condition after Alzheimer’s (Ascherio & Schwarzschild, 2016), affecting 

approximately 1 million people in the US and over 10 million worldwide with a 

substantial and striking sex difference in prevalence impacting more men than women 

with the condition (Pretzer-Aboff et al., 2016). The cardinal diagnostic signs of the 

disease are motor dysfunction, specifically tremor, rigidity, and bradykinesia, with more 

recent recognition of postural instability and gait disturbance (PIGD) as a primary clinical 

indication of PD (Tysnes & Storstein, 2017). Across the array of motoric disturbances 

evident over time in individuals with PD, changes in gait characteristics are among the 

well-described (Iosa et al., 2016).  

Walking has been identified as the first activity for which individuals with PD 

report difficulty (Shulman et al., 2008). Parkinsonian gait is both hypokinetic and 

bradykinetic (Curtze et al., 2015; Galna et al., 2015). Step size reduction (hypokinesia) 

and slower cadence (bradykinesia) are both present in PD and gait kinematics, and 

kinetics (i.e., joint angles, ground reaction forces (GRF) are reduced (Meg E. Morris et 
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al., 1994; M. Morris et al., 2005). These findings and other evidence suggest that motor 

output and locomotor pattern coordination are disrupted in PD (Desmurget, Grafton, et 

al., 2004; Desmurget, Grafton, et al., 2004; Mazzoni et al., 2007).  

Three locomotor tasks must be coordinated to have an efficient and stable gait in 

bipedal locomotion: body weight support, limb advancement, and propulsion (Awad et 

al., 2020; Sadeghi et al., 1997; David A. Winter, 2009).  During the propulsive phase of 

walking gait, typically measured from midstance to toe-off, the leg muscles are 

responsible for propelling the body’s center of mass forward (Gottschall & Kram, 2003; 

Tesio & Rota, 2019). The hip abductors and the ankle plantar flexors generate the most 

significant percentage of the total propulsive force (Sylvester et al., 2021).  Several 

muscles of the leg and trunk provide stability, and the foot provides a stable yet 

advancing base (Perry & Burnfield, 2010). The anteriorly-directed ground reaction force 

(AGRF) and its salient metrics (e.g., peak, impulse, duration) have been used to 

quantitatively measure and characterize the propulsion force during walking using a force 

platform (Koozekanani et al., 1987; Hsiao et al., 2016; Revi et al., 2020; Wu et al., 2019). 

However, the rate of rise or push-off rate of the AGRF remains understudied. Previous 

studies suggest that AGRF is also affected by the distance between the body’s center of 

mass (COM) and the center of pressure (COP) (Miyazaki et al., 2021; Hsiao et al., 2015).  

Hsiao (2015) states the following: 

Another critical predictor for propulsive force is the position of the COP relative  

to the body COM. This relative position affects the orientation of the ground  

reaction force (GRF) vector and, therefore, determines the proportion of the GRF  
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being distributed anteriorly. (p. 2) 

In addition, AGRF peak and AGRF impulse have been shown to scale with 

walking speed (Lewek, 2011; Peterson et al., 2011; Wu et al., 2019), and are positively 

related to walking speed (Hsiao et al., 2016). 

Almost half of healthy walking's metabolic cost is attributed to producing 

horizontal propulsion forces (Gottschall & Kram, 2003). The metabolic energy needed by 

pathological gait is over twice that of healthy gait (Gonzales & Corcoran, 1994; Waters 

& Mulroy, 1999; Kuo & Donelan, 2010), and physics-based models show that without 

propulsion, it takes up to four times as much energy to redirect the COM velocity during 

locomotion (Kuo, 2002; Ruina et al., 2005). Each limb's generation of propulsive forces 

helps maintain interlimb symmetry, walking speed, and efficiency (Liu et al., 2006). 

Therefore, functional propulsion is a necessary pre-condition for metabolically 

economical walking performance. 

However, propulsion is compromised in patients with PD. People with PD have 

greater co-activation of antagonistic muscles and reduced amplitude of the distal lower-

extremity musculature, affecting gait performance (Cioni et al., 1997; Dietz et al., 1995; 

Mitoma et al., 2000; Rodriguez et al., 2013).  Kinetic data reveal reduced ankle (push-

off) power generation and reduced hip flexion (pull-off) power, and subjects with PD 

have a reduced third rocker roll-off (forefoot rocker) at the terminal stance of gait 

(Sofuwa et al., 2005). Studies have also shown that subjects with PD have under-scaling 

of power generation at push-off, with reduced amplitude of electromyographic activity in 

the gastrocnemius muscle (Meg E. Morris et al., 1999; Dietz et al., 1995). Ground 
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reaction force push-off peaks are reduced in patients with PD (Koozekanani et al., 1987; 

Morris et al., 1999; Peppe et al., 2007), and the anterior ground reaction force (AGRF) is 

decreased significantly in patients with PD compared to age and gender-matched controls 

(Sharifmoradi et al., 2016).  

In addition, older adults rely more than young adults on hip musculature for 

power generation, a phenomenon known as a distal-to-proximal redistribution (DeVita & 

Hortobagyi, 2000). This redistribution may be considered dysregulated, or an additional 

impairment, increasing metabolic energy costs; the longer muscle fascicles and relatively 

short tendons spanning the hip are less metabolically favorable than the short fascicles 

and long, series elastic tendons spanning the ankle (Browne & Franz, 2018; Friederich & 

Brand, 1990; Zelik et al., 2014). The redistribution may also be considered an adaptation 

to decreased dynamic stability or plantar flexor strength. 

For this study, a performance-based training paradigm was used to develop an 

over-ground locomotor training (OLT) program to improve walking performance in 

patients with PD. Performance-based training emphasizes principles of task specificity, 

practice variation, and progressive overload in an attempt to promote active exploration 

of real-world movement solutions and physiological adaptation across multiple body 

systems supporting locomotor function (Gollie & Guccione, 2017). Task-specificity in 

training applies to both the movements practiced and the environment in which training 

occurs, however, few gait-training studies in PD have applied both dimensions of this 

concept concurrently.  
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Performance-based training also emphasizes that training should be metabolically 

challenging, as to promote energy systems development, which, in the context of gait 

rehabilitation, may enable individuals to better meet the bioenergetic demands of 

sustained walking (Gollie & Guccione, 2017; Guccione et al., 2019). Energy demand is 

intrinsically tied to movement, thus, enhanced ambulatory ability resulting from training 

may involve adaptations that enable individuals to more appropriately meet the 

bioenergetic demands of whole-body activity (Gollie & Guccione, 2017; Guccione et al., 

2019). This is a point of particular relevance to individuals with PD given that 

cardiorespiratory fitness is often diminished in members of this patient population. In 

addition, the OLT protocol is grounded in dynamical systems theory of motor control and 

motor learning and incorporates programming principles from the fields of exercise 

physiology and neurorehabilitation (Davids et al., 2003; Flach et al., 2017; Glazier & 

Davids, 2009; Glazier, 2017; Gollie & Guccione, 2017; Guccione et al., 2019; 

Ranganathan & Newell, 2013).  

The primary goal of the OLT program is to promote an expansion of a patient’s 

motoric behavioral repertoire for real-world walking. Patients perform a sequence of 

challenging and repetitive locomotor-specific tasks in an exclusively overground 

environment without body-weight support or balance assistance. OLT sessions 

incorporate the practice of the actions involved in each sub-task of walking (e.g., weight 

shifting, stepping, propulsion) and focus on specific characteristics of locomotor 

performance (i.e., power, stability, or stepping) in a particular direction of movement 

(i.e., forward, backward, lateral, rotational).  The secondary goal of the OLT program is 
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to achieve a training stimulus that would promote cardiorespiratory adaptations. Each 

training session was performed above the subject’s 60% age-predicted maximal heart rate 

(HR). These two training goals were emphasized because recovery of ecologically valid 

walking capabilities may occur across multiple body systems and these effects may be 

attained if training concurrently targets motor skill acquisition and physiological 

adaptation in a task and environmentally specific manner (Fahey et al., 2019; Gollie & 

Guccione, 2017; Kleim & Jones, 2008; Schmidt & Lee, 2019; Vaz et al., 2017). 

The purpose of the present study was to determine the effect of a 12-week over-

ground locomotor training (OLT) program on propulsive force generation in ambulatory 

patients with mild to moderate PD. Specifically, the AGRF and its salient metrics were 

interrogated, along with walking speed, before and after OLT.  Patients with PD may 

benefit from intervention strategies that target propulsive force production and kinetic 

gait components.  This intervention development and efficacy study is intended to add to 

the gait rehabilitation strategies currently used for the PD population. 

Specific Aims and Hypotheses 

Aim 1: To determine the effect of a 12-week OLT program on the anterior-posterior (A-

P) propulsive ground reaction force metrics. 

Hypothesis 1a: A 12-week OLT program will modify peak AGRF, as measured 

by GRF, in subjects with mild to moderate PD. 

Hypothesis 1b: A 12-week OLT program will modify the rate of rise (ROR) of the 

peak AGRF, as measured by GRF, in subjects with mild to moderate PD. 
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Hypothesis 1c:  A 12-week OLT program will modify push-off impulse, as 

measured by GRF, in subjects with mild to moderate PD.  

Hypothesis 1d: A 12-week OLT program will modify push-off duration, as 

measured by GRF, in subjects with mild to moderate PD.  

Aim 2: To determine the effect of a 12-week OLT program on peak PGRF. 

Hypothesis 2: A 12-week OLT program will modify peak PGRF, as measured by 

GRF, in subjects with mild to moderate PD.  

Aim 3: To determine the effect of a 12-week OLT program on single stance duration. 

Hypothesis 3: A 12-week OLT program will modify single stance duration, as 

measured by GRF, in subjects with mild to moderate PD.  

Aim 4: To determine the effect of a 12-week OLT program on COM-COP distance. 

Hypothesis 4: A 12-week OLT program will modify COM-COP distance, as 

measured by kinematic and GRF data, in subjects with mild to moderate PD.  

Aim 5: To determine the effect of a 12-week OLT program on preferred walking speed. 

Hypothesis 5: A 12-week OLT program will modify preferred walking speed, as 

measured by kinematic and GRF data, in subjects with mild to moderate PD.  

Aim 6: To conduct a correlation analysis to describe the associations between the gait 

variable studied in this investigation. 
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METHODS 

Study Design 

Data were collected prior to COVID (sars-cov-2). Although additional participant 

data collection was anticipated, George Mason University reduced laboratory research 

and other nonessential research activities in mid-March 2020, including the elimination 

of on-campus, in-person human participant research. Therefore, we have chosen to use 

previously collected data as the basis for this dissertation.  

This pre-experimental pilot study used a pre- and post-test design. Testing was 

performed at two time points: before (pretest) and immediately following the OLT 

program (post-test). The OLT program was comprised of 24, one-hour training sessions 

performed twice weekly with at least 48 hours between training sessions. To be included 

in the analysis, subjects were permitted to miss no more than three consecutive sessions 

and were required to complete the training protocol within 15 weeks of their initial 

baseline assessment.  

Ethical Approval 

The protocol and procedures were approved by the Institutional Review Board of 

George Mason University (#1374615-3). The study was registered on clinicaltrials.gov 

(NCT03864393). Written and verbal explanations of the study protocol and risks related 

to testing and training procedures were presented to prospective subjects prior to 

enrollment. Written informed consent was obtained from all participants prior to 

initiation of testing or training activities. 
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Study Sample 

Participants were recruited from the greater Washington, DC, metropolitan area 

using paper and electronic fliers, local support group networking, and online postings. 

Inclusion criteria consisted of the following: age between 18 and 85 years; diagnosis of 

mild-to-moderate PD (Hoehn and Yahr (H&Y) score ≤ 3) (Jankovic & Tolosa, 1988); 

speaks English; and able to ambulate without requiring an assistive device. Exclusion 

criteria consisted of the following: neurological disease or diagnosis other than PD; 

uncontrolled cardiovascular, pulmonary, neurological, or metabolic disease which may 

impact the ability to exercise or in which exercise is contraindicated; medications that 

may alter heart rate or metabolic data; legal blindness; mini-Mental State Examination 

score < 24 (Kukull et al., 1994); pregnancy; and concurrent participation in a structured 

exercise similar to OLT.  

Of the 27 individuals screened for this study in response to advertisements, 17 

individuals with PD were enrolled in the study. During the pretest functional assessment, 

one participant displayed uncontrolled hypertension and was thus excluded from further 

participation. Three participants ceased participation approximately halfway through the 

24-session protocol, one citing excessive fatigue following training sessions, one citing a 

preference to continue a “rock steady boxing” program, and one due to exacerbation of a 

chronic knee condition. One participant reported mild chest discomfort during the first 

training session and was referred to a cardiologist for evaluation. This subject resumed 

the protocol after clearance from their cardiologist. Overall, thirteen individuals 

completed the 24-session intervention protocol. One subject who completed the protocol 
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reported an increase in their dopaminergic medication during the training protocol, and 

was therefore excluded from the final analysis. Another subject was excluded from the 

final analysis as this subject’s posttest data was incomplete. Thus, 11 subjects were 

included in the final analysis. Participants (7 male, 4 female) were a mean age of 69.7 ± 

4.9 years, stood 168.5 ± 7.6 cm, and weighed 68.8 ± 10.9 kg. The Hoehn &Yahr scores 

for participants ranged from 1-3. Participant characteristics for the final analysis are 

presented in Tables 1 and 2. 

Table 1: Individual participant characteristics in final analysis. 
Participant Age (years) Gender Height (cm) Weight (kg) Hoehn &  

Yahr 
1 71 M 176.5 74.7 1 

2 71 M 176.5 79.4 1.5 

4 76 F 174.0 61.8 1 

5 64 M 180.5 76.3 1 

6 75 M 168.5 77.0 2 

9 70 F 156.8 46.0 2 

10 74 M 161.5 74.8 3 

11 65 M 164.3 65.8 2 

12 65 F 160.9 55.6 2 

14 62 M 169.0 79.4 2 

15 74 F 164.7 65.9 2 

Abbreviations: M, male; F, female. 
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Table 2: Participant characteristics in final analysis (N=11) 
Participant Gender 

n (%) 
Age (years) 
Mean (SD) 

Height (cm) 
Mean (SD) 

Weight (kg) 
Mean (SD) 

Hoehn & 
Yahr 

Entire 
sample 

11 (100) 69.7 (4.9) 168.5 (7.6) 68.8 (10.9) 1-3 

Male 7 (63) 68.9 (5.1) 171.0 (7.0) 75.3 (4.6) 1-3 

Female 4 (37) 71.3 (4.9) 164.1 (7.3) 57.3 (8.7) 1-2 

 

Enrollment Procedure 

The assessment of eligibility and enrollment procedures covered the following 

steps in the following order. First, participants reported their interest to the study 

coordinator via a phone call or an email. This was followed by a standardized telephone 

interview to screen eligibility. Lastly, eligible participants visited the laboratory where a 

study investigator provided a detailed explanation of the informed consent document. 

Once participants voluntarily signed the informed consent document, medical history and 

medication intake lists were reviewed to further screen eligibility. Next, the Mini-Mental 

State Examination was administered and scored to screen for cognitive function 

according to the exclusion criteria. Finally, a study investigator administered the H&Y 

assessment to screen for PD severity according to the inclusion criteria. 

Testing Day Procedure 

Participants were asked to refrain from strenuous physical activity for 48 hours 

prior to testing sessions. All participants were asked to follow their normal dietary and 

PD medication schedules and were tested during the on-phase at the same time of day 

during the pretest and post-test. Each participant’s height and weight were measured prior 
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to the start of functional testing. Resting heart rate and blood pressure were recorded with 

the participant in a seated position prior to any functional tests to screen for excessive 

hypertension or excessive hypotension. Testing sessions featured two components 

separated by 20-30 minutes of seated rest. As part of a parent study (ClinicalTrials.gov 

Identifier: NCT03864393) that will be assessing neuromuscular, kinetic, kinematic, and 

spatiotemporal adaptations in response to OLT in people with PD, the primary 

component of testing in the present study was an assessment of walking propulsion 

kinetics. Testing also assessed an overground 10 Minute Walk Test (10MWT) with 

continuous cardiopulmonary gas exchange monitoring using a portable metabolic system, 

the results of which are not the focus of the present study. Randomization of the sequence 

of the two components of the testing procedure were performed for every other subject 

enrolled (i.e., 1st, 3rd, 5th, etc.), with the subject in between (i.e., 2nd, 4th, 6th, etc.) 

performing testing in the opposite order. This was done to ensure an equal balance of 

testing sequences across the study sample. The testing sequence was kept consistent 

within each subject from pretest to post-test. 

Propulsion Testing  

Participants performed the propulsion testing procedure before and after the OLT 

program. Participants were asked to walk across a 6-meter platform with four force 

plates, level with the walking surface, mounted midway. Subjects walked at their self-

selected preferred walking speed for 20 trials. For this study, propulsive force was 

defined by the peak positive AGRF, the ROR of the AGRF, the push-off impulse, and the 

push-off duration during overground walking. The force plates (Bertec, Columbus, OH) 
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quantify the GRF in response to the force placed upon it by the subject. The data were 

collected at a frequency of 1000 Hz. 

Intervention 

A performance-based training paradigm was used to develop the OLT program 

implemented in this study. Specifically, the OLT protocol is grounded in dynamical 

systems theory of motor control and motor learning and incorporates programming 

principles from the fields of exercise physiology and neurorehabilitation (Davids et al., 

2003; Flach et al., 2017; Glazier & Davids, 2009; Glazier, 2017; Gollie & Guccione, 

2017; Guccione et al., 2019; Ranganathan & Newell, 2013). The central goal of the OLT 

program was to promote an expansion of subjects’ motoric behavioral repertoire for real-

world walking. 

Primary emphasis was placed on providing subjects with a training experience 

that would theoretically promote motor learning specific to overground walking. More 

directly, subjects performed a sequence of challenging and repetitive locomotor-specific 

tasks in an exclusively overground environment without body-weight support or balance 

assistance. Secondary emphasis was placed on achieving a training stimulus that would 

theoretically promote cardiorespiratory adaptations. To achieve this goal, OLT trainers 

modulated the characteristics of rest periods (i.e., interspersed half-squats, mini-

multidirectional lunges, or high-knees when needed instead of passive rest) so that the 

bulk of each training session was performed above 60% age-predicted maximal heart rate 

(HR). These two overall training objectives were emphasized because a diverse body of 

literature suggests that recovery of ecologically valid walking capabilities may occur 
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across multiple body systems and that such effects may be readily attained if training 

concurrently targets motor skill acquisition and physiological adaptation in a task and 

environmentally specific manner (Brooks et al., 2004; Gollie & Guccione, 2017; Kleim 

& Jones, 2008; Schmidt & Lee, 2019; Vaz et al., 2017).  

Participants underwent 24, 60-minute bi-weekly OLT sessions over 12-15 weeks. 

Every session incorporated practice of the actions involved in each sub-task of walking 

(e.g., weight shifting, stepping, propulsion). However, individual training sessions were 

“themed”, meaning that the focus of the training session was to improve a specific 

characteristic of locomotor performance (i.e., power, stability, or stepping) in a specific 

direction of movement (i.e., forward, backward, lateral, rotational). Drills for each day 

were programmed and coached in a manner that emphasized the theme of the session. For 

example, a “lateral-power” session incorporated drills that challenged power 

development through the lower extremities during a variety of lateral walking tasks. In 

each session, following a brief circuit-style warm-up, sub-tasks of walking were isolated 

at the beginning of the session and drills progressed in complexity throughout the session 

using pre-specified time blocks of specific drills (i.e., part-to-whole sequencing). 

Participants progressed from simple movements relevant to a specific walking action to 

dynamic walking exercises. Each session culminated with activity rehearsal consisting of 

dynamic walking at a variety of speeds and tempos and in various directions and patterns. 

Small hand weights and gait belts were used frequently during various exercises to 

provide external resistance and to increase the load, intensity, and balance demands of 

specific drills. Participants wore a heart rate monitor (Polar H10 heart rate sensor, Polar, 



15 
 

USA) throughout training sessions for data recording and to aid OLT trainers in adjusting 

the intensity of the session to meet the 60% age-predicted maximal heart rate (HR). 

Measures 

Gait propulsion parameters were analyzed with Matlab R2021a (The MathWorks, 

Inc., Natick, MA, USA).  Specific outcome measures are depicted in Figure 1. 

 

 
Figure 1: Definition of Gait Propulsion Parameters (Farrens et al., 2019). 

 

The peak propulsive force (peak AGRF) was determined as the maxima of the 

AGRF and assessed by using the findpeaks or maximum function to find the location and 

the value of the peak. 

The rate of rise (ROR) of the AGRF was assessed using the risetime function to 

determine the rise time of positive-going bilevel waveform transitions. 
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The push-off impulse was assessed using the trapz function to calculate the area 

under a set of discrete data by breaking the region into trapezoids. The function then adds 

the area of each trapezoid to compute the total area. 

The push-off duration was assessed as the time duration of the positive AGRF. 

Peak braking force (peak PGRF) was determined as the minima of the PGRF and 

assessed by using the findpeaks or maximum function to find the location and the value 

of the peak. 

Single-stance duration was assessed as the time duration of the negative PGRF 

and positive AGRF. 

The COM-COP distance was assessed by calculating the distance from the COM 

position to the COP position at the start of propulsion. The sternal marker position was 

used as a proxy for the COM. COP was determined from the force platform.  

The walking speed was assessed by dividing the sternal marker distance traveled 

by the time of travel. 

Assessor Bias 

Even though all subjects received the same intervention and could not be blinded 

to the intervention, we used a separate team of assessors who did not observe training and 

a separate team of trainers so that bias from knowing how well a subject performed 

during testing will not influence a trainer’s expectations.  Similarly, using a different 

team of assessors who have no knowledge of performance during training will blunt any 

influence of assessor bias on test results during the entire study period.  Whenever 
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possible, assessors did not know how a subject performed as the data were stored and 

downloaded directly from the relevant data collection device. 

Statistical Analysis 

All data were screened for missing data, outliers, and normality.  Descriptive 

statistics were calculated for any demographic data and all outcome variables. Means and 

standard deviations were used to summarize continuous measures, while frequency 

counts and proportions were used to summarize categorical data. Box plots, line graphs, 

or histograms were used to plot the data. 

The mean and standard deviation were used in measuring pre- and post-test 

changes in gait propulsion outcomes, including peak AGRF, ROR, push-off impulse, 

push-off duration, walking speed, single stance duration, and peak PGRF. The paired t-

test was used to examine any statistically significant differences in the pre- and post-

average values of the gait propulsion outcomes. The Shapiro-Wilk test was used to 

examine normality. If data were non-normally distributed, the Wilcoxon signed-rank test 

was utilized instead of the paired t-test. Mean changes in outcomes and their 95% 

confidence intervals are presented for all outcomes. For normally distributed data, the 

Cohen’s d(within-subjects) effect sizes are presented (Faul et al., 2007). For non-

normally distributed data, standardized effect sizes are presented, where Z is the Z-score 

from a Wilcoxon signed-rank test and n is the total number of observations across pretest 

and post-test time points for a particular variable (Tomczak & Tomczak, n.d.).  

Pearson correlation was used to assess associations between the same pairs of gait 

propulsion variables. The correlation analysis conducted as part of the present study was 
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based on previous investigations demonstrating or implying an association between 

walking speed and gait parameters such as peak AGRF and push-off impulse (Bovi et al., 

2011; Fukuchi et al., 2019; Hsiao et al., 2015; Riley et al., 2001; Uematsu et al., 2017).  

The variables analyzed using the Pearson correlation were pretest average peak AGRF, 

ROR, push-off impulse, push-off duration, walking speed, single stance duration, and 

peak PGRF and the posttest peak AGRF, ROR, push-off impulse, push-off duration, 

walking speed, single stance duration, and peak PGRF. 

A Wilcoxon signed-rank test was used to examine differences in the average peak 

AGRF, ROR, push-off impulse, push-off duration, walking speed, single stance duration, 

and peak PGRF before and after the OLT program for male and female patients with 

Parkinson’s disease.  In addition, a Mann-Whitney U test was used to examine 

differences in average peak AGRF, ROR, push-off impulse, push-off duration, walking 

speed, single stance duration, and peak PGRF before and after the OLT program between 

male and female patients with Parkinson’s disease. The Mann-Whitney U-test tests two 

independent samples, whereas the Wilcoxon signed-rank test tests two dependent 

samples.   

Statistical significance was accepted at p ≤ .05 for 2-tailed hypotheses.  Statistical 

analyses were performed using IBM SPSS Statistics (IBM Corp. Released 2020. IBM 

SPSS Statistics for Windows, Version 27.0. Armonk, NY: IBM Corp). 
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RESULTS 

All hypotheses (1-5) were tested to examine the extent a 12-week OLT program 

can modify gait propulsion outcomes in subjects with mild to moderate PD.  The gait 

propulsion outcomes studied were: Peak AGRF, ROR of the AGRF, push-off impulse, 

push-off duration, peak PGRF, single stance duration, and walking speed.  The paired t-

test or Wilcoxon signed-rank test was used to assess differences in the average values of 

these measures between pre and post 12-week OLT program. These results are 

summarized in Table 3. A paired t-test indicated there was not a significant difference in 

the average peak AGRF pre OLT (M = 141.43, SD = 34.02) compared to post OLT (M = 

139.01, SD = 31.90), t (10) = .608, p = .557.  A paired t-test indicated there was a 

significant difference in the average ROR  pre OLT (M = .28, SD = .035) compared to 

post OLT (M = .24, SD = .054), t (10) = 2.92, p = .015.  A paired t-test indicated there 

was a significant difference in the mean push-off impulse pre OLT (M = 31.36, SD = 

7.59) compared to post OLT (M = 27.29, SD = 8.59), t (10) = 2.62, p = .026.  A 

Wilcoxon signed-rank test indicated there was a significant difference in the average 

push-off duration pre OLT (M = .46, SD = .041) compared to post OLT (M = .41, SD = 

.084), Z = -2.312, p = .021.  There was not a significant difference in the average peak 

PGRF pre OLT (M = -143.26, SD = 26.76) compared to post OLT (M = -144.60, SD = 

35.92), t (10) = .197, p = .848.  A Wilcoxon signed-rank test indicated there was a 

significant average difference in the single stance duration pre OLT (M = .28, SD = .035) 

compared to post OLT (M = .24, SD = .054), Z = -2.845, p = .004.  A paired t-test 
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indicated there was not a significant difference in the COM-COP distance pre OLT (M = 

1247.35, SD = 71.1) compared to post OLT (M = 1253.56, SD = 46.7), t (10) = -.486, p = 

.642. A paired t-test indicated there was a significant average difference in the preferred 

walking speed pre OLT (M = 1.29, SD = .155) compared to post OLT (M = 1.39, SD = 

.109), t (10) = -3.34, p = .012.   

Large Cohen’s effect sizes were found pre to posttest for the average ROR of the 

AGRF (d = .879), the average push-off impulse (d = .789), the average single stance 

duration (d = .857), and the average walking speed (d = 1.18). A medium effect size of d 

= .697 was found for the average push-off duration.  Small effect sizes were found for the 

average peak AGRF, the average peak PGRF, and the average COM-COP distance (d = 

.183, d = .059, and d= .105), respectively. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



21 
 

 

Table 3: Differences in the average gait propulsion outcomes before and after the 
OLT program in patients with Parkinson's disease. 

Abbreviations: N: Newtons; N-s: Newton-seconds; s: seconds; m/s: meters per second. 
Bold type, shaded values indicate a statistically significant test. Note: * indicates 
Wilcoxon Signed Rank Test. 
 

 

 

Gait 
Propulsion 
Outcomes 

Pretest 
(n=11) 
Mean 
(SD) 

Posttest 
(n=11) 
Mean 
(SD) 

Pre-Post 
Change 
Mean 
(SD) 
 

P-value Cohen’s d 

Peak  
AGRF  
(N) 

141.43 
(34.02) 

139.01 
(31.90) 

2.42 
(13.20)  
 

.557 0.183 

ROR (s) 
 

.275 
(.035) 

.241 
(.054) 

-.034 
(.039) 
 

.015 0.879 

Push-Off 
Impulse  
(N-s) 

31.36 
(7.59) 

27.29 
(8.59) 

4.06 
(5.15) 
 

.026 0.789 

Push-Off 
Duration (s)* 
 

.459 
(.041) 

.409 
(.084) 

.05 .021 0.697 

Single Stance 
Duration (s)* 
 

.981 
(.075) 
 

.841 
(.176) 

.14 .004 0.857 

COM-COP 
Distance 
(mm) 
 

1247.3 
(71.1) 
 

1253.6 
(46.7) 

6.21 
(36.1) 

.642 0.105 

Walking 
Speed (m/s) 

1.294 
(.176) 

1.388 
(.124) 

.094 
(.083)  

.012 1.18 

Peak  
PGRF  
(N) 

-143.3 
(26.76) 

-144.6 
(35.92) 

1.34 
(22.51) 

.848 0.059 
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The associations between the different measurements of propulsion were 

examined before the OLT intervention using the Pearson correlation coefficient (Table 

4).  Before the OLT intervention, the results of the correlation analysis indicate there was 

a significant strong positive correlation between the peak AGRF and push-off impulse, r 

(11) = .936, p<.01, and walking speed, r (11) = .936, p<.01. A significant, strong negative 

correlation was found between the peak AGRF and peak PGRF, r (11) = -.856, p<.01.  

The results of the correlation analysis also indicate a strong, significant correlation 

between the ROR and push-off duration, r (11) = .938, p<.01 and single stance duration, r 

(11) = .854, p<.01.  In addition, the findings show a moderate, but significant positive 

correlation between the push-off impulse and walking speed, r (11) = .723, p<.05. 

However, a strong negative and statistically significant correlation was found between the 

push-off impulse and peak PGRF, r (11) = -.936, p<.01. The results of the correlation 

analysis also indicate a significant strong positive correlation between the push-off 

duration and single stance duration, r (11) = .834, p<.01. The results of the correlation 

analysis indicate there was a significant moderate negative correlation between the 

walking speed and peak PGRF, r (11) = -.732, p<.05.   
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Table 4: Correlations among the gait propulsion outcomes prior to the OLT 
intervention (N=11) 
PreXPr
e 

Peak 
AGRF 

ROR  Push-
off 
Impuls
e 

Push-
off 
Durati
on 

Walki
ng 
Speed 

Single 
Stance 
Durati
on 

COM-
COP 
Distan
ce 

Peak 
PGRF 

Peak 
AGRF  

1        

ROR   -.034 
(.92) 

1       

Push-
off 
Impuls
e 

.936 
(<.01) 

.262 
(.44) 

1      

Push-
off 
Durati
on  

.137 
(.688) 

.938 
(<.01) 

.444 
(.171) 

1     

Walki
ng 
Speed 

.910 
(<.01) 

-.383 
(.349) 

.723 
(<.05) 

-.216 
(.608) 

1    

Single 
stance 
Durati
on 

.009 
(.978) 

.854 
(<.01) 

.315 
(.346) 

.834 
(<.01) 

-.253 
(.564) 

1   

COM-
COP 
Distan
ce 

.031 
(.942) 

.345 
(.40) 

.258 
(.537) 

.412 
(.311) 

.061 
(.886) 

.517 
(.189) 

1  

Peak 
PGRF 

-.856 
(<.01) 

-.244 
(.47) 

-.936 
(<.01) 

-.442 
(.173) 

-.732 
(<.05) 
 

-.208 
(.54) 

-.334 
(.419) 

1 

Note: Values are Pearson Correlation (p-value).  Bold type, shaded values indicate a 
statistically significant correlation. 
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The associations between the different measurements of propulsion were 

examined after the OLT intervention using the Pearson correlation coefficient (Table 5).  

After the OLT intervention, the results of the correlation analysis indicate there was a 

significant strong correlation between the peak AGRF and push-off impulse, r (11) = 

.763, p<.01, and walking speed, r (11) = .858, p<.01. A significant, strong negative 

correlation was found between the peak AGRF and peak PGRF, r (11) = -.963, p<.01.  

The results of the correlation analysis also indicate there was a significant, strong positive 

correlation between the ROR and the push-off impulse, r (11) = .786, p<.01, push-off 

duration, r (11) = .935, p<.01, COM-COP distance, r (11) = .860, p<.01, and single 

stance duration, r (11) = .870, p<.01.  In addition, the findings show a significant, strong 

positive correlation between the push-off impulse and the push-off duration, r (11) = 

.792, p<.01, a significant, strong positive correlation between the push-off impulse and 

the walking speed, r (11) = .756, p<.05, a significant, strong positive correlation between 

the push-off impulse and COM-COP distance, r (11) = .723, p<.05, and a moderate, but 

significant correlation between the push-off impulse and single stance duration, r (11) = 

.670, p<.05.  However, a strong negative and statistically significant correlation was 

found between the push-off impulse and peak PGRF, r (11) = -.838, p<.01.  The results of 

the correlation analysis indicate there was a significant, strong positive correlation 

between the push-off duration and the single stance duration, r (11) = .945, p<.01, and the 

COM-COP distance, r (11) = .717, p<.05. A significant, strong positive correlation was 

also found between the COM-COP distance and the single stance duration, r (11) = .802, 
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p<.05. A significant, strong negative correlation was also found between the walking 

speed and the peak PGRF, r (11) = -.810, p<.05.  

 
 
Table 5: Correlations among the gait propulsion outcomes after the OLT 
intervention (N=11) 
PostXP
ost 

Peak 
AGRF 

ROR  Push-
off 
Impuls
e 

Push-
off 
Durati
on 

Walki
ng 
Speed 

Single 
Stance 
Durati
on 

COM-
COP 
Distan
ce 

Peak 
PGRF 

Peak 
AGRF  

1 
     

 
 

ROR 
  

.296 
(.377) 

1 
    

 
 

Push-
off 
Impuls
e 

.736 
(<.01) 

.786 
(<.01) 

1 
   

 
 

Push-
off 
Durati
on  

.249 
(.461) 

.935 
(<.01) 

.792 
(<.01) 

1 
  

 
 

Walki
ng 
Speed 

.858 
(<.01) 

.275 
(.509) 

.756 
(<.05) 

.389 
(0.341) 

1 
 

 
 

Single 
Stance 
Durati
on 

.071 
(.835) 

0.87 
(<.01) 

0.67 
(<.05) 

0.945 
(<.01) 

0.307 
(.459) 

1  
 

COM-
COP 
Distan
ce 

.081 
(.848) 

.86 
(<.01) 

.723 
(<.05) 

.717 
(<.05) 

-.141 
(0.738) 

.802 
(<.05) 

1  

Peak 
PGRF 

-.963 
(<.01) 

-.461 
(.15) 

-.838 
(<.01) 

-.406 
(.215) 

-.810 
(<.05) 

-.204 
(.548) 

-.214 
(.611) 

1 

Note: Values are Pearson Correlation (p-value). Bold type, shaded values indicate a 
statistically significant correlation. 
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Differences in the average gait propulsion outcomes before and after OLT for 

male and female patients with PD are shown in Table 6. A Wilcoxon signed-rank test 

indicated there was a significant difference in the average push-off impulse of male 

subjects pre OLT (M = 34.77, SD = 6.42) compared to post OLT (M = 30.07, SD = 7.32), 

Z = -2.197, p = .028. A Wilcoxon signed-rank test indicated there was a significant 

difference in the average single stance duration of male subjects pre OLT (M = 0.99, SD 

= .082) compared to post OLT (M = 0.84, SD = .208), Z = -2.197, p = .028. 

 
 

Table 6: Differences in the average gait propulsion outcomes before and after OLT 
for male and female patients with Parkinson's disease 
Participan
t 

Peak 
AGR
F (N) 
 
Mean 
(SD) 

ROR  
(s) 
 
 
Mean 
(SD) 

Push-off 
Impulse 
(N-s) 
 
Mean 
(SD) 

Push-off 
Duratio
n (s) 
 
Mean 
(SD) 

Walkin
g Speed 
(m/s) 
 
Mean 
(SD) 

Single 
Stance 
Duratio
n (s) 
Mean 
(SD) 

Peak 
PGRF 
(N) 
 
Mean 
(SD) 

Male 
Pretest  
(n=7) 

155.91 
(32.8) 

.278 
(.041) 

34.77* 
(6.42) 

.467 
(.046) 

1.30 
(.181) 

.998* 
(.082) 

-153.06 
(27.22) 

Male 
Posttest 
(n=7)  

153.15 
(23.2 

0.254 
(.060) 

30.07* 
(7.32) 

.413 
(.093) 

1.38 
(.125) 

.841* 
(.208) 

-160.27 
(20.51) 

P-value .499 .310 .028 .128 .075 .028 .499 

Female 
Pretest 
(n=4) 

116.10 
(19.0) 

.261 
(.018) 

25.38 
(5.90) 

.477 
(.034) 

1.26 
(.007) 

.950 
(.057) 

-126.12 
(16.99) 

Female 
Posttest 
(n=4) 

114.27 
(32.2) 

.218 
(.037) 

22.43 
(9.44) 

.401 
(.077) 

1.41 
(.065) 

.840 
(.129) 

-117.18 
(43.42) 

P-value .715 .068 .465 .068 .180 .068 .465 

Abbreviations: N: Newtons; N-s: Newton-seconds; s: seconds; m/s: meters per second. 
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Mann-Whitney U analyses revealed a significant difference between males and 

females for peak AGRF pre-OLT intervention (Z = -2.079, p = .042) at a significance 

level of 0.05, 2-tailed.  The Mann-Whitney U analyses revealed no significant difference 

between males and females for the other gait propulsion measurements.  
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DISCUSSION 

This study investigated the effects of a 24-session performance-based OLT 

program on the anteriorly directed propulsive force (AGRF metrics) during walking gait 

of ambulatory patients with PD. The hypothesis that OLT will modify peak AGRF was 

not supported in this study. Our results showed no change in the average peak AGRF, 

indicating OLT did not affect the magnitude of the anteriorly directed propulsive force. 

However, our results did reveal a statistically significant increase in average preferred 

walking speed in patients with PD after OLT. This finding supports our hypothesis that 

OLT will modify preferred walking speed.  However, the combined finding that preferred 

walking speed increased without a concomitant rise in peak AGRF is seemingly not 

consistent with prior investigations. Push-off forces, specifically peak AGRF and the 

second peak of the vertical ground reaction force (VGRF) (Figures 2 and 3), typically 

scale with walking speed (Hsiao et al., 2016; Deffeyes & Peters, 2021; Lewek, 2011; 

Peterson et al., 2011; Wu et al., 2019).  
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Figure 2: Generic A-P GRF graphic showing peak AGRF, initial contact (IC), and 
toe-off. 
 

 

An increase in walking speed is typically associated with an increase in peak 

AGRF, and a decrease in walking speed is typically associated with a decrease in peak 

AGRF in healthy adults (Andriacchi et al., 1977; Nilsson & Thorstensson, 1989; Wu et 

al., 2019). To the best of our knowledge, this typical relationship has not been firmly 

established in PD. Our results, an increase in walking speed without an increase in peak 

AGRF, suggest that peak AGRF may not be as influential a contributing/causative factor 

in modulating preferred walking speed in patients with PD as might be inferred from 

other studies, especially when AGRF is used as the single measure of change after 

intervention.  
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Figure 3: Generic VGRF graphic showing the second peak of the VGRF. 
 
 
 

Figure 4 shows the changes in the AGRF profile before and after the OLT 

program and demonstrates the overall results found for the AGRF metrics studied in this 

investigation.  
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Figure 4: Generic graphic depiction of the AGRF profile change seen in this study. 

 

The data from this investigation and the AGRF profile change seen in Figure 4 

supported the hypotheses that OLT will modify the ROR of the AGRF, push-off impulse, 

and push-off duration. Each of these AGRF metrics was significantly decreased 

following OLT. When comparing the pre-OLT curve (red) and the post-OLT curve 

(blue), the post-OLT curve (blue) shows a steeper, quicker rise to the peak AGRF; less 

area under the curve denoting/conveying a smaller impulse; and a shorter duration. This 

essentially caused a shift to the left and a more compact AGRF profile following OLT.  

Patients with PD show reductions in maximal muscle strength (Inkster et al., 

2003; Pääsuke et al., 2004) and rate of force development (RFD) (Hammond et al., 2017; 

Rose et al., 2013). PD also affects the capacity to produce maximal and rapid force 

(Pelicioni et al., 2021). Our results suggest a diminution in some of the motor control 

impairments usually associated with PD. During the propulsive phase of walking gait the 
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leg muscles are responsible for propelling the body’s center of mass upward and forward 

(Gottschall & Kram, 2003; Tesio & Rota, 2019). The decreased ROR of the AGRF 

suggests that our PD patients were able to increase the rate of muscular force 

development during the propulsive phase which afforded an alternative strategy to 

increase walking speed. Muscle power and muscle strength are related but distinct 

attributes. Power is defined as the ability to perform muscular work per unit time.  

𝑃𝑃 =
𝑊𝑊

𝛥𝛥 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
 

 
Equation 1: Power 

 

Muscle strength is defined as the ability to exert force and muscle power is defined as the 

ability to exert force quickly. 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 × 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 

Equation 2: Muscle Power 
 
Or more specifically: 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 ×  𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 
 

Equation 3: Muscle Power Specific 
 

 

The compact AGRF profile seen after OLT suggests a more powerful AGRF because our 

PD patients reached the same peak AGRF in a shorter amount of time (i.e., they 

performed the same amount of work in less time). 
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  The hypothesis that OLT will modify single stance duration was also supported 

in this investigation. Our results show an average single stance duration of 0.98 s before 

OLT and a significant decrease in average single stance duration after OLT (0.84 s). The 

stance phase of gait is measured from initial foot contact to toe-off of the same foot 

(Figure 2). The average duration of the stance phase is approximately 0.59 to 0.67 s in 

“normal men” (Murray et al., 1964). At initial contact, the body weight is transferred 

from one limb to the other and weight acceptance and stability are important tasks during 

initial contact and single-leg support, and propulsion requires limb and trunk stability as 

the body progresses beyond the supporting foot (Perry & Burnfield, 2010). A prolonged 

stance time has been seen in patients with PD and is attributed to the increased time and 

effort needed for postural stabilization (Farashi, 2021; Muñoz Ospina et al., 2019). In 

addition, there is a correlation between gait speed and balance in patients with PD 

(Combs et al., 2014). The decrease in single stance duration observed in this study 

reflects an improvement in balance and postural stabilization during the stance phase.  

 The hypothesis that OLT will modify the COM-COP distance was not supported 

by the results of this investigation. Our results show no significant change in the COM-

COP distance after OLT. The distance between the body’s COM and the trailing limb’s 

COP is thought to play a role in AGRF production (Figure 6). The COM-COP distance 

can also be an indicator of stride length. The greater this distance at the start of the 

propulsive phase of gait, the further the foot is behind the COM.  This orientation or 

push-off posture of the trailing limb allows for more of the propulsive AGRF to be 
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directed in the anterior direction (Hsiao et al., 2015; Miyazaki et al., 2021). The average 

COM-COP distance increased by just 6.2 mm following OLT in the present study. 

 

 

Figure 5: Generic graphic showing COM-COP distance. 
 

 

Walking speed has implications for community living and participation, can 

predict future disability, hospitalization, and mortality, and has been recommended as a 

vital sign (Gait and walking speed as a predictor of health, n.d.; Middleton et al., 2015; 

Robinett & Vondran, 1988). Walking speed is a test of an individual’s functional 

mobility and is, therefore, often a rehabilitation target for people with gait disturbances. 

The hypothesis that OLT will modify preferred walking speed was supported by the 
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results of this investigation. After the OLT program, our results reveal a statistically 

significant increase in preferred walking speed in patients with PD. The increase of 0.094 

m/s is within the established minimal clinically important difference in gait speed among 

persons with PD between 0.05 and 0.22 m/s (Hass et al., 2014). A prior study 

investigating the effects of overground walking sessions in subjects with mild to 

moderate PD showed an increase of 0.06 m/s in preferred walking speed with no change 

in stride length but an increased cadence after overground training (Bello et al., 2013). 

Their result is notable because gait in PD is thought to be affected by a reduced amplitude 

of the stride length while the cadence remains unaffected (M. E. Morris et al., 1996). 

The correlation analysis conducted as part of the present study was based on 

previous investigations demonstrating or implying an association between walking speed 

and gait parameters such as peak AGRF and push-off impulse (Bovi et al., 2011; Fukuchi 

et al., 2019; Hsiao et al., 2015; Riley et al., 2001; Uematsu et al., 2017).  This appears to 

hold for patients with PD. Our results show a strong positive correlation between walking 

speed and peak AGRF and push-off impulse. Our results also show a strong negative 

correlation between walking speed and peak PGRF. In addition, peak PGRF shows a 

strong negative correlation with peak AGRF and push-off impulse. These results suggest 

that what occurs during the braking phase determines the outcome of the ensuing 

propulsive phase. Although the ROR of the AGRF was not correlated with walking 

speed, it was found to be strongly correlated with push-off impulse, push-off duration, 

and single stance duration and, therefore, the ROR of the AGRF may play an important 

role in gait propulsion. 
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Summary 

Taken together, our results suggest the OLT program was able to improve 

walking postural and dynamic stability in patients with PD. PD patients were able to 

spend less time in stance phase, less time in push-off duration, and decrease the rise time 

of the AGRF (push-off rate increased). This appears to have led to a quicker, more 

powerful AGRF without changes in peak AGRF, peak PGRF, or push-off posture, and an 

increase in walking speed in our patients with PD. 
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Table 7: Summary of Hypotheses 
Hypothesis 

Number 

Hypothesis Supported by 

Results 

1a A 12-week OLT program will modify peak AGRF No 

1b A 12-week OLT program will modify the rate of rise 

(ROR) of the peak AGRF 

Yes 

1c A 12-week OLT program will modify push-off 

impulse 

Yes 

1d A 12-week OLT program will modify push-off 

duration 

Yes 

2 A 12-week OLT program will modify peak PGRF No 

3 A 12-week OLT program will modify single stance 

duration 

Yes 

4 A 12-week OLT program will modify COM-COP 

distance 

No 

5 A 12-week OLT program will modify preferred 

walking speed 

Yes 
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LIMITATIONS 

There are some limitations in this study that should be acknowledged. The main 

limitation was that only 11 subjects were included in this study and this study should be 

replicated in a larger sample. A small sample size reduces the generalizability of our 

results, and the lack of a healthy age-matched control group makes it difficult to 

determine if the changes in outcome measures observed were the result of natural 

changes over time rather than the result of the OLT intervention. In addition, the small 

sample size does not allow for analyses that would explore the multivariable type of 

relationships relative to an outcome or dependent variable. This study should be 

replicated with a larger sample and assess potential confounding relationships that cannot 

be addressed with this sample size. Our sample of PD subjects consisted mainly of 

patients at the H&Y stage I and II and was a high-functioning group. Therefore, the 

results of this investigation should be considered for PD patients in the early stages of the 

disease. This study investigated the kinetics of the propulsive phase of walking, as 

evidenced by the AGRF, therefore, spatiotemporal parameters such as stride length, 

cadence, and double limb support were not measured in this study. In addition, this study 

was not intended to explore: Changes in EMG activity in the muscles used to produce 

walking propulsive force, joint angles, joint moments, or muscle property changes at the 

tissue/cellular level. The present study was not an exploration of the exact mechanism by 

which OLT affects propulsive force. In terms of the stages of research, the present study 

is at the intervention efficacy stage.   
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CONCLUSION 

The findings from this pilot study provide preliminary data supporting the 

potential for improved propulsive force during walking following the OLT program. The 

results indicate that the walking dynamic stability of PD patients improved and that the 

ROR of the AGRF may be an important, yet understudied, determinant of propulsive 

force generation. The existing literature regarding the relative efficacy of different gait-

related interventions in people with PD is sparse, and offers no clear indication regarding 

the optimal methods to improve overground walking propulsion in PD. Sensory cueing, 

both auditory and visual, has been used to study overground gait in patients with PD 

(Ford et al., 2010; Suteerawattananon et al., 2004). Kinematic, haptic, and EEG 

neurofeedback are also being explored as potential gait rehabilitation strategies in PD 

(Azarpaikan et al., 2014; Byl et al., 2015; Gonçalves et al., 2021; Iłżecka, 2021).  In 

addition, treadmill only (Bello et al., 2013; Frenkel-Toledo et al., 2005; Herman et al., 

2007; Pohl et al., 2003), treadmill with body weight support (Ganessan et al., 2015; I. 

Miyai et al., 2000; Miyai et al., 2002), and treadmill with additional body weight training 

paradigms have been investigated in PD (Filippin et al., 2017; Toole et al., 2005; 

Trigueiro et al., 2015).  However, other key training parameters such as environmental 

specificity and practice variation have been less rigorously studied in PD. The results of 

our study are notable because they indicate the initial success of a program derived from 

training concepts frequently used in healthy and other neurologically impaired 

populations (Davids et al., 2003; Flach et al., 2017; Glazier & Davids, 2009; Glazier, 
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2017; Gollie & Guccione, 2017; Guccione et al., 2019; Ranganathan & Newell, 2013). 

Our low-tech and exclusively overground OLT protocol relies on established training 

principles such as task-specificity, practice variation, and progressive overload, rather 

than on specialized equipment or activities not closely related to walking, and therefore 

may provide a foundation and basis for further studies grounded in a similar approach. 

The OLT program should be further studied for its impact on balance and dynamic 

stability and its effect on walking safety, the prevention of falls, and independent 

community living and participation. Additional research is needed to determine the 

biomechanical, muscular, and neurological mechanisms of the observed AGRF power 

and ROR of the AGRF (rate of force development) gains and mobility improvements in 

gait speed. 
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ABSTRACT 

OBJECTIVE: To determine the effect of a 12-week OLT program on the anterior 
ground reaction force (AGRF) in ambulatory subjects with mild to moderate PD. 

DESIGN: Pre-test post-test interventional study. 

SETTING: University gait analysis laboratory. 

METHODS:  Participants performed propulsive force testing procedure before and after 
the OLT program. 

PARTICIPANTS: Twelve adults with mild to moderate Parkinson's disease (Hoehn & 
Yahr stage 1-3, ambulatory). 

INTERVENTIONS: 12-week OLT program. 

MAIN OUTCOME MEASURES: Kinetic gait parameters: peak AGRF, rate of rise 
(ROR) of AGRF, push-off impulse, push-off duration. 
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Specific Aims 
Parkinson’s disease (PD) is a debilitating, neurodegenerative disease that manifests as 
disrupted motor behavior (bradykinesia, tremor, postural instability, rigidity), which 
dramatically impacts mobility, function, and life quality. PD is a highly common 
movement disorder disrupting the lives of individuals in the US with over 50,000 new 
cases each year and a worldwide prevalence of approximately 1% of all individuals over 
the age of 60. In fact, it is the second most common neurological condition after 
Alzheimer’s affecting approximately 1 million people in the US and over 10 million 
worldwide with a substantial and striking sex difference in prevalence impacting more 
men than women with the condition. Neuromuscular control and execution of gait is 
altered in PD, as persons with PD exhibit increased co-activation of antagonistic muscles 
and reductions in amplitude of the distal lower-extremity musculature. Kinetic data reveal 
reduced ankle (push-off) power generation and reduced hip flexion (pull-off) power 
persist in PD gait. Studies have also shown that subjects with PD have a reduced roll-off 
at the terminal stance of gait and under scaling of power generation at push-off, with 
reduced amplitude of electromyographic activity in the gastrocnemius muscle. The 
generation of propulsive forces by each limb helps maintain interlimb symmetry, walking 
speed, and efficiency. Although several studies have identified a decrease in walking 
propulsive force (FP) in subjects with PD, interventional studies to restore, maintain, or 
slow the decline in FP production are lacking. Subjects with PD may benefit from 
intervention strategies that target the FP production and kinetic gait components.  
Research Question: To what extent can over-ground locomotor training (OLT) 
influence walking gait propulsive force in ambulatory patients with Parkinson’s 
disease? 
Purpose: To determine the effect of a 12-week OLT program on the anterior ground 
reaction force (AGRF) in subjects with mild to moderate PD.  
Aim 1: To determine the effect of a 12-week OLT program on peak AGRF. 
Hypothesis 1: A 12-week OLT program will increase peak AGRF, as measured by GRF, 
in subjects with mild to moderate PD. The goal of this aim is to determine how peak 
AGRF is modified by the OLT program. 
Aim 2: To determine the effect of a 12-week OLT program on rate of rise (ROR) of the 
peak AGRF. 
Hypothesis 2: A 12-week OLT program will increase the rate of rise (ROR) of the peak 
AGRF, as measured by GRF, in subjects with mild to moderate PD. The goal of this aim 
is to determine how the rate of force development is modified by the OLT program. 
Aim 3: To determine the effect of a 12-week OLT program on push-off impulse. 
Hypothesis 3:  A 12-week OLT program will increase push-off impulse, as measured by 
GRF, in subjects with mild to moderate PD. The goal of this aim is to determine how 
push-off impulse is modified by the OLT program. 
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Aim 4: To determine the effect of a 12-week OLT program on push-off duration. 
Hypothesis 4: A 12-week OLT program will increase push-off duration, as measured by 
GRF, in subjects with mild to moderate PD. The goal of this aim is to determine how 
push-off duration is modified by the OLT program. 
The proposed research will broadly impact the rehabilitation science field by 
characterizing the magnitude of change and mutability in FP that can be produced with 
OLT in subjects with mild to moderate PD. The results of this research may have 
implications for rehabilitation and physical therapy in the treatment of PD and other 
neurodegenerative diseases. 
 
Background and Significance 
Parkinson’s Disease (PD) is a highly common movement disorder disrupting the lives of 
individuals in the US with over 50,000 new cases each year (1) and a world-wide 
prevalence of approximately 1% of all individuals over the age of 60 (2). In fact, it is the 
second most common neurological condition after Alzheimer’s (3) affecting 
approximately 1 million people in the US and over 10 million worldwide with a 
substantial and striking sex difference in prevalence impacting more men than women 
with the condition (4).  The cardinal diagnostic signs of the condition are motor 
dysfunction, specifically tremor, rigidity, and bradykinesia, with a more recent 
recognition of postural instability as a primary clinical indication of PD (2). Across the 
array of motoric disturbances evident over time in individuals with PD, changes in gait 
characteristics are among the well-described (5).  
Movement underlies all physical activity, and the inability to move, and especially to 
walk, lies at the epicenter of the experience of illness for individuals with PD. In fact, 
walking has been identified as the first activity for which individuals with PD report 
difficulty (6). People with PD often present with slowness of gait and this persists as the 
disease progress (7). Parkinsonian gait is both hypokinetic and bradykinetic (8, 9). Step 
size reduction (hypokinesia) and slower cadence (bradykinesia) are both present in PD 
and gait kinematics and kinetics (GRF, joint angles, etc.) are reduced (10, 11). These 
findings suggest that both motor output and locomotor pattern coordination are disrupted 
in PD (12, 13, 14, 27).   
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Although force deficits are widely accepted as an effect of PD, specific mechanisms for 
decreased neuromuscular force production have not been identified. Aging adults 
typically demonstrate loss of muscle mass (15) and reduced voluntary neuromuscular 
force capability (16). However, several studies have shown a severe decline in maximal 
neuromuscular force in PD compared with healthy, age-matched individuals (7). In non-
PD older adults, time to achieve peak force in the quadriceps femoris typically takes less 
than 1 s, while persons with PD and moderate bradykinesia can take 3–4 s to achieve 
peak force (17, 18). Several studies report reduced rate of force development (RFD) and 
strength (maximal force) in persons with PD following withdrawal from dopaminergic 
therapy (17, 18). This suggests that the weakness and reduction in RFD is a direct result 
of the disease (dopaminergic denervation of the striatum), and at least partly central in 
nature. Consequently, persons with PD experience age-related muscle changes at a 
greater magnitude than their age matched peers (7). The compromised ability to rapidly 
produce force (reduced RFD) can be observed in aging adults (19). Similarly, muscle 
power greatly affects walking velocity (20). This indicates that the rate (velocity) at 
which force can be produced is as important, if not more important, than the maximum 
force of muscle contraction. 
Neuromuscular control and execution of gait is altered in PD, as persons with PD exhibit 
increased co-activation of antagonistic muscles and reductions in amplitude of the distal 
lower-extremity musculature. Kinetic data reveal reduced ankle (push-off) power 
generation and reduced hip flexion (pull-off) power persist in PD gait (21). Studies have 
also shown that subjects with PD have a reduced roll-off at the terminal stance of gait and 
under scaling of power generation at push-off, with reduced amplitude of 
electromyographic activity in the gastrocnemius muscle (22, 23). In addition, older adults 
rely more than young adults on hip musculature for power generation, a phenomenon 
known as a distal-to-proximal redistribution (24). This redistribution may explain, at least 
in part, the greater metabolic energy costs of older adults and could thereby be considered 
dysregulated; the longer muscle fascicles and relatively short tendons spanning the hip 
are less metabolically favorable than the short fascicles and long, series elastic tendons 
spanning the ankle (25, 26). The purpose of this study is to determine how a 12-week 
over-ground locomotor training (OLT) program modifies walking gait propulsive force in 
ambulatory patients with Parkinson’s disease. 
 
Specific Aims 
Aim 1: To determine the effect of a 12-week OLT program on peak AGRF. 
Hypothesis 1: A 12-week OLT program will increase peak AGRF, as measured by GRF, 
in subjects with mild to moderate PD. The goal of this aim is to determine how peak 
AGRF is modified by the OLT program. 
Aim 2: To determine the effect of a 12-week OLT program on rate of rise (ROR) of the 
peak AGRF. 



46 
 

Hypothesis 2: A 12-week OLT program will increase the rate of rise (ROR) of the peak 
AGRF, as measured by GRF, in subjects with mild to moderate PD. The goal of this aim 
is to determine how the rate of force development is modified by the OLT program. 
Aim 3: To determine the effect of a 12-week OLT program on push-off impulse. 
Hypothesis 3:  A 12-week OLT program will increase push-off impulse, as measured by 
GRF, in subjects with mild to moderate PD. The goal of this aim is to determine how 
push-off impulse is modified by the OLT program. 
Aim 4: To determine the effect of a 12-week OLT program on push-off duration. 
Hypothesis 4: A 12-week OLT program will increase push-off duration, as measured by 
GRF, in subjects with mild to moderate PD. The goal of this aim is to determine how 
push-off duration is modified by the OLT program. 
 
Methods  
Study Design 
Data were collected prior to COVID (sars-cov-2). Although additional participant data 
collection was anticipated, George Mason University reduced laboratory research and 
other nonessential research activities in mid-March 2020, including the elimination of on-
campus, in-person human participant research. Therefore, we have chosen to use the 
previously collected data as the basis for this dissertation proposal.  

This pre-experimental pilot study used a pre- and post-test design. Testing was performed 
at two time-points: before (pretest) and immediately following the OLT program (post-
test). The OLT program was comprised of 24, one-hour training sessions performed twice 
weekly with at least 48 hours between training session. To be included in the analysis, 
subjects were permitted to miss no more than three consecutive sessions and were 
required to complete the training protocol within 15 weeks of their initial baseline 
assessment.  

Ethical Approval 

The protocol and procedures were approved by the Institutional Review Board of George 
Mason University (#1374615-3). The study was registered on clinicaltrials.gov 
(NCT03864393). Written and verbal explanations of the study protocol and risks related 
to testing and training procedures were presented to prospective subjects prior to 
enrollment. Written informed consent was obtained from all participants prior to 
initiation of testing or training activities. 

Study Sample 

Participants were recruited from the greater Washington, DC, metropolitan area using 
paper and electronic fliers, local support group networking, and online postings. Inclusion 
criteria consisted of the following: age between 18 and 85 years; diagnosis of mild-to-
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moderate PD (Hoehn and Yahr (H&Y) score ≤3); speaks English; and able to ambulate 
without requiring an assistive device. Exclusion criteria consisted of the following: 
neurological disease or diagnosis other than PD; uncontrolled cardiovascular, pulmonary, 
neurological, or metabolic disease which may impact the ability to exercise or in which 
exercise is contraindicated; medications that may alter heart rate or metabolic data; legal 
blindness; mini-Mental State Examination score <24; pregnancy; and concurrent 
participation in structured exercise similar to OLT.  

The inclusion and exclusion criteria for enrollment into the study were as follows. 

Inclusion Criteria  

• Participants must be between the ages of 18 and 85. 

• Diagnosis of mild to moderate Parkinson’s Disease (H&Y 1-3). 

• Able to understand basic commands and communicate needs in English. 

• Able to ambulate without the use of assistive or orthotic device in an indoor 
community environment for at least 150’. 

• Desire and ability to complete the protocol. 

Exclusion Criteria  

• Participants must not have any neurological disease diagnosed other than PD. 

• Participants must not have any cardiovascular, pulmonary, neurological, 
metabolic, or other condition whose severity or treatment limits the ability to 
engage in sustained exercise, or for which exercise is contraindicated.  

• Participants must not be taking any medications, such as beta-blockers, calcium 
channel blocking agents, or antiretrovirals, or medications that may alter heart 
rate or gas-exchange metabolic data. 

• Participants must not have a mini-Mental State Examination score of <24. 

• Pregnancy 

• Current participation in other clinical trials. 

 

Enrollment Procedure 

The assessment of eligibility and enrollment procedures covered the following steps in 
the following order. First, participants reported their interest to the study coordinator via 
a phone call or an email. This was followed by a standardized telephone interview to 
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screen eligibility. Lastly, eligible participants visited the laboratory where a study 
investigator provided a detailed explanation of the informed consent document. Once 
participants voluntarily signed the informed consent document, medical history and 
medication intake lists were reviewed to further screen eligibility. Next, the mini-Mental 
State Examination was administered and scored to screen for cognitive function 
according to the exclusion criteria. Finally, a study investigator administered the H&Y 
assessment to screen for PD severity according to the inclusion criteria. 

Testing Day Procedure 

Participants were asked to refrain from strenuous physical activity for 48 hours prior to 
testing sessions. All participants were asked to follow their normal dietary and PD 
medication schedules and were tested during the on-phase at the same time of day during 
the pretest and post-test. Each participant’s height and weight were measured prior to the 
start of functional testing. Resting heart rate and blood pressure were recorded with the 
participant in a seated position prior to any functional tests to screen for excessive 
hypertension or excessive hypotension. Testing sessions featured two components 
separated by 20-30 minutes of seated rest. The primary component of testing was an 
assessment of walking propulsion kinetics. Testing also assessed an overground 10 
Minute Walk Test (10MWT) with continuous cardiopulmonary gas exchange monitoring 
using a portable metabolic system, the results of which are not the focus of the present 
study. 

Propulsion Testing: Participants performed the testing procedure before and after the 
OLT program. Participants were asked to walk across a 6-meter platform with four 
forceplates, level with the walking surface, mounted midway. Subjects walked at their 
self-selected preferred walking speed for 20 trials. For this study, propulsive force will be 
defined by the peak positive AGRF, the ROR of the AGRF, the push-off impulse, and the 
push-off duration during over ground walking. The force plates (Bertec, Columbus, OH) 
quantify the GRF in response to the force placed upon it by the subject. The data will be 
collected with a frequency of 1500 Hz. 

Randomization of the sequence of the two components of testing procedure were 
performed for every other subject enrolled (i.e., 1st, 3rd, 5th, etc.), with the subject in 
between (i.e., 2nd, 4th, 6th, etc.) performing testing in the opposite order. This was done to 
ensure an equal balance of testing sequences across the study sample. The testing 
sequence was kept consistent within each subject from pretest to post-test 

Intervention 

A performance-based training paradigm was used to develop the OLT program 
implemented in this study. Specifically, the OLT protocol is grounded in dynamical 
systems theory of motor control and motor learning and incorporates programming 
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principles from the fields of exercise physiology and neurorehabilitation. The central goal 
of the OLT program was to promote an expansion of subjects’ motoric behavioral 
repertoire for real-world walking. 

Primary emphasis was placed on providing subjects with a training experience that would 
theoretically promote motor learning specific to overground walking. More directly, 
subjects performed a sequence of challenging and repetitive locomotor-specific tasks in 
an exclusively overground environment without body-weight support or balance 
assistance. Secondary emphasis was placed on achieving a training stimulus that would 
theoretically promote cardiorespiratory adaptations. To achieve this goal, OLT trainers 
modulated the characteristics of rest periods (i.e., interspersed half-squats, mini-
multidirectional lunges, or high-knees when needed instead of passive rest) so that the 
bulk of each training session was performed above 60% age-predicted maximal heart rate 
(HR). These two overall training objectives were emphasized because a diverse body of 
literature suggests that recovery of ecologically valid walking capabilities may occur 
across multiple body systems and that such effects may be readily attained if training 
concurrently targets motor skill acquisition and physiological adaptation in a task and 
environmentally specific manner (27-31).  

Participants underwent 24, 60-minute bi-weekly OLT sessions over the course of 12-15 
weeks. Every session incorporated practice of the actions involved in each sub-task of 
walking (e.g., weight shifting, stepping, propulsion). However, individual training 
sessions were “themed”, meaning that the focus of the training session was to improve a 
specific characteristic of locomotor performance (i.e., power, stability, or stepping) in a 
specific direction of movement (i.e., forward, backward, lateral, rotational). Drills for 
each day were programmed and coached in a manner that emphasized the theme of the 
session. For example, a “lateral-power” session incorporated drills that challenged power 
development through the lower extremities during a variety of lateral walking tasks. In 
each session, following a brief circuit style warm up, sub-tasks of walking were isolated 
at the beginning of the session and drills progressed, in complexity throughout the session 
using pre-specified time blocks of specific drills (i.e., part-to-whole sequencing). 
Participants progressed from simple movements relevant to a specific walking action to 
dynamic walking exercises. Each session culminated with activity rehearsal consisting of 
dynamic walking at a variety of speeds and tempos and in various directions and patterns. 
Small hand weights and gait belts were used frequently during various exercises to 
provide external resistance and to increase the load, intensity, and balance demands of 
specific drills. Participants wore a heart rate monitor (Polar H10 heart rate sensor, Polar, 
USA) throughout training sessions for data recording and to aid OLT trainers in adjusting 
the intensity of the session to meet the 60% HR minimum. 

Data Processing 
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All data processing will be done using MatLab (MathWorks, Natick, MA). Specific 
outcome measures are depicted in Figure 1 (left side). 

 
Figure 1 

 

Peak propulsive force will be determined as the maxima (one point) of the AGRF and 
assessed by averaging the three highest values from a left foot strike and by averaging the 
three highest values from a right foot strike. This will be done using the findpeaks or 
maximum function to find the locations and the value of the peaks. 

The ROR of the AGRF will be assessed using the same foot strikes noted above. This 
will be done using the risetime function to determine the rise time of positive-going 
bilevel waveform transitions. 

The push-off impulse will be assessed using the same foot strikes noted above. This will 
be done using the trapz function to calculate the area under a set of discrete data by 
breaking the region into trapezoids. The function then adds the area of each trapezoid to 
compute the total area. 

The push-off duration will be assessed using the same foot strikes noted above and is 
simply the time duration of the positive AGRF. 

Assessor Bias 

Even though all subjects received the same intervention and cannot be blinded to the 
intervention, we used a separate team of assessors who did not observe training and a 
separate team of trainers so that bias from knowing how well a subject performed during 
testing will not influence a trainer’s expectations.  Similarly, using a different team of 
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assessors who have no knowledge of performance during training will blunt any 
influence of assessor bias on test results during the entire study period.  Whenever 
possible, assessors did not know how a subject performed as the data was stored and 
downloaded directly from the relevant data collection device. 

Ethical Considerations 

Successful completion of this research will help to show the efficacy of OLT in patients 
with PD and fill a gap in knowledge concerning the effects of OLT on propulsive force in 
patients with PD.  The results of this research may have implications for rehabilitation 
and physical therapy in the treatment of PD and other neurodegenerative diseases. 

There are no direct benefits for participation in this study other than receiving 
information regarding the subject’s current level of functional mobility well beyond what 
they may receive from medical care or physician visit. They will also receive information 
regarding the quality and efficiency of their movement patterns and muscle strength 
which may impact their abilities to perform activities of daily living. The tests included in 
this study pose no greater risk than typical walking or standing in the participant's home 
or community. There is the potential risk of a loss of balance or fall, as well as the 
potential for muscle soreness or strain. The probability of harm is not likely as measures 
will be implemented to prevent a fall or injury. The severity of harm, should it occur, 
would be low. To minimize risk for participants a member of the research team will stand 
within one meter to provide support/assistance should a loss of balance occur. 

Statistical Analysis 

All data will be screened for missing data, outliers, and normality.  Descriptive statistics 
will be calculated for any demographic data and all outcome variables. Means and 
standard deviations will be used to summarize continuous data, while frequency counts 
and proportions will be used to summarize categorical data. Box plots, line graphs or 
histograms may be used to plot the data. 

To examine the hypotheses associated with Aims 1-4, a dependent sample t-test will be 
conducted to examine if mean differences exist between pre- and post-measures of peak 
AGRF, ROR of the peak AGRF, push-off impulse and push off duration. Dependent 
sample t-test for paired means is an appropriate statistical analysis if each of the two 
samples can be matched on a particular characteristic or to examine the effects of a given 
measurement over time. The assumptions of normality and homogeneity of variance will 
be assessed. The dependent samples test of correlated mean differences assumes a normal 
distribution. The paired samples t-test also assumes homogeneity of variances on the 
difference between both samples. The t-test will be two-tailed with the probability of 
rejecting the null hypothesis when it is true set at p < 0.05.  
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The Wilcoxon signed rank test will be conducted if the assumptions of the dependent 
sample t-test (such as normality) are violated in assessing Aims 1-4. The Wilcoxon test is 
the non-parametric equivalent to the paired or dependent sample t-test and the appropriate 
analysis to compare differences derived from the same population when the dependent 
variable is ordinal or continuous. It is used to assess differences from matched pair 
designs or repeated measures. In this study, a Wilcoxon Signed Rank test will be 
conducted to determine if differences exist between peak AGRF, ROR of the peak 
AGRF, push-off impulse and push off duration pre- and post- a 12-week OLT program.  

The Pearson correlation coefficient or the Spearman correlation may be used to assess 
correlations between the continuous dependent variables. One-way repeated measures 
MANOVA will be used to assess any statistically significant differences in peak AGRF, 
ROR of the peak AGRF, push-off impulse and push off duration over the two time 
periods of pre and post of the 12-week OLT program. The assumptions of normality, 
absence of multivariate outliers, and sphericity will be assessed. The normality 
assumption requires that the residuals of the repeated measures MANOVA follow a 
normal distribution (bell-shaped curve). Normality will be assessed graphically using a 
Q-Q scatterplot (32-34).  Statistical Package for the Social Sciences version 27.0.1.0 
software will be used for the data analysis (SPSS; Chicago, IL, USA). 
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APPENDIX B: LITERATURE REVIEW 

Parkinson’s Disease  

Parkinson’s Disease (PD) is a prevalent movement disorder disrupting the lives of 

individuals in the US, with over 50,000 new cases each year (NIH Fact Sheets - 

Parkinson’s Disease) and a worldwide prevalence of approximately 1% of all individuals 

over the age of 60 (Tysnes & Storstein, 2017). It is the second most common 

neurological condition after Alzheimer’s (Ascherio & Schwarzschild, 2016), affecting 

approximately 1 million people in the US and over 10 million worldwide with a 

substantial and striking sex difference in prevalence impacting more men than women 

with the condition (Pretzer-Aboff et al., 2016). The cardinal diagnostic signs of the 

disease are motor dysfunction, specifically tremor, rigidity, and bradykinesia, with more 

recent recognition of postural instability and gait disturbance (PIGD) as a primary clinical 

indication of PD (Tysnes & Storstein, 2017). Across the array of motoric disturbances 

evident over time in individuals with PD, changes in gait characteristics are among the 

well-described (Iosa et al., 2016).  

 

Parkinson’s Disease Etiology and Treatment 

Although the etiology of PD is still unclear, most cases are hypothesized to be due 

to a combination of genetic and environmental factors. Currently known genetic causes 

of PD account for approximately 10% of cases (Kalia & Lang, 2015; Parkinson disease, 

2021). Parkinson’s disease (PD) is a progressive neurodegenerative disorder caused by a 
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depletion of dopamine-producing cells within the substantia nigra that leads to a variety 

of both motor and non-motor features. Motor symptoms include bradykinesia, resting 

tremor, rigidity, and postural instability (Magrinelli et al., 2016). Non-motor symptoms 

include fatigue, depression, olfactory loss, apathy, cognitive impairment, sleep 

disturbance, pain, and autonomic dysfunction (Chaudhuri & Schapira, 2009). 

Pharmacologic treatment with levodopa and dopamine agonists usually provides good 

control of motor signs of PD for 4-6 years. After this, disability often progresses despite 

best medical management, and many patients develop long-term motor complications, 

including fluctuations (“wearing-off”) and dyskinesias (Parkinson disease, 2021). Deep 

brain stimulation (DBS) is a treatment alternative that reduces several parkinsonian motor 

symptoms, such as PIGD, tremor, rigidity, and hypokinesia (Rodriguez-Oroz et al., 2005; 

Stefani et al., 2007). There is evidence that long-term motor improvement from DBS is 

sustained overall. However, axial signs (i.e., dysarthria, gait disorders, and postural 

instability) progressively decline over time and contribute to a waning of the initial 

benefit of this procedure (Castrioto et al., 2011). In recent years, exercise prescription has 

become a core component of PD management (Ahlskog, 2018; Armstrong & Okun, 

2020). In patients with PD, exercise therapy may improve gait, balance, flexibility, 

aerobic capacity, initiation of movement, and functional independence through a variety 

of physiotherapy interventions (Parkinson disease, 2021). Generally, studies have shown 

that exercise improves function, but the observed benefits are small in magnitude and do 

not last after the exercise is stopped (Suchowersky et al., 2006). 

Walking-based Interventions in Parkinson’s Disease 



58 
 

The existing literature regarding the relative efficacy of different gait-related 

interventions in people with PD is sparse and offers no clear indication regarding the 

optimal methods to improve overground walking propulsion in PD. Sensory cueing, both 

auditory and visual, has been used to study overground gait in patients with PD (Ford et 

al., 2010; Suteerawattananon et al., 2004). Kinematic, haptic, and EEG neurofeedback are 

also being explored as potential gait rehabilitation strategies in PD (Azarpaikan et al., 

2014; Byl et al., 2015; Gonçalves et al., 2021; Iłżecka, 2021).  In addition, treadmill only 

(Bello et al., 2013; Frenkel-Toledo et al., 2005; Herman et al., 2007; Pohl et al., 2003), 

treadmill with body weight support (Ganessan et al., 2015; I. Miyai et al., 2000; Miyai et 

al., 2002), and treadmill with additional bodyweight training paradigms have been 

investigated in PD (Filippin et al., 2017; Toole et al., 2005; Trigueiro et al., 2015).   

Rhythmic auditory stimulation (RAS) is thought to enable more automatic 

movement by motor synchronization with RAS or muscle entrainment to auditory stimuli 

in patients with PD (Jeffrey M. Hausdorff et al., 2007; Nombela et al., 2013). 

Suteerawattananon et al., 2004, examined both auditory and visual cueing in patients with 

PD and found that both cueing strategies improved gait speed, cadence, and stride length 

but did so in different ways. The auditory stimulus improved cadence while the visual 

stimulus improved stride length and simultaneous delivery was no better than each cueing 

stimulus alone. Rhythmic auditory cueing improves the temporal parameters of gait, and 

the spatial parameters of gait are enhanced by accessing visual cues (Muthukrishnan et 

al., 2019).  
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Treadmill training may act as an external cue, enhancing rhythmicity and 

decreasing gait variability in patients with PD.  Treadmill training with body weight 

support (BWSTT) has been shown superior to physical therapy in the improvement of 

activities of daily living (ADLs), motor performance, and ambulation in patients with PD 

(I. Miyai et al., 2000). In addition, BWSTT has a lasting effect four months post-training 

(Miyai et al., 2002). Toole et al., (2005) assessed the effects of treadmill walking with 5% 

of body weight load in patients with PD, observing gains in motor function, walking 

speed, and stance time. Filippin et al., (2017) compared treadmill walking with 10% of 

body weight load to conventional physical therapy, observing an increase in magnitude of 

the second peak and push-off rate of the VGRF, an increase in magnitude of the positive 

peak of the AGRF, and an increase in stride length after treadmill intervention with the 

extra body weight. 

 

Parkinson’s Disease and Gait Propulsion 

Of the aforementioned walking studies in patients with PD, only one (Filippin et 

al., 2017) examined gait propulsion. However, in order to have an efficient and stable gait 

in bipedal locomotion three locomotor tasks must be coordinated: body weight support, 

limb advancement, and propulsion (Awad et al., 2020; Sadeghi et al., 1997; David A. 

Winter, 2009).  During the propulsive phase, or push-off, of walking gait, typically 

measured from midstance to toe-off, the leg muscles are responsible for propelling the 

body’s center of mass forward (Gottschall & Kram, 2003; Tesio & Rota, 2019). The hip 

abductors and the ankle plantar flexors generate the most significant percentage of the 
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total propulsive force (Sylvester et al., 2021).  Several muscles of the leg and trunk 

provide stability, and the foot provides a stable yet advancing base (Perry & Burnfield, 

2010). The anteriorly-directed ground reaction force (AGRF) and its salient metrics (e.g., 

peak, impulse, duration) have been used to quantitatively measure and characterize the 

propulsion force during walking using a force platform (Koozekanani et al., 1987; Hsiao 

et al., 2016; Revi et al., 2020; Wu et al., 2019). However, the rate of rise or push-off rate 

of the AGRF remains understudied. Previous studies suggest that AGRF is also affected 

by the distance between the body’s center of mass (COM) and the center of pressure 

(COP) (Miyazaki et al., 2021; Hsiao et al., 2015).  Hsiao (2015) states the following: 

Another critical predictor for propulsive force is the position of the COP relative 

to the body COM. This relative position affects the orientation of the ground 

reaction force (GRF) vector and, therefore, determines the proportion of the GRF 

being distributed anteriorly. (p. 2) 

In addition, AGRF peak and AGRF impulse have been shown to scale with 

walking speed (Lewek, 2011; Peterson et al., 2011; Wu et al., 2019), and are positively 

related to, walking speed (Hsiao et al., 2016). 

Almost half of healthy walking's metabolic cost is attributed to producing 

horizontal propulsion forces (Gottschall & Kram, 2003). The metabolic energy needed by 

pathological gait is over twice that of healthy gait (Gonzales & Corcoran, 1994; Waters 

& Mulroy, 1999; Kuo & Donelan, 2010), and physics-based models show that without 

propulsion, it takes up to four times as much energy to redirect the COM velocity during 

locomotion (Kuo, 2002; Ruina et al., 2005). Each limb's generation of propulsive forces 
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helps maintain interlimb symmetry, walking speed, and efficiency (Liu et al., 2006). 

Therefore, functional propulsion is a necessary pre-condition for metabolically 

economical walking performance. 

However, propulsion is compromised in patients with PD. People with PD have 

greater co-activation of antagonistic muscles and reduced amplitude of the distal lower-

extremity musculature, affecting gait performance (Cioni et al., 1997; Dietz et al., 1995; 

Mitoma et al., 2000; Rodriguez et al., 2013).  Kinetic data reveal reduced ankle (push-

off) power generation and reduced hip flexion (pull-off) power, and subjects with PD 

have a reduced third rocker roll-off (forefoot rocker) at the terminal stance of gait 

(Sofuwa et al., 2005). Studies have also shown that subjects with PD have under-scaling 

of power generation at push-off, with reduced amplitude of electromyographic activity in 

the gastrocnemius muscle (Meg E. Morris et al., 1999; Dietz et al., 1995). Ground 

reaction force push-off peaks are reduced in patients with PD (Koozekanani et al., 1987; 

Morris et al., 1999; Peppe et al., 2007), and the anterior ground reaction force (AGRF) is 

decreased significantly in patients with PD compared to age and gender-matched controls 

(Sharifmoradi et al., 2016).  

In addition, older adults rely more than young adults on hip musculature for 

power generation, a phenomenon known as a distal-to-proximal redistribution (DeVita & 

Hortobagyi, 2000). This redistribution may be considered dysregulated, or an additional 

impairment, increasing metabolic energy costs; the longer muscle fascicles and relatively 

short tendons spanning the hip are less metabolically favorable than the short fascicles 

and long, series elastic tendons spanning the ankle (Browne & Franz, 2018; Friederich & 
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Brand, 1990; Zelik et al., 2014). The redistribution may also be considered an adaptation 

to decreased dynamic stability or plantar flexor strength. 

 

Muscle Weakness and Progressive Resistance Training 

People with PD do show muscle weakness, a decrease in the amount of force 

generated during voluntary contraction (Corcos, et al., 1996; Falvo, et al., 2008; Roberts, 

et al., 2015).  In addition, power production and muscle endurance are reduced in PD 

(Schilling, et al., 2009; Skinner, et al., 2015; Stevens-Lapsley, 2012).  Such weakness has 

been suggested to compromise ADLs in patients with PD (Corcos, et al., 2003).  

Reductions in self-confidence in one’s ability to perform ADLs, i.e., walking, may 

restrict physical activity to avoid falls and injury, which may lead to muscular deficits 

and atrophy (Adkin et al., 2003; Bloem et al., 2001; Mak & Pang, 2008). 

In addition to PD, patients are also confronted with the challenge of normal aging.  

Miljkovic et al, 2015, summarized the changes in aging skeletal muscle fibers. 

1) Muscle fibers: Decrease in number and in size. 

2) Fiber type transformation: Fast to slow fiber type (fiber type grouping). 

3) Myofilaments: Reduced maximal force; reduction in myosin content. 

4) Excitation-contraction coupling: Disrupted or uncoupled; deficits in Ca2+ release 

5) Mitochondria: Reduced number; loss of enzyme content (complex I – IV). 

6) Adipose infiltration. 

A variety of abnormal muscle activation patterns during ballistic and isometric 

movements have been reported in PD.  Pfann, et al., 2001, found a number of 
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irregularities in EMG activity.  Patients with PD displayed reduced agonist burst 

amplitude and instead showed extra cycles of agonist bursting during the initial phase of 

movement.  Jordan, et al., 1992 also observed this phenomenon and found that PD 

patients were unable to generate an adequately scaled EMG burst to complete the 

movement.  Rather, they employ a series of small amplitude bursts to complete the 

movement.  The series of bursts, rather than a single burst, may help to explain why PD 

patients need nearly two times as much time to achieve peak force as the elderly and 

young subjects in Stelmach et al., 1989: PD, 657 ms; elderly, 388 ms; young, 376 ms. 

According to the size principle, motor units are recruited in a fixed order that 

proceeds from slower motor units (Type I) to faster motor units (Type II).  This appears 

to hold in PD, however, motor units are altered in PD.  There is evidence of inconsistent 

discharge rates, discharge variability, and activation of more motor units at low 

frequencies of contraction (Glendinning, 1994).  In addition, Kelly et al., 2018, notes an 

accumulation of larger motor units (i.e., myofiber grouping and size) which may result in 

over-recruitment of the muscle during submaximal contractions, which in turn may cause 

energy loss and loss of economy/efficiency. 

Jang & Remmen (2011) summarized the age-related alterations of the 

neuromuscular junction.  With advancing age, pre-terminal portions of motor axons 

exhibit regions of abnormal thinning, distension, and sprouting whereas post-synaptic 

endplates decrease in size, reduce in number, length, and density of post-synaptic folds.  

Recent studies provide evidence that age-associated increase in oxidative stress plays a 

crucial role in neuromuscular junction degeneration and progression of sarcopenia 
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(citation needed).  Kelly et al., 2018 suggest that age-related motor unit remodeling, 

manifested by Type I myofiber grouping is associated with disruptions in neuromuscular 

junction stability. 

The use of progressive resistance training (PRT) to improve gait and balance in 

people with PD is an emerging area of interest. Several studies have reported beneficial 

effects on motor function, muscle strength, and endurance following PRT (Brienesse & 

Emerson, 2013; Daniel M. Corcos et al., 2013; Lima et al., 2013). Although it is unclear 

as to what mechanisms underpin the improvements in motor symptoms following PRT, 

several studies suggest that PRT may help to improve muscle strength and mass (Dibble 

et al., 2006; Dibble et al., 2009; Hirsch et al., 2003) and normalize neuroplasticity that 

may otherwise be impaired in people with PD (Teo et al., 2014). Despite the evidence 

supporting the use of PRT to improve clinical measures of motor function, little is known 

about the effects of PRT on gait and balance measures in people with PD (Tillman et al., 

2015). Although PRT consistently improves muscle strength in older adults and in 

patients with PD it fails to directly translate to improvements in propulsion power 

generation and walking speed (Beijersbergen et al., 2013). 

 

Performance-Based Framework 

Performance-based training frameworks emanate from dynamical system theory 

(Gollie & Guccione, 2017). Dynamic systems theory of motor control proposes that a 

given movement is a function of interacting component of numerous complex systems 

(Guccione et al., 2019). Specifically, an individuals’ movement at any given point in time 
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is expressed as a solution in response to the interactions between constraints imposed by 

the task pursued by the organism, constraints imposed from within the organism, and 

constraints imposed by the environment (Davids et al., 2003; Glazier & Davids, 2009; 

Holt et al., 2010; Sparrow & Newell, 1998). Thus, interventions to optimize movement 

should facilitate an individual’s response to the dynamic interplay of constraints that are 

unique to a specific task and its environmental context. Applying these principles to the 

context of gait rehabilitation, performance-based frameworks emphasize principles of 

task specificity, practice variation, and progressive overload in an attempt to promote 

active exploration of real-world movement solutions and adaptation across multiple body 

systems responsible for the recovery of locomotor function (Gollie & Guccione, 2017). 

This approach attempts to account for both physiological adaptation as well as motor 

learning, as together they may synergistically promote experience-dependent plasticity. 

Additionally, emphasis on exclusively overground practice flows logically from 

performance-based concepts and may facilitate exploration of critical constraint 

interactions in an ecologically valid practice environment. These concepts have not been 

fully applied in the context of gait rehabilitation for individuals with PD and the effects 

of performance-based interventions are unknown in people with PD. 

 

Over-ground locomotor training  

Over-ground locomotor training (OLT) is a performance-based training program 

with high repetition and resisted movement drills performed at an intensity that is 

aerobically challenging.  OLT incorporates the three primary training principles for 
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eliciting adaptation and experience-dependent plasticity: task specificity, progressive 

overload, and practice variability (Kleim & Jones, 2008).  To promote locomotor 

improvements, training procedures include movement drills based on the gait cycle with 

an emphasis on multi-directional changes in ambulation beyond just forward progression.  

OLT is intended to affect the propulsive force (AGRF) in ambulatory PD patients by 

coxing goal-directed behavior and exploring new movement solutions (Ranganathan & 

Newell, 2013). In a dynamical systems approach, OLT essentially exposes subjects to a 

variety or combination of organism-task-environment (O-T-E) using ecologically valid 

drills.  OLT confronts O-T-E constraints simultaneously and provides variability in booth 

perception (information) and action (movement) which leads to increased physical 

performance (Davids, 2012; Vaz, 2017). 
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APPENDIX C: EVIDENCE SUMMARY TABLE 
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Author 
and Year 

 

Stated Study Rationale and Aim Study Design  

 

Sample 
Characteristics: 
N, Age, and 
Condition 

Interventi
on Details 
or 
Procedure 

Key 
Outcome 
Measures 

Key Findings 

(Adamczy
k & Kuo, 
2009) 

Rationale 

Examine how COM velocities vary as 
a function of gait parameters such as 
speed, step length, and step frequency 

Aim 

-Analyze the relationships between 
velocity magnitudes and directions, 
the impulses provided by the two 
legs, and the mechanical work 
performed on the COM during the 
transition between steps. These were 
then compared against the predictions 
of simple models assuming rigid legs. 

-Cross-sectional 
investigation 

-No intervention 

-Comparative 
research 

 

G1 

-N=10 

-Age: Unkown 

-Healthy male 
and female 
subjects 

G2 

-Predictive 
models 

-Examined 
COM 
velocity 
and work 
data from 
normal 
human 
subjects 
walking at 
24 
combinati
ons of 
speed 
(0.75 to 
2.0 m s–1) 
and step 
length 

-COM 
velocity 
and work 

-GRF 

-Push-off 
positive 
work 

-Collision 
negative 
work 

-Walking 
speed  

-Step 
length 

-Greater walking speeds 
lead to greater COM 
velocity magnitude, and 
greater step lengths lead to 
greater redirection angle. 
These variables in turn 
predict work performed on 
the COM – a major 
contributor to metabolic 
energy expenditure – as a 
function of walking speed 
and step length. 

(Awad et 
al., 2020) 

Aim 

Review article: biomechanical and 
functional consequences of post-
stroke propulsion deficits, review 

    - Clinical and 
technological advances in 
the areas of propulsion 
diagnostics and treatment 
will enable future rigorous 
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advances in our understanding of the 
nature of post-stroke propulsion 
impairment, and discuss emerging 
diagnostic and treatment approaches 
that have the potential to facilitate 
new rehabilitation paradigms 
targeting propulsion restoration. 

testing of key 
neurorehabilitation 
hypotheses related to 
propulsion-restorative 
versus compensatory 
recovery paradigms, and 
ultimately the 
development of clinical 
practice guidelines 
capable of recommending 
diagnostic and treatment 
approaches based on the 
best available evidence. 

       

(Browne 
& Franz, 
2018) 

Rationale 

Compared to young adults, older 
adults walk with smaller propulsive 
forces and redistribution to more 
proximal leg muscles for power 
generation during push-off 

Aim 

Identify the joint-level modifications 
used by young and older adults to 
modulate propulsive forces when 
walking at their preferred speed. 

 

-Cross-sectional 
investigation 

-No intervention 

-Comparative 
research 

 

G1 

-N=9 

-Age: 25.1 

-healthy young 
adults 

G2 

-N=16 

-Age: 75.3 

-older adults 

 

Subjects 
walked at 
their PWS 
for 90 s 
each while 
matching 
their 
instantane
ous FP to 
targets 
representi
ng ±10% 
and ±20% 
different 
from 
preferred, 
presented 
in fully-
randomize
d order. 

-Peak Fp 

-Peak 
Ankle 
Plantarflex
ion 

-Peak Hip 
Extension 

-Trailing 
Limb 
Extension 

-Stride 
Length 

-
Redistribu
tion Ratio 

- Propulsive force 
biofeedback that elicits 
larger than preferred 
propulsive forces also 
increases trailing limb 
extension and attenuates 
mechanical power 
demands at the hip in 
older adults most 
exhibiting a distal-to-
proximal redistribution. 
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(Cofré et 
al., 2011) 

Rationale 

Ankle joint power generation is 
reduced in healthy older adults during 
gait. What fundamental compensatory 
actions are made at the knee and hip 
joints by older adults to compensate 
for this loss of power. 

Aim 

Investigate the effect of aging on 
lower limb joint power and work 
during gait. 

 

-Cross-sectional 
investigation 

-No intervention 

-Comparative 
research 

 

G1 

-N=8 

-Age: 66.8 

-Older adults 

G2 

-N=12 

-Age: 26.6 

-Younger adults 

 

The gait 
patterns of 
old and 
young 
adults 
were 
recorded 
for a range 
of 
matched 
speeds 
(1.0 m/s, 
1.3 m/s, 
1.6 m/s) 
while 
walking 
over force 
plates. 

-Hip 
power 

-Knee 
power 

-Ankle 
power 

Older adults rely on hip 
flexors to propel the leg 
into swing when ankle 
plantar-flexor function is 
reduced. This may partly 
explain how gait changes 
emerge with aging. 

(DeVita & 
Hortobag
yi, 2000) 

Rationale 

At self-selected walking speeds, the 
elderly compared with young adults 
generate decreased joint torques and 
powers in the lower extremity. These 
differences may be actual gait-
limiting factors and neuromuscular 
adaptations with age or simply a 
consciously selected motor pattern to 
produce a slower gait. 

Aim 

Compare joint torques and powers of 
young and elderly adults walking at 
the same speed 

-Cross-sectional 
investigation 

-No intervention 

-Comparative 
research 

 

G1 

-N=12 

-Age: 69 

-Older adults 

G2 

-N=14 

-Age: 21 

-Younger adults 

 

Walked at 
1.48 m/s 
over a 
force 
platform 
while 
being 
videotaped
. 

-Hip 
torque and 
power 

-Knee 
torque and 
power  

-Ankle 
torque and 
power  

 

Age caused a 
redistribution of joint 
torques and powers, with 
the elderly using their hip 
extensors more and their 
knee extensors and ankle 
plantar flexors less than 
young adults when 
walking at the same speed. 

(Dietz et 
al., 1995) 

Rationale -Cross-sectional 
investigation 

G1 Subjects 
walked on 
a split-belt 

-Mean 
spatio-

In the patients’ leg muscle 
EMG activity was less 
modulated and 
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Major clinical signs of Parkinson’s 
disease are poor control of stance and 
gait associated with altered posture, 
difficulties in gait initiation, 
maintenance of balance, reduced 
stride length, and rigid, poorly 
modulated motor performance. 

What are the pathophysiological 
correlates underlying these clinical 
symptoms?  

Aim 

The aim was to evaluate (1) the leg 
muscle activation patterns underlying 
a broad range of locomotion speeds 
and their limitations in patients with 
Parkinson’s disease; (2) a possibly 
impaired coordination between lower 
limbs (interlimb coordination) which 
might contribute to the movement 
disorder in Parkinson’s disease. 

-No intervention 

-Comparative 
research 

 

-N=14 

-Age: 61.0 

-PD 

G2 

-N=10 

-Age: 60.6 

-Age-matched 
healthy controls 

 

treadmill 
with 
speeds of 
0.25, 0.5, 
0.75 and 
1.0 m/set 
in various 
combinati
ons for 
both legs. 

temporal 
parameters 

-Mean 
EMG (TA, 
GAS) 

-Joint 
movement
s  

-Force 
signals 
(GRF) 

gastrocnemius EMG 
amplitude was small 
during normal and split-
belt walking. The amount 
of co-activation of 
antagonistic leg muscles 
during the support phase 
of the stride cycle was 
greater in the patients 
compared to the healthy 
subjects during normal 
and split-belt walking.  

(Gottschal
l & Kram, 
2003) 

Rationale 

Providing an external horizontal 
aiding force, the reduction in energy 
consumption would reflect the 
metabolic cost of generating 
horizontal propulsive forces during 
normal walking. 

Aim 

Alter the horizontal forces generated 
during walking and measure the 
corresponding changes in metabolic 
rate. 

-Repeated-
measures, seven-
level design 
(ANOVA) 

G1 

-N=10 

-Age: 27.3 

-Healthy, male 
and female. 

 

The 
subjects 
walked 
with no 
applied 
horizontal 
force (0% 
AHF) at 
both the 
beginning 
and the 
end of the 
experimen
t. Subjects 
then 

-VO2 

-VCO2 

-EMG 

-GRF 

Overall, the 47% 
reduction in metabolic 
rate, when an external 
horizontal aiding force is 
applied, reflects the cost 
of generating horizontal 
propulsive forces during 
normal walking. The 60% 
reduction in MG activity 
reflects its important role 
in generating forward 
propulsion, whereas the 
insignificant reduction in 
Sol activity indicates that 
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matched a 
metronom
e set to 
that 
frequency 
for the 
remaining 
trials.  

it performs functions other 
than propulsion. 

(Hammon
d et al., 
2017) 

Rationale 

Bradykinesia and reduced 
neuromuscular force exist in 
Parkinson’s disease. 

Aim 

To evaluate quadriceps femoris rate 
of force development and quantify 
potential central and peripheral 
activation deficits in individuals with 
Parkinson’s disease. 

 

-Cross-sectional 
investigation 

-No intervention 

-Comparative 
research 

 

G1 

-N=7 

-Age: 65.4 

- Hoehn & 
Yahr≤2 

G2 

-N=6 

-Age: 60.6 

- Age-matched 
controls 

 

Quadricep
s femoris 
voluntary 
and 
stimulated 
maximal 
force and 
rate of 
force 
developme
nt were 
evaluated 
using the 
interpolate
d twitch 
technique. 

-maximal 
force 

-rate of 
force 
developme
nt 

Persons with mild-to-
moderate Parkinson’s 
disease display disparities 
in rate of force 
development, even 
without deficits in 
maximal force. The 
inability to produce force 
at a rate comparable to 
controls is likely a 
downstream effect of 
central dysfunction of the 
motor pathway in 
Parkinson’s disease. 

(Hsiao et 
al., 2015) 

Rationale 

Although propulsive force has been 
shown to be related to ankle moment 
and trailing limb angle, the relative 
contribution of each factor to 
propulsive force has never been 
determined.  

Aim 

To quantify the relative contribution 
of ankle moment and trailing limb 

-Cross-sectional 
investigation 

-No intervention 

-Comparative 
research 

 

G1 

-N=20 

-Age: 27.8 

- Healthy 
individuals 

 

Gait 
analysis 
was 
performed 
on an 
instrument
ed split-
belt 
treadmill. 
Kinematic 
data was 
recorded 

-GRF 

-Ankle 
moment 

-TLA 

Applying a 
biomechanical-based 
model, the present results 
showed that while ankle 
moment and TLA both 
contribute linearly to 
AGRF, the increase in 
TLA contributes almost 
twice as much as the ankle 
moment to the increase in 
propulsive force during 
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angle to propulsive force for able-
bodied individuals walking at 
different speeds. 

with a 62-
marker set 
and eight 
camera 
passive 
motion 
capture 
system. 

speed modulation for able-
bodied individuals. 

(Koozeka
nani et al., 
1987) 

Rationale 

To compensate for dysfunction, 
corrective signals and abnormal body 
movements are generated and 
reflected in the distribution of the 
GRFs. 

Aim 

Evaluate the effects of parkinsonism 
on the GRFs of an individual’s gait. 

-Pilot study 

-Cross-sectional 
investigation 

-No intervention 

 

 

G1 

-N=2 

-Age: Both 51 

- Hoehn & Yahr 
1 and 3 

 

Subjects 
were 
asked to 
walk in 
front of 
the 
cameras 
and over 
the force 
plate. 

-Gait 
analysis 

-GRFs 

-
Kinematic 
data 

Push-off peak 
significantly reduced in 
magnitude 

 

(Lewek, 
2011) 

Rationale 

BWS alters load receptor feedback 
and may alter the biomechanical role 
of the ankle plantarflexors, 
influencing gait. 

Aim 

To characterize the biomechanical 
adaptations that occur as a result of a 
change in limb load (controlled 
indirectly through BWS) and gait 
speed during treadmill locomotion. 

-Cross-sectional 
investigation 

-No intervention 

 

G1 

-N=15  

7 males 

-Age: 27.0 

- Unimpaired 

 

Gait 
analysis 
with 
surface 
electromy
ography 
while 
walking 
on an 
instrument
ed dual-
belt 
treadmill 
at seven 
different 
speeds 
(ranging 
from 0.4 

-Spatio-
temporal 
measures  

-A-P 
ground 
reaction 
forces 

-ankle 
kinetics  

-muscle 
activity 

Muscle activity remained 
unaltered by changing 
BWS across all gait 
speeds. The use of BWS 
could provide the 
advantage of faster 
walking speeds with the 
same push-off forces as 
required of a slower 
speed. While the use of 
BWS at slower speeds 
does not appear to 
detrimentally affect gait, it 
may be important to 
reduce BWS as 
participants progress with 
training, to encourage 
maximal push-off forces. 
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to 1.6m/s) 
and three 
BWS 
conditions 
(ranging 
from 0% 
to 40% 
BWS). 

The reduction in 
plantarflexor kinetics at 
higher speeds suggests 
that the use of BWS in 
higher functioning 
individuals may impair the 
ability to relearn walking. 

(Miyazaki 
et al., 
2021) 

Rationale 

Propulsion force and knee flexion 
angle are widely used as key 
parameters to assess gait quality in 
gait training and gait rehabilitation in 
older adults 

Aim 

To clarify the relationships between 
leg extension angle, propulsion force, 
and knee flexion angle during gait in 
community-dwelling older adults. 

-Cross-sectional 
investigation 

-No intervention 

 

G1 

-N=588  

363 female 

-Age: 74.6 

- Older adults 

 

Participant
s walked 
at a 
comfortabl
e velocity 
along a 14 
m straight 
walkway 
twice. 
Bilateral 
hip and 
knee joint 
angles 
were 
measured 
during gait 
using five 
inertial 
measurem
ent units 

-Gait 
speed  

-Leg 
extension 
angle  

-Knee-
flexion 
angle at 
mid-swing  

-Hip 
extension 
angle at 
late stance  

-Increase 
in velocity 
at late 
stance  

Leg extension angle at late 
stance was correlated with 
knee flexion angle at mid-
swing and the increase in 
velocity at the late stance. 

(Peterson 
et al., 
2011) 

Rationale 

The ability to accelerate and 
decelerate is important for daily 
activities and likely more demanding 
than maintaining a steady-state speed. 
Walking speed is regulated by 

-Cross-sectional 
investigation 

-No intervention 

 

G1 

-N=10  

5 female 

-Age: 28.7 

- Healthy 

Each 
subject 
completed 
a 30 s 
walking 
trial at 
their self-
selected 
speed, 

-
Kinematic 
data  

-GRF data 

Braking and propulsive 
impulses were positively 
related to walking speed 
during acceleration and 
deceleration on a 
treadmill. The braking 
impulse had a greater 
positive relationship with 
walking speed than the 
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anterior-posterior ground reaction 
force (AP GRF) impulses. 

Aim 

To identify the relationships between 
walking speed and AP impulses, step 
length, and step frequency in healthy 
subjects accelerating and decelerating 
at different rates across a speed range 
of 0.4 to 1.8 m/s. 

 followed 
by 30 s 
walking 
trials at 
steady-
state 
speeds of 
0.4, 0.8, 
1.2, 1.6 
and 1.8 
m/s in 
random 
order.  

propulsive impulse, 
suggesting that subjects 
modulate the braking 
impulse more than the 
propulsive impulse to 
change speed.  

(Sharifmo
radi et al., 
2016) 

Rationale 

Aim 

To assess the ground reaction force 
characteristics of patients with 
Parkinson’s disease (PD) and to 
compare with healthy age group 

 

-Cross-sectional 
investigation 

-No intervention 

-Comparative 
research 

 

G1 

-N=14 

-Age: 64.0 

- Hoehn & Yahr 
2 and 3 

G2 

-N=16 

-Age: 61.4 

- Age-gender 
matched 
controls 

 

Subjects 
were 
asked to 
walk at a 
comfortabl
e pace 
across 
force 
platforms 

-Spatio-
temporal 
gait 
parameters  

-Peak 
VGRF 

-Peak 
AGRF   

Patients with PD showed a 
significant decrease in 
progression force and the 
second peak of vertical 
force. These subjects have 
to decrease their walking 
speed and increase their 
double limb support 
percentage to improve 
dynamic stability and 
decrease the magnitude of 
destabilizing forces. The 
mean values of propulsive 
component of 
anteroposterior force and 
the second peak of vertical 
ground reaction force 
decreased significantly 
due to performance of 
ankle joints plantar flexor 
which decreased in this 
group of subjects. 



76 
 

(Skinner 
et al., 
2014) 

Rationale 

Little is known about the magnitude 
and distribution of relative muscular 
effort of persons with PD during 
ADL. 

Aim 

To determine the relative magnitude 
of lower extremity moment 
production that persons with PD use 
to perform common ADL. 

-Cross-sectional 
investigation 

-No intervention 

-Comparative 
research 

 

G1 

-N=15 

-Age: 65 ± 8 yr 

- mild-to-
moderate PD 

-Hoehn and 
Yahr score, 2.6 

G2 

-N=14 

-Age: 65 ± 7 yr 

- Age-gender 
matched 
controls 
(healthy) 

 

During the 
gait trials, 
the 
participant
s walked 
across the 
entire 
length of 
the 
walkway 
at a 
comfortabl
e self-
selected 
pace. 

-Peak 
Moments 

--Hip 

--Knee 

--Ankle 

Relative effort during GI 
(271% vs 189%, P < 0.05) 
and gait (270% vs 161%, 
P < 0.05) was significantly 
greater at the ankle in 
persons with PD. 

PD caused a redistribution 
of joint torques, such that 
PD participants used their 
hip extensors more and 
ankle plantarflexors less. 

(Sofuwa 
et al., 
2005) 

Rationale 

Whereas most studies document the 
spatiotemporal changes of gait at 
baseline (no intervention level), few 
have focused on describing the 
kinematic and the kinetic parameters, 
especially in the on-phase of the 
medication cycle. 

Aim 

To compare statistically the 
spatiotemporal, kinematic, and 
kinetic parameters of PD gait in the 
on-phase of the medication cycle with 
the control values. The study also 

-Cross-sectional 
investigation 

-No intervention 

-Comparative 
research 

 

G1 

-N=15 

-Age: 63.14 

- mild-to-
moderate PD 

-Hoehn and 
Yahr score, 2 
and 3 

G2 

-N=9 

Subjects 
were 
instructed 
to walk at 
their usual 
self-
selected 
comfortabl
e speed. 

-
Kinematic 
data 

-Kinetic 
data 

--Jt. 
Moment 

--Jt. Power 

Force 
plate (but 
no GRF 
reported) 

The data confirm that 
ankle plantarflexors are 
mostly affected in PD gait. 
Hip flexors appear to be 
implicated in the abnormal 
gait pattern in PD. 
Walking velocity did not 
largely affect the results, 
which suggests that it is 
not the cause of the kinetic 
gait deviations found. 
Lack of correlation 
between stride length, gait 
velocity, and ankle and 
hip power generation 
suggest that central 
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investigated whether gait speed 
contributed to some of the observed 
differences, because patients are 
expected to walk with reduced gait 
speed compared with controls 

 

-Age: 64.41 

- Age-gender 
matched 
controls 
(healthy) 

 

factors, as well as 
peripheral factors, are 
involved in the diminished 
gait parameters in PD. 
Patients may benefit from 
novel interventions that 
influence these factors and 
correct the gait 
abnormalities not only at 
spatiotemporal and 
kinematic levels but also 
at kinetic levels 

(Wu et al., 
2019) 

Rationale 

Human walking speeds can be 
influenced by multiple factors, from 
energetic considerations to the time to 
reach a destination. Neurological 
deficits or lower-limb injuries can 
lead to slower walking speeds, and 
the recovery of able-bodied gait speed 
and behavior from impaired gait is 
considered an important rehabilitation 
goal. Because gait studies are 
typically performed at faster speeds, 
little normative data exists for very 
slow speeds (less than 0.6 m/s). 

Aim 

To investigate normative gait 
kinematics and kinetics at extremely 
slow walking speeds of 0.1 m/s to 0.6 
m/s. Hypothesize that speed-related 
changes at slow speeds will be 
consistent with those reported at 
faster speeds. 

-Cross-sectional 
investigation 

-No intervention 

-Comparative 
research 

 

G1 

-N=10 

-Age: 23-31 

- healthy 

 

To 
determine 
the 
mechanics 
of walking 
at very 
slow 
speeds, 
healthy, 
adult 
subjects to 
walk on an 
instrument
ed 
treadmill 
at four 
different 
slow 
walking 
speeds and 
one self-
selected 
speed. 

-GRFs 

-
Kinematic
s 

-EMG 

As speed decreased, 
subjects spent more time 
in stance but took shorter 
steps. Step length (and 
step time) vary strongly 
with speed, but changes in 
step width or step 
variability were either 
minor or insignificant. 
Ground reaction force, 
COM power, and summed 
joint power magnitudes all 
decreased with speed, 
along with magnitudes of 
joint angles, torques, and 
powers. COM and 
summed joint work rates 
decreased linearly with 
speed, and COM work 
during collision and push-
off decreased in 
magnitude in proportion 
to v2.8 
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(Ford et 
al., 2010) 

Rationale 

 

Aim 

To investigate the progressively 
increasing external auditory cues 
during mobility training with persons 
with Parkinson's disease (PD). 

 

-Cross-sectional 
investigation 

-Experimental 

-Intervention 

G1 

-N=12 

-Age: 23-31 

- Hoehn and 
Yahr score, 1-3 

 

Gait 
training to 
external 
auditory 
cues was 
based on a 
participant
's 
comfortabl
e walking 
pace. 
Participant
s trained 
for 
30min/ses
sion, 3 
sessions/w
k, for 8 
weeks. 

Walking 
velocity 

stride 
length 

cadence 

The results of this study 
show that walking 
velocity, stride length, and 
cadence can significantly 
increase with progressive 
increases in external 
auditory cue in persons 
with mild to moderate PD. 

(Filippin 
et al., 
2017) 

Rationale 

Gait training with additional body 
load may benefit people with 
Parkinson’s disease who present a 
reduced gastrocnemius contraction 
during the gait push-off phase. 
Studies on the effects of walking 
training with additional body load in 
Parkinson’s disease are lacking. 

Aim 

To assess the effects of treadmill 
walking training with additional body 

-Cross-sectional 
investigation 

-Experimental 

-Intervention  

An A1–B–A2 
single-case study 
design  

G1 

-N=9 

-Age: 65.88 

- Hoehn and 
Yahr score, 2-3 

 

The 
training 
consisted 
of walking 
on a 
treadmill 
wearing a 
weighted 
scuba-
diving belt 
which 
increased 
the normal 
body mass 
by 10%. 

-GRFs  

spatiotemp
oral  

kinematic 
variables 

A significant increase in 
propulsive forces, stride 
length, speed, and 
maximum hip extension 
during stance were 
observed after the training 
program. No changes in 
joint range of motion of 
ankle, knee, and hip were 
observed. 
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load on the gait of people with 
moderate Parkinson’s disease 
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APPENDIX D: POSS PROGRAM 

FORWARDS / BACKWARDS WARM UP 
EXERCISE: 20S ON; 10S REST; (CIRCUIT X 2) 

MARCHING IN PLACE WITH ARM SWINGS 

SQUATS (DEPTH AS TOLERATED) (SLOW DOWN – UP SAFELY) 

SINGLE LEG SWING (STAND CLOSE TO WALL.  GOAL IS TO MINIMIZE USE OF HAND ON WALL 
FOR BALANCE) 
BACK EXTENSIONS (REACH FOR CEILING) 

MARCHING IN PLACE WITH SNOW ANGEL ARMS 

EXERCISE: 20S ON; 10S REST; (CIRCUIT X 2) 

WALKING HIGH KNEE MARCHES 

WALKING BACKWARDS WITH SINGLE ARM ROTATION REACH 

WALKING WITH STRAIGHT LEG FORWARD KICKS (FORWARD FRANKENSTEIN’S) 

WALKING WITH BUTT KICKS 

WALKING SPLIT STEP WITH CONTRALATERAL OVERHEAD REACH 

EXERCISE: 20S ON; 10S REST (CIRCUIT X 2) 
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CALF STRETCH ON WALL 

LATERAL LUNGE ADDUCTOR STRETCH 
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LATERAL / ROTATION WARM UP 
 

 EXERCISE: 20S ON; 10S REST; (CIRCUIT X 2) 

TRUNK ROTATIONS 

MANUAL RESISTED ISOMETRIC TRUNK ROTATION (APPLY SMOOTH FORCE) 

MARCH CIRCLES - 90° TURNS – (EMPHASIZE HIP ROTATION BOTH LEGS) 

CLOCK LUNGES (DEPTH AS TOLERATED) 

EXERCISE: 20S ON; 10S REST; (CIRCUIT X 2) 

WALKING MARCH WITH 45° TURNS ON EVERY 3RD STEP – (EMPHASIZE HIP ROTATION ON OPEN 
STEP) 
GRAPEVINES  

WALKING SPLIT STEP WITH TRUNK ROTATION – (ROTATE TOWARDS LEAD LEG) 

LATERAL FRANKENSTEIN’S - AVOID TRUNK TILTING – (1 LEG DOWN, OTHER LEG BACK) 

WALKING WITH ROTATIONAL SWORD PULL EVERY 3RD STEP 

EXERCISE: 20S ON; 10S REST (CIRCUIT X 2) 

CALF STRETCH ON WALL 

LATERAL LUNGE ADDUCTOR STRETCH 
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APPENDIX E: STUDY DOCUMENTS 

Link to ClinicalTrials.gov  

 
To view the study registration on ClinicalTrials.gov, please see the link below: 
 
https://clinicaltrials.gov/ct2/show/NCT03864393

https://clinicaltrials.gov/ct2/show/NCT03864393
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Medical History Form 
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Data Collection Sheet 
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Informed consent 
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Standardized Mini-Mental State Examination 
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Approved IRB Application for Parent Study 
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