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ABSTRACT

THE EFFECTS OF PERFORMANCE-BASED OVERGROUND LOCOMOTOR 
TRAINING ON WALKING TURNS AMONG INDIVIDUALS WITH PARKINSON'S 
DISEASE 

Randy Jamil Pugh, Ph.D. 

George Mason University, 2022 

Dissertation Director: Dr. Andrew A. Guccione 

 
 
 
PURPOSE: Individuals with Parkinson's disease (PD), a progressive neurodegenerative 

disorder, exhibit compromised postural stability along with impaired gait and balance, 

contributing to walking limitations, including difficulty performing turns while walking. 

Previous studies demonstrated that individuals with neurological impairment improve 

walking capacity following performance-based overground locomotor training (OLT), 

but the effect of OLT on turning remains unknown. This study aimed to understand the 

effect of twenty-four sessions of OLT on walking turns among individuals with mild- PD.  

METHODS: Twelve participants with PD (7 Male / 5 Female; Age: 68.5±6.4 years; 

H&Y: 1-3) completed twenty-four 60-minute sessions of OLT, twice-weekly. Pre- and 

Post-assessments included the ten-minute walk test (10MWT) with the primary outcome 

measures including thoracolumbar rotation change in the vertical axis and peak turn 

velocity change in frontal (PTVF) and transverse (PTVT) planes.  
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RESULTS: Mean thoracolumbar rotation change was not significant following OLT 

(+0.23 ± 4.24°;95% CI: -4.30, 3.84; p= 0.454;Cohen’s d = 0.05). Mean normalized 

thoracolumbar rotation change was also not significant (- 0.59 ± 5.52 (unitless);CI:[-

12.05, 10.73]; Cohen’s d = 0.10)p = 0.45; Cohen’s d = 0.05). Mean PTVF showed a 

moderate and significant increase following OLT (1.59 ± 2.18 °/s; 95%CI: 0.20, 2.98; p = 

0.014; Cohen’s d = 0.43). The effect of OLT on mean PTVT was small and not significant 

(0.88 ± 3.18 °/s; 95%CI: -2.90, 1.14; p = 0.179; Cohen’s d = 0.25).

CONCLUSION: This study provides preliminary evidence suggesting individuals with 

mild-PD moderately improved frontal plane dynamic postural stability during walking 

turns following performance-based overground locomotor training.
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INTRODUCTION

Parkinson's disease (PD) is a progressive neurodegenerative disorder affecting 

more than 10 million people globally.1 Gait and balance impairments develop in the early 

stages of PD, often before motor symptoms become prominent. 2,3 Walking and gait-

dependent activities are among the earliest limitations to initiate individuals onto the path 

of disablement.2 Even when the severity of the disease of any duration elicits only mild to 

moderate neuromuscular impairments, defined as Hoehn and Yahr (H&Y) stages I-III, 

altered stepping and posture coupling commonly leads to walking limitations.4 Overall, 

roughly 77% of individuals with any stage of PD develop walking limitations that restrict 

community ambulation 5,6 and reduce their quality of life.7

Community ambulation requires transitions between gait subtasks (e.g., initiation, 

termination, and turning),8 made difficult3,9 by stereotypical PD gait characteristics (e.g., 

shortened stride length and reduced speed).10,11 The performance of some gait subtasks 

for this population is well documented,12–14 but investigations on turns while walking are 

scarce. Turning is a complex subtask accounting for nearly 50% of daily steps for 

unimpaired adults,15 yet challenges nearly half of individuals with PD.16 Turns while 

walking provokes freezing of gait (FoG),17 increase the risk of serious injury from a 

fall,18 and are described contributing to difficulty as barriers to community ambulation 
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from individuals with mild- PD.19 Improving turns while walking may facilitate 

community ambulation for individuals with PD, thereby improving the quality of life.19

Performing turns while walking perturbs postural stability differently than 

straight-line walking. Postural stability during gait acquires, maintains, or re-establishes 

equilibrium to control momentum20 and stabilize the body's center of mass (CoM).21

When making turns, the body must decelerate, rotate, and step toward the desired 

trajectory,21,22 requiring coordination between posture and stepping patterns23–25 to create 

and control momentum.20,26 For unimpaired adults, transitioning to turns occurs without 

incident. Healthy adults make anticipatory postural adjustments4 that optimize turn 

performance when approaching planned turns.27 Lastly, when rotating, unimpaired adults 

exhibit craniocaudal temporal sequencing,3 creating intersegmental separation as the 

body realigns toward the new direction. 

Individuals with PD exhibit different movement patterns while turning compared 

to unimpaired adults, reflecting disease-related motor impairments.4,28 Figure 1 visualizes 

our conceptual framework describing the mediators and moderators of walking turns for 

this population. Following the onset of PD, impaired gait and balance characteristics11

alter postural control during gait and contribute to modified stepping patterns, 

consequently contributing to difficulty performing turns.3 Although not exhaustive, 

mediating factors that affect turning include intersegmental coordination and dynamic 

postural stability. Intersegmental coordination describes temporal and spatial 

relationships along the vertical axis of spinal segments.16,29 Thoracolumbar rotation, 

measured by the intersegmental angular difference in the transverse plane, is reduced29
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and less coordinated29 while turning among people with PD, resulting in stereotypical "en 

bloc" turns.16,29 The trunk plays a role in manipulating the CoM30 for stability; however, 

this role becomes minimized9 due to the flexed posture trunk 27 associated with PD. 

Stepping patterns also contribute to stability4 by establishing the base of support within 

which to manipulate the CoM,32, but individuals with PD typically reduce this area9 while 

turning31 by exhibiting a narrow step width32,33 and shortened stride length.31,34

Among other moderators of turns, our conceptual framework focuses on those 

resulting from PD-related motor symptoms, including disease severity,2,35 gait velocity,36 

turn strategy,32,37 and turn angle.37,38 Disease severity, as rated using the H&Y, directly 

reflects the progression of motor symptoms influencing gait and posture.6 and correlates 

with turn quantification.37 Gait velocity slows with disease progression,11 impacts 

thoracolumbar rotation36 and the distance needed to complete turns.32 Turn strategies 

influence stability by generating and controlling momentum through the asymmetric 

changes in direction and acceleration.39 Individuals with PD typically select conservative 

trategies16 to meet this unique challenge, using more steps, slower turn velocities,16,32 and 

shortened stride lengths.32 Lastly, people with PD have angle-specific turning 

impairments that challenge stability,32,40 leading to similar compensatory behavior24,31,33

as turn angles increase above 90°. In short, these mediating and moderating turning 

factors develop from gait and posture impairments and are promising intervention targets 

for people with PD. 
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Figure 1 Conceptual framework describing turns while walking. In this framework, 
impaired postural control resulting from PD contributes to gait and balance impairments 
that contribute to difficulty performing turns while walking. The mediating factors 
affecting turns of focus for this study are circles and include intersegmental coordination 
and dynamic postural stability. The moderators are listed on the bottom line, including 
disease severity, gait velocity, turn strategy, and turn angle. 

 

 
 

Various turning measurements quantify postural stability in the vertical 

(transverse plane) and anteroposterior (frontal plane) axes (Figure 2). However, particular 

interest areas include thoracolumbar rotation and peak angular turn velocity. 

Thoracolumbar rotation is often assessed using a clinical range of motion tests,41 but 

despite its clinical relevance, assessing rotation during gait tasks better captures 
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participation in walking-related activities, as the coupling between segmental 

coordination and locomotion is foundational to maintaining dynamic postural control 

while turning.42 Within the same context, peak turn velocity, also known as peak angular 

velocity, quantifies the highest level of dynamic postural control, the ability to respond to 

speed and directional challenges.42 More specifically, peak turn velocities in the 

transverse (PTVT) and frontal plans (PTVF) quantify the dynamic postural stability at the 

anatomical landmark used for testing.31

Figure 2 Visualizing rotation about the transverse plane/vertical axis (A) and frontal 
plane/anteroposterior axis (B).
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Non-pharmacological treatments have addressed PD-related gait and posture 

impairments, including dance,43 agility training,44, and treadmill training.45,46 Each 

showed improvements in global walking parameters such as distance and time. However, 

these interventions lacked the specificity of daily walking, which requires the resolution 

of constraints presented by the individual's biomechanics, the task, and the environment 

to produce coordinated locomotor patterns that progress the body.7,24 Therefore, 

interventions addressing walking limitations should promote the exploration and 

development of movement solutions within the constraints experienced throughout daily 

life. For example, Bello et al., 2013, compared the effects of treadmill training and 

overground walking program among individuals with PD.47 The outcome measures for 

this study included the turn segment of the TUG. Participants were randomly assigned to 

each group and walked the same amount of time, using 4-minute bouts, relative intensity, 

defined as their comfortable walking speed measured during baseline testing, and 15 

sessions over five weeks. Surprisingly, only the treadmill group significantly decreased 

their turning duration and steps at follow-up testing. The lack of improvement 

demonstrated from the overground group may be related to the design of the training 

program, which has a couple of points of contention. First, the program did not 

incorporate progressive overload, as previously recommended.48–50 Instead, participants 

were monitored to train at the gait speed measured during baseline assessment. Secondly, 

the program did not incorporate task-specific movements but focused on straight-ahead
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walking. In conjunction, these missing training elements leave the findings of Bello et al. 

unconvincing. 

Unlike traditional training, performance-based training may present a paradigm 

shift in the design of gait training programs. Overground locomotor training (OLT) in this 

study is based on a performance-based intervention model 46 to influence self-

organization of movement solutions to address the constraints that impede daily walking 

by task-specific practice. The tasks included in the training program deconstructed the 

multiplanar movements of the gait cycle into a preset and progressively overloaded 

schedule of subtasks designed to maximize practice variability within a set timeframe 

under conditions of the moderate aerobic challenge. In contrast to impairment-based 

training where participants learn specific movement, OLT allows individuals to self-

organize movement solutions using principles of motor learning,50 as previously 

recommended for individuals with PD.48,51 

Changes in turn measurements quantify some of the outcomes of locomotor 

training 52 and are categorized by objective performance-based or movement quality. 

Performance measurements quantify turning duration and step quantity during clinical 

tests such as the Timed Up and Go (TUG).33,53 but only quantify movement quality with 

the addition of three-dimensional motion capture, 32,53,54 Despite the accuracy of motion 

capture systems, their environmental constraints (e.g., wa

gait laboratory) and a single turn of clinical tests inadequately estimate changes that 

generalize beyond the clinic or gait laboratory.33,53 In contrast, the Six-Minute Walk Test 

(6MWT) combines an extended walking path with multiple turns and is a gait assessment 
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tool for people with PD.55,56 Studies that quantify turns during the 6MWT for this 

population did not include performance-based interventions but used agility t training44 or 

lacked an intervention entirely.57

To our knowledge, no published study to date has examined changes in turns 

while walking overground following performance-based training, creating a knowledge 

gap in the mutability of turning impairments for people with PD. Understanding how 

these impairments change may address this barrier to community ambulation using a low-

cost, non-pharmacological intervention. This pre-experimental pilot study addresses this 

knowledge gap with the overarching aim to understand changes in turns while walking 

among individuals with mild-PD following twenty-four sessions of performance-based 

OLT. 

 
Specific Aims 

Specific Aim 1: Quantify changes in intersegmental coordination while turning 

following OLT among individuals with PD, as measured by peak thoracolumbar rotation 

(°). 

Hypothesis 1: Intersegmental coordination while turning will improve following 

OLT, as evidenced by increased peak thoracolumbar separation amplitude (°). 

Specific Aim 2: Characterize changes in dynamic postural stability while turning 

following OLT among individuals with PD, as measured by PTVT and PTVF (°/s).

Hypothesis 2: Dynamic postural stability while turning will improve following 

OLT, as evidenced by increased PTVT (°/s) and PTVF (°/s) recorded at the sternum. 
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METHODS

Study Design 

 

This pre-experimental pilot study was performed inside George Mason University 

Functional Performance Laboratory (Fairfax, VA). Participants completed baseline (pre-) 

and follow-up (post-) assessments before and following the twelve-week OLT 

intervention. OLT consisted of twenty-four sessions lasting 60 minutes performed twice 

weekly, with at least 48 hours between sessions. For inclusion in the final analysis, 

subjects were required to complete all training within 15 weeks of their baseline 

assessment and not miss more than three consecutive sessions. 

 

Ethical Approval 

This study was approved by George Mason University's Institutional Review Board 

(IRB) (#1374615-3) and registered on clinicaltrials.gov (NCT03864393). All prospective 

participants received written and verbal explanations of the study protocol and the 

associated risks and benefits of testing and training. In addition, each participant signed 

the written informed consent was signed before entering the study.
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Study Sample

Participants were recruited using IRB-approved digital and print flyers displayed 

online and distributed to local Parkinson’s support groups of the greater Washington D.C. 

area. Inclusion criteria included the following: aged 18-85 years; diagnosed with mild-PD 

able to ambulate without an assistive device. 

Exclusion criteria included the following: diagnosed with a neurological disease other 

than PD; medications affecting heart rate or metabolism; uncontrolled cardiovascular, 

pulmonary, neurological, or metabolic disease impacting exercise or where exercise is 

contraindicated; any medically diagnosed condition preventing moderate-intensity 

exercise; taking medications altering heart rate; Mini-Mental State Exam (MMSE) score 

< 24; pregnancy; legal blindness; concurrent participation in another exercise program. 

 

Enrollment Procedure 

 

The enrollment procedure occurred in the following order. First, individuals 

contacted the study coordinator via email or telephone to express interest in participating. 

Next, study eligibility was determined by scripted telephone interviews. Once all 

inclusion criteria were met, prospective participants visited the George Mason University 

Human Performance Laboratory (Fairfax, Virginia), where a team member reviewed the 

informed consent document. Next, participants were officially enrolled after voluntarily 

signing informed consent. Following official enrollment, additional screening included 
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medical history, current medications, and the Mini-Mental State Examination in 

determining cognitive function, per the exclusion criteria. Finally, a qualified investigator 

administered the H&Y assessment to determine PD severity according to the exclusion 

criteria. 

 

Testing Day Procedure 

 

Participants were asked to refrain from vigorous physical activity for at least 48 

hours before the assessment and maintain their regular diet and medication schedule. 

Participants completed baseline (Pre) and follow-up (Post) assessments in the "ON" 

medication state, with assessments scheduled during similar times of day to standardize 

diurnal medication effects. A team member recorded each participant's height, weight, 

resting heart rate, and blood pressure before testing, which included overground gait 

analysis inside the laboratory and the 10MWT, separated by 20-30 minutes of seated rest. 

The testing sequence was randomized for every other enrolled participant (i.e., 1st, 3rd, 

5th, etc.), with the alternating participant (i.e., 2nd, 4th, 6th, etc.) testing in the opposite 

order for testing balance across the sample. Thus, the testing sequence was consistent 

between subjects from pretest to post-test. 

 

Inertial Measurement Instrumentation  
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Participants wore six portable inertial measurement units (APDM, Portland, OR), 

each containing a tri-axial accelerometer (range: ± 200g) and gyroscope (range: ± 200 

°/s) that objectively measure the gait of individuals with PD.37,58,59 The inertial 

measurement units (IMUs) were secured with Velcro straps over previously identified 60

anatomical landmarks (Figure 3), including the sternum, the dorsal aspects of the left and 

right wrists, approximately the fifth lumbar vertebrae, and the dorsal aspect of the left and 

right shoes and were adjusted to maintain individual gait patterns. Data were collected at 

a sampling rate of 128 Hz and logged internally for offline processing. 

 
Figure 3 Schematic representation of sensor placement for the 10MWT, per APDM 
instructions. The placement locations include the sternum, the dorsal aspects of the left 
and right wrists, approximately the fifth lumbar vertebrae, and the dorsal aspect of the left 
and right feet. 

Ten-Minute Walk Test Procedure
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The ten-minute walk test (10MWT) is a task-specific gait assessment modified 

from the six-minute walk test, commonly used to assess walking limitations among 

individuals with PD.52,55 The 10MWT increases the performance ceiling encountered 

with other assessments due to increased time, distance, and the number of turns.56 The 

10MWT was performed along a 60-meter corridor, indoors, and over a firm surface. 

After a brief familiarization, participants were instructed to complete as many laps as 

possible at their self-selected speed. Once the test commenced, participants received no 

further instructions or feedback. Participants walked at their preferred velocity and 

turning strategies during the test and remained unaware of time. One team member 

followed the participant for safety, while at least one other team member remained in the 

hallway for crowd control. Data were synchronized and logged in all sensors with event 

markers indicating the test "Start" and "End" of the 10MWT. Participants were instructed 

to stop, after ten minutes, without warning. IMUs were immediately removed and docked 

to upload raw data for offline processing.57 

Intervention 

Twenty-four overground locomotor training (OLT) sessions were performed for 

one hour, twice per week for twelve weeks. OLT is a performance-based motor learning 

program emphasizing self-exploration of movement solutions in an overground 

environment while full weight-bearing and free of assistive devices. OLT incorporates 

motor learning with locomotor training as recommended for individuals with PD4 while 
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maintaining a moderate-aerobic intensity. The design of OLT is comparable to periodized 

training used in sports performance, where training goals occur in phases. Specific to 

OLT, 3, 4-week phases alternate between gait subtasks, including initiation, termination, 

steady-state, and turning. The complexity of the intra-session movement progressed from 

skill acquisition to rehearsal and integration. The complete list of training sessions is 

provided in Appendix C. 

 

Data Analysis 

 

Raw data were imported to Matlab 2021a (Mathworks, Natick, MA) for offline 

processing. Data were visually inspected and cropped to ensure the collection of the 

complete 10MWT. After assessing the frequency domain, raw gyroscope data were low-

passed through a zero-phase, fourth-order Butterworth filter with a cutoff frequency of 

1.6 Hz.35 The vertical axis was re-aligned to the global vertical axis to improve tri-axial 

measurement accuracy before analysis.58 A semi-automated 59 Matlab script was adapted 

from previously described methods 63 to identify turning segments. The lumbar vertical 

axis angle reached a difference of two standard deviations (SD) away from the mean 

angle during linear walking identified the turn onset and offset. Figure 4 illustrates the 

identified turning segments. Turns identified in Matlab were verified with handwritten 

documentation from each testing session. Visual inspection confirmed the proper 

identification of all turning segments before data were extracted for offline analysis. 

Incomplete turns were excluded from the analysis.
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Figure 4 Visual representation of turning segment during the 10MWT, as identified 
using the transverse plane rotation angle of the lumbar sensor. “A1” represents the time 
point of turn onset, and “B1” represents the time point of turn offset. Likewise, “A2” and 
“B2” indicate the same onset and offset time points for the second turn.

Primary Outcome Measures 

Thoracolumbar Rotation Change

The relative sternum and lumbar angles were calculated using cumulative 

trapezoidal integration64 of filtered gyroscope signals at each turn. The angle is 
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considered relative because the integration of each turn segment causes the first data 

point to start at 0°. Thoracolumbar rotation (°) was defined as the peak angular difference 

between the sternum and lumbar signals, was calculated by subtracting the lumbar 

angular position from the sternum angular position. Figure 5 displays an example of 

thoracolumbar rotation, as measured by the peak angular difference between the sternum 

and lumbar segments. 

Figure 5 Thoracolumbar rotation, measured by the peak angular difference between the 
lumbar (blue) and sternum (orange) sensors. 
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The sign of thoracolumbar rotation denotes clockwise (-) and counterclockwise 

(+) turning directions. Therefore, the absolute value of rotation angles was used to 

calculate thoracolumbar rotation to avoid miscalculations. The final measurement 

represents the angular separation of the sternum relative to the lumbar segment. Positive 

values indicated greater sternum rotation, while negative values indicated greater lumbar 

rotation.60 

Equation 1 
Thoracolumbar rotation = | sternum| |  lumbar| 

 

Because thoracolumbar rotation is speed-dependent,36 we normalized (unitless) to 

the mean linear gait velocity of the 3 seconds leading into each turn.61 This value is not 

intended to interpret positive or negative change but provide a comparison parameter that 

informs compensatory behavior. For example, increased normalized values may reflect 

more rotation or slower velocity. Alternatively, reductions in the measure can decrease 
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with reduced thoracolumbar rotation or increased linear velocity while approaching the 

turn. The gait velocity (m/s) was calculated using the cumulative trapezoidal integration 

function on the AP lumbar accelerometer (accy) for three seconds (dt) leading into each 

turn, as displayed in Equation 2.64,66 Equation 3 provides the final step for calculating 

normalized thoracolumbar rotation. 

Equation 2 
Gait velocity =  acc(y)  dt

Equation 3 

Normalized Thoracolumbar rotation =  
 

 

Peak Turn Velocity 

The peak turn velocities (°/s) were identified in the vertical (PTVT) and 

anteroposterior (PTVF) axes for each turn in the lumbar and sternum sensors. Figure 6

visualizes PTVT peak turn velocities during the 10MWT. 
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Figure 6 Visualization of angular velocities in the transverse plane during the 10MWT. 
The RED circles identify the peak angular velocity of separate turns.

 

 

 

Secondary Outcome Measures 

Turn duration (s) was calculated as the difference between turn onset and offset. 

Next, turning steps for each foot were calculated using previously described methods.62

Briefly, foot-mounted accelerometer signals were band passed through a fourth-order 

Butterworth filter with 0.9Hz and 2.5 Hz cutoff frequencies. Next, the previously 
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identified turning segments were extracted from the filtered signal, and turning steps 

were identified via the 95th percentile threshold. The filtered signals were then double 

integrated63 and labeled in a two-dimensional coordinate system containing mediolateral 

(x) and anteroposterior (y) coordinates to obtain each foot's position, as described in 

Equation 4. Finally, stride lengths were calculated as the positional difference between 

ipsilateral steps. 

 

 

 Equation 4 Foot Position = ( ) + ( )  

Statistical Analysis 

Statistical analysis was performed using Stata 15.1 (College Station, TX). The 

descriptive statistics for participants included in the final analysis are presented as means 

± standard deviations (SD).64 Visual inspection of histogram plots and Shapiro-Wilk tests 

confirmed normal distribution. One-tailed paired t-tests compared the mean differences 

between baseline (pre) and follow-up (post) assessments for the primary outcomes to test 

the hypothesis that thoracolumbar rotation and PTV will increase the following OLT. 

Two-tailed t-tests were performed on the secondary outcome measures to test whether 

turning stride length, turn duration, and turning steps will change post-OLT. The 
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significance level for all tests was = 0.05. The effect of OLT on all outcome measures 

was estimated using Cohen's d.
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RESULTS

We screened twenty-seven individuals for inclusion and enrolled 17 participants 

following the informed consent. One participant who enrolled was excluded due to 

uncontrolled hypertension during baseline testing. Three participants voluntarily 

withdrew from the study due to excessive fatigue (n = 1), dissatisfaction with training (n 

= 1), and a chronic knee condition (n = 1) exacerbated during training. One participant 

reported chest discomfort during the first training session and was referred to the treating 

cardiologist. After evaluation, the participant was cleared to resume training and 

completed the study without further incident. One participant who completed the follow-

up assessment was removed from the final analysis after informing a team member of

increasing dopaminergic medication during the intervention. In total, twelve participants 

were included in the final analysis. Figure 7 provides a detailed visualization of the study 

flow.
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Excluded (n=10)
¨Not meeting inclusion criteria (n=10)

Excluded from intervention (n=1)
Did not pass screening (n=1)

Voluntarily withdrew from study (n= 3)
Excessive fatigue (n=1)

Dissatisfaction with training (n=1)
Chronic knee condition exacerbated by training (n=1)

Excluded from Final Analysis (n=1)
Increased dopaminergic medication during treatment (n=1)

Final Analysis
 (n=12)

Follow-up Assessment
(n=13)

24 Sessions of OLT
 (n=16)

Enrollment
(n=16)

Assessed for Eligibility
(n=27)

 
Figure 7 Schematic representation of the study flow from Assessment for eligibility, 
Study Enrollment, Intervention, Follow-up Assessment, And Final Analysis. 

At baseline, participant characteristics included: 7 male / 5 female; Age: 68.5 ±

6.35 years; Height:166.93 ± 9.01 cm; Weight: 67.37 ± 11.47 kg; The Hoehn &Yahr 

scores: 1-3; Affected Side: 8 Right / 4  Left. Descriptive characteristics for each 

participant are provided in Table 1. 

 

 

 



24
 

Table 1 Descriptive statistics of participants' characteristics are reported in mean ±

standard deviation except for Gender, which is reported as the number of men and 
women, H&Y, reported as the score range, and the Affected Side, reported as the sum of 
left and right sides. 

Participant Age(years) Gender Height(cm) Weight(kg) H&Y

Affected 

Side 

1 71 M 176.5 74.7 1 R

2 71 M 176.5 79.4 1.5 R

3 76 F 174.0 61.8 1 R

4 64 M 180.5 76.3 1 L 

5 75 M 168.5 77.0 2 R

6 55 F 150.0 51.7 2 R

7 70 F 156.75 46.0 2 R

8 74 M 161.5 74.8 3 R

9 65 M 164.3 65.8 2 L 

10 65 F 160.9 55.6 2 R

11 62 M 169.0 79.4 2 L 

12 74 F 164.7 65.9 2 L

N=12 68.4±6.3 7M/5F 166.6±8.7 66.3±11.6 1-3 8R/4L 

Abbreviations: M, Male; F, Female; H&Y, Hoehn and Yahr; R, Right; L, Left.
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Primary Outcomes

Thoracolumbar Rotation  

 

Visual inspection of histogram plot and Shapiro-Wilk test confirmed normal 

distribution of mean thoracolumbar rotation change following OLT, compared to right-

skewed and unequal baseline values. A paired t-test revealed no significant change during 

post-assessment (mean change: +0.35 ± 4.68°; CI: [-2.63, 3.32]; p = 0.40; Cohen’s d = -

0.08). Figure 8 provides a visualization of the observed changes. Shapiro-Wilk indicated 

that mean normalized rotation changes were normally distributed. A paired t-test 

indicated that normalized rotation decreased slightly, though not statistically significant 

following OLT (mean change: - 0.18 ± 5.75;CI:[-3.83, 3.47]; p = 0.54; Cohen’s d = -

0.03). Figure 9 provides a visualization of the observed changes (Table 2). 

 

 

 

 
Table 2 Results of Pre and Post-tests presented as mean ± standard deviation, 95% 
Confidence Interval (CI), p-value, and Cohen’s d effect size. 

Variable Pre Post Change 95% CI 
p-

value
Cohen's 

d

Peak Rotation(°) 4.48±1.37 4.83±1.30 +0.35±4.68 
-2.63, 
3.32 0.401 -0.08

Normalized 
Rotation(unitless) 5.55±5.68 5.37±5.47 -0.18±5.75

-3.83, 
3.47 0.542 -0.03
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PTVF (°/s) 5.70±3.47 7.29±3.79 +1.59±2.19 
0.20,
2.98 0.014 0.43 

PTVT (°/s) 69.74±4.20 70.63±2.79 +0.88±3.18
-1.14, 
2.90 0.276* 0.25

Abbreviations: PTVT, Peak transverse plane angular turn velocity; PTVF, Peak frontal 
plane angular velocity; N, normalized; PTV, Peak turn velocity. P-
bolded. “*” Indicates Welch’s correction for unequal variances.  

Figure 8 Mean change in thoracolumbar rotation for each participant following OLT 
from baseline (PRE) to follow-up (POST). All participants are “Black,” and the group 
mean ± SD is “Pink.” 
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Figure 9 Mean change in normalized thoracolumbar rotation from baseline (PRE) to 
follow-up assessment (POST). All participants are “Black,” and the group mean ± SD is 
“Pink.” 

Peak Turn Velocity  

At follow-up, Shapiro-Wilk results indicated that PTVF change was normally 

distributed, compared to baseline values that were skewed rightward. Paired t-tests 

revealed PTVF significantly increased 27.89% following OLT (mean change = 1.59 ± 

2.18°/s; CI: [0.20, 2.98]; p = 0.014; Cohen’s d = 0.43). The results are visualized in 

Figure 10. Histogram plots of PTVT at baseline skewed leftward. Shapiro-Wilk revealed 

that PTVT was not normally distributed. Paired t-test showed a slight, but not statistically 
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significant increase post-OLT (mean change: 0.88 ± 3.18 °/s; CI: [-2.90, 1.14]; p = 0.276; 

Cohen’s d = 0.25). The results are visualized in Figure 11. 

Figure 10 Mean PTVF change following OLT at the sternum. These values represent 
angular velocity changes of the sternum along the anteroposterior axis or the frontal 
plane. Again, all participants are “Black,” and the group mean ± SD is “Pink.” 
 

 

 

0
2
4
6
8

10
12
14
16
18
20

PRE POST

T
it

le



29
 

Figure 11 Mean PTVT change following OLT at the sternum. The value represents a 
change in angular velocity at the sternum along the vertical axis or transverse plane. 
Again, all participants are “Black,” and the group mean ± SD is “Pink.”

 

 

 

 

Secondary Outcome Measures 

Participants completed significantly more turns during the follow-up assessment 

(mean change: 1.5±1.51, CI = -1.18, 3.18, p < 0.01, Cohen's d = 0.39). The turn duration 

increased (mean change = 0.07 ± 0.53 (s), CI = [-0.26, 0.41], p = 0.32, Cohen’s d = -0.19) 

post-OLT. The turning stride length amplitude change was significant and high for the 

left (mean change = - 1.87±1.94 cm, CI = [-3.11, -0.63], p = 0.006, Cohen's d = 0.67) and 
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0.70). Bilateral turning steps showed a moderate, but not significant increase (mean 

change = 0.45 ± 1.07 steps, CI = [-0.23, 1.13], p = 0.08, Cohen’s d = 0.43). Results are 

presented in Table 3.

Table 3 Statistical analysis of secondary outcome variables presented as mean ± standard 
deviation, 95% Confidence Interval, p-value, and Cohen’s d effect size. 

Variable
Pre
Mean±SD

Post 
Mean±SD 

Change 
Mean±SD 95% CI

p-
value

Cohen's 
d 

Turns (N) 14.25±2.63 15.75±2.38 1.5±1.51 -1.18, 3.18 < 0.01 0.39 

Duration (s) 5.04±0.21 5.12±0.49 0.07±0.53 -0.26, 0.41 0.32 0.19 
Stride Length L 
(cm) 26.55±2.80 24.68±2.78 -1.87±1.94 -3.11,-0.63 0.057* 0.67 
Stride Length R 
(cm) 26.84±2.77 24.86±2.90 -1.99±1.16 -3.19,-0.78 0.049* 0.70 

B Turn Steps 6.48±0.91 6.94±1.15 0.45±1.07 -0.23, 1.13 0.08 0.43 
Abbreviations: L, left; R, right; B, Bilateral; CI, 95% Confidence Interval. P-values < 
0.05 are bolded. 
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DISCUSSION

Our study examined the effect of twenty-four sessions of performance-

based OLT on peak thoracolumbar rotation and peak angular turn velocity among 

individuals with mild-PD. We did not observe effects on peak rotation following OLT; 

however, moderate and small effects were observed for PTVF and PTVT, evidenced by 

Cohen’s d = 0.43 and Cohen’s d = 0.25, respectively. These results display a trend toward 

improved intersegmental coordination, and moderate improvements in dynamic postural 

stability during walking turns after performance-based OLT.

Peak Thoracolumbar Rotation

Peak thoracolumbar rotation reflects intersegmental coordination and contributes 

to the stereotypical "en bloc" turning.61,65–67 Despite its recognition as an indicator of 

turning difficulty among individuals with PD,16 to date, no published study has measured 

thoracolumbar rotation change following performance-based overground locomotor 

training. Due to task-specific practice incorporated into the training, participants were 

hypothesized to increase thoracolumbar rotation significantly. Although participants did 

not significantly increase thoracolumbar rotation following OLT (p = 0.40), the results 

show a slightly increasing trend that participants modified thoracolumbar movement 

patterns following performance-based overground locomotor training (+ 0.35 ± 4.68°).
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This finding agrees 41 who found that individuals with PD 

improve thoracic rotation following 28 sessions of rehabilitation. However, unlike our

41 implemented a traditional, impairment-based style 

intervention focused on balance, postural stability, and range of motion. Moreover, 

participants performed range of motion (ROM) tests while seated with their legs secured 

for additional stability. While external support provides additional stability, it may not 

accurately reflect the available range of motion used during turning tasks.  

Other studies have also measured peak intersegmental separation during walking 

turns using different instrumentation but without overground locomotor training. For 

instance, Crenna et al., 200716 measured peak cervical-thoracic separation using three-

dimensional motion capture and found that individuals with PD displayed a median peak 

cervical-thoracic separation of 7.2° compared to the mean peak rotation observed in our 

study post-OLT, 4.83 ± 1.30°. Different measurement sites likely explain the different 

values, as our study measured the thoracolumbar difference, whereas Crenna and 

colleagues measured the cervical-thoracic difference.16 

Intersegmental coordination is also speed-dependent,61 and rotational amplitudes 

correlate with gait velocity. We account for this relationship using previously described 

methods to calculate normalized thoracolumbar rotation.61 Since we expected greater 

peak thoracolumbar rotation post- OLT, we hypothesized that participants would increase 

normalized rotation during the follow-up assessment. Surprisingly, normalized values 

displayed a small, non-significant decrease.  
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This finding agrees with previous work 36,68 describing an inverse relationship 

between intersegmental coordination and pre-turn gait velocity and has two possible 

explanations based on Equation 3. First, smaller rotation amplitudes can reduce 

normalized rotation values without pre-turn gait velocity changes. This shift represents 

rotation without intersegmental separation. The second possible explanation involves the 

inverse, where rotation amplitude does not change and pre-turn velocity increases. This 

potential explanation would represent a shift toward a more challenging movement 

pattern following OLT due to the increased burden on postural stability from faster gait 

velocity. Due to the non-significant peak rotation change, it is plausible that pre-turn gait 

velocity increased following OLT. If true, this suggests that participants adapted 

movement strategies following OLT that are different from typically observed in this 

population.61 

Peak Turn Velocity 

Peak turn velocity quantifies dynamic postural stability to control perturbations 

experienced while turning. Individuals with PD usually display slower peak turn 

velocities in the frontal31,69 and transverse planes32,38,53 compared to other unimpaired 

older adults, which are considered manifestations of impaired dynamic postural control 

within those planes of motion. Our study observed moderate and significant PTVF change 

following OLT (p = 0.014; Cohen’s d = 0.43), while PTVT change was small and not 

statistically significant (p = 0.276, Cohen’s d = 0.25.  
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To date, the literature does not examine PTVF change following overground 

locomotor training in any population. However, some studies quantify PTVF among 

individuals with PD. The mean PTVF calculated at follow-up (7.29 °/s) was slower than 

Visser et al., 2017 31 (31 °/s), a difference likely explained by distinct testing 

methodologies. Visser and colleagues measured three trials where participants performed 

four separate 180° turns along a 6-meter walkway. In contrast, participants in our study 

walked for ten consecutive minutes along a 60-meter hallway. Though clinically relevant, 

shorter walkways such as those used in the Timed Up and Go (TUG) alter movement 

patterns and inaccurately reflect turns performed during community ambulation.70

A small (Cohen’s d = 0.25) but statistically non-significant PTVT increase was 

measured post-OLT (p = 0.276). Although we have not found clinical trials that measured 

PTVT change, some observational studies exist. For example, Bertoli et al., 201738

compared PTVT between individuals with PD across different levels of FoG and found 

that individuals who experienced FoG displayed slower mean PTVT (104.51 °/s) than 

individuals without FoG (131.48 °/s). Another study by Koop and colleagues53 found that 

participants withdrawn from anti-parkinsonian medication displayed slower PTVT than 

after taking their prescribed dosage, 172.73 °/s and 163.66 °/s, respectively. In 

comparison, the mean PTVT observed post-OLT (70.63 °/s) was slower than reported in 

both studies. Again, this difference is likely attributed to distinct testing methods, as 

Bertoli and colleagues had participants turn 180° after walking 7 meters, and Koop et al. 

segmented the turn from the TUG where participants walked 3 meters before turning.
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Overall, our results suggest that participants adapted frontal plane thoracic 

movement, which according to previous studies,8,26,71 counters the mediolateral 

perturbation experienced while turning. Thus, the observed PTVF increase likely 

represents an adapted movement that improves frontal plane postural stability while 

turning.  

 

Turning Stride Length  

Foot placement during gait activities contributes to postural stability. 

Consequently, adjusting the stride length amplitude reflects dynamic postural stability 

strategies.24 Following OLT, participants in our study significantly reduced the stride 

length amplitude of their right limb while turning (p = 0.04). This finding agrees with 

previous studies that found individuals with PD turned with shorter stride lengths.24,26,71

The most logical explanation for reducing right limb stride length is the turning 

direction. During walking turns, the inside limb, on the side of the turning direction, is 

primarily responsible for stability and generally displays shorter stride lengths than the 

outer limb.26 Therefore, if participants turn rightward more often, we would observe 

shorter right limb stride lengths during post-assessments.

The participants’ more affected limb also influences turning stride length. For 

example, the location of the more affected side concerning the turn direction could 

explain why additional rightward turns could result in shorter mean stride lengths. In our

study, eight out of twelve participants reported their right limb as more affected, placing

their more affected limb on the inside during rightward turns. For example, Park and 
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colleagues,67 examined the turning characteristics among people with PD and found that 

participants reduced the stride length of the inside limb significantly more when turning 

in the same direction as the more affected limb. Therefore, it is plausible that the 

shortened stride length results from participants performing more turns toward their more 

affected side. 

Traditional Turn Performance Measures 

Traditional measures of turn performance are prevalent in clinical turn 

assessments yet cannot detect changes in postural stability. According to the literature, 

individuals with PD display movement patterns that worsen turn performance as 

measured by increased turn duration and step quantity.24,34,72,73 However, participants in 

our study changed their movement patterns without significant changes to traditional 

parameters of turn performance. 

Turn duration remained unchanged (p = 0.32) and lasted about 5 seconds during 

baseline and follow-up assessments. Both mean turn durations were about 1.5 times 

longer than previous studies 16,31,35 that observed individuals with mild-PD completing 

180° turns under 3 seconds. This disparity may be attributed to variations in assessment 

design and calculation methods. Regarding assessment design, earlier studies32,53

segmented clinical assessments, such as the TUG, to quantify turn performance. Unlike 

traditional clinically oriented gait assessments with walkways lengths between there and 

10 meters, participants in our study performed the 10MWT along a 60-meter hallway. 

While the extended path allows participants to make anticipatory adjustments that 
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improve postural stability while turning, extended walking paths may also result in longer 

turn durations due to our methods that determine turn on- and offset, agreeing with 

Conradsson and colleagues that rotation begins sooner during pre-planned turns.68

The step quantity change was moderate (Cohen’s d = 0.43), though not 

statistically significant (p = 0.08). The turning step quantities measured at baseline (6.48

±0.91 steps) and follow-up (6.94±1.15 steps) were greater than previous studies ranging

between 4 and 5 steps.35,65 This difference is likely attributed to different testing methods. 

Participants performed turning trials along a 7-meter walkway in the provided examples, 

limiting the available space to adjust the stepping pattern and turn trajectory. Although 

we did not measure turn strategies, the trend toward more turning steps may result from 

turn strategy changes, as previous reported.74,75
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LIMITATIONS

First, our study lacks cranial or cervical rotations measurement, limiting spinal 

segment coordination interpretation. Although cranial and cervical rotations typically 

occur before thoracic and lumbar segments,29,61,71, our conclusions are limited to 

thoracolumbar coordination. Secondly, we did not measure turn strategy (step vs. spin vs. 

combination), known to influence turn duration, step quantity, and postural stability.32,75 

The step strategy correlates with reduced fall risk and is the least demanding strategy for

postural stability.39,75 The spin strategy is more challenging and requires better motor 

performance, as evidenced by higher ratings on the Unified Parkinson’s Disease Rating 

Scale motor examination (UPDRS-III).74 Moreover, the same study found that

individuals voluntarily changed their turn strategy from step to spin after taking anti-

parkinsonian medication.74 Therefore, without identifying the participants’ selected turn 

strategy pre- and post-OLT, we cannot determine the influence of OLT on turning 

strategy changes and, therefore, motor performance changes. Lastly, our study is limited 

due to data analysis methods assuming linear relationships despite OLT promoting non-

linear changes in movement behavior.
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SUMMARY AND CONCLUSION

Our study provides preliminary evidence suggesting that participants moderately 

improved frontal plane dynamic postural stability while turning after performance-based 

OLT by adapting thoracic movement patterns that likely attenuate the perturbed 

mediolateral stability experienced while turning. Future studies in a larger dataset should 

also investigate whether age and disease severity affect outcomes. In conclusion, our 

findings suggest performance-based overground locomotor training promotes individual 

movement pattern changes that improve dynamic postural stability when performing 

walking turns. 
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I. Abstract 

 
Research Question: Among people with mild- to moderate-Parkinson’s disease (PD), 
what is the impact of 12 weeks of overground locomotor training (OLT) on turns?
 
Design: Pre-experimental, pilot study 
 
Setting: George Mason Department of Rehabilitation Science Human Performance 
Laboratory 
 
Apparatus: Inertial Measurement Units  
 
Participants: People with Mild-Moderate Parkinson’s disease (N=12) 
 
Intervention: Twenty-four sessions of overground locomotor training (1-hr/session, 
2x/week x 12 weeks)  
 
Outcome measures: Change in axial rotation, Change in peak turn velocity 
 

II. General Intro

Specific Aims
Parkinson’s disease (PD) is a progressive neurodegenerative disorder affecting 

more than 10 million people globally. A recent study76 estimated the annual direct 
healthcare expenses in the United States reached $25.4 billion. Roughly 77% of people 
with PD develop gait and postural impairments that limit walking and restrict community 
ambulation. Early walking limitations include difficulty transitioning between gait 
subtasks. Changing direction (i.e., turning) is a complex subtask accounting for 50% of 
daily steps and challenges half of individuals with PD. Improving turns while walking 
may enable individuals with PD to increase community ambulation and slow the 
disabling process.  



43
 

Turning elicits motor behaviors that are not observed during straight-line walking. 
Turning requires mediolateral stability to safely transition from steady-state gait and 
couples stepping, trunk posture, and axial rotation to control internal perturbations. 
Stereotypical gait and posture characteristics of individuals with PD reduce axial rotation 
and contribute to conservative turning strategies (e.g., “en bloc” turning, reduced angular 
turn velocity). Axial rotation is reduced in people with PD and influences the transition 
into walking turns. Hence, it is plausible that interventions addressing gait and posture 
will also change turn performance.  

Traditionally, interventions addressing walking limitations measure changes in 
spatiotemporal gait variables. However, turn parameters provide a higher ceiling to 
measure changes following an intervention. Although previous studies measured 
differences in turn performance among people with PD, none examined axial rotation 
changes while turning. Therefore, the proposed study will answer the Question: What is 
the impact of 12-week overground locomotor training (OLT) on turns among people with 
mild- to moderate-PD? 

Aim 1: Quantify the change in turns following OLT, evidenced by axial rotation.  
Hypothesis 1: Following OLT, subjects will increase axial rotation during turns.  
Aim 2: Characterize changes in trunk posture following OLT, evidenced by peak 
turn velocities (°/s).  
Hypothesis 2: Following OLT, subjects will increase peak turn velocities (PTV).  
 
Currently, no studies examine changes in axial rotation following overground 

locomotor training among individuals with PD. If successful, this study will provide 
evidence towards walking limitations’ mutability following a low-cost, non-
pharmacological intervention.  

 
II. Rationale and Importance  

Research Problem 
Parkinson’s disease (PD) is a progressive neurodegenerative disorder causing gait and 
balance impairments in more than 77% of people living with the disease.5,6 Stereotypical 
gait characteristics (e.g., reduced stride length, narrow step width, and slowness of 
movement)10,11 decrease the available area for postural equilibrium when transitioning 
between gait subtasks.3,9 Turning is a complex subtask accounting for 50% of daily steps, 
yet roughly 50% of people with PD have difficulty turning.15 Improving turns will slow 
the disabling process associated with walking limitations.  
Turning reveals limitations in dynamic stability unapparent during straight-line 
walking due to linear and rotational components.68 Turns require negative acceleration of 
the center of mass (CoM), axial rotation, and stepping toward the new direction of 
travel.39 During walking turns, the body’s CoM travels away from the axis of rotation, 
creating an internal perturbation, which must be controlled to continue the step cycle and 
remain upright.26 Conservative turning strategies among people with PD are considered 
manifestations of reduced axial rotation and mediolateral instability. Therefore, turn 
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parameters are useful outcome measures following gait interventions to assess change or 
individuals with PD. 
Studies that analyze turns among people with PD insufficiently describe turning behavior
using a shortened walkway or a single turn.33,53 Alternatively, incorporating inertial 
measurement units (IMUs) with longer distances and multiple turns improve the 
analysis.70 The proposed study will examine this approach. Figure 1 displays the study’s 
theoretical framework.  
 
 

 

Figure 12 Theoretical framework displaying factors contributing to turns. 
 

 
 
Literature Review and Critique 
Reduced turn performance is an early motor symptom sensitive to disease progression in 
people with mild PD.65,77 A 2012 systematic review identified postural instability as the 
prominent gait impairment limiting activity in people with PD.17 Postural stability relies 
on appropriate segmental coordination while changing direction 42 and turning perturbs 
stability by provoking pelvis displacement.78 This review briefly examines the current 
knowledge of turning among individuals with PD.  

PD-related gait and posture characteristics (e.g., reduced stride length, narrow step width, 
slower gait velocity) limit turn performance.9 Reductions in stride length and velocity 
make turning less efficient by increasing the number of turning steps, extending the turn 
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duration, and increasing the turning arc.6,24 Follow-up analyses reveal a significant 
interaction between trunk rotation and the amount of turning steps. 25 Similarly, subjects 
who complete turns more efficiently, evidenced by turn duration and number of steps, 
also demonstrate higher peak angular velocity in the vertical and longitudinal 
axes.31,32,35,53,65

Reduced walking velocity affects axial coordination and rotation, causing a 
negligible spatial difference between head and pelvis rotation, otherwise known as 
“en bloc” turns.16,36 Additionally, axial muscle hypertonicity reduces segmental 
coordination 29 and axial range of motion,37 causing people with PD to initiate turns 
sooner.68 
 
Preserving mediolateral stability takes precedence in completing turns 71 and plays a 
significant role in turn strategy 71,78, including step, spin, and mixed.52,74 Anticipatory 
Postural adjustments (APAs) also contribute to dynamic stability and turn performance. 
8,27,79 However, people with PD either lack or have diminished APAs due to insufficient 
temporal coupling and gait challenges.27 
 
To date, studies examining turns in people with PD compare turns between age-matched 
healthy controls31,65, between medication status,53, or those with or without freezing of 
gait.35 They commonly utilize three-dimensional motion analysis, known to produce 
different movement behavior compared to outside the laboratory.53 Few studies were 
measuring change in turns following locomotor interventions among people with PD. The 
proposed dissertation will address this gap in the literature.  
 
Scope and boundaries 
The following topics are outside the scope of the proposed study:  

 Kinetic data including momentum, impulse, ground reaction force, the center of 
pressure.  

 A single foot sensor cannot measure margins of stability (MoS). Instead, the MoS 
is defined using the foot’s anatomical landmarks (e.g., lateral malleolus, 
calcaneus, metatarsals) unavailable with an IMU sensor.  

 Muscle activation patterns or strength cannot be measured due to a lack of 
electromyography instrumentation.  

 
III. Research Plan  

Study Design 
A pre-experimental pilot study where participants served as their control using pre-
intervention measurements. This design provides evidence of treatment efficacy and is 
appropriate for determining individual changes in motor behavior.80 Data were extracted 
from a parent study, POSSabilities, which was halted during the COVID pandemic 
(Mason IRB # 1374615). 
Setting 
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Testing and training were collected in the George Mason Rehabilitation Science 
Performance Laboratory prior to the COVID pandemic. 
Target Population
People with Mild- to Moderate Idiopathic Parkinson’s disease living in the Northern 
Virginia, Washington D.C. Metropolitan area. An online search found eight support 
groups within 20 miles of Fairfax, VA, the proposed study’s location.  
Recruitment 
Pre-approved print and digital flyers were displayed online and distributed to local 
Parkinson’s support groups in the greater Washington D.C. area for participants. Scripted 
telephone screenings determined study eligibility.  
Participant Selection  
Eligibility for study participation was determined using previously described 
inclusion/exclusion criteria described as follows: 14,45,81

Inclusion:
Community-dwelling adults with clinically diagnosed idiopathic Parkinson’s 
disease 

 18-85 years 
Hoehn and Yahr score I – III (mild-moderate severity)
Ability to independently ambulate without assistive device
Ability to speak English

Exclusion:
 Mini-  
 Untreated visual impairments 
 Uncontrolled cardiac, pulmonary, neurologic, or metabolic disease 

contraindicating or impacting the ability to exercise 
 Legal blindness 
 Pregnancy 
 Concurrent participation in another structured exercise program  

 
Consent Procedures 

Before baseline testing, eligible participants were consent in a private room inside the 
Functional Performance Laboratory. A research team member read the Institutional 
Review Board approved rationale, procedures, human subjects’ rights, and ability to 
terminate participation. If accepted, the official consent form was signed and secured 
with the faculty per the IRB application.  
 

Power and Sample Size
 

With twelve subjects and  0.05, OLT must show a moderately-large effect (0.75) on 
turns for a one-tailed paired t-test to have 80% power. 
 
Intervention Description 
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Overground locomotor training (OLT) was performed for 60 minutes twice per week for 
12 weeks at 60% of the age-predicted maximum heart rate. Heart rate was monitored 
throughout each training session with efforts to maintain the target heart rate zone. A 
pedometer attached to the right ankle tracked the number of steps taken during each 
training session.  
Training included multi-directional stepping strategies, progressing difficulty weekly. An 
outline of the OLT program is provided in the appendix. The OLT program was fully
documented and used to train team members. Plans of action to troubleshoot potential 
problems were also included. 
Apparatus and Instrumentation 
Data were collected using portable inertial measurement units (IMU) previously validated 
for gait analysis of people with PD.82,83 Each IMU contains a tri-axial accelerometer, 
gyroscope, and magnetometer and were comfortably secured over previously described 
anatomical landmarks, including both wrists, and the dorsal aspects of each foot, the
sternum, and approximately the fourth lumbar vertebra.35,65 Figure 2 shows an example of 
IMU placement.  
 
 

 

Figure 13 Sensor placement for 10MWT, as provided by the software.
 

 
 
Data Collection Procedures  
A 10-minute walk test (10MWT) was performed overground, along a 60-meter corridor, 
indoors, and over a firm surface. Participants were instructed to “walk as far as you safely 
can” and “walk as many laps as safely possible in ten minutes.” Following a countdown, 
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participants completed as many laps as possible at their self-selected pace without 
knowing the time. Participants did not receive cues on performance or turn strategy, as 
previously recommended.52 A member of the research team trailed the participant for 
safety, and at least one other team member controlled hallway traffic. Following each 
assessment, sensors were docked, and raw data were extracted for offline processing. 
Data Analysis                                                                                                                                                                                               
Before analysis, the data will be visually inspected to confirm the collection of the entire 
trial. Raw data will be re-aligned along the vertical axis to the global vertical axis for 
each IMU for accurate measurements.58 Each sensor’s raw accelerometer and gyroscope 
data will be analyzed using a custom MATLAB script, based on previously validated 
algorithms analyzing turns in people with PD. 35,38,65,84(p)   Turning and straight walking 
segments will be extracted and analyzed separately. 
Turn onset and offset will be determined using vertical gyroscope data from the lumbar 
sensor, per previously identified methods displayed in Figure 3.65. Briefly, vertical 
angular velocity will be integrated to obtain the absolute turn angle. Next, turns are 
identified using spikes in absolute vertical rotation two standard deviations (SD) above 
the mean of straight segments. Finally, the turn duration is defined as the time difference 
between turn offset and onset. 

Figure 14 Example of gyroscope data graph for visual inspection of turn identification
(Salarian et al., 2009).

Salarian et al., 2009
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Primary Measures
Aim 1: Quantify the change in turns following OLT, evidenced by axial rotation.
Hypothesis 1: Following OLT, subjects will increase axial rotation during turns. 
Rationale: Axial rotation reflects PD-related motor symptoms that limit turning.  
   

Axial rotation: Calculated by integrating angular velocity in the trunk and lumbar 
sensors’ vertical axis and measured as the difference between the trunk and waist angles 
at turn onset. Axial rotation will be reported as mean ± SD for each participant, pre-, and 
post-intervention.  

Aim 2: Characterize changes in trunk posture following OLT, evidenced by peak 
turn velocities (°/s). 
Hypothesis 2: Following OLT, subjects will increase peak turn velocities (PTV).  
Rationale: PTV represents control over internal perturbations.  
 

Peak turn velocity (PTV): Identified as the maximum angular velocity in the vertical and 
longitudinal axes. These measures are referred to as yaw and roll, respectively. PTV will 
be normalized for the average gait velocity and reported as mean ± SD.  
 
Secondary Measures: 
Step characteristics: The mean ± standard deviation of spatiotemporal gait measures will 
be calculated using the vertical accelerometer data from each foot sensor. Step time is 
defined as the time difference between heel strike and toe-off from the same foot. Stride 
length is defined as the anteroposterior distance between steps of each foot. Step width 
will be calculated as the mediolateral difference between consecutive contralateral steps. 
Gait velocity (m/s): The waist accelerometer will be integrated against time in the 
anteroposterior axis to provide velocity (m/s). The mean ± SD of straight segments will 
be calculated for each test. 
Statistical Analysis 
All data will be reported as mean ± standard deviations for each participant and group. 
Outliers of more than two standard deviations from the group mean will be analyzed and 
reported separately. After checking normality assumptions, pre-and post-intervention 
changes in axial rotation and PTV will be analyzed using paired t-tests. The effect of 
OLT on axial rotation and PTV changes will be determined using Cohen’s d. Pearson’s 
correlation will measure the relationship between change in axial rotation and change in 
turn duration. 
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APPENDIX B

Literature Review

Dynamic postural stability is central to safe ambulation. Individuals with Parkinson’s 

disease (PD) experience walking limitations during the early stages of PD65,77 that 

develop from postural instability.17 Postural stability relies on coordinated movement 

patterns changing direction42 and turning perturbs mediolateral stability.78 This review 

examines the current knowledge of walking turns among individuals with PD.  

PD Gait and Balance 

PD-related gait and balance characteristics (e.g., reduced stride length, narrow step 

width, slower gait velocity).9 contribute to postural control deficits throughout the turning 

process. Stack and colleagues33 recorded individuals with PD (n=10; 6F; 74 ±7 years.; 

H&Y: 1–5) and healthy adults (n=14;13F; 74 ± 8 years; 67 ± 12 kg) performing the 

standing start 180° turn test and found that individuals. 

Huxham et al., 200824 found that reduced stride length and velocity increases affect 

turn efficiency by requiring more steps, extending the turn duration, and increasing the 

turning trajectory.24 Follow-up analyses revealed a significant interaction between trunk 

rotation and the number of turning steps.25 Similarly, subjects who complete turns more 
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efficiently, evidenced by turn duration and the number of steps, also demonstrate higher 

peak angular velocity in the vertical and mediolateral axes.31,32,35,53,65

Stepping / locomotor foot. Stepping patterns 

Stepping patterns contribute to dynamic postural stability while changing direction. 

Orendurff et al., 200626 explored how turning is accomplished by investigating the lower 

extremity kinematic changes while walking a circular path and found that participants 

reduced the stride length of the inside leg, an important aspect of turning. Similarly, 

Huxham et al., 2008a24 measured participant turning steps at self-selected speed using 

three-dimensional motion capture. Results found that individuals with PD turned less 

efficiently by reducing stride length and increasing the quantity of turning steps

compensates for mediolateral stability. The study did not measure axial rotation.  

Stepping pattern adjustments are central to Stride length reductions during turns are 

integral to turning; however, people with PD display excessive SL reductions compared 

to unimpaired adults. Huxham et al., 24 

 

Intersegmental Coordination

Intersegmental coordination allows for independent movement between spinal 

segments, representing a challenge for people with PD. Patla et al., 199971 examined 

walking turns in unimpaired adults and was an early study establishing the cephalon-

caudal, or top-down” temporal sequencing of spinal segments during walking turns. 

Unlike unimpaired adults, intersegmental coordination is a challenge for people with PD. 
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Huxham et al., 200825 examined axial coordination during turning in PD and unimpaired 

adults. Coordination among unimpaired adults displayed a top-down intersegmental 

sequencing toward the turning direction. People with PD turned with linked trunk and 

pelvis increased with turning magnitude. The results suggest that more rotation in 

unimpaired adults occurred during the turn, indicating a later turn onset. Over time, 

similar patterns were observed when examining rotation. Unimpaired adults prepared for 

the turn with the head rotating before the pelvis, unlike people with PD, who turned with 

locked spinal segments rotating in the same direction. 

Limited intersegmental coordination observed in people with PD (PwPD) have 

various influencing factors. First, gait velocity influences intersegmental coordination 

reducing the spatial difference between cranio-pelvic separation during rotation, 

otherwise known as "en bloc" turning.16,36 In 2017, Forsell and colleagues36 examined 

the effect of walking speed on intersegmental coordination among 17 unimpaired older 

adults (10 Male / 7 Female; 72 ± 6 years; 76.1 ± 8.8 kg; 176 ± 9 cm). Participants walked 

along a 9-meter pathway before turning at an intersection designated by 2 stations. Before 

each trial, a visual cue indicated turning direction (straight, or 180° turns left, or 180° 

turns right). Then, participants were instructed to perform walking turns in the indicated 

direction without stopping, taking the closest path to the target during two separate 

sessions, self-selected comfortable speed (CWS) and slower speed (SS), to mimic the 

velocity of PwPD. SS walking velocity was monitored using a handheld stopwatch and 

corrected as needed. Participants randomly completed 5 trials for each direction during 

both sessions. The outcome variables included step length, head and pelvis angular 
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rotation, and cranio-pelvic separation. The study found that unimpaired older adults 

perform turns while walking in a top-down movement pattern where the head rotates 

faster and with greater angular amplitude than the pelvis at turn onset before the pelvis 

catches up in both angles and velocity at the end of the turn. The study also found that 

slower pre-turn gait velocity reduces intersegmental coordination in unimpaired older 

adults, as measured by cranio-pelvic separation. 

Crenna and colleagues16 used three-dimensional motion capture to analyze 

intersegmental coordination during turns while walking among individuals with PD 

(n=14); Age (years): 67.1 ± 6.5; H&Y: 1.8 ± 0.4) and age-matched unimpaired adults 

(n=15; Age (years): 67.7 ± 2.7; Height (cm):165.2 ± 8.6; Weight (kg): 65.7 ± 9.2).16

Participants randomly performed two walking trials, including Straight (W) and Walk 

and Turn (W&T) in the “ON” medication state. In W trials, participants walked 6m at 

self-selected speed, and for W&T, participants walked at least 2m toward a vertical rod, 

then turned 90°  leftward. All turning trials were left turns and right foot on the ground. 

Stride length was plotted against stride frequency for all participants from the W trial. As 

expected, Median gait velocity, measured as a percentage of body height, was 

significantly (p< 0.05) faster for unimpaired adults (81.8 (70.0–99.0)) compared to 

people with PD (72.8 (63.5–85.7)) but displayed similar Median cranio-pelvis separation 

4.8 (1.6-9.9) and 2.2 (0.7-6.8), respectively. However, Mann–Whitney U-tests revealed 

that unimpaired adults displayed significantly greater median cranio-thoracic rotation 

amplitude (p < 0.01) than people with PD while performing the W&T trial 17.7° vs. 7.2°, 

respectively. Additionally, the median amount of turning steps for PwPD (2.5 (1.7–3.5) ) 
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were significantly higher (p < 0.01) compared to unimpaired adults (3.3 (2.8–3.9)). The 

results suggest that although axial coordination correlates with gait velocity, the turn 

performance difference between unimpaired adults and people with PD is affected by 

more than reduced intersegmental rotation amplitude. 

Spildooren et al., 2013 investigated the relationship between impaired cranio-pelvis 

rotation while performing turns and FoG among people with PD with (+FoG n=13) and 

without FoG (-FOG; n=14) along with 14 unimpaired adults. While walking, participants 

turned 180° leftward and rightward, in random order, both with and without a dual-task. 

The study found that peak cranio-thoracic separation followed the same temporospatial 

pattern, with unimpaired adults displaying larger amplitude than +FoG and -FoG (35.4 

vs. 25.7 vs. 27.3 °), respectively. Likewise, mean angular turn velocity was greater 

among unimpaired adults (95.4 °/s) compared to individuals with PD + FoG (25.7 °/s) 

and - FoG (60.6 °/s), demonstrating that smaller amplitudes of cranio-thoracic separation 

occur at slower velocities. Additionally, people with PD+FoG display slower peak 

angular velocities, suggesting that intersegmental rotation worsens with motor symptoms 

like FoG. 

The muscular tonicity of spinal segments also influences intersegmental coordination 

while walking. Paraspinal muscle hypertonicity reduces intersegmental coordination 29

and range of motion.37 Cole 201729 investigated trunk muscle activation deficits among 

PwPD and determined influences on spinal segment stability and found that increased 

muscle coactivation limited intersegmental coordination.  
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Franzén and colleagues37 sought to determine if increased cervical tone limits gait and 

balance during turns while walking among people with PDPwPD withdrawn from 

medication (OFF) and under the influence of their prescribed medication (ON).  

Participants performed muscle tone assessments for the cervical, thoracic, and pelvic 

segments, along with functional performance assessments that included the TUG in both 

medication states. For comparison, unimpaired age-matched adults performed all 

assessments once. The results found that 180° turns among unimpaired adults lasted 1.0 

± 0.3) seconds, PD-OFF 1.6 (0.4), and PD-ON: 1.3 0.3) seconds. When comparing 

unimpaired adults vs. OFF, PD-OFF completed turns significant; y (p< 0.01) slower than 

unimpaired adults, and OFF was significantly slower (p<0.05) than ON. The results 

suggest that although participants ON L-dopa complete 180° turns significantly faster 

than OFF, participants with PD initiated compensatory movement patterns, such as 

starting the turn sooner, resulting in more time to perform turns while walking than 

unimpaired adults. This finding agrees with previous work by Conraddsson et al., 2017.68 

Dynamic Postural Stability

Dynamic postural stability involves the manipulation of body segments to remain 

upright and can be quantified through peak turn velocity of the thoracic and pelvic 

segments. To date, studies examining turn velocity in people with PD compare turns with 

age-matched unimpaired controls,31,65 between medication status, 53 or those with or 

without FoG. 35 
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Mellone et al., 201632 sought to determine if people with PD (12 Male; Age: 67(8) 

years) have speed- and angle-specific dynamic stability impairments during turns using 

three-dimensional motion capture. Participants performed 12 trials walking at different 

velocities and turning angles. The results found that as turn speed increased, the CoM of 

people with PD spent more time outside the MoS than unimpaired, age-matched adults, 

suggesting that people with PD display movement patterns that compensate for reduced 

stability.  

Visser et al., 200731 calculated PTV differences between PwPD and age-matched 

unimpaired adults and found the mean peak transverse and frontal plane turn velocities 

for PwPD, 137.7 ± 31.3 °/s and 31 ± 6.1 °/s, respectively, were significantly slower (p < 

0.05) than those observed in the unimpaired adults, 178.3 ± 33°/s and 40.4 ± 8.9 °/s

respectively. These results suggest that PTVT and PTVF can discriminate

e between neurologically impaired and unimpaired adults. 

Bertoli et al., 201935 aimed to quantify and compare the kinematic of turning 180°

between people with PD  both with and without freezing of gait. Twenty-four participants 

with Fog (PD+FoG) (19M/5F; Age (years): 69.2 ± 7.1) and eighteen participants without 

FoG (PD-FoG) (14M/4F; Age (years): 70.3 ± 6.8) were recruited from a university 

Parkinson’s Center for the study. While wearing three IMUs located on dorsal aspects of

both feet and the fifth lumbar vertebra region. Among the tasks performed, participants

walked a 7-meter pathway for two minutes and performed 180° turns at a comfortable 

speed. Results Mean turn duration among -FoG (2.55(0.58)) was significantly (p < 0.01) 

different compared to +FoG ( 3.2(0.75)) as well as the number of turning steps (5.24 



57
 

(1.18) vs. 6.41(1.31)), and peak turn velocity (143.87 (26.18) vs. 106.77 ± 26.61) (°/s)), 

respectively. anteroposterior (AP) and mediolateral (ML) jerk scores did not show 

significant differences between PD-FoG and PD+FoG, suggesting no difference in 

movement smoothness between the groups. Overall, the study’s finding suggests 

participants with FoG displayed longer turn duration, took more steps, and performed 

turns with slower lumbar peak turn velocity. As measured by AP and ML Jerk scores, 

movement smoothness was not significantly different between individuals with and 

without FoG during turns while walking. 

 

Turn Strategy 

Turn strategies represent compensatory movement patterns. Preserving mediolateral 

stability takes precedence in completing turns 71 and contributes to turning strategy.71,78

Common turn strategies include step, spin, and mixed.52,74 Anticipatory Postural 

adjustments (APAs) also contribute to dynamic stability and turn performance. 8,27,79 

People with PD lack or have diminished APAs due to insufficient temporal coupling and 

gait challenges.27  

Gavriliuc et al., 201974 investigated turning strategies in people with PD using video 

recordings to identify step, spin, and mixed turning strategies. Step strategies identified as 

taking three or more steps without pivoting spin strategy involved turning on one or both 

feet and in a single movement. Mixed strategy performed in 1-3 steps and represented a 

transition point in motor ability between step and spin turns. At baseline OFF, 

significantly (p<0.001) more participants preferred stepping strategy (n = 149) compared 
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to spin and mixed strategies, n = 18 and n = 4, respectively. During the ON-state at 

baseline, participants significantly (p < 0.001) changed turn strategy to spin(n = 40) and 

mixed (n = 27) compared to stepping (n = 103). These findings suggest that individuals 

with PD ON medication perform more demanding turn strategies, as evidenced by the 

change in turn strategy after taking medication. Further analysis found that individuals 

with lower UPDRS-III scores were observed in participants who continued the stepping 

strategy during follow-up assessment. Since UPDRS-III is commonly used to stratify 

functional movement ability, this finding may suggest that turning strategy may 

complement traditional parameters of turn performance when quantifying gait and 

posture changes among PwPD.  

Interventional Studies

Intervention studies measuring the turn changes in people with PD are scarce.

However, Interventional studies addressing gait and balance among individuals with PD 

are more common. Moreover, turns are commonly assessed using the TUG53 using three-

dimensional motion analysis. Despite the sensitivity of three-dimensional motion capture 

to movement, the literature cites movement pattern differences in the real world 

compared to the gait laboratory.85 

 41 recruited participants from a Movement Disorders Clinic to 

assess the effects of rehabilitation on balance, gait, motor performance, and 

thoracolumbar rotation among individuals with PD. Participants were randomly assigned 

to either the Rehabilitation group (n=30; 13M / 17F Age (years): 64.0 ± 9.9 ;) or the 
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Control group (n=31; 16M/15F Age (years): 67.0 ± 11.3;). The Rehabilitation protocol

involved 28 twice-weekly small group sessions lasting 2 hours and included the 

following: relaxation, breathing, range of motion (ROM), thoracic rotation, postural 

reeducation, gait training, dance, weight shifting, and attentional strategy. The control 

group continued their prescribed medication dosage and was offered rehabilitation after 4 

weeks. Assessments were performed “ON” at baseline, follow-up, and one-month follow-

up. The study found that the quantity of turning steps decreased significantly immediately 

after four weeks of rehabilitation (p=0.001). Similarly, thoracolumbar rotation improved 

significantly in both directions for the rehabilitation group compared to participants in the 

control group. However, inferences from these findings are limited. First, the 

rehabilitation intervention combines vastly different interventions, limiting one’s ability 

to identify which intervention style contributed to improvements. Secondly, the ROM 

measurements were taken while participants were seated and not while performing 

walking tasks. Although these measurements were obtained via traditional methods, these 

findings may not equate to improvements while performing walking activities. 

Nonetheless,  these findings demonstrate that dynamic stability and thoracolumbar 

rotation improvements, as evidenced by fewer turning steps and increased ROM, 

respectively, are possible following an intervention 

Tollár et al., 2019 56 performed a randomized control trial that compared the effects of 

agility exergaming, upright stationary cycling, and medication only on gait mobility 

among people with PD. Each intervention consisted of 1-hour training sessions 

performed five times per week over five weeks and at 80% of the age-predicted 
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maximum heart rate. Assessments were performed at baseline, directly following the 

intervention, and four weeks after the conclusion of training with outcome variables that 

included changes in the Dynamic Gait Index (DGI) and 6MWT distance. This study 

found significant differences in DGI score changes among the exergaming, cycling, and 

control groups, 0.7±1.77, 0.3±0.98, –0.5±1.31, respectively. The study also found that 

6MWT distance changes were significant across the exergaming, cycling, and control 

groups, 129.6±68.90 m, 141.6±51.53 m, –16.3±81.61 m, respectively. These results 

suggest two points. First, walking capacity improves independent of the training method 

but emphasizes the importance of exercise at moderate-high aerobic intensity. Second, 

participants make significantly greater improvements in gait adaptability after training, as 

evidenced by the DGI score increase. These results suggest the importance of 

incorporating full weight-bearing and aerobic training into rehabilitative interventions to 

improve dynamic postural stability. 

 

Summary 

In closing, the challenge of turning offers both a unique challenge and a sensitive 

assessment of motor abilities for individuals with PD. Shortened stride length, narrowed 

step width, reduced segmental coordination, increased turn duration, and steps.  

 

 

 

Table 4 Review of turn-based literature focusing on individuals with PD.  
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Authors 
and 
Year Aim(s) 

Participant 
Characteristics 

Study Design 
and Protocol Intervention Results 

Future 
Implications 

Mellone et 
al., 201632 

Determine if 
PwPD have speed- 
and angle-specific 
dynamic stability 

impairments 
during turns 

HC (n=19) 
-Age: 67(8) 

-Gender: 7F/12M 
 

PD (n=12) 
-Age: 66.3(6) yrs. 
-Gender: 4F/8M 

-H&Y: 2-3 

Observational cohort 
 

Participants performed 12 
walking trials over walked 
path marked on the floor 
at slow (S), preferred (P), 

and fast (F) 

NA Presented as Slow/Preferred/Fast 
 

Mean turn duration (s) 
HC: 

1.5±0.02/1.4±0.01/1.5±0.01 
 

PD: 
1.6±0.01/1.5±0.12/1.6±0.01 

 
CoM 

Trajectory (m) 
HC: 

7.5±1.2/17.3±0.9/15.2±1.1 
PD: 

16.3±1.0/16.3±1.1/14.3±1.2 
 

DS (%GC) 
HC: 

18.0±8.3/16.6±4.4/16.3±3.6 
 

PD: 
16.2±5.4/15.9±3.1/18.0±3.6 

PwPD actively 
reduces turn speed, 
and increases turn 

distance. 
 

PwPD do not 
exhibit different 
dynamic stability 
vs. HC, evidenced 

by & GC with 
CoM outside the 

BOS. 
 

Slow turning speed 
and larger turn 

angles are 
compensatory 

behavior to prevent 
dynamic postural 

instability 

Bello et al., 
201347 

Explore the effects 
of two training 

programs, walking 
on a 

treadmill and 
walking 

overground, in PD 
patients. 

PD (N=22): 
13M/9F 

 
TT (n=11) 

Age(years): 59.45(11.32 
Height(m): 1.66(0.08 

Disease duration (years): 
2.82(3.28 

H&Y: 2.27(0.41 
UPDRS:18.64(7.99 

 
OG (n=11) 

Age(years): 58.00(9.38 
Height(m): 1.65(0.06 Disease 

duration (years):4.95(2.59 
H&Y: 2.05 22.09(0.52 
UPDRS: 22.09(9.44 

 

Participants were 
randomly assigned to TT 
or OG and evaluated pre-

and post-training. TT 
evaluated once more since 
SL increased significantly 
Gait assessed at preferred 

(PWS) and maximal 
speeds (FWS) 

Overground walking test: 
4-min at preferred speed 

and 10m at max speed and 
TUG at safe and 

comfortable speed static 
posturography 

15 sessions 
 3x/week four 4-

minute-long bouts 
at a self-selected 
speed measured 
during baseline 

testing  
intensity was 

maintained to self-
selected speed from 

the initial 
assessment.  

An additional 4-
minute bout was 
added weekly. 

TT 
wore safety 
harnesses and held 
handrails 
continuously. 

OG 

Mean Values presented as Pre/Post 
UPDRS-III 

OG: 22.09 ±2.84 / 18.2 ±2.01 
TT: 18.64 ±2.4 /21.27 ±2.72 

Time to turn (s): OG: 2.62 ±0.16 / 
2.57 ± 0.19 

TT: 3.23±0.44 /2.76 ±0.27 
 

Knee Extensor Strength (N) 
Affected Leg: 

OG: 650 ±106 / 578 ±72 
 

TT: 817 ±138 / 804 ±129 
 

Non-Affected Leg 
OG: 649 ±83 / 573 ±62 

 
TT: 863 ±141 / 841 ±136 

 
Preferred Walking Speed (m/s): 

Incongruent 
evidence that TT 
training effect on 

balance offers 
better results than 

OG. 
 

Although 
overground 

walking bouts 
were performed, 
the training was 

limited to straight, 
forward walking. 

 
There were no 

differences 
between groups in 

HY status, but 
UPDRS-III scores 

decreased post-
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Authors 
and 
Year Aim(s) 

Participant 
Characteristics 

Study Design 
and Protocol Intervention Results 

Future 
Implications 

Bouts performed 
indoors 

60m hallway and 
10m wide using 

auditory cueing to 
maintain walking 
speed 

OG: 1.33± 0.07 / 1.39 ± 0.08* 
TT (T0/T1/T2): 1.26 ± 0.09/ 1.36 ± 

0.09*/ 1.37 ± 0.11* 
 

Preferred Walking SL (m): 
OG: 1.35 ±0.05 /1.38 ± 0.05 

 
TT (T0/T1/T2): 1.27± 0.08 /1.33 ± 

0.07* /1.33 ± 0.08 

training in OG, 
while TT 
increased. 

Forsell et 
al., 201736 

Investigate the 
influence of 

walking speed on 
axial coordination 
during turns while 

walking among 
healthy elderly 

adults 

Healthy older adults (N = 17) 
10M/7F 

Age (years): 
72 ± 6 

Weight (kg): 76.1 ± 8.8 
Height (cm): 176 ± 9 

Participants walked non-
stop, over a 9-meter 

walkway 4.65 turned at 
the designated intersection 

in the direction of the 
visual cue (straight, left, or 

right 180° turns) given 
before each trial. 

 
Taking the closest path to 

the target during two 
separate sessions, self-

selected comfortable speed 
(CWS) and slower speed 

(SS), to mimic the velocity 
of PwPD. 

SS walking velocity was 
monitored using a 

handheld stopwatch and 
corrected as needed. 

Participants randomly 
completed five trials for 

each direction during both 
sessions. 

NA Results presented by testing session: 
CWS/SS. Values are presented as 

Median, IQR 
 

Walk velocity (m/s) 
Pre-turn*: 1.12 ,0.20 / 0.93, 0.14 

During turn*: 0.67, 0.17 / 0.57 0.14 
 

Step length (m)*: 
0.58, 0.05 / 0.54, 0.07 

 
Step time (s)*: 

0.62, 0.07 / 0.69, 0.07 
 

Turning radius (m): 
0.70 vs. 0.68 

 
Cranio-pelvic separation (°)*: 

 
28.4 / 24.4 

In healthy older 
adults, the head 

rotates faster than 
the pelvis at onset, 

and the pattern 
inverses at turn 

offset. 
 

Cranio-pelvic 
separation 

measures slower 
velocity minimizes 
axial coordination 

in healthy older 
adults. 

Cole et al., 
201729

Investigate trunk 
muscle activation 

deficits among 
PwPD and 
determine 

influences on 
spinal segment 

stability 

PD:(n=79) 
51M

Age(years): 
68.1±0.9 

Height(cm): 
168.2±1.0 

Mass(kg): 
74.3±1.8 

Disease Duration(years): 6.1±.5 

Cross-sectional with 12-
month Prospective follow-

up 
 

Using 3D motion capture, 
participants walked 
barefoot at self-paced 
velocity across a 9-meter 
walkway wearing surface 

NA Results are presented as: 
-Mean (SE)
-PD/PD fall/PD non fall/HC 
/HC+fall/HC-fall 

 
Trunk flexion angle (°)  
5.70 (0.94)/6.52 (1.30)/4.43 

(1.30)/1.57 (0.57)/2.12 (0.98)/1.27 
(0.71 

Impaired 
neuromuscular 

activation, 
evidenced by 

higher coactivation 
levels among 

thoracic 
musculature, limits 

intersegmental 
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Authors 
and 
Year Aim(s) 

Participant 
Characteristics 

Study Design 
and Protocol Intervention Results 

Future 
Implications 

H&Y: 1.9±0.1 
 

HC: (n=82) 
50M 

Age(years): 69.6± 0.8 
Height(cm): 

138.9±1.0 
Mass(kg): 

79.8±2.4 

EMG on the thoracic 
erector spinae (TES), 
lumbar multifidus (LMF), 
and external obliques 
(EO). Four trials were 

performed wat a sampling 
rate of 150 Hz 

 
 Peak Thoracic erector spinae 

(%MVIC) 
31.48 (1.68)/33.61 (2.32)/28.24 

(2.25)/23.58 (1.28)//21.52 
(2.27)/24.71 (1.53) 

 
Peak Lumbar multifidus (%MVIC) 

39.49 (1.51)/41.39 (1.84)/36.50 
(2.53)/34.09 (1.41)/29.91 

(2.25)/36.37 (1.74) 
 

Peak External oblique (%MVIC) 
26.01 (1.50)’27.84 (2.07)/23.40 

(2.07)/22.95 (1.30)/20.91 
(2.03)/24.04 (1.66) 

coordination while 
walking and 
contributes to 

segments moving 
as one unit.  

Spildooren 
et al., 
201361 

Investigate the 
relationship 

between impaired 
cranio-pelvic 

rotation during 
turning and FoG. 

HC (n=14) 
Age (years): 65.2 ± 6.8 

Leg length(cm): 90.1 ± 4.9 
MMSE 
29.1 ± 1.3 

 
PD-FoG (n=14) 

Age (years): 66.7 ± 7.4 
Leg length (cm): 88.9 ± 6.5 

MMSE 
28.7 ± 1.2 

Disease duration (years): 
7.8 ± 4.8 

H & Y 
2.4 ± 0.3 

UPDRS-III 
34.4 ± 9.9 

 
PD+FoG (n=13) 

Age (years): 68.1 ± 7.5 
Leg Length(cm): 88.5 ± 4.5 

MMSE 
27.7 ± 1.2 

Disease duration (years): 
9.0 ± 5.0 

H & Y 
2.5 ± 0.5 

Participants performed 
trials in a gait lab with 3-

dimensional motion 
capture and walked 5m 

toward two retroreflective 
markers placed 0.5 m 
apart on the floor to 

standardize the turning arc 
without limiting available 
turning space. Participants 

turned 180 ° around the 
markers leftward and 
rightward, in random 

order, with and without a 
DT. Participants with PD 
performed the test OFF 

medication state. All trials 
were performed 3 times 

each. 

NA Results presented as HC/+FoG/-
FoG 

Max turn velocity (°/s)**: 
95.4 / 74.1 / 60.6 

Max Cranio-pelvic Separation 
(°)**: 

 
35.4 /25.7 / 27.3 

 
Additional speed-dependent trials 

(reduced gait speed) 
 

Max Cranio-pelvic Separation 
(°)**: 

 
HC**: 34.8 / 24.9 
+FoG:24.9 / 25.7 

The separation 
between the head 
and trunk reduced 

with slower 
velocity. 

 
Peak angular 

velocity is slower 
among PwPD, 

whom experience 
FoG. 

 
Axial rotation 

worsens with PD 
and further 
declines as 

freezing develops. 
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UPDRS-III 
38.7 ± 14.2 

Salarian et 
al., 200965 

Analyzed and 
compared 180° 

turn performance 
between PwPD 
(untreated) and 

age-matched HC 

HC (n=14) 
-Gender: 3M 

-Age: 61.1±7.9 years 
 

PD (n=12): 
-Age: 60.2 ± 8.9 years 

-Gender: 6M 
-H&Y:1- 2.5 

-UPDRS III: 20.3 ± 9.8 
-No history of PD medication 

A longitudinal study 
lasting 18 months. 

Participants performed 3 
walking trials along a 7-

meter walkway while 
wearing portable IMU 
sensors (sternum and B 
shanks) every 6 months 

NA Turn Duration (s):* 
HC: 1.79±0.27 
PD: 2.18±0.43 

 
# Steps: 

HC: 3.50±0.52 
PD: 4.08±1.00 

 
PTV (°/s) 

HC:172.44±30.13 
PD:162.3±30.85 

During the early 
stages of PD, 

traditional turn 
duration is already 
significantly more 
extended than HC 

 
Transverse plane 
PTV is slower but 
not significantly 

Gavriliuc et 
al., 201974 

Investigate turning 
strategies in 

people with PD 
and characterize 

those using 
various strategies. 
Analyze the effect 

of L-Dopa and 
subthalamic 

nucleus deep brain 
stimulation on 

turning strategies. 

PD (n = 171) 
(Spinners/Mixed/Steppers) 

 
-Age: 

59.1±8.4/59.7 ±9.3/60.6±8.1 
 

Gender (F:M): 3:15/ 0:4/ 50:99 
 

-Disease duration: 
10.2±5.1/12.0±1.7/13.5±5.4 

 
-UPDRS III: 

31.8±8.9/45.7±5.2/39.3±11.8 

Participants performed 
180° turns pre-and post- 

STN-DBS 
using the self-selected turn 

strategy, OFF and ON 
medication. Trials were on 

video recording, with a 
blinded rater 

 
Baseline: OFF: L-dopa for 

12 hours or Dopamine 
agonists for 72h 

"ON": 60 minutes after 1.5 
times usual medication 

dosage 
 

Follow-up : 3-12 months 
post-surgery and ON 

STN-DBS OFF: 
Spin: n=18 (10.5%) Step: n=149 

(87.1%) Mixed: n = 4 (2.3%) 
 

ON: 
Spin: n=40 (23.5%). 
Step: n= 103 (66%) 

Mixed: n=27 (15.9%) 
 

Lower UPDRS-III scores were 
observed in participants continuing 
the step strategy at follow-up (15.5 

± 6.8 vs. 19 ± 14)* 

Turn strategy 
correlates with 
UPDRS III and 

PIGD 
 

More participants 
performed step 
strategy when 

OFF, suggesting a 
less demanding 

strategy. 
 

The turning 
strategy may 
complement 

turning parameters 
when quantifying 
gait and posture. 

Huxham et 
al., 2008a24 

Examine turning 
step adjustments 
among people 

with PD 

PD (n= 10) 
-Age: 72.9 ±3.3 

-Height (cm): 165.0 ±8.9 
-Weight: (kg): 70.3 ±11.7 

-H&Y: 2-3 
-Disease Duration (years): 7.4 

±5.1 
 

•HC (n= 10): 
-Age (years): 71.3 ±2.4 

-Height (cm): 168.2 ±7.7 
-Weight (kg): 71.6 ±10.9 

Using three-dimensional 
motion analysis, 

participants walked at self-
selected speed and turned 

three times each at  
0°, 60°, 120° in 

randomized order. 

NA ST = 60°; LT= 120° 
Stride Length (mm) 

Displayed as  
pre-turn/Step1/Step2/Step3/Step4 

PD  
ST: 991 (200) / 923 (180) /783 

(174) /896 (221) /897 (242) 
LT: 914 (214) /690 (186) /682 (166) 

/620 (261) 
HC  

ST: 1333 (102) /1250 (85) /1105 
(81) /1259 (113)/ 1232 (105) 

Reduction in stride 
length is an 

integral component 
of turning, but 
people with PD 

display excessive 
reduction in SL 

 
Unimpaired adults 
begin to turn with 
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 LT: 1250 (96) / 954 (85) /994 (145)/ 
1043 (194) 

•Turn efficiency (# steps to reach 
turning angle) 

 
Stride Direction (deg) 

 
PD 

ST: 0 (2) / 1 (5) / 16 (12) 38 (15) 
/51 (13) 
LT: 0 (4) /10 (11)/ 43 (28)/ 77 (32) 

HC 
ST: 0 (2) / -1 (3) /20 (9) /45 (9) /57 
(4) 

LT: -1 (3) /16 (11) /65 (20) /104 
(15) 

preparatory steps 
away from turning 
direction, 
suggesting APA 
counter-rotation. 

Huxham et 
al., 2008b25 

Examine the 
contribution of 
intersegmental 
rotation to turns 
among PwPD 

HC (n= 10) 
Age: 71.3±2.4 

Height (cm): 168.2(7.7 
Weight (kg): 71.6±10.9 

MMSE: 
29.3±1.0 

 
PD (n=10) 

8M/2F 
Age: 72.9±3.3 

Height (cm): 165.0±8.9 
Weight (kg): 70.3±11.7 

MMSE (*/30): 27.7±1.8: 
H&Y: 2.3±0.3 

UPDRS-III: 14.2±5.6 
Disease Duration (year): 

7.4±5.1 

Controlled experiment 
 

Participants performed 
turning trials while 

walking at a self-selected 
speed. Using visual cues, 
turns were performed 3 

times each at 0°,60°, and 
120° in randomized order. 
In addition, 3-dimensional 
motion capture was used 
to quantify movement. 
Turns were performed 

with left foot landing and 
rotating rightward. Data 
were collected at the first 
turning step, 3 footfalls 

each entering and exiting 
the turn. 

NA Results show the differences 
between PwPD and HC during 120° 
turn trials, by step and time. Values 

are calculated as HC – PD). 
Therefore, negative values reflect 

larger values for PwPD for the 
measurement. 

Mean(SD) 
 

1st Step 
Cranial: 

HC: 2 (7) 
PD: 6 (7) 
Thoracic: 
HC: -8 (4) 
PD:-1(6) 
Pelvis: 

HC: -3 (5) 
PD: 0 (4) 

3rd Step 
Cranial: 

HC: 34 (21) PD: 36 (18) 
Thoracic: 

HC: 9 (12) PD: 18 (11) 
Pelvis: 

HC: 13 (12) PD: 16 (10) 
 

Individuals with 
PD begin turns 

sooner with larger 
thoracic rotation 
than HC, who 

displayed greater 
cranial rotation at 

the first step.  
HC 

prepared for the 
turn with the head 
rotating before the 

pelvis, unalike 
PwPD who 

remained locked in 
the same direction. 
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6th Step 
Cranial: 

HC: 128 (8) PD: 117 (12) 
Thoracic HC: 120 (8) PD: 105 (20) 

Pelvis: 
HC: 119 (8) PD:101 (21) 

 
1.5s before 
Cranial: 

HC: 2 (6) PD: 5 (8) 
Thoracic: 

HC: 7 (4) PD: 1 (5) 
Pelvis: 

HC: 6 (4) PD: 2 (3) 
 

During 
Cranial: 

HC: 54 (23) PD: 55 (14) 
Thoracic: 

HC: 24 (12) PD: 31 (10) 
Pelvis: 

HC:24 (12) PD: 28 (9) 
 

1.5s after 
Cranial:  HC: 129 (7) PD: 121 (13) 

Thoracic: 
HC: 123 (6) PD: 113 (17) 

Pelvis: 
HC: 125 (6) PD: 110 (16) 

Park et al., 
202067 

Investigate turn 
characteristics of 
the affected limb 
between PwPD 

with and without 
FoG and HC 

+FoG/-FoG/HC 
-Gender: 

7M/8M/6M 
 

-Age (years) 
66.67±4.38/ 68.83±6.00/ 

68.25±3.47 
 

-Height (cm): 158.83± 9.08/ 
157.73±7.22/ 160.30±9.29 

 
-Weight (kg): 

57.88±8.97/ 61.07±8.43/ 
61.53±9.54 

Tested “ON” 2-3 hours 
before the test 

 
2 sessions 

1st: 
Informed consent, 

UPDRS, HY, NFoGQ, and 
MMSE 

 
2nd: 

5-minute warmup, 5-
minute rest, turning tasks 
modified from TUG, 3xea 
with 3D motion capture: 

NA Results presented as (PD/HC) 
 

Total Steps 
IMA*: 

9.17±2.59/ 7.39±1.52 
 

OMA: 
9.96±2.53/ 9.11±2.14 

 
Duration (s) 

IMA**: 
4.34±1.18/ 3.25±0.66 

 
OMA*: 

Poor 
intersegmental 

coordination and 
slower and smaller 

axial rotations 
contribute to en 

bloc turns. 
 

Potentially 
contribute to 

disequilibrium 
while turning. 
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-Disease duration (years): 
9.83±4.26/  5.96±1.83/ NA 

 
-H&Y: 

2.55± 0.27/ 2.38±0.31 
 

-Left Side More Affected: 
11/ 8/ All R-handed 

360°, 540° at fastest self-
selected speed max speed 

4.67±2.03/ 
3.42±0.70 

 
Step width (m) 

IMA: 
0.13±0.08/ 0.17±0.08 

 
OMA**: 

0.09±0.04/ 0.15±0.07 
 

Inner step length (m) 
IMA**: 

0.40±0.07/ 0.47±0.05 
 

OMA**: 
0.41±0.06/ 0.49±0.05 

 
Outer step length (m) 

IMA**: 
0.40±0.07/ 0.49±0.06 

 
OMA**: 

0.40±0.07/ 0.49±0.04 
Conradsson 
et al., 
201840 

Investigate 
mediolateral 

stability during 
pre-and unplanned 

walking turns 
between PwPD 

and HC 

PD( n= 19): 12M/7W 
Age(yrs.):72 (4) BMI: 25.0 

(3.2) Disease duration (yrs.): 5.2 
(4.2) 

HC(n= 19): 12M/7F  
Age(yrs.):72 (6) BMI: 24.7 

(2.6) 

RCT 
Participants walked 

straight or walked and 
turned 180° planned and 

unplanned trials with 
visual cues 

9m walking 
•Self-selected 

•Turn 180° R or L 
•Pre- and unplanned 
•15 trials per subject 

Five trials each of straight, 
right, and left turns 

•Both sessions on the same 
day 

•HC performed tasks at the 
same speed as PD using a 

hand-held stopwatch 

NA PwPD initiated turns 12° and 16% 
narrower step width vs. HC 

22% to 38% smaller pelvis lateral 
displacement during the widening 

turning steps 

Turning stability 
compromised in 

PD during 
narrower crossover 

steps 
 

Impaired scaling 
flat. Pelvis 

displacement and 
step width 
regulation 

•HC maintained 
large ML 

difference across 
wide and narrow 

 
turning stability in 
PD was a robust 

finding—
independent of 
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turning strategy 
steps 

A scaling deficit in 
movement 

amplitude for 
individuals with 

PD 
Conradsson 
et al., 
201768 

Determine 
whether 

dopaminergic 
medication 
improves 

preplanned and 
unplanned turns in 
PwPD compared 

to HC 

•PD(n=19): 12M/7F
Age:72 (4) yrs. Weight:74.7 
(10.7) kg Height: 172.9 (6.4) 

cm; Disease duration (y) 5.2 
(4.2) 

HC (n=17): 10M/7F 
Age(yrs.):72 (5) Weight(kg): 

76.1(8.8) Height(cm): 175.8 
(8.8) 

UPDRS III: *: 44.8 (7.2) 35.0 
(7.5) 

Assessed "OFF" then ON 
within the same day 
•HC: Two sessions  

(i)comfortable walking 
speed (ii) speed-matched 

participants with PD. 
•Pre and unplanned 

turning conditions in 
randomized order 

Planned: Visual cue 
provided direction before 

star 
Unplanned: Begin walking 
straight with visa; the cue 

is given t 
 

NA Vales are mean (95% CI) and 
presented as PD-OFF/PD-

ON/ES/HC 
Body rotation (°)77 (68–86) /80 

(72–88)/0.30/99 (92–105) 
Distance (m) 

1.47 (1.37–1.57)/1.55 (1.46–
1.63)/0.75/1.82 (1.74–1.89) 

Trajectory (m) 
0.61 (0.57–0.66)/0.59 (0.55–
0.64)/0.29 0.60 (0.56–0.63) 

Velocity (m/s)   0.46 (0.40–
0.52)/0.47 (0.43–0.50)/0.08/0.45 

(0.40–0.49) • 
mean straight walking velocity 

improved by 0.07 m/s when “ON” 
medication intake along with a 0.03 

m increase in step length 

PwPD turns sooner 
began than HC, 

regardless of 
medication state. 

 
Individual turn 

strategy remained 
unchanged 
between 

participants after 
taking medication 

 
Step turns occur 

with widened BoS. 
 

Preplanned turns 
were initiated prior 
to the intersection; 

unplanned turns 
were initiated after 

crossing the 
intersection point 

mean turn velocity 
higher in 

preplanned turns 
 

Slower unplanned 
turn led to more 

considerable turn 
degree at final step 

vs. preplanned 
(100–113 ) 

compared to 
preplanned turns 

(77–99 ) (P<0.0 
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Mean turn velocity 
higher in 

preplanned turns 
 

Visser et 
al., 200731 

Quantify trunk 
rotations during 
turning tasks in 

PwPD 

PD (n=24): 
4M / 20F 

-Age(yrs.): 
58.3 ± 10.1 

-UPDRS-III: 38.8 ± 12.9. 
 
 

HC(n=25): 10M/15F 
 

Age(yrs.): 57.6±6.8 
 

UPDRS-III: 
38.8 ± 12.9 

 

Observational Cohort 
Tested “ON” 

Participants perform four 
different turning tasks, 
three times each while 

wearing 2 angular velocity 
transducers on their 

sternum and lower back 
Participants walked 6m at 

their self-selected 
comfortable speed then 
turned 180° turns to the 

left and right. Tasks 
included self-paced 
“normal,” as fast as 

possible, cued, and DT 
continuously answered 

simple questions. 
Participants were not 

instructed on the turning 
strategy. 

NA Difference: 
Duration (s)*: 0.6 (0.39,0.80) 

 
PTV yaw (°/s)*: 
40.6 ( 59.1, 22.1) 

 
PTV roll (°/s)*: 

9.4 ( 13.8, 5.0) 
 

Peak walking yaw(°/s): 
5.7 ( 14.3, 2.9) 

 
Peak walking roll(°/s)*: 

5.1 ( 9.8, 0.51) 
 
 

PD: 
Duration(s): 2.7 ± 0.39 

 
PTV yaw (°/s): 

137.7 ± 31.3 
 

PTV roll (°/s): 
31 ± 6.1 

 
Peak walking yaw(°/s): 

56.9 ± 10.7 
 

Peak walking roll(°/s): 28.7± 7.1 
 

HC: 
Duration(s): 2.1 ± 0.33 

 
PTV yaw (°/s):   178.3 ± 33 

 
PTV roll (°/s): 

62.6 ± 18.1 
 

Peak walking yaw(°/s): 

Turn performance 
improves during 

planned for PwPD 
Peak velocities 

demonstrate 
differences in turn 

task. 
 

Postural control 
displayed in 

turning task to 
discriminate 

Measuring PTV as 
the outcome of 
interventions 

aimed to improve 
gait and balance 
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56.9 ± 10.7 
 

Peak walking roll(°/s): 
33.8 ± 8.8 

Stack et al., 
201833 

Explore wearable 
sensors compared 
to video analysis 

by an expert 
clinician to detect 

instability. 

N=24 
PD(n=10) : 

6F 
Age:74 (7) years. 

H&Y: 1–5 
 

HC(n=14): 
13F 

Age:74 ± 8 years 
Height: 1.6 ± 0.1m 
Mass: 67 ± 12kg 

 

Simultaneously wore IMU 
while being video 

recorded during multiple 
functional gait trials. 

NA Results presented as Video/Sensor 
 

Duration(s): 
3.0 (1.9)/2.9 (2.0)

 
Steps: 

5.1 (3.3)/5.2 (3.4) 

Wearable sensors 
can detect turn 

duration and steps 
similarly to video 

analysis 
 

PwPD 

Franzén et 
al.,200937 

Test the 
hypothesis that 
neck tone is the 
most related to 
Impaired turn 

performance and 
balance in PwPD. 

To test this 
hypothesis, we 
correlated axial 

postural 
the tone in the 

neck, trunk, and 
pelvis segments 
was measured 

objectively 
using Twister with 

measures of 
balance and 

mobility in both 
subjects 

with PD and age-
matched control 

subjects. 

PD (n=15) 
15M 

H&Y: 2.5 
Age (yrs.): (63±8 years) 

Height (cm) 176 
Weight (kg): 81 

Affected Side: 8R/6L/1B 
HC: 

Age: 64 
Height: 174 

Weight (kg): 79 

Participants performed 
morning assessments in 

the OFF (at least 12h), and 
the assessment included 
axial tone assessments of 
the cervical, thoracic and 
pelvic tone assessments, 

then six different 
functional performance 

assessments that included: 
Figure 8, Supine roll, 

TUG, BBS, Functional 
reach test, Standing 360 

turn in place. The morning 
assessment concluded with 

UPDRS-III. Next, 
participants took their 

regular morning 
medication dosage, waited 

1 hour, then repeated all 
assessments. Control 
subjects performed all 

assessments once, 

Usual medication 
dosage 

TUG 180° turn duration(s): 
HC: 1.0 (0.3) 

PD-OFF: 1.6 (0.4) 
PD-ON: 1.3 (0.3) 

 
HC vs. OFF** 
OFF vs. ON* 

Although 
participants 

complete 180° 
turns significantly 
faster while on L-
dopa medication 
than when OFF, 
participants with 
PD perform turns 

while walking 
slower than HC. 

Koop et al., 
201853 

Determine the 
sensitivity of 

mobile devices to 

PD (n=30): 
12 F/18 M 

Age (years): 61.9 ± 9.0 

Participants performed 2 
TUG trials over carpeted 
hallway randomized over 

Medication Results are presented as Mean (SD, 
ICC [LB,UB] 

OFF/ON 

Average angular 
velocity increased 
with medication 
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measure 
biomechanical 

metrics. 

Disease duration(years): 
4.0 ± 3.0 

H&Y: 
2.5: n=25 

2 separate days while 
wearing iPads over the 

lumbar spine to 
approximate whole-body 

CoM 
Auditory cues provided 

start signal 

 
Average Velocity (°/s) *: 

90.94 (15.20), 0.83 [0.67 0.91] / 
98.19 (20.24), 0.85 [0.71 0.93] 

 
Peak Velocity (°/s): 

163.66 (41.25), 0.84 [0.69 0.92] / 
172.73 (39.71) 0.80 [0.62 0.90] 0.14 

status, but not peak 
angular velocity 
(vertical axis) 

Song et al., 
201239 

Characterize the 
postural control 

differences 
between PwPD 

and HC during a 
step turning 

activity. 

PD (n=15) 
Age (years): 62 (9.1) 

Height (m): 1.68 (0.07) 
Weight (kg): 68.9 (12.1) 

Disease Duration (months): 
18.2 ± 13.9 

H&Y: 1.9 ± 0.3 
UPDRS III: 

21.2 ± 6.7 
UPDRS-III: 

0.1 ± 0.4 UPDRS postural 
stability: 

0.3 ± 0.5 
 

HC (n=10) 
Age (years): 60 (8.5) 

Height (m): 1.72 (0.09) 
Weight (kg): 74.8 (17.2) 

Using 3D motion analysis 
and force plates, 

participants walked 4 m 
straight at self-selected 
speed and turned 90° 

toward their dominant leg 
(defined as kicking leg) 

after reaching the 
designated location for 10 

trials 

NA Results are presented as PD/HC 
 

Approach gait velocity (m/s): 
1.35 (0.14) / 1.46 (0.14) 

 
Peak COP-COG distance (m): 

Phase 1**: 
0.13± 0.03 / 0.17 ± 0.03 

Phase 2*: 
0.21 ± 0.05 / 0.27 ± 0.04 

PwPD likely 
adapts turning 

behavior to reduce 
postural demand 
while turning by 

reducing velocity, 
though the 

difference is not 
statistically 
significant. 

 
The scaling 

strategy reduces 
the moment arm 

and, consequently, 
the muscular force 

required to 
complete the turn. 

Crenna et 
al., 200716 

Analyze turning in 
individuals with 
mild idiopathic-

PD 

PD (n=7): 
5M/2F 

Age: 67.1 (6.5) 
Height (cm): 165.6(10.7 

Weight (kg):66.9(9.0 
UPDRS:14.7±3.9 

H&Y: 1.8±0.4 
HC (n=15): 

 8M/7F 
Age: 67.7 (2.7) 

Height (cm):165.2±8.6 
Weight(kg):65.7±9.2 

Using 8-camera 3-
dimensional motion 
analysis, participants 

randomly performed two 
walking trials eight times 

each, Straight (W) and 
Walked and Turned 

(W&T) in “ON” state. In 
W trials, participants 

walked 6m at self-selected 
speed, and for W&T, 
participants walked at 

least 2m toward a vertical 
rod, then turned 90° 

leftward for all turning 
trials. 

NA Results are presented as 
HC / PD 

Median (Min-Max) 
Gait speed (%BH/s)* 

81.8 (70.0–99.0) / 72.8 (63.5–85.7) 
Peak head–trunk rotation (°) 
W: 4.8 (1.6-9.9) / 2.2 (0.7-6.8) 

W&T**: 17.7(7.2–29.3) / 7.2 (5.4–
12.7) 

# of turn steps** 
2.5 (1.7–3.5) / 3.3 (2.8–3.9) 

Max head–trunk rotation (°)* 
17.7 (7.2–29.3) / 7.2 (5.4–12.7) 

Approach step length (%BH) 
38.8 ( 30.2–47.3) / 36.7 (27.2–41.1) 

 

PwPD displays a 
significantly 
smaller peak 

cranio-thoracic 
separation 

amplitude and 
requires more steps 
while turning than 

HC. 
 

Results suggest 
that intersegmental 

rigidity is not a 
major contributor 

to turn 
performance 
differences 
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Bertoli et 
al., 201935 

Quantify and 
compare kinematic 

differences in 
freezers and non-

freezers while 
performing 180° 

turns while 
walking 

PD+FoG (n=24) 
(19M/5F) 

Age (years): 69.2 ± 7.1 
Disease duration (years): 8.7 ± 

6.2 
MDS-UPDRSIII: 

45.8 ± 12.1 0.56 
PIGD sub score 7.6 ± 3.7 <0.01 

MoCA: 
24.9 ± 4.9 

PD-FoG(n=18) 
(14M/4F) 

Age (years): 
70.3 ± 6.8 

Disease duration (years): 
7.7 ± 4.3 

MDS-UPDRSIII: 
43.6 ± 11.3 

PIGD subscore 3.8 ± 2.5 
MoCA 26.2 ± 3.3 

Participants perform a 
series of motor tasks OFF 

wearing 3 IMUs located 
on the dorsal aspects of 
both feet and the fifth 

lumbar vertebra region. 
This review examined the 
third task, which required 
180° turns while walking 
for 2 minutes along a 7 -

meter pathway at a 
comfortable speed. 

NA Results are Mean (SD) and 
presented as 
-FoG/+FoG. 

 
Duration (s)**: 
 2.55(.58) / 3.2(.75) 

# steps**: 
5.24 (1.18) / 6.41(1.31) 

Peak velocity(°/s)**: 
143.87 (26.18)/106.77 (26.61) 

ML jerk(m2/s5): 
3.43 ± 2.72 / 1 ± 3.74 
AP jerk (m2/s5): 

2.06 ± 1.80 / 1.71 ± 1.17 
 

Participants with 
FoG displayed 

longer turn 
duration, took 

more steps, and 
performed turns 

with slower lumbar 
peak turn velocity, 

suggesting that 
turn performance 

worsens with 
motor symptom 

severity. 

al., 201641 
Assess the effects 
of rehabilitation 
on balance, gait, 

and trunk rotation 
in PwPD. 

Rehabilitation (n=30) 
Age (years): 64.0 ± 9.9 

13M/17F 
Disease duration (years): 

4.6 ± 2.7 
H&Y:2.3 ± 0.6 

UPDRS III: 19.7 ± 7.8 
Control (n=31) 

Age (years): 67.0 ± 11.3 
16M/15 F 

Disease duration (years): 
4.3 ± 2.6 

H&Y: 2.3 ± 0.6 
UPDRS III: 23.2 ± 10.5 

RCT 
All participants were 

randomly allocated to (1) 
rehabilitation or (2) 

Control. 
Assessments were 

performed “ON” during 
Pre, Post, and 1-month 
follow-up assessments. 
Assessments included 

seated ROM testing of the 
lumbar and thoracolumbar 

spine using a tape 
measure. 

Rehabilitation 
28, 2-hour sessions 
in small groups (2-

3 participants) 
Weeks1-2 

2x/day, 6 
days/week 
Weeks 3-4: 

1x/day, 3 
days/week 

The program 
included: 

relaxation, 
breathing, ROM, 
trunk rotation in 
various positions, 

postural 
reeducation, gait 
training, dance, 

weight shifting, and 
attentional strategy. 
The control group 
(CON)remained on 

Presented as  
REHAB / CON 

Mean ± SD 
 

# steps 360 turn: 
Pre: 

10.70 ± 5.80/ 10.60 ± 6.80 
Post*: 

6.90 ± 2.10 0 / 9.80 ± 4.10 
Follow-up*: 

6.70 ± 2.00 / 10.80 ± 6.90 
 

Thoracolumbar ROM L (cm): 
Pre: 

4.70 ± 1.98 / 4.76 ± 2.22 
Post*: 

7.63 ± 1.84 / 4.46 ± 2.10 
Follow-up*: 

7.31 ± 1.68 / 4.10 ± 1.98 

REHAB group 
took fewer steps at 
follow-up, while 
the CON group 
remained 
unchanged, 
suggesting 
participants 
improved dynamic 
postural stability 
following 
rehabilitation. 

 
Seated 

thoracolumbar 
ROM improves in 
PwPD following 4 

weeks of 
intervention 
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Authors 
and 
Year Aim(s) 

Participant 
Characteristics 

Study Design 
and Protocol Intervention Results 

Future 
Implications 

prescribed 
medication and was 

offered 
rehabilitation after 

4 weeks. 
Conradsson 
et al., 
201586

Investigate the 
short-term effects 

of a 10-week 
program with an 

emphasis on motor 
and cognitively 

challenging 
balance exercises 

in elderly 
individuals with 

PD 

Training (n=51) 
Age (years) 72.9 (6.0) 

Gender: 
28M(60) / 19F(40) 

Weight (kg): 75.8 (14.1) 
Height (cm): 171.8 (9.2) 

H&Y 2/3: 
20 (43) / 27 (57) 
UPDRS III: 

36 (10) 
Disease duration (years): 6.0 

(5.1) 
Recurrent faller, yes/no 

25(53) / 22 (47) 
 

CON (n=49) 
Age (years) 73.6 (5.3) 

Gender, male/female 23M (51) / 
22 F (49) 

Weight (kg) 76.4 (13.9) 
Height (cm) 171.2 (9.0) 

H&Y, 2/3: 
19 (43) / 25 (57) 
UPDRS III: 

37 (11) 
Disease duration (years): 

5.6 (5.0) 

Double-blinded RCT 
Block randomization 

Pre- and post-assessments 
included gait and balance 

performance tests and self-
report questionnaires 

Training 
Group exercise (4-

7 people) 60-
minute session 

3x/week for 10 
weeks 

Emphasize sensory 
integration, 
anticipatory 

postural 
adjustments, motor 

agility, stability. 
 

CON: 
Usual exercise 

routine x 10 weeks 

Results presented as 
Pre/Post/Difference  

Mini Best**: 
Training:19.2(0.5) / 22.2 (0.5) / 3 
CON:18.4 (0.5) / 19.3 (0.5) /0.9 

ES= 0.82 
 

MFE time(s) NS 
Training: 25(13 / 24(13 / -3(6 

CON: 27(16 / 26(9 / -2(5 
ES= 0.00 

 
MFE(steps) NS 

Training: 2(4 / 2(3 / -3(6 
CON: 2(4 / 2(3 / -2(7 

ES: 0.25 

Participants 
significantly 
improved balance 
following training, 
evidenced by 
increased Mini 
BEST score and 
high effect size.  
Training did not 
significantly 
change MFE time 
but showed a small 
effect on the 
number of steps. 

 
The intervention 
can improve 
postural control 
during linear gait 
but does not affect 
rotational 
activities.  

Tollár et al., 
201956 

Compare the 
effects of agility 

exergaming (EXE) 
and stationary 
cycling (CYC) 

exercise training 
on mobility and 

clinical symptoms 
of people with PD. 

EXE (n=25): 
Age(years): 70.0±4.69 

Height( cm): 173.0±6.91 
Mass (kg): 72.2±6.33 

BMI: 24.2±3.13 
Disease Duration (years): 
7.5±1.76 7.5±2.16 7.3±2.21 

0.644 
Disease Duration (years): 

7.5±1.76 
H&Y: 2.3±0.48 

RCT with waitlisted 
control group testing "ON" 

state (1-2h). Participants 
completed Measurements 

taken pre-and post-
intervention; waitlisted 
control group offered 

enrollment into exercise 
program following study 

completion. 

All interventions 
were performed 
over five weeks, 

5x/week for 1 hour 
at 80% age-

predicted HRmax. 
 

EXE: 
Exercise with 

virtual reality for 
postural control, 

Dynamic Gait Index change*: 
EXE: 0.7±1.77 
CYC: 0.3±0.98 

CON: –0.5±1.31 
 

6MWT change*: 
EXE: 129.6±68.90m 
CYC: 141.6±51.53 m 
CON: –16.3±81.61 m 

Participants that 
train postural 
stability while 
standing make 
significantly 

greater 
improvements in 
gait adaptability, 
as evidenced by 
the DGI score 

increase. 
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Authors 
and 
Year Aim(s) 

Participant 
Characteristics 

Study Design 
and Protocol Intervention Results 

Future 
Implications 

 
CYC (n=25): 

Age(years): 70.6±4.10 
Height( cm): 173.8±6.11 

Mass (kg): 75.1±6.91 
BMI: 24.9±2.65 

Disease Duration (years): 
7.5±2.16 

H&Y: 2.4±0.51 
 

CON (n=24): 
Age(years): 67.5±4.28 

Height( cm): 174.7±7.48 
Mass (kg): 73.6±8.65 

BMI: 24.2±3.21 
Disease Duration (years): 

7.3±2.21 
H&Y: 2.4±0.51 

gait mobility, gait 
stability, turning, 

 
CYC: 

spin class @ 110-
140 rpm without 

visual feedback. 
 

CON: 
continued regular 

activity, 
medication, and 
diet and offered 

enrollment at study 
completion 
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ABBREVIATIONS: CYC, Cycling group; EXE, Exergaming group; CON, Control group; IQR, Inter-Quartile Range; 
HRmax, maximal heart rate; DS, Dynamic Stability; DT, Dual Task; ES, Effect Size; NA, Not Applicable; PwPD, People with 
Parkinson’s disease; PWS, Preferred Walking Speed; FWS, Fast Walking Speed; SWS, Slow Walking Speed; STN-DBS, Sub-
Thalamic Nucleus Deep Brain Stimulation; PTV, Peak Angular Turn Velocity; TUG, Timed Up and Go; “*” indicates p < 
0.05; “**” indicates p < 0.01.’ 
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APPENDIX C 

 
 
 
POSSabilities Routine 

 

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 the wall.  Goal is to minimize the use of hand on the 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 



77 
 

Walking backward 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)

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 D

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 
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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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