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Abstract 

Postural instability is one of the cardinal symptoms of Parkinson’s disease (PD). Postural 

instability can present on diagnosis, and commonly becomes more prominent with disease 

progression, resulting in subsequent falls and diminished quality of life. The treatment of 

postural instability is challenging, as it is often refractory to management with levodopa and 

deep brain stimulation of conventional targets such as the subthalamic nucleus. To assess 

postural instability, the most commonly used measure in the clinical setting is the pull test 

according to item 30 of the Unified Parkinson’s disease rating scale (UPDRS), where an 

examiner performs a brisk backward tug at the patient’s shoulder level and grades the 

corrective response. While easy to administer, outcomes can vary due to variability in test 

administration and interpretation.  

A comprehensive literature review revealed laboratory based assessments provided a more 

objective method to measure postural responses compared to clinical assessments in people 

with PD. These techniques were conventionally employed in people with PD in later disease 

stages who already demonstrate postural instability. Laboratory based assessments presented 

a method to identify abnormalities before postural instability is clinically evident and effects 

of therapies. The recent development of instrumentation of clinical balance tests offered an 

alternative technique to precisely quantify postural responses. Here, we developed an 

instrumented version of the pull test and investigate its utility to quantify postural instability 

in people with PD ranging from mild to moderate disease severity. 

In Study 1, the sensitivity of the instrumented pull test was investigated in healthy young 

participants. Postural responses were modified by presenting a startling auditory stimulus 

concurrent with the backwards pull. Such stimuli evoke StartReact effects and are known to 

speed reaction times. The instrumented pull test could detect small 10 ms decreases in 

postural reaction time evoked by the startling stimulus. The ability to detect such changes in 

healthy individuals highlights the utility of instrumented techniques and justifies further 

investigation in people where changes to balance is of interest. 

Subsequently, the instrumented pull test was used to characterise postural responses in 

eighteen people with mild PD (Hoehn and Yahr ≤ 2) in Study 2. Subclinical abnormalities in 

trunk and step responses were detected in participants with mild PD compared to healthy 
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controls. Furthermore, levodopa did not restore postural responses in participants with PD to 

that of healthy controls (Study 3). These findings demonstrate changes to postural stability 

can occur in mild disease. Abnormalities of postural responses which remain refractory to 

levodopa also suggest non-dopaminergic pathways may be implicated in the pathophysiology 

of postural instability in mild PD. 

Pedunculopontine deep brain stimulation (PPN DBS) is a therapy developed specifically to 

alleviate axial symptoms of gait and postural abnormalities unresponsive to conventional 

therapies such as levodopa. In Study 4, the instrumented pull test was used to quantify 

postural responses in five people with PD and moderate to severe postural instability 

receiving PPN DBS. Off and on stimulation, the instrumented pull test was able to detect 

postural responses with greater resolution compared to clinical assessments (axial items 27 to 

30 of the motor subsection of the Unified Parkinson’s disease rating scale (UPDRS) and the 

Mini-BESTest. However, the use of the instrumented pull test, and interpretation of findings 

was limited by the small sample size and highly variable postural responses in participants 

with moderate to severe postural instability. On stimulation, improvement in overall balance 

scores was demonstrated across all participants with the Mini-BESTest but not axial items of 

the UPDRS. 

This thesis demonstrated the utility of the instrumented pull test as a potential assessment tool 

to evaluate postural instability in PD. Identification of postural abnormalities provides 

valuable insights in the assessment and management of postural instability in people with PD. 

Clinicians should consider that subclinical postural abnormalities can be present in people 

with mild PD, even when patients are on levodopa. Findings from this thesis strongly support 

the need for further studies to explore variables of postural responses that may be useful to 

detect people with PD at risk of falls and for clinicians to deliver targeted interventions 

earlier in disease course.  
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 INTRODUCTION CHAPTER 1.

1.1 Background  

Parkinson’s disease (PD) is the second most common neurodegenerative condition after 

Alzheimer’s disease (Nussbaum and Ellis, 2009), affecting over 6.2 million people 

worldwide (GBD 2015 Neurological Disorders Collaborator Group, 2017). In 2014, there 

was an estimated 65,000 people with PD living in Australia (“Deloitte Economic Access 

report,” 2015). As the incidence of PD increases with age (Lees et al., 2009), the prevalence 

of PD is expected to double in developed countries from 2005 to 2030 due to the world’s 

ageing population (Dorsey et al., 2007). The typical age of onset ranges between 65 to 70 

years (Tysnes & Storstein, 2017).  

Postural instability is considered one of the cardinal symptoms of PD, together with tremor, 

akinesia, and rigidity (Jankovic, 2008). Dopamine depletion underlies the pathogenesis of 

motor impairments in PD, with non-dopaminergic lesions further suggested to contribute to 

postural instability (Kalia and Lang, 2015; Rodriguez-Oroz et al., 2009) (detailed in Chapter 

2 literature review). These symptoms are associated with the loss of neurons in the 

subcortical and cortical brain regions, resulting in an ascending progression of 

neurodegeneration, characterised by six Braak stages (Braak et al., 2003) and the presence of 

Lewy bodies (Chase et al., 1998; Lewy, 1912). 

Postural instability is the impairment in balance that compromises the ability to maintain or 

change posture during tasks of static or dynamic activities (Kim et al., 2013). It is a major 

contributor to falls with associated morbidity and mortality in PD (Allen et al., 2013; Giladi 

et al., 2005; Kerr et al., 2010; Kim et al., 2013; Latt et al., 2009; Robinson et al., 2005). Falls 

and recurrent falls occur at a significantly higher rate in people with PD compared to the 

older healthy population (Allen et al., 2013; Parashos et al., 2013; Rudzińska et al., 2013; 

Wood et al., 2002) with falls occurring three times more frequently in people with PD 

compared to age matched healthy controls in the community (Rudzińska et al., 2013). The 

risk of fractures from falls in people with PD is up to three times higher than age and sex 

matched controls (Sleeman et al., 2016; van den Bos et al., 2013). Hip fractures frequently 

occur, resulting in longer hospital admissions and decreased mobility on discharge in people 

with PD compared to age matched controls (Malochet-Guinamand et al., 2015; Walker et al., 

2013). Postural instability typically manifests as unsteadiness during walking, falls and even 
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the inability to stand. Mild postural instability is known to occur in early stages in people 

with PD, and become more prominent with disease progression (Kim et al., 2013). In people 

with PD, postural instability is identified as a risk factor for falls (Kerr et al., 2010; Latt et al., 

2009).  

In clinical practice in people with PD, postural instability is typically assessed with the pull 

test, where an examiner briskly pulls the patient backwards at the shoulders and visually 

grades the response (Fahn et al., 1987; Hunt and Sethi, 2006). Postural instability is usually 

scored using the Unified Parkinson’s Disease Rating Scale (UPDRS) (0 - normal to 4 - 

severe), as published by the International Movement Disorder Society (Fahn et al., 1987). 

This method has been used extensively in the assessment of individuals with PD, but suffers 

poor reliability and very limited scaling (score/4) (Hunt and Sethi, 2006; Nonnekes et al., 

2013; Visser et al., 2008b). Pull test scores often do not correlate with important clinical 

endpoints such as falls and the integer-based rating lacks sensitivity to detect fine postural 

changes (Bloem et al., 1998; Ebersbach and Gunkel, 2011). 

In contrast, laboratory based techniques commonly employing platform perturbations offer 

precise information about the nature of balance responses. Platform perturbations employ 

motorised platforms that slide or rotate under the feet, resulting in a standardised balance 

perturbation across multiple participants. Kinetic (e.g. centre of pressure), kinematic (e.g. 

joint goniometry/limb displacement), and neurophysiological (e.g., muscle recruitment) 

endpoints (Visser et al., 2008b) are subsequently quantified. These studies of platform 

perturbation suggest subclinical changes in postural responses may present in mild PD (HY ≤ 

2). Use of platform perturbations has also been used to elucidate the effects of therapy on 

postural instability in people with PD (Bloem et al., 1996; Horak et al., 1996; Kam et al., 

2014).  

One of the main aims of medical therapy in people with PD is to improve symptomatic 

control (Lang and Lees, 2002). Dopamine replacement therapy comprising levodopa and 

dopamine agonists are the mainstay of treatment for PD (Lees et al., 2009; Salat and Tolosa, 

2013). Of these, levodopa is well established as the most efficacious medications to manage 

the motor symptoms of PD, particularly tremor, akinesia, and rigidity (Lang and Lees, 2002). 

In contrast, postural instability typically shows minimal or no response to levodopa (Bloem et 

al., 1998; Di Giulio et al., 2016; Jacobs and Horak, 2006; Kam et al., 2014; King et al., 2010; 
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Rocchi et al., 2002). It is well acknowledged that PD is associated with pathology extending 

beyond the nigro-striatal dopaminergic system (Sethi, 2008). Accordingly, novel therapies 

that target non-dopaminergic systems such as cholinergic pathways may be beneficial for 

postural instability (Bohnen et al., 2009). Therapies such as deep brain stimulation (DBS) of 

the pedunculopontine nucleus (PPN), which comprise cholinergic neurons, have therefore 

been developed as an alternative treatment that may benefit symptoms of postural instability 

unresponsive to levodopa (Thevathasan et al., 2018). 

While platform perturbations are sensitive to quantify small changes in postural responses to 

effects of therapy, correlations to clinical balance measures are poor (Bloem et al., 1998; 

Chastan et al., 2008; Schieppati and Nardone, 1991). Emerging evidence suggests truncal 

perturbations such as those elicited by the pull test yield different postural characteristics to 

those of moving platforms (Colebatch et al., 2016; Di Giulio et al., 2016; Govender et al., 

2015). Postural responses of platform perturbations evoke a slip-like or tilting response which 

is fundamentally different from a truncal perturbation that is similar to being bumped in a 

crowd. 

To overcome these shortcomings, complex laboratory setups have been attempted using 

motors, pendulums, and waist pulls to replicate truncal perturbations comparable to the 

clinical pull test (Azevedo et al., 2016; Di Giulio et al., 2016). These methods of 

measurement are often expensive and inaccessible, comprising video-based motion capture 

that requires dedicated space in specialised laboratories (Di Giulio et al., 2016; Foreman et 

al., 2011). Ideally, an objective method to characterise pull test responses should have 

excellent psychometric properties, be easy to administer, simple to operate, widely 

accessible, and portable. This is important to facilitate widespread adoption of the technique 

as an alternative assessment tool to assess postural responses within research and potentially, 

clinical settings.  

The instrumented pull test in this thesis was developed to characterise the nature of elicited 

postural responses in people with PD. Like the clinical test, the perturbation was delivered 

manually by an examiner but with measurement of pull force. Both the trunk and step 

responses were assessed with motion tracking, akin to visual assessment by a clinician. This 

methodology may be useful to quantify abnormalities before postural instability is clinically 
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evident, track changes over time in people with PD and detect efficacy of therapies such as 

levodopa and deep brain simulation. 

1.2 Aims 

The overall aim of this thesis is to characterise postural instability in people with PD and 

explore the effects of therapies on postural responses using an instrumented version of the 

pull test. The thesis comprises four major components. Firstly, evidence related to the 

assessment and treatment of postural instability will be reviewed and synthesized with a 

focus on reactive postural responses and instrumented versions of clinical assessments. 

Secondly, instrumentation of the clinical pull test to quantify trunk and step responses using 

3D motion tracking sensors is described. Thirdly, the instrumented pull test is used to 

characterise postural responses in healthy individuals and people with PD. Lastly, the 

instrumented pull test is used to determine the effects of therapies including levodopa and 

PPN DBS on postural responses in patients with PD. 

Specifically, this thesis aims to:  

1) Review and synthesize the evidence related to the assessment of postural instability in 

people with PD, with a focus on instrumented versions of clinical assessments. 

2) Determine the capability of the instrumented pull test to detect small changes in postural 

responses in healthy young participants by using a loud auditory stimulus to modulate 

underlying motor preparation. 

3) Investigate if the instrumented pull test can quantify abnormalities in postural responses 

in people with PD where the clinical pull test is unable to detect postural instability. 

4) Determine if postural abnormalities identified in people with mild PD are levodopa 

responsive. 

5) Evaluate the utility of the instrumented pull test to quantify postural responses in people 

with PD and moderate to severe postural instability receiving PPN DBS. 

1.3 Thesis synopsis 

To achieve the aims listed above, the following was undertaken. A narrative literature review 

was first conducted (Chapter 2). Subsequently, an instrumented pull test was developed 

(Chapter 3), and used to characterise postural responses in healthy young individuals (Study 

1) and participants with mild PD (Study 2). The effects of therapies on postural responses to 
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the pull test were explored with levodopa (Study 3) and PPN DBS (Study 4) in people with 

PD.  

Two publications have resulted from the work contained within this thesis (Publication 1 in 

Chapter 3 and Publication 2 in Chapter 4)  

1) Tan, J.L., Thevathasan, W., McGinley, J., Brown, P., Perera, T., 2019. An Instrumented 

Pull Test to Characterize Postural Responses. JoVE J. Vis. Exp. e59309. 

https://doi.org/10.3791/59309 

 

2) Tan, J.L., Perera, T., McGinley, J.L., Yohanandan, S.A.C., Brown, P., Thevathasan, W., 

2018. Neurophysiological analysis of the clinical pull test. J. Neurophysiol. 

https://doi.org/10.1152/jn.00789.2017 

 

A separate publication related to Study 4 describing postural control and the effects of PPN 

DBS in people with PD is included in Appendix 1. 

1) Perera, T., Tan, J.L., Cole, M.H., Yohanandan, S.A.C., Silberstein, P., Cook, R., 

Peppard, R., Aziz, T., Coyne, T., Brown, P., Silburn, P.A., Thevathasan, W., 2018. 

Balance control systems in Parkinson’s disease and the impact of pedunculopontine area 

stimulation. Brain 141, 3009–3022. https://doi.org/10.1093/brain/awy216 

 

The overall structure of this thesis is summarised by the concept map in Figure 1.1, followed 

by an outline of the individual chapters. 
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Figure 1.1: Concept map of the thesis structure 
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Chapter 1 is an overview of the thesis and introduction to the problem. It provides the 

background, aims, synopsis and significance of the thesis. 

Chapter 2 provides a narrative review of the literature relevant to the thesis and is organised 

in three sections. Firstly, postural instability in PD is discussed, including definitions, 

pathophysiology and impact. Secondly, clinical and laboratory based assessments of postural 

instability (dynamic posturography) in PD are synthesized with a focus on reactive postural 

responses and the need to develop an instrumented pull test. Thirdly, a review of the literature 

relating to the advantages of dynamic posturography is undertaken, with a focus on the 

potential use of an instrumented pull test. This chapter identifies the shortcomings of current 

assessments of postural instability to quantify postural responses in PD. Findings from this 

chapter were used to inform the development of the pull test, and the four studies that 

comprise the research undertaken for this thesis.  

Chapter 3 presents the general methods for participant recruitment, eligibility and common 

assessments used in the four studies undertaken in this thesis. This includes the use of a 

clinical balance assessment, the Unified Parkinson’s disease rating scale (UPDRS), and an 

objective assessment, an instrumented pull test. The development of the instrumented pull 

test and protocol is detailed. Postural responses in the trunk and step are measured using 3D 

motion tracking sensors. As in clinical practice, the perturbation was delivered manually by 

an examiner. To deliver the pull, we employed a rope attached to a harness with a force 

gauge to record the force of each pull. 

Chapter 4 presents a cross sectional study (Study 1) characterising postural responses to the 

instrumented pull test in healthy young participants. In this study of 33 participants, pulls 

were manually administered, with trunk and step responses measured using motion tracking. 

The capability of the instrumented pull test system to detect small changes in postural 

responses was evaluated using StartReact effects, where an intended movement is released 

early by a startling stimulus. Postural responses in the trunk and step were evaluated in 35 

trials. Findings from Study 1 demonstrate the instrumented pull test was able to detect the 

speeding of truncal responses to a loud auditory stimulus (StartReact effects) and 

discriminate postural responses in the first trial from subsequent, habituated trials. Examiner 

pull force significantly affected the postural response, particularly the size of stepping. The 
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instrumented pull test could present an alternative assessment tool to the clinical pull test to 

quantify postural instability in patients with PD for clinical research. 

Chapter 5 presents the methods and results of a cross sectional study (Study 2) characterising 

postural responses to the instrumented pull test in participants with mild PD (no clinically 

demonstrable postural instability). Findings were compared with age matched controls. In 

this study, postural responses from 18 participants with PD off levodopa, and 11 controls 

were assessed using the instrumented pull test. First and subsequent trial postural responses 

were compared to evaluate if differences were present in trunk and step responses between 

patients and controls. Findings from Study 2 demonstrate subclinical abnormalities in trunk 

and step responses are present in people with mild PD in first and subsequent trials compared 

to healthy controls. 

Chapter 6 presents the methods and results of a cross sectional study (Study 3) characterising 

the effects of levodopa on postural responses elicited by the instrumented pull test in patients 

with mild PD. Patients and controls comprised the same cohort as Chapter 5. Findings from 

Study 3 demonstrate that levodopa did not restore trunk and step responses in people with 

mild PD to that of controls. 

Chapter 7 presents the methods and results of a cross sectional study (Study 4) investigating 

the utility of an instrumented pull test to characterise postural responses in people with PD 

and moderate to severe postural instability implanted with PPN stimulators. Five participants 

were assessed off and on stimulation to evaluate the effects of PPN DBS on postural 

responses using an instrumented pull test. Two clinical tests, the UPDRS III sub score 

comprising items 27 to 30 (chair rise, posture, gait and pull test) and Mini-BESTest were 

further used to evaluate postural responses. Findings from Study 4 suggest the instrumented 

pull test is able to quantify postural responses with greater sensitivity compared to the clinical 

pull test. However, the feasibility of this technique in a cohort experiencing moderate to 

severe postural instability is questionable due to small sample sizes and multiple 

instrumented pull test trials where participants required catching by the assessor. Alternative 

measures of clinical assessments such as the Mini-BESTest may present a more practical 

method to quantify postural responses in patients with moderate to severe postural instability.  

Chapter 8 integrates the findings of the previous studies and presents the contribution of this 

thesis to knowledge in the area of assessment and treatment of postural instability in people 
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with PD. The major strengths and limitations and clinical implications are summarised, and 

directions for future research are discussed.  

1.4 Significance of the thesis 

Postural instability is a common and severely disabling symptom for people with PD. It is a 

significant contributor to falls and fractures, resulting in devastating consequences (Kim et 

al., 2013; Sleeman et al., 2016). Targeted strategies to prevent falls are required, but this calls 

for an improved understanding of the mechanisms underlying postural instability. The 

assessment of postural instability is commonly assessed using the pull test in the clinical 

setting where an examiner grades the corrective postural response following a backward pull 

at the patient’s shoulders (Fahn et al., 1987). However variabilities with test administration 

and interpretation can confound outcomes (Nonnekes et al., 2015; Visser et al., 2003). 

Laboratory measures of postural instability provide an objective method to assess postural 

instability in people with PD (Visser et al., 2008b). 

This thesis investigates the use of an instrumented version of the clinical pull test to precisely 

quantify postural responses in people with PD. There is limited knowledge of postural 

responses in people with PD, particularly in mild disease when balance remains intact and 

falls are not reported. The instrumented pull test may provide new and important information 

regarding the characterisation of postural responses in people with PD and the effects of 

therapies on postural responses. Instrumentation also allows exploration of examiner and 

patient variables (e.g. examiner pull force, or participant height and weight) that may 

influence pull test responses in people with PD. Findings from this thesis may be used to 

inform clinicians of changes that occur in postural responses in people with mild PD. It is 

critical for clinicians to understand changes in postural instability that occur in people with 

PD so that treatments can be implemented that may reduce the risk of falls.  
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 LITERATURE REVIEW: POSTURAL CHAPTER 2.

INSTABILITY IN PEOPLE WITH PARKINSON’S DISEASE 

2.1 Overview 

Postural instability is a major contributor to falls and diminished quality of life in people with 

Parkinson’s disease (PD). This chapter will provide a narrative review of the literature 

relevant to the assessment and treatment of postural instability in people with PD. The 

chapter firstly defines postural reflexes and reactive postural control, and outlines the 

pathophysiology underlying abnormalities of reactive postural responses in people with PD. 

Secondly, literature pertaining to the use of laboratory based techniques of dynamic 

posturography to capture early abnormalities in postural responses, monitor postural 

instability, and effects of therapy in people with PD are detailed. Thirdly, clinical, laboratory, 

and instrumented measures used to assess postural instability in people with PD are 

described, with a focus on the emerging development of instrumented clinical tests of 

postural instability. 

2.1.1 Definitions of balance and postural instability 

Balance is fundamental to perform daily activities such as standing and walking. It represents 

the ability to maintain the body’s centre of mass relative to the base of support, and is crucial 

in standing to prevent a fall (Pollock et al., 2000). Postural equilibrium is achieved when the 

centre of mass is controlled over the base of support during static or dynamic activities 

(Horak, 2006). Postural control, or equilibrium can be reactive - in response to an externally 

generated perturbation displacing the centre of mass, or proactive – in response to an 

internally generated movement of the body (Horak et al., 1997). During dynamic activities, 

reactive postural control can be defined as the maintenance of upright body against external 

forces displacing the centre of mass (Horak et al., 1997; Kim et al., 2013). 

Impairment in balance that compromises the ability to maintain or change posture during 

tasks of static or dynamic activities is termed ‘postural instability’ (Kim et al., 2013). For the 

purposes of this thesis, postural instability is described within the context of a dynamic task 

comprising a challenge to balance such as an externally generated perturbation. It is also 

acknowledged other activities including gait, comprise an aspect of dynamic balance that is 

not detailed within this literature review (Horak, 2006). 
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Postural equilibrium is achieved through the interaction of multiple sensorimotor strategies to 

move the centre of mass over the base of support (Horak, 2006). Feedback from the visual, 

proprioceptive, and vestibular systems plays a significant role. Reactive postural responses 

are subsequently shaped across a continuum modulated by cortical pathways based on 

experience, attention, voluntary intention, environmental constraints and predictability of the 

perturbation (Jacobs and Horak, 2007). Maintenance of postural equilibrium is modulated by 

the central nervous system to rapidly detect destabilising forces and initiate appropriate 

muscle synergies (Nashner, 1983, 1977). These automatic motor programs are thought to 

arise from the structures in the brain stem (Jacobs and Horak, 2007), most possibly in 

neurons of the pontomedullary reticular formation (Schepens et al., 2008; Yeomans and 

Frankland, 1995).  

Several movement strategies aid in restoring postural equilibrium. A centre of mass 

movement within the base of support evokes a “feet-in-place” ankle or hip response whereas 

stepping involves unloading and loading of a lower limb to move the base of support under 

the falling centre of mass (Horak et al., 1997; Winter, 1995) (Figure 2.1). The ankle strategy 

is used to control anterior-posterior sway in quiet stance or in response to small forces 

perturbing balance. Hip and stepping strategies are used in response to large and fast 

perturbations where the ankle strategy is insufficient to maintain the centre of mass within the 

base of support (Horak and Kuo, 2000).  

Source: Horak, F., Kuo, A., 2000. Postural Adaptation for Altered Environments, Tasks, and Intentions, in: Winters, J.M., Crago, P.E. 

(Eds.), Biomechanics and Neural Control of Posture and Movement. Springer New York, New York, NY, pp. 269 

Figure 2.1: Movement strategies used to maintain postural equilibrium in standing during an 

external perturbation.  

A subject may use a continuum of strategies during a postural perturbation task depending on prior 

experience and task conditions. Adapted with permission from Springer-Verlag New York, Inc. 
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A perturbation is a sudden change in condition resulting in displacement of body equilibrium 

(Horak et al., 1997). These could comprise sensory (Smith, 2018) (e.g. vestibular 

stimulation), visual (Brown et al., 2006) (e.g. removal of visual feedback) and somatosensory 

(Vaugoyeau et al., 2011) (e.g. tendon vibration) components that induce sensations of 

movement, or larger perturbations that involve mechanical displacement of body segments. 

In the laboratory, mechanical perturbations can be applied to any segment of the body, but 

the most common method to challenge a person’s balance involves motorised platforms that 

induce a displacement beneath the feet similar to slip-like or tilting movement (Figure 2.2) 

(Horak et al., 1997; Nonnekes et al., 2013; Visser et al., 2008b). A backward perturbation is 

reported to be the most unstable of orientations in healthy individuals as well as people with 

PD (Horak et al., 2005; Oude Nijhuis et al., 2009). This appears to be due to the 

biomechanical difficulty in exerting a dorsiflexion torque around the ankles compared to 

producing a plantar flexion movement (Winter et al., 1996). 

 

Figure 2.2: Schematic of types of platform perturbations inducing a backward displacement.  

A backward displacement of centre of mass can be elicited by (A) forward translation or (B) upward 

tilting (B) of a motorised platform.  

 

Postural reflexes act to maintain balance and upright stance in response to perturbations 

(Shemmell, 2015). Postural reflexes comprise the earliest reaction to a perturbation, with 

short, medium and long latency reflexes contributing as the first line of defence in balance 

recovery to prevent a fall (Horak, 2006). These reflexes are triggered involuntarily by 

afferent proprioceptive input to produce well-coordinated patterns of muscle activation 

(Brown et al., 2006; Dietz et al., 1988; Horak, 2006; Rinalduzzi et al., 2015). In particular, 

medium and long latency reflexes, with onset latencies between 80 to 100 ms, are suggested 

to be advantageous to maintain balance against perturbations occurring in real life (Bloem 
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1992). Impaired postural reflexes are a significant contributor to abnormalities in reactive 

postural control observed in people with PD (Kim et al., 2013). 

2.1.2 Mechanisms of postural instability in PD 

Abnormalities in reactive postural responses have largely been understood from the use of 

dynamic posturography (Nonnekes et al., 2013). Deficits of reactive postural control 

comprise one of the four domains that contribute to balance dysfunction in people with PD 

(Schoneburg et al., 2013). Other domains contributing to postural impairments are not 

discussed within this review. 

There are marked difficulties in scaling the size of the postural response to an external 

perturbation. For example, healthy participants will adapt postural responses to account for 

the largest perturbation in a forewarned task involving small and large platform translations. 

In contrast, people with moderate PD select the same sized postural response regardless of 

perturbation magnitude (Beckley et al., 1993). There is poor adaptation of reflexes, with 

inability to modulate the response to changes to postural tasks - termed “postural 

inflexibility” (Bloem et al., 1992b; Chong et al., 2000; Horak et al., 1992).  

In PD, postural responses are abnormally activated in people of moderate to severe disease 

severity (HY 2.5 - 4) (Carpenter et al., 2004; Dimitrova et al., 2004; Horak et al., 2005). 

There is increased responses in medium latency stretch reflexes and decreased responses in 

stabilising long latency reflexes (Beckley et al., 1991; Bloem et al., 1992a). Abnormally 

enhanced medium latency reflex amplitudes are observed in multiple muscles including the 

trunk, hip, arms in people with PD compared to healthy controls following multidirectional 

perturbations (Bloem et al., 1996, 1992a; Dietz et al., 1988). The increased gain in medium 

latency reflex amplitudes may contribute directly to impairment of postural responses in PD 

by resulting in a greater contraction in antagonist muscles prior to balance correction. 

Excessive afferent input to the central nervous system may also account for the unnecessarily 

large and disproportionate balance responses observed in PD resulting in greater instability 

(Bloem et al., 1996; Horak et al., 1996).  

It is hypothesized that dysfunctional basal ganglia pathways and dopaminergic deficits may 

underlie impaired postural reflexes in PD. In people with PD, the enhanced medium latency 

reflex amplitudes in the stretched gastrocnemius muscle observed during platform rotations 
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are proposed to be related to reduced inhibitory output of the nigrostratial dopaminergic 

circuit (Scholz et al., 1987). In patients with 1-methyl-4-phenyl-I,2,3,6-tetrahydropyridine 

(MPTP) induced parkinsonism, similar increases in medium latency reflexes were found, 

with MPTP believed to selectively damage dopaminergic neurons in the substantia nigra 

(Bloem et al., 1990). In addition, reduced long latency lower limb muscle reflex responses in 

advanced PD is suggested to reflect basal ganglia dysfunction resulting in impaired selection 

and initiation of motor planning (Diener et al., 1987).  

Increased rigidity has been found in both trunk and lower limb muscles during a postural 

perturbation in people with moderate to severe PD (Bloem et al., 1996; Carpenter et al., 2004; 

Horak et al., 1996). Increased muscle rigidity can lead to biomechanical impairments 

impeding the ability to perform corrective postural reactions effectively (Park et al., 2015). 

For example, people with PD tend to ‘fall like a log’ later in disease, which may be partly due 

to truncal rigidity (Carpenter et al., 2004). Furthermore, there are poor compensatory 

movements in the arms and legs, providing little functional protection. Where healthy 

participants tend to extend their arms to an external perturbation, people with PD often bring 

their arms closer to their bodies (Carpenter et al., 2004). Lesions of non-dopaminergic 

systems can also play a role in the pathophysiology of postural instability in PD, particularly 

in more advanced disease (Dimitrova et al., 2004; Horak et al., 1996). Using platform 

perturbations, studies have demonstrated levodopa has limited effects on axial symptoms 

such as postural instability, compared to appendicular symptoms (Bloem et al., 1996; Horak 

et al., 1996; Kam et al., 2014; King et al., 2010; King and Horak, 2008; Wright et al., 2007). 

These studies have conventionally focussed on patients who already demonstrate 

abnormalities in postural responses (Bloem et al., 1998; Horak et al., 2005; Kam et al., 2014; 

King et al., 2010; King and Horak, 2008). While some perturbation studies allude to aspects 

of postural responses that may be levodopa refractory in people with mild PD, the 

characterisation of reactive postural responses remain underexplored in this population 

(Ganesan et al., 2010; Lee et al., 2013; McVey et al., 2009) (Detailed in section 2.3.1.) 

2.2 Measurement tools to quantify postural instability  

A variety of clinical measures are available to assess postural instability in PD (Bloem et al., 

2016a). For the purposes of this review, we focus specifically on the pull test which is 

commonly employed in clinical setting and assesses the reactive postural response. The pull 

test exists in various forms (warned versus un-warned, pull versus push and release), with the 
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aim of assessing a reactive postural response and corrective steps (Hunt and Sethi, 2006; 

Jacobs et al., 2006; Nonnekes et al., 2015; Visser et al., 2003). The push and release test is 

acknowledged as a recently developed alternative clinical test of postural stability in PD, but 

will not be discussed in the detail as methods of administration are different from the pull test 

(Smith et al., 2016). In the push and release test, corrective stepping is graded following the 

sudden release of the participant, as they lean backwards into the examiner’s hands at 

shoulder level (Jacobs et al., 2006). This is in contrast to the pull test where corrective 

stepping is assessed following a backward pull on the participants’ shoulders by an examiner. 

The advantages and limitations of the clinical pull test are outlined. The development of 

instrumented versions of clinical tests is discussed with a focus on the instrumentation of the 

clinical pull test.  

2.2.1 The clinical pull test 

The clinical pull test is commonly used in clinical practice to assess reactive postural 

responses in patients with movement disorders, particularly PD (Hunt and Sethi, 2006). The 

most well-known variant is the pull test described by item 30 of the Unified Parkinson's 

Disease Rating Scale (UPDRS) (Fahn et al., 1987) - a primary rating scale in studies of PD. 

In this test, an examiner briskly pulls the patient backward at the shoulders and visually 

grades the response (Fahn et al., 1987; Hunt and Sethi, 2006; Visser et al., 2003). Corrective 

postural responses are graded using a five point integer scale (Fahn et al., 1987) (Table 2.1). 

The presence of postural instability according to the clinical pull test assessment marks a 

transition to Stage 3 of the Hoehn and Yahr (HY) scale, which describes disease staging and 

progression in PD (Hoehn and Yahr, 1967).  

Despite the widespread use of the clinical pull test, outcomes can vary due to test 

administration and interpretation. The integer based scoring (score/4) is subjective and may 

not be sensitive to detect small but important changes of balance, particularly in mild disease 

(Mancini et al., 2012; McVey et al., 2009; Nonnekes et al., 2015; Visser et al., 2003). 

Variabilities in pull force by the examiner, positioning of the patient, and weight of the 

examiner and patient may contribute to the moderate intra and inter-rater reliability of the 

pull test (Bloem et al., 1998; Nonnekes et al., 2015; Visser et al., 2003). These variabilities 

may partly explain why the clinical pull test fails to accurately predict future falls (Bloem et 

al., 2001; Munhoz and Teive, 2014). Furthermore, rating of corrective step count only 
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provides a gross approximation of balance responses, with little elucidation of underlying 

balance impairments.  

Table 2.1: Scoring of postural instability as defined by the UPDRS item 30 

Postural instability 

0 Normal. 

1 Retropulsion, but recovers unaided. 

2 Absence of postural response; would fall if not caught by examiner. 

3 Very unstable, tends to lose balance spontaneously. 

4 Unable to stand without assistance 

 

There remains debate on how the clinical pull test should be best performed and interpreted 

(Hunt and Sethi, 2006; Munhoz et al., 2004). According to revised guidelines produced by 

the International Movement Disorders Society (MDS), the MDS-UPDRS proposes that the 

patient should be fore-warned about the impending challenge, with an initial practice trial 

before a second trial is formally assessed (Goetz et al., 2008). In some studies, the average 

response from repeated pull test trials has been reported (Bloem et al., 2001; Nanhoe-

Mahabier et al., 2012). However, others claim that an unexpected pull, performed only once, 

is most clinically meaningful (Bloem et al., 2001; Visser et al., 2003). Regardless of the 

method of administration, the clinical pull test fails to predict future falls in people with PD 

(Bloem et al., 2001). This may not only be due to inherent shortcomings of the clinical pull 

test, but the multi-factorial nature of falls, requiring multiple tests to address different aspects 

contributing to falls (Lamont et al., 2017; Wood et al., 2002).  

2.2.2 Posturography 

The most significant insights into identifying abnormalities in postural control have been 

gained from posturography. Posturography involves the evaluation of postural sway under 

differing conditions (Visser et al., 2008b). Posturography comprises two broad techniques; 

static posturography where posture is measured in quiet standing, or dynamic posturography, 

when perturbations of upright stance are induced. Utilising force plate technology, postural 

sway can be measured by analysing self-initiated fluctuations of centre of pressure within the 

base of support in quiet standing (Schoneburg et al., 2013). A range of variables of postural 

sway such as sway area, velocity and frequency is derived. With dynamic posturography, 

reactive postural responses are quantified to experimentally induced balance perturbations, 
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most commonly using movable platforms. Centre of pressure variables, and additional 

kinematic parameters from movement of body segments, and muscle activity from 

electromyography are then measured in response to balance challenges. 

2.2.2.1 Static posturography  

While postural instability is associated with advanced PD, growing evidence suggests 

postural sway is abnormal in the mild stages (HY < 2) (Beuter et al., 2008; Chastan et al., 

2008; Nantel et al., 2012). Though some have reported no significant difference in sway 

variables in quiet standing between people with PD and controls, (Valkovič et al., 2008; 

Waterston et al., 1993), a number of studies report an increase in sway area, particularly in 

the mediolateral direction in people with PD (Chastan et al., 2008; Ebersbach and Gunkel, 

2011; Mancini et al., 2012). These sway alterations are present at diagnosis and are not 

caused by medication (Chastan et al., 2008; Mancini et al., 2012). Abnormalities in sway 

(e.g. increased mediolateral jerk and decreased frequency) have been suggested as a measure 

to monitor progression of postural instability from time of diagnosis, before medication is 

initiated (Mancini et al., 2012). However, measures of postural sway have shown poor 

reliability in people with PD, particularly when dyskinesias are present (Paul et al., 2012). 

Furthermore, markers of sway abnormalities which reliably predict falls remain unclear. At 

present, static sway measures do not discriminate between PD fallers and non-fallers 

(Johnson et al., 2013) nor correlate to falls history in the previous year (Blaszczyk et al., 

2007). This is not surprising as measurements in quiet stance do not capture deficits 

associated with reactive postural adjustments (Ebersbach and Gunkel, 2011). 

2.2.2.2 Dynamic posturography  

In the laboratory, conventional techniques of dynamic posturography include motorised 

platform translations or rotations beneath the feet. These techniques allow precise control of 

the intensity and direction of perturbation whilst measuring kinetic, kinematic and 

neurophysiological endpoints (Campbell, 2012; Campbell et al., 2013; Nonnekes et al., 

2014). Laboratory based assessments therefore have greater sensitivity as measures to 

quantify changes in postural responses (e.g. step length), and capture different components of 

postural control (e.g. motor vs sensory) in comparison to clinical assessments.  

Dynamic posturography may offer a more sensitive method of predicting falls in PD. A 

number of studies have reported multi-directional compensatory stepping impairments in 
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people with moderate PD (Dimitrova et al., 2004; King et al., 2010; King and Horak, 2008). 

These stepping deficits could represent a potential marker to identify patients with postural 

instability at greater risk of falls. Deficits in preparation prior to a backward step have been 

observed in response to a backward waist pull in mild disease before postural instability is 

clinically evident (HY Stage 2). These changes involve increased preparatory weight shift 

duration, and increased posterior shift of the centre of pressure in people with mild PD 

compared to controls (McVey et al., 2009). Later in disease, increased weight shift time was 

similarly observed in a separate cohort of people with PD of increased disease severity (HY 

Stage 3) using the same backward waist pull paradigm (McVey et al., 2013). This suggests 

weight shift time may be a marker of early changes to postural instability in people with mild 

PD. Although dynamic posturography is widely used to precisely quantify postural 

abnormalities in people with PD, there remains a lack of proven markers that can identify 

people with PD at greater risk of falls or monitor changes in postural responses over time 

(Visser et al., 2008b). One issue may be that markers of postural instability need to be present 

early in disease course, and be specific to postural instability (McVey et al., 2013). Another 

issue may be the many variations in methodologies (e.g. platform translations versus platform 

tilts) and outcome measures (e.g. whole body displacement measured using motion sensors, 

or muscle activity measured using electromyography) that can be extracted from dynamic 

posturography, making the outcomes of studies in people with PD difficult to interpret.  

The inherent setup of motorised platforms can also confound corrective postural responses. 

Perturbations often comprise a quick acceleration and deceleration due to the short 

trajectories of platform movement. Individual muscles responses can therefore be blended, 

and difficult to distinguish (Carpenter et al., 2005; McIlroy and Maki, 1994). During the 

deceleration phase of platform movement, forces applied may also influence postural 

responses and aid participants’ recovery of balance (Nonnekes et al., 2013). In other studies 

of platform rotations, postural responses are confined to a fixed base of support that prevent 

stepping (Bloem et al., 1996; Bohnen and Cham, 2006; Carpenter et al., 2004; Horak et al., 

1992; Schieppati and Nardone, 1991). However, this does not reflect postural responses in 

real life, which often includes stepping (Horak, 2006). 

To overcome these limitations, sophisticated platforms that translate over greater distances 

allow quantification of postural responses that do not restrain corrective stepping (Nonnekes 

et al., 2013). A shortcoming is that these setups require a dedicated space with customised 
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equipment such as 3D motion capture that can be relatively expensive (Di Giulio et al., 2016; 

Nonnekes et al., 2013). Accordingly, the use of dynamic posturography is restricted to 

specialised laboratories.  

2.3 The utility of measurement tools for postural instability 

The assessment of postural responses in people with PD is important as postural instability is 

associated with increased falls and diminished quality of life particularly in later disease. 

Clinical and posturographic studies have contributed significantly to the understanding of 

postural instability in PD. Studies utilising clinical and laboratory measures of balance have 

been used to detect abnormalities in postural responses, objectively quantify the outcomes of 

therapy, and to understand the underlying pathophysiology of postural instability in PD. 

These studies in people with PD conventionally recruit participants where abnormalities in 

postural responses are clinically evident (i.e. HY > 2) (Bloem et al., 1996; Dimitrova et al., 

2004; Jacobs and Horak, 2006; Kam et al., 2014; King and Horak, 2008). The use of 

posturography has been proposed as a method to monitor the progression of postural 

instability through disease course, however current methodologies are limited by several 

challenges. 

2.3.1 Detection of postural abnormalities in PD 

Impairment of postural responses is often not apparent in mild PD. When assessed by the 

clinical pull test, patients typically regain balance to the backward pull within two steps, 

which is scored as normal. Yet abnormalities in postural control have been identified in 

people with PD using dynamic posturography (Ganesan et al., 2010; McVey et al., 2009).  

Only five studies have investigated reactive postural responses in mild PD (HY ≤ 2) (Chastan 

et al., 2008; Ganesan et al., 2010; Halmi et al., 2019; Lee et al., 2013; McVey et al., 2009). 

All studies assessed participants with PD in the on medication state compared to controls 

except one, where participants were on limited or no medication (Chastan et al., 2008). 

Postural changes observed were subclinical. It did not affect overall step responses assessed 

by the clinical pull test (Ganesan et al., 2010) or kinematic measures (McVey et al., 2009). 

Findings were difficult to synthesize as studies employed different methods of perturbation 

and measures to quantify postural responses. With backward platform tilts, people with PD 

on medication demonstrated decreased limits of stability and increased centre of mass 

displacement compared to controls (Ganesan et al., 2010). Using backward waist pulls, 
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alterations of postural responses in people with PD were concentrated in movement 

preparation and increased weight shift prior to stepping when compared to controls (McVey 

et al., 2009). When performing a task of passing a weighted ball around the body, people with 

PD demonstrated increased centre of mass displacement and sway velocity compared to 

controls (Halmi et al., 2019). To backward platform tilts, no difference in sway area or path 

length were demonstrated in people with PD compared to controls (Chastan et al., 2008). 

(Chastan et al., 2008).  

Using dynamic posturography, subclinical changes in postural control could be used to 

identify signs of postural instability in people with mild PD. Determining variables of balance 

recovery that are sensitive and specific to people with PD could potentially be used as 

biomarkers to identify people at greater risk of falls earlier in disease (McVey et al., 2009). 

Diagnosis of falls risk and consistency of clinical assessments of balance are imperative for 

optimal management of people with PD (Kerr et al., 2010; Latt et al., 2009; McVey et al., 

2013; Nonnekes et al., 2013). However, there remains a lack of established markers for 

postural instability in people with PD. One reason may be the lack of standardisation of 

measurement methods and outcomes in studies of postural perturbations. Furthermore, 

methods utilised do not characterise postural responses in a similar manner as assessed by the 

clinical pull test in routine assessment.  

2.3.2 Evaluating effects of therapy on postural instability 

A main goal of medical therapy in people with PD is to provide symptomatic control through 

pharmacological and non-pharmacological interventions (e.g. deep brain stimulation) (DBS). 

Dopamine replacement therapy remains the mainstay of drug treatment for people with PD, 

of which levodopa is the best established. For the purposes of this review, the effects of 

levodopa and DBS on postural instability in people with PD are detailed.  

2.3.2.1 Effects of levodopa  

The loss of dopamine producing neurons in the substantia nigra contributes significantly to 

the pathological changes in people with PD (Lees et al., 2009). As motor impairments are 

mostly related to the loss of dopamine neurons, dopamine replacement therapy is commonly 

used to increase the availability of dopamine to remaining neurons in the basal ganglia. 

Dopaminergic medication includes levodopa and dopamine agonists including ergot and non-
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ergot derivatives (Horstink et al., 2006). Of these, levodopa is the most well-established and 

effective, with treatment associated with improved quality of life and improved mortality 

(Horstink et al., 2006; Lang and Lees, 2002; Rascol et al., 2002; Sethi, 2008).  

According to clinical guidelines, levodopa is indicated for the symptomatic treatment for 

people with early PD with recommendations to keep the effective dose as low as possible to 

reduce the development of motor complications (Horstink et al., 2006; National 

Collaborating Centre for Chronic Conditions (UK), 2006). After 4 to 6 years of treatment 

with levodopa, patients may begin to experience motor complications with fluctuations in 

motor performance (Fahn et al., 2004; Pedrosa and Timmermann, 2013). This refers to the 

alteration between “off” periods, where the patient has a poor response to medication and 

“on” periods where the patient experiences a good response to medication, and where 

dyskinesias may also occur (Goetz et al., 2008). 

The effects of levodopa on postural instability are unclear. Studies of platform perturbations 

(Bloem et al., 1996; Carpenter et al., 2004; Horak et al., 1996; Kam et al., 2014; Rocchi et al., 

2002) or truncal (Di Giulio et al., 2016; Foreman et al., 2012) typically explore postural 

responses in people with PD using heterogeneous samples, with postural abnormalities 

ranging from HY stage 1.5 to 4. In people with moderate PD, functional balance tests such as 

the Mini-BESTest and Berg Balance Scale report benefits of levodopa on balance (McNeely 

et al., 2012; Nova et al., 2004). Impaired responses, when present, are commonly observed in 

the off medication condition and improve with levodopa. However, laboratory measures 

demonstrate that some aspects of postural responses do not appear to improve. One study 

found improved performance on the Functional Gait Assessment, with no difference in 

stepping responses to a manual backward pull on medication in people with moderate PD 

(Foreman et al., 2012). Such discrepancies may arise due to the greater sensitivity of 

laboratory measures, or the effect of levodopa in other symptoms of PD such as bradykinesia 

or rigidity (Mancini et al., 2008; McNeely et al., 2012). 

Numerous studies demonstrate the lack of effect of levodopa on postural responses in people 

with PD of increased disease severity (HY > 2) (Bloem et al., 1996; Carpenter et al., 2004; 

Kam et al., 2014; King et al., 2010; King and Horak, 2008). Using platform perturbations, 

deficits in stepping are demonstrated in people with moderate PD, with under-scaling of 

responses in all directions (Kam et al., 2014; King et al., 2010; King and Horak, 2008). 
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Similar findings have been observed in studies of truncal perturbations in people with PD 

ranging in disease severity from HY stages 2 to 4 (Di Giulio et al., 2016; Foreman et al., 

2012). Using motors and pulleys, people with PD take multiple and abnormally small 

backward recovery steps to a backward perturbation with no differences between off and on 

medication compared to healthy controls (Di Giulio et al., 2016). Another study utilising 

manual backward pulls found no improvements in spatiotemporal variables of stepping in 

people with PD off and on levodopa (Foreman et al., 2012). Furthermore, administration of 

levodopa has been demonstrated to worsen postural responses in some instances. In people 

with moderate PD, levodopa not only reduced tonic activity of leg muscles in quiet stance but 

further reduced reactive forces opposing a platform perturbation. These changes resulted in 

less resistance to an external perturbation and greater instability with faster centre of mass 

displacements (Horak et al., 1996). Overall, axial symptoms such as postural instability are 

known to be less responsive compared to other appendicular symptoms such as rigidity and 

bradykinesia (Steiger et al., 1996) which may indicate separate neural circuits (Wright et al., 

2007). Together, this could be taken to mean that postural deficits are caused by non-

dopaminergic mechanisms, particularly in advanced stages of PD (Bohnen et al., 2009; Di 

Giulio et al., 2016; Müller et al., 2013).  

In people with mild PD (HY ≤ 2), abnormalities of postural responses also appear to be 

levodopa refractory (Ganesan et al., 2010; Lee et al., 2013; McVey et al., 2009). Changes are 

subclinical, involving preparation of the initial step following a backward perturbation 

(McVey et al., 2009) or decreased limits of stability to platform tilts (Ganesan et al., 2010). 

To date, these studies have only explored the effects of levodopa in people with PD in the on 

medication state compared to controls (detailed in Section 2.3.1). Accordingly, the overall 

therapeutic efficacy of levodopa on postural responses in people with mild PD remains to be 

explored.  

2.3.2.2 Effects of deep brain stimulation  

Deep brain stimulation is an established therapy, commonly used in the mid to late stages of 

PD (Ashkan et al., 2017; Benabid, 2003; Bronstein et al., 2011; Deuschl et al., 2006), and 

more recently, also in mild disease at the onset of motor fluctuations (Schuepbach et al., 

2013). It involves the implantation of electrodes into specific brain targets, delivering 

electrical stimulation from a subcutaneous battery to the electrode tips, modulating abnormal 
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brain activity. Conventional targets, such as the subthalamic nucleus (STN) and globus 

pallidus pars interna (GPi), are well recognised for treating motor fluctuations and 

dopaminergic medication responsive signs of tremor, rigidity and bradykinesia (Castrioto and 

Moro, 2013; Deuschl et al., 2006; Kleiner-Fisman et al., 2006; Weaver et al., 2009).  

However, conventional DBS targets have not proven to be effective to alleviate postural 

instability in the long term, and may even worsen symptoms involving gait and posture 

(Bloem et al., 1996; Bonnet et al., 1987; Fasano et al., 2015; Horak and Nashner, 1986; St 

George et al., 2010; Vu et al., 2012). In one study, reactive postural responses to a backward 

perturbation were suggested to worsen, with smaller muscle burst amplitudes in tibialis 

anterior measured using electromyography at six months following STN DBS compared to 

pre surgery (St George et al., 2012). A longitudinal study found benefits to posture were not 

sustained compared to other segmental motor symptoms at five year follow up (St George et 

al., 2010). Although these outcomes may reflect underlying disease progression, postural 

deficits, particularly later in PD are suggested to involve extension of pathological processes 

into non-dopaminergic systems (Bohnen et al., 2009; Di Giulio et al., 2016; Kumar et al., 

1998; Müller et al., 2013).  

Effects of PPN DBS  

 

To address these shortcomings, DBS of a new and alternative target, the pendunculopontine 

nucleus (PPN) was developed as a potential therapy for treatment resistant axial symptoms of 

gait and posture (Castrioto and Moro, 2013; Fasano et al., 2015). Cell loss in the PPN has 

been implicated in PD (Rinne et al., 2008), and associated with worsened balance, decreased 

attention to task, and increased falls (Bohnen et al., 2009). The PPN is considered a critical 

structure in control of balance (Jenkinson et al., 2009; Rinne et al., 2008) with direct 

connections to cortical motor areas via the thalamus, basal ganglia, cerebellum and spinal 

cord (Gut and Winn, 2016; Takakusaki et al., 2016). In healthy individuals, the most 

important predictor of better balance responses was brainstem volume of the PPN region and 

the basal ganglia (Boisgontier et al., 2017). Accordingly, lesions of the PPN produce PD-like 

symptoms (Pahapill and Lozano, 2000), with loss of cholinergic neurons in the PPN linked to 

increasing severity of symptoms in PD (Zweig et al., 1989). 

Although clinical studies (typically recruiting 10 participants or less), show improvements in 

gait freezing and falls following PPN DBS, the effects on postural instability remain unclear. 
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The small sample sizes of clinical studies may contribute to discrepancies in findings (Morita 

et al., 2014; Thevathasan et al., 2018). Fewer than 100 cases of patients with PPN DBS have 

been reported in the past 10 years (Thevathasan et al., 2018). Postural instability was initially 

thought to improve with PPN DBS (Plaha and Gill, 2005; Stefani et al., 2007), however, 

results since have demonstrated variable or no effect when assessed using clinical tests of 

balance (Ferraye et al., 2010; Moro et al., 2010; Plaha and Gill, 2005; Stefani et al., 2007; 

Welter et al., 2015).  

Studies of PPN DBS have yet to explore postural responses to external perturbations in the 

laboratory. Previous work has commonly used the UPDRS to quantify postural responses, 

and utilise composite scores comprising both gait and posture items of the UPDRS (e.g. items 

27 to 30 comprising chair rise, posture, gait and postural instability). These composite scores 

do not clearly differentiate outcomes of postural responses. The lack of sensitivity of clinical 

assessments such as the UPDRS may also hinder detection of small changes to postural 

responses modulated by PPN DBS.  

Using laboratory tests of balance with force plate measurement, three studies have 

demonstrated aspects of postural control that can be modulated by PPN DBS in quiet 

standing (Perera et al., 2018; Wilcox et al., 2011; Yousif et al., 2016). Changes were 

proposed to improve static postural control through increased somatosensory integration 

(Yousif et al., 2016), decreased mediolateral sway (Wilcox et al., 2011) and increased 

feedback control derived from models of postural sway (Perera et al., 2018). This may yield 

insights into reactive postural responses which may be modulated by this therapy.  

2.3.3 Monitoring progression of postural instability  

Static and dynamic variables of postural control have been proposed as markers to assess 

subclinical changes in postural control and monitor progression over time in people with PD 

(Beuter et al., 2008; Chastan et al., 2008; Ganesan et al., 2010; Mancini et al., 2011; McVey 

et al., 2013, 2009). However, no study to date has comprehensively monitored the 

progression of postural instability in people with PD over time in the laboratory. This may 

partly be due to the lack of proven objective markers of postural instability that signal the 

transition from non-faller to faller in people with PD and the cost of long term longitudinal 

studies. To be useful, potential markers of postural instability need to be present prior clinical 

assessment, and specific to postural instability (McVey et al., 2013). For example, when 
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postural responses to a backward pull were assessed separately in two different cohorts of 

patients, one with mild PD (McVey et al., 2009) and another with moderate PD (McVey et 

al., 2013), weight shift time prior to the first step was increased in both groups. Weight shift 

time may be a potential marker of postural instability; however, its specificity to postural 

instability has not been evaluated. More recently, development of body–worn sensors have 

facilitated objective monitoring of postural instability in people with PD in the community 

over time (Horak et al., 2015). These techniques may provide an alternative avenue to 

discover markers of postural instability in people with PD in the future. 

2.4 Instrumentation of clinical tests of balance 

Instrumented tests of postural responses warrant further exploration and development to 

consider whether they have potential to be used as a substitute for clinical scales in people 

with PD. However, extensive further studies of reliability and validity are required before 

they can be utilised as new screening tools in the clinic. These methods not only quantify 

postural responses more precisely compared to observational clinical rating scales, but also 

provide insights into variability and reliability influencing test administration and response 

(Smith et al., 2016). Initial attempts are currently being made to instrument the pull test for 

use in clinical populations, with two variants described – the clinical pull test, as performed 

by an examiner performing a brisk backward tug at the patient’s shoulders, and the push and 

release test (Fahn et al., 1987; Jacobs et al., 2006). Outcome measures typically capture 

whole body kinematics with video-based motion capture and patterns of muscle recruitment 

using EMG. 

2.4.1 Quantification of ‘top down’ postural responses 

While dynamic posturography has been useful to elucidate abnormalities of postural 

responses in PD, moving platforms quantify responses to bottom up perturbations, where the 

‘feet go from under you’ (Horak et al., 1997). However, the pull test quantifies responses to 

the top down perturbation, where there is initial displacement of the upper body and response 

of the trunk (Azevedo et al., 2016; Colebatch et al., 2016; Di Giulio et al., 2016; Govender et 

al., 2015). 

In young healthy participants, patterns of EMG responses that follow displacements at the 

level of the ankles are fundamentally different from posterior perturbations at shoulder level 

(Colebatch et al., 2016). When brisk perturbations are applied at the trunk, initial quadriceps 
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activity is elicited with co-contraction in tibialis anterior, and soleus and forward acceleration 

of the lower legs in a ‘limbo’ position (Colebatch et al., 2016). This is followed by a more 

prolonged activation in tibialis anterior and quadriceps. Forward truncal lean provides limited 

benefit, with minimal muscle activity in hamstrings, rectus abdominis, and paraspinal 

muscles. This is in contrast to platform perturbations, where responses in healthy young 

individuals show there is sequential distal to proximal activation of lower limb activity from 

tibialis anterior to quadriceps to hip abductors, with reciprocal activation of trunk muscles 

(Horak et al., 1997). Postural responses arising from the lower limbs are shaped by patterns 

of sensory, proprioceptive and vestibular input, that are not directly comparable to those 

produced by a top down response (Colebatch et al., 2016; Di Giulio et al., 2016). Differing 

sites of force application (i.e. perturbation under the feet with platform movement versus 

perturbation at truncal level) yield kinematic chain responses that inevitably prioritise lower 

limb responses over the trunk.  

The quantification of postural response of the trunk has hitherto been limited by suitable 

objective measures. Unlike bottom up postural perturbations that can be standardised using 

computerised platform translations, top down perturbations have proven more difficult to 

administer and assess (Azevedo et al., 2016; Colebatch et al., 2016; Di Giulio et al., 2016; 

Govender et al., 2015). To stimulate top down reflexes, complex setups have been developed 

in the laboratory. These techniques include anterior and posterior shoulder perturbations by 

motors (Di Giulio et al., 2016), lateral shoulder perturbations using pendulums (Azevedo et 

al., 2016), backward waist pulls (McVey et al., 2013, 2009) and manual shoulder taps or pulls 

(Colebatch et al., 2016; Foreman et al., 2011; Govender et al., 2015; Graus et al., 2013).  

Due to the difficulty in eliciting truncal perturbations, limited studies of top down 

perturbations exist in PD. In mild disease, patients demonstrated small alterations in 

movement preparation, and increased weight shift prior to backward stepping (McVey et al., 

2009). In moderate to advanced PD, patients took multiple small and inefficient (< 50 mm) 

steps to regain balance (Di Giulio et al., 2016; McVey et al., 2013). Postural impairments 

increased as postural instability became more evident (McVey et al., 2013). However, no 

study of truncal perturbations has quantified both truncal and step responses to the clinical 

pull test. Most studies of truncal perturbations in PD prioritise responses of the legs as the 

primary outcome (Di Giulio et al., 2016; Foreman et al., 2012; McVey et al., 2013, 2009). 

Lower limb measures fail to capture the key role of the truncal response that contributes to 
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initial balance recovery. Only two studies have explored truncal responses in people with PD 

to a feet-in-place response (Azevedo et al., 2016; Di Giulio et al., 2016). These studies 

demonstrate internally generated forces to resist the perturbation were smaller in people with 

PD compared to controls, resulting in a greater centre of mass displacement in static standing.  

Whether truncal abnormalities present in people with PD influence step responses during the 

clinical pull test remain unknown. A step response is commonly generated when the truncal 

response is insufficient to maintain balance during the clinical pull test (Horak, 2006). 

However, stepping can also occur well within limits of stability in healthy older fallers, and is 

triggered by other contextual factors such as fear of falling, which is common in later stages 

of PD (Maki and McIlroy, 1997; Pai et al., 1998). 

Furthermore, confounders of postural responses have not been routinely accounted for in 

studies of top down perturbations. Variables such as pull force, or participant height and 

weight are proposed to contribute to postural responses during the pull test. Some studies 

have accounted for pull force by applying precise perturbations individualised to the 

participant’s height or weight using motor, pulleys and pendulums. When using a calibrated 

weight drop (20% participant body weight), subtle postural abnormalities in weight shift and 

stepping were detected to a posterior waist pull in people with PD that had no clinically 

detectable postural instability (HY < 2) compared to age matched controls (McVey et al., 

2009). In contrast, studies of manual backward shoulder pulls have not accounted for pull 

force (Adkin et al., 2005; Foreman et al., 2012). This shortcoming may account for the lack 

of change in postural responses observed. Only one study has attempted to characterise 

postural responses in people with PD according to the clinical pull test, employing a manual 

backward perturbation (Foreman et al., 2012). However, truncal responses were not 

measured, and no differences in spatiotemporal variables of stepping were found in the off 

and on levodopa condition. More recently, a wearable pull test has also been attempted, with 

postural responses captured from sensors attached around the chest and waist of healthy 

young participants (Andò et al., 2018). The use of this technique remains to be investigated in 

people with PD.  

2.4.2 The instrumented pull test 

To a top down perturbation, quantitative assessment of trunk responses in PD might be 

important for several reasons. Firstly, falls are common in people with PD to sudden truncal 
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movements, for example when turning or bending (Chou and Lee, 2013; Horak, 2006). 

Secondly, abnormalities in truncal responses are suggested to contribute to postural instability 

(Carpenter et al., 2004). In previous studies of platform perturbations, people with PD display 

decreased trunk mobility in the pitch and roll directions (Carpenter et al., 2004; Horak et al., 

1996). These abnormalities are particularly evident in later stages of PD, where stooping, 

decreased truncal flexibility and reduced early reactive movements of the trunk and legs 

contribute to result in patients ‘falling like a log’ in response to a backward perturbation 

(Dimitrova et al., 2004; Horak et al., 2005; Jacobs et al., 2005).  

Abnormalities in truncal responses have also been found in other tasks of gait and posture 

including sitting, standing, reaching and turning (Bridgewater and Sharpe, 1998; Schenkman 

et al., 2001; van der Burg et al., 2006) with increased axial rigidity, abnormal upper and 

lower body coordination and altered upper body kinaesthesia (Klockgether et al., 1995; 

Konczak et al., 2007; Maschke et al., 2003; Wright et al., 2010). For example, one study 

found people with PD demonstrated decreased accuracy and perception of axial rotation with 

hip twisting (Wright et al., 2010). Deficits in upper body kinaesthesia may result in postural 

responses of reduced accuracy to restore balance. Assessment of trunk responses may 

therefore yield greater insights into postural deficits in people with PD, whilst providing 

greater sensitivity in quantification compared to the clinical pull test  

Development of an instrumented pull test offers researchers a technique for objective 

assessment of postural responses to the pull test. Ideally, an objective method to characterise 

clinical pull test responses should have excellent psychometric properties, be easy to 

administer, simple to operate, widely accessible, and portable. This is important to facilitate 

widespread adoption of the technique as an alternative assessment tool to assess postural 

responses within research and potentially, clinical settings following further substantial 

research in reliability and validity.  

This assessment tool would need to account for variabilities influencing pull test 

administration, such as pull force, and participant characteristics such as height and weight, 

and capture both trunk and step responses to a backward perturbation. Such methodology 

could then be applied to studies seeking to capture early abnormalities in postural responses, 

track postural instability over time, detect responses to therapy, and identify variables in test 

performance and administration contributing to postural responses.  
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2.5 Summary and conclusions  

Postural instability is considered one of the cardinal symptoms of PD which results in the 

impairment of balance. This compromises the ability to maintain or change posture during 

tasks of static or dynamic activities. Postural instability is a major contributor to injurious 

falls and risk of fractures, resulting in increased burden of morbidity and mortality in people 

with PD (Lima et al., 2019; Malochet-Guinamand et al., 2015; Rudzińska et al., 2013; van 

den Bos et al., 2013). The assessment of postural instability is commonly assessed using the 

pull test in the clinical setting where an examiner grades the corrective postural response 

following a backward pull at the patient’s shoulders (Fahn et al., 1987). However variabilities 

with test administration and interpretation can confound outcomes (Nonnekes et al., 2015; 

Visser et al., 2003). Laboratory measures of postural instability using static or dynamic 

posturography, can therefore provide an objective method to assess postural instability in 

people with PD (Visser et al., 2008b). 

In particular, dynamic posturography has been used to capture reactive postural responses by 

using movable platforms to induce a balance perturbation. These techniques offer precise 

quantification of postural responses by capturing changes in centre of pressure variables, 

kinematic parameters from movement of body segments, and muscle activity from 

electromyography. Studies of dynamic posturography have been useful to detect 

abnormalities in postural responses, objectively quantify the outcomes of therapy, and 

understand the underlying pathophysiology of postural instability in PD. However, 

researchers conventionally recruit participants where abnormalities in postural responses are 

already clinically evident (i.e. HY > 2) (Bloem et al., 1996; Dimitrova et al., 2004; Jacobs 

and Horak, 2006; Kam et al., 2014; King and Horak, 2008). Furthermore, methods of balance 

perturbation comprise bottom up movement beneath the feet, which does not directly 

compare to the balance perturbation of a top down pull from truncal level as occurs during 

the clinical pull test. 

To date, the quantification of postural responses evoked from the trunk has been limited by 

suitable objective measures. Unlike bottom up perturbations that can be standardised using 

motorised translations, top down perturbations have proven more difficult to administer and 

assess. Complex setups developed in the laboratory include motors (Di Giulio et al., 2016), 

pendulums (Azevedo et al., 2016) and weight drops (McVey et al., 2013, 2009). Preliminary 

findings of truncal perturbations confirm the presence of abnormalities of postural responses 
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in PD (McVey et al., 2009). However, more research is required to explore postural responses 

in people with PD, particularly in mild PD where postural instability is not detected by the 

clinical pull test. 

Development of an instrumented pull test therefore offers researchers a technique for 

objective assessment of postural responses to the clinical pull test. Such an assessment tool 

can also be used in the laboratory to clarify the effects of therapies on postural responses, for 

example, medication in mild disease or PPN DBS in moderate to advanced disease. 

Instrumented tests of postural responses may potentially substitute clinical scales specific to 

people with PD in the future. However, further studies are required to determine its 

reliability, validity and feasibility before use in the clinical setting.  
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 DEVELOPMENT OF AN INSTRUMENTED CHAPTER 3.

PULL TEST  

3.1 Overview 

The assessment of postural instability presents several challenges in people with Parkinson’s 

disease (PD). As detailed in Chapter 2, clinical assessments such as the pull test is commonly 

used to assess postural instability in people with PD. However outcomes vary due to 

inconsistencies with test administration and interpretation. Laboratory assessments using 

platform perturbations provide objective quantification of postural responses but do not 

characterise postural responses in a similar manner elicited by the pull test.  

To overcome issues with reliability and scaling of the pull test, an instrumented version of the 

clinical test is developed to precisely quantify postural responses. Akin to the clinical pull 

test, pulls are manually administered by an examiner, with the participant’s trunk and step 

responses captured using a semi-portable motion tracking system. This technique offers 

researchers a technique for objective assessment of postural responses to the pull test.  

The instrumented pull test protocol was published as a methods paper with video 

demonstration in April 2019: 

Tan, J.L., Thevathasan, W., McGinley, J., Brown, P., Perera, T., 2019. An Instrumented 

Pull Test to Characterize Postural Responses. JoVE J. Vis. Exp. e59309. 

https://doi.org/10.3791/59309 

 

The author’s rights to reuse their published work are in accordance with JoVE’s copyright 

and license policies: “The author may use the video and article for non-commercial 

purposes”. The thesis author contributed at least 60% of the work towards this study (see 

Appendix 4 for co-author authorisation forms). 
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3.2 The instrumented pull test  

The instrumented pull test was used to investigate postural responses across all studies in this 

thesis. Prior to use in the clinical PD cohort (Chapters 5, 6, and 7), the instrumented pull test 

was used to investigate postural reflexes in healthy adults in Chapter 4. Development and 

outcomes of the instrumented pull test methods paper is derived from findings of the 

instrumented pull test in 33 young healthy participants (Chapter 4), which details postural 

responses following a manual backward perturbation by an examiner. The methods paper 

describes the generic protocol of the instrumented pull test to quantify postural responses in 

people across a range of disease conditions and ages where quantifying postural instability is 

of interest and assessment employs the pull test. For the purposes of this thesis, participant 

selection, recruitment, and variations in pull test methodology from the protocol paper are 

detailed in individual chapters.  
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3.3 Summary and conclusions 

This chapter details the development of the instrumented pull test. This technique was 

utilized to quantify postural responses to a manual backward pull in the studies reported in 

Chapters 4, 5, 6 and 7.  
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 NEUROPHYSIOLOGICAL ANALYSIS OF CHAPTER 4.

THE CLINICAL PULL TEST 

4.1 Overview 

Chapter 2 highlighted the potential utility of instrumented clinical tests of balance, and the 

limited availability of these measures in the research and clinical setting. Following the 

development of an instrumented pull test in Chapter 3, this chapter adds to the understanding 

of postural responses elicited by the clinical pull test using instrumentation in a cohort of 

healthy young participants (Study 1). The published manuscript of this study is reprinted in 

the chapter.  

 

Reprinted from: Tan, J.L., Perera, T., McGinley, J.L., Yohanandan, S.A.C., Brown, P., 

Thevathasan, W., 2018. Neurophysiological analysis of the clinical pull test. J. 

Neurophysiol. https://doi.org/10.1152/jn.00789.2017 

  

The author’s rights to reuse their American Physiological Society (APS) published work is in 

accordance with APS guidelines: “APS authors may reproduce whole published articles in 

dissertations and post to thesis repositories without charge and without requesting permission. 

Full citation is required.” The thesis author contributed at least 80% of the work towards this 

study (see Appendix 4 for co-author authorisation forms). 
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4.2 Summary and conclusions  

This study provides preliminary insights into the nature of postural responses that can be 

elicited by the clinical pull test in healthy young participants. The instrumented pull test was 

able to detect small speeding of truncal responses (approximately 10 ms), and distinguish first 

and subsequent trial postural responses. The first pull triggers a different response, including 

a larger step size suggesting more destabilization. Thus, first trials likely have important 

clinical and ecological relevance and this finding suggests that they should not be discarded 

as practice. Furthermore, findings from the instrumented pull test informed test 

administration and performance. In healthy young participants, examiner pull force was a 

significant factor influencing the postural response. Findings from this study suggest the 

instrumented pull test could present an alternative assessment tool to quantify small changes 

in postural responses in participants with mild PD (Hoehn and Yahr stage ≤ 2) where postural 

responses to the clinical pull test are considered intact.  
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 CHARACTERISATION OF PULL TEST CHAPTER 5.

RESPONSES IN MILD PARKINSON’S DISEASE  

5.1 Overview 

In Chapter 4, postural responses were characterised in a cohort of young healthy participants 

using an instrumented pull test and StartReact effects. The current chapter extends the use of 

the instrumented pull test to investigate postural responses in participants with mild 

Parkinson’s disease (PD). Clinical pull test responses are typically considered to be intact in 

mild PD (i.e. Hoehn and Yahr (HY) ≤ 2). However, subclinical changes in postural responses 

to external perturbations have been demonstrated using laboratory based measures (Ganesan 

et al., 2010; Lee et al., 2013; McVey et al., 2009). The instrumented pull test has potential to 

be used to characterise postural responses in people with mild PD and detect postural 

abnormalities. Postural responses elicited from participants with PD using the instrumented 

pull test could also be used to guide how the test should be performed and interpreted in the 

clinical assessment of postural responses in PD.  

5.2 Introduction 

Postural responses are integral to maintain upright stance while standing, walking and in 

response to an unexpected perturbation (Shemmell, 2015). In PD, impairment of postural 

responses results in postural instability, and is associated with falls and diminished quality of 

life (Allen et al., 2013; Hely et al., 2005; Schoneburg et al., 2013). Although postural 

instability commonly increases with disease progression, it is often not apparent in mild 

disease (Kim et al., 2013). 

In clinical practice, postural responses are commonly assessed using the clinical pull test, 

where an examiner stands behind the patient and administers a brisk backward pull at their 

shoulders. The corrective response is subjectively scored according to the Unified 

Parkinson’s Disease Rating Scale (UPDRS) (Fahn S and Elton RL., 1987) and postural 

stability is assessed as normal when up to two steps are taken to arrest retropulsion (Goetz et 

al., 2008; Nonnekes et al., 2015). This method has been used extensively in the assessment of 

individuals with PD, but suffers poor reliability and limited scaling (Bloem et al., 1998; 

Munhoz et al., 2004). Moreover, the integer-based scoring limits its use in research to detect 

changes to postural instability in mild disease (Chapter 2). 
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Variants of pull test administration can confuse interpretation of test responses in clinical 

practice and research (Nonnekes et al., 2013). According to guidelines by the International 

Movement Disorders Society (MDS), a forewarned, initial practice trial is performed before 

the second trial is formally assessed (Goetz et al., 2008). Others claim that an unexpected 

pull, performed once, is most clinically meaningful, as this has the most ecological relevance 

to falls occurring in daily life (Bloem et al., 2001; Visser et al., 2003). In people with PD, the 

postural response during the first pull are more frequently abnormal compared to subsequent 

trials, with greater propensity to falls (Bloem et al., 2001). Due to the different nature of first 

trial responses, some studies have discarded the first trial, with the average response from 

repeated pull test trials measured (Bloem et al., 2001; Foreman et al., 2012; McVey et al., 

2013, 2009). However, first trial responses may contain important information about postural 

control with PD of moderate disease severity (HY stage 2.5 - 3) and healthy participants 

following a backward platform tilt (Nanhoe-Mahabier et al., 2012). People with moderate PD 

demonstrated increased centre of mass displacement due to abnormally large trunk flexion 

and ankle plantarflexion during the first trial compared to healthy participants. Responses to 

habituated trials were similar in both groups. Habituated trials were defined by the average of 

subsequent trial responses from trials 5 to 8 as postural responses were demonstrated to take 

up to five trials to habituate in people with PD (Nanhoe-Mahabier et al., 2012).  

Little attention has focused on postural responses that present in mild PD (HY ≤ 2). To date, 

only two studies have investigated postural responses to backward perturbations in people 

with mild PD (Chastan et al., 2008; Ganesan et al., 2010). These changes in postural 

responses are subclinical, and do not affect overall balance. People with mild PD demonstrate 

decreased limits of stability in the backward-left direction to platform tilts (Ganesan et al., 

2010) and increased sway when balance is perturbed using platform oscillations compared to 

healthy individuals (Chastan et al., 2008). Subclinical postural instability experienced in 

people with PD is suggested to remain well compensated in early disease even during larger 

perturbations to balance such as platform perturbations (Chastan et al., 2008). However, 

studies of postural responses in people with mild PD commonly report the averaged 

outcomes across all trials and do not specifically investigate first trial postural responses. 

Whether differences are present in first trial postural responses in people with mild PD 

compared to healthy individuals remains to be explored.  
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While platform translations can provide insights into postural responses in people with PD, 

they differ in fundamental ways from the clinical pull test. Moving platforms employ a slip- 

like movement beneath the feet which elicits a bottom-up ankle to hip strategy (Horak, 2006) 

whereas the pull test aims to assess a top-down response where there is initial displacement 

of the trunk - a different challenge to slipping that may occur in daily life, for example, when 

being bumped in a crowd. In both young and old healthy individuals, emerging evidence 

suggests truncal perturbations yield different postural characteristics to those conventionally 

elicited using moving platforms (Colebatch et al., 2016; Colebatch and Govender, 2018; 

Govender et al., 2015). In healthy young participants, responses to posterior perturbations at 

truncal level were found to elicit a ‘limbo-like’ movement (Colebatch et al., 2016). To a 

posterior truncal perturbation, there is forward acceleration at the tibia (i.e. knee flexion) 

associated with a complex pattern of muscle activation including tibialis anterior, quadriceps 

and soleus, with no activation of abdominals (Colebatch et al., 2016). In contrast, posterior 

perturbations with platform perturbations generate a stereotypical pattern of distal to 

proximal muscle activation from tibialis anterior, quadriceps to abdominals (Horak and 

Nashner, 1986). The characterisation of top-down postural responses with truncal 

perturbations therefore deserves further investigation in people with PD.  

Truncal responses are important as they represent the first strategy to maintain upright 

posture to the pull test, and contributes to initial balance recovery (Di Giulio et al., 2016; Tan 

et al., 2018). A step response is commonly generated when the truncal response is insufficient 

to maintain upright stance during the pull test (Horak, 2006), although it is acknowledged 

stepping can also be triggered by other contextual factors such as fear of falling (Maki and 

McIlroy, 1997; Pai et al., 1998). To date, studies of truncal perturbations have prioritised 

responses of the legs (Di Giulio et al., 2016; Foreman et al., 2012; McVey et al., 2013, 2009), 

with only one study exploring truncal responses to a backward perturbation in people with 

PD using feet-in-place responses (Di Giulio et al., 2016). To our knowledge, no study has 

quantified both truncal and step responses to the clinical pull test.  

In the study described in this chapter, the instrumented pull test was used to characterise the 

nature of postural responses in people with mild PD (HY ≤ 2), and clarify how the clinical 

test should be performed and interpreted. First and subsequent postural responses are of 

interest to determine whether first trial postural responses discriminated people with PD from 

controls. Variables such as pull force by the examiner, and participant height and weight are 
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suggested to influence outcomes of the clinical pull test in people with PD (Bloem et al., 

1998; Nonnekes et al., 2015; Visser et al., 2003), but have yet to be investigated in the 

laboratory. The instrumented pull test was previously used to investigate postural responses 

in a cohort of young healthy participants (Tan et al., 2018) (detailed in Chapter 4). 

Participants’ trunk and step responses were quantified using motion tracking in response to a 

manual backward pull at shoulder level by an examiner. Pull force was concurrently recorded 

using a force gauge. Using mixed models analyses, this method replaced discrete clinical 

scoring to allow precise measurement of postural responses while accounting for variabilities 

in pull test performance such as examiner pull force and participant height and weight. 

5.3 Aims and hypotheses 

 
The aims of the study were to:  

1) Investigate if first and subsequent postural responses in people with mild PD were 

different compared to age matched healthy controls using an instrumented pull test. 

Hypothesis 1a: In the first trial, trunk and step responses are slower and larger in people 

with mild PD compared to controls. 

Hypothesis 1b: In subsequent trials, truncal and step postural responses are improved in 

people with mild PD to levels of controls (similar to findings from a previous study 

which demonstrated no differences in postural responses to platform perturbations in 

participants with PD and controls in subsequent, habituated trials) (Nanhoe-Mahabier et 

al., 2012).  

 

2) Determine variables in examiner performance (i.e. pull force produced by the examiner) 

and baseline participant characteristics (i.e. height and weight) that may influence 

instrumented pull test responses in people with mild PD. 

(Based on results from Chapter 4) 

Hypothesis 2a: Increased examiner pull force would increase the size of trunk and step 

postural responses, and the speed of truncal responses but not step responses.  

Hypothesis 2b: Rate of force production (i.e. speed of the pull) would not influence trunk 

and step postural responses.  

Hypothesis 2c: Participant height would not influence trunk and step postural responses. 

Hypothesis 2d: Participant weight would influence step postural responses with increased 

weight associated with slower step reaction time.  
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5.4 Participants and methods  

5.4.1 Participants  

People with PD were recruited through a private neurology clinic. Potential participants were 

initially identified by a neurologist (W.T.) based on inclusion and exclusion criteria. The 

author (J.LT.) then confirmed eligibility and approached potential participants. Healthy 

controls participants were age matched to participants with PD, and recruited as a sample of 

convenience. The author (J.L.T.) explained the study protocol to all participants before 

enrolment. Participants read and signed a Participant Information and Consent Form 

(Appendix 2) prior to assessment. The study was approved by the Melbourne Health Human 

Research Ethics Committee (2013.129) (Appendix 3). 

5.4.2 Inclusion and exclusion criteria 

Participants with PD were included based on the following criteria:  

i) Fulfilment of the UK Brain Bank criteria for idiopathic PD (Gibb and Lees, 1988). 

ii) A daily regime of oral dopaminergic medication, with beneficial response to 

medication. 

iii) HY staging ≤ 2, off levodopa (i.e. unilateral disease to bilateral disease, with pull 

test item 30 responses ≤ 1 ) (Fahn et al., 1987), as the study focused on people 

with mild PD. 

iv) A Mini Mental State Examination (MMSE) (Folstein et al., 1975) score of 24 or 

higher as lower scores indicate cognitive impairment (Crum et al., 1993). As the 

focus of the study was postural responses to a backward pull, cognitive decline 

could affect the ability to follow test instructions and task performance.  

Participants with PD were excluded based on the following criteria:  

i) Any co-existing neurological (e.g. stroke or prior brain surgery), cardiovascular, 

vestibular, vision and musculoskeletal conditions (e.g. hip and knee osteoarthritis, 

including use of foot orthotics or splints) that may impair postural stability.  

ii) Use of any gait aid. 

iii) Unable to stand independently in the off medication condition. 

iv) Unable to comply with the study protocol (i.e. complete 35 instrumented pull test 

trials). 



 

77 

 

Age matched healthy controls were excluded based on the following criteria:  

i) Any neurological, cardiovascular, vestibular, vision and musculoskeletal 

conditions (e.g. hip and knee osteoarthritis, including use of foot orthotics or 

splints) that may impair postural stability.  

ii) On medications known to affect postural stability or attention (e.g. 

antidepressants, neuroleptics, benzodiazepines, antiepileptics, antiarrhythmics and 

diuretics). 

iii) Use of any gait aid.  

iv) Falls in the past year.  

v) Unable to stand independently.  

vi) Unable to comply with the study protocol (i.e. complete 35 instrumented pull test 

trials).  

5.4.3 Experiments 

Clinical Assessments 

Participants with PD were assessed in the morning in the off condition (following overnight 

withdrawal of levodopa > 12 hours). We explored postural responses in participants with 

mild PD in the off levodopa condition to detect signs of postural abnormalities (Bonnet et al., 

2014; Nanhoe-Mahabier et al., 2012). They were first clinically characterised using the motor 

subsection part III of the UPDRS (score/108) (Fahn et al., 1987) and Gait and Falls 

Questionnaire (GFQ, score/64) to assess for prior falls in the preceding 12 months (Giladi et 

al., 2000). A full description of the clinical assessments employed is provided below. All 

clinical assessments were rated by the thesis author, a physiotherapist with expertise in 

movement disorders (J.L.T.). Following clinical assessments, participants were assessed 

using the instrumented pull test.  

  

Unified Parkinson’s Disease Rating Scale (UPDRS)  

The UPDRS was used to quantify disease severity and assess motor function in response to 

therapeutic interventions in participants with PD (Perlmutter, 2009; Ramaker et al., 2002). 

The UPDRS is widely accepted for the evaluation of PD, and used in many clinical trials 

(Mitchell et al., 2000). Overall, systematic evaluation of the UPDRS demonstrated high 

internal consistency and inter-rater reliability (Martínez-Martín et al., 1994; Ramaker et al., 

2002; Richards et al., 1994; Stebbins and Goetz, 1998), particularly across the motor 
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subsection (Part III) (Forjaz and Martinez-Martin, 2006; Stebbins and Goetz, 1998) which 

quantifies the motor manifestations of PD (score/108). Only the motor subsection was used in 

our protocol as it was of interest to quantify physical function. Individual items are scored 

using a five-point ordinal scale (0 to 4) where a higher score indicates greater impairment and 

disability. Items 27 – 30 (score/16) assessing arising from a chair, posture, gait and postural 

instability respectively were summed to give a single axial score. 

The clinical pull test 

Postural instability was evaluated according to item 30 of the UPDRS (Fahn et al., 1987). A 

corrective stepping response is scored (between 0 to 4) by an examiner who administers a 

brisk tug backwards at shoulder level. Though it is the most commonly used measure by 

clinicians and researchers to evaluate postural instability and determine effects of therapeutic 

interventions (Ramaker et al., 2002), variability with test administration and interpretation 

can affect outcomes. Pull force by the examiner, and participant and examiner height and 

weight makes the test difficult to standardise. Controversies remain as to whether the test 

should be administered warned or un-warned, and whether responses to the first unexpected 

pull or second practiced pull is most informative (Visser et al., 2003). Accordingly, the 

clinical pull test has been found to be a poor and variable predictor of future falls, especially 

in the on medication state (Bloem et al., 2001; Foreman et al., 2011; Munhoz and Teive, 

2014). To improve accuracy of evaluation, recommendations have been made to standardise 

technique and scoring (Munhoz et al., 2004). In 2007, a revised version of the UPDRS – the 

MDS-UPDRS was developed to address some of the limitations of the UPDRS by providing 

standardised instructions to examiners and detailed scoring criteria to differentiate milder 

levels of impairment (Goetz et al., 2008, 2007). While the clinical pull test (and scoring of 

motor subsection Part III) according to the MDS-UPDRS would have been the preferred 

clinical assessment, data collection for a related study to the thesis (Appendix 1) began before 

the MDS-UPDRS was released. To ensure comparability and consistency of data collection 

in studies across the doctoral project, the UPDRS was used instead of the MDS-UPDRS. 

Regardless, the clinical pull test is not designed to assess underlying causes of postural 

disturbances. The observational nature of rating scales cannot distinguish subtle changes in 

postural instability, particularly in mild disease (Mancini et al., 2012; McVey et al., 2009). 

Furthermore, clinical assessments are not sensitive to detect changes that identify increased 
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falls risk, for example, when a person has moved their centre of mass too far out of base of 

support (Rocchi et al., 2002).   

Despite its shortcomings, the clinical pull test is one of the few test of reactive postural 

control which is not confounded by other aspects of mobility (Hass et al., 2008). It is easy to 

administer, providing clinicians a gross approximation of potential postural abnormalities 

(Visser et al., 2003). Consequently, it represents a useful first step in quantifying the postural 

response in people with PD. 

Mini-Mental State Examination  

Participants’ cognition were assessed with the Mini-Mental State Examination (MMSE, 

score/30) (Folstein et al., 1975). Inclusion criteria required a score of 24 or higher, as lower 

scores indicate cognitive impairment. Cognitive decline in PD could affect understanding of 

test instructions and influence task performance, as well as the ability to provide informed 

consent.  

Gait and Falls Questionnaire  

The gait and falls questionnaire (GFQ), (score/64) was administered to determine if 

participants demonstrated gait disturbances and falls prior to study enrolment. The GFQ 

assesses gait impairments including freezing of gait, festination and falls in people with PD 

(Giladi et al., 2000). An inclusion criterion of the clinical PD cohort was the recruitment of 

participants with no clinically demonstrated postural instability, where catching by an 

assessor was required. Though FOG is common in advanced PD it can also occur early in 

disease, and is a frequent cause of falls (Kerr et al., 2010; Latt et al., 2009; Okuma, 2014). To 

assess for presence of FOG, the FOGQ, (score/24) consisting of six items (items 2 to 7 of the 

GFQ) was used to identify FOG severity and gait disturbances. The falls question (item 12) 

was used to provide a report of prior falls in the past year. In particular, item 3 of the FOGQ 

is shown to be a good screening question of FOG frequency (Moore et al., 2007). Previous 

studies have reported the FOGQ is a well validated measurement tool and demonstrates 

satisfactory test-retest reliability and internal consistency (Baggio et al., 2012; Giladi et al., 

2009, 2000; Nilsson and Hagell, 2009). It adequately correlates to the UPDRS (r = 0.79), and 

has excellent sensitivity (85.9%) to detect freezers (Giladi et al., 2009). Each item is scored 

from 0 to 4, with higher scores indicating worse motor function.  
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The instrumented pull test  

The instrumented pull test was performed similarly to the clinical pull test (Fahn et al., 1987). 

Details of the experimental setup and equipment were previously described in Chapter 3. 

Briefly, the participant stood in bare feet and focused on artwork approximately 1.5m ahead, 

wearing a customised trunk harness attached to a load cell. The examiner generated a manual 

backward pull via a rope and load cell held perpendicular to the participant’s shoulders. 

Stepping by participants was permitted and pulls were always of sufficient force to generate a 

step response in every trial. Thirty five trials were presented serially. Inter-trial intervals (10-

15s) were variable. Participants were provided a short rest after every 10 trials, or as 

requested. The experiment was administered in a quiet room with distractions minimised. The 

thesis author (J.L.T.) conducted all assessments and continuously monitored participants to 

prevent falls. 

Postural responses were measured using electromagnetic three-dimensional motion tracking 

sensors (Ascension TrakStar), attached at the sternal notch (at the level of the 2nd and 3rd 

thoracic vertebra) to record trunk parameters, and on the right and left ankle malleolus to 

record stepping parameters. Each sensor measured triaxial displacement in millimetre units as 

well as pitch, roll, and yaw in degrees. The sensors were referenced to the origin of the 

transmitter, which comprised the motion tracking system.  

5.4.4 Parameters and data analysis  

A separate researcher computed trunk and step parameters using custom scripts in MATLAB 

(MathWorks Inc, Massachusetts, USA). The same parameters related to trunk and step 

reaction time and response magnitude (i.e. trunk deceleration and feet displacement) were 

previously used to characterise postural responses in healthy young participants using 

StartReact effects (Chapter 4). A full list and description of trunk and step parameters in the 

present study are reported in Table 5.1. These parameters were chosen to examine responses 

of trunk and step known to be affected by PD (Adkin et al., 2005; Benatru et al., 2008; 

Carpenter et al., 2004). Peak pull force (Newtons) and rate of pull force development 

(Newtons/second) were calculated using data from the load cell. 

Trunk and step parameters were computed for each trial. To investigate postural responses 

during first and subsequent pulls, the first trial response was included in analysis. After the 

first pull, the following four trials were considered ‘practice’ trials and discarded. Postural 
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responses are known to take up to five trials to habituate in people with PD (Nanhoe-

Mahabier et al., 2012). The subsequent postural response was determined by the averages 

over the subsequent 30 trials (i.e. Trials 6 to 35). Trials were rejected if there was an 

anticipatory truncal movement (a forward trunk displacement that exceeds 3 SDs above 

baseline in the one second epoch prior to the pull). 

Table 5.1: Postural response parameters and descriptions 

Parameters Description Units 

Trunk reaction 

time 

Difference between the onset of trunk 

displacement and the start of trunk 

deceleration 

Milliseconds (ms) 

Trunk 

deceleration 
Peak deceleration of the trunk 

Millimetres per second per second 

(mm/s
2
) 

Posterior pitch 

angle 

Angular displacement of the trunk 

from initial stance to peak trunk 

extension (prior to stepping) 

Degrees (°) 

Posterior pitch 

velocity 

Peak posterior pitch angle divided by 

pitch duration (time between onset of 

trunk displacement to peak trunk 

extension) 

Degrees per second (°/s) 

Step reaction 

time 

Time between onset of trunk 

displacement and initial foot lift off 
Milliseconds (ms) 

Initial step 

length 

Displacement of the initial stepping 

limb from foot lift off to foot contact 
Millimetres (mm) 

Step velocity 

Initial step length divided by the first 

step duration (initial foot lift off to 

initial foot contact time) 

Millimetres per second (mm/s) 

Retropulsion 

Total posterior displacement between 

first foot lift off and landing of the 

final foot arresting movement 

Millimetres (mm) 

Step count 
Number of foot falls over the 

retropulsion distance 
Integer (e.g. 0, 1, 2) 

 

5.4.5 Statistical analysis 

A Kolmogorov Smirnov test demonstrated that all measures were sampled from an 

underlying normal distribution. Due to the number of contributing factors that could 

influence trunk and stepping parameters in the pull test, linear mixed models (LMM) analysis 

was conducted according to methods previously described (Boisgontier et al., 2017; Tan et 

al., 2018). To determine effects of pull force on trunk and step parameters in the postural 

response task, LMM analysis was conducted using the following equation: 
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Y𝑖𝑗 = (𝛽0 + 𝜃0𝑗) + 𝛽1TrialType𝑖𝑗 + 𝛽2Group𝑗 +  𝛽3Weight𝑗 + 𝛽4Height𝑗

+ 𝛽5PeakForce𝑖𝑗 + 𝛽6ForceRate𝑖𝑗 + 𝜖𝑖𝑗 

 

where Yij is the participant's trunk or step postural response parameter (Table 5.1) for 

trial𝑖, 𝛽0−6 are the fixed effect coefficients, 𝜃0𝑗  is the random effect for participant j (random 

intercept), 𝜖𝑖𝑗 is the error term. 

This model was built using SPSS (IBM, Chicago, IL) version 22. The following factors were 

included: trial type, group, weight, height, peak force and force rate. At the participant level, 

height and weight were included to account for the lever arm of the pull and inertia of the 

trunk (Delitto et al., 1989; Oliveira et al., 2011).  

To determine if the first trial was different from subsequent trials, the trial type was coded as 

0 for first trial and 1 for subsequent trials. Group was coded as 0 for healthy control 

participants, 1 for participants with PD. Nine independent LMM relating to trunk and step 

parameters were used to analyse the data. Variance inflation factors for each predictor in all 

models fell below 10 and multicollinearity was considered negligible (Hair et al. 1995). The 

variance components covariance structure was selected for the LMM. For categorical 

explanatory variables, post hoc pairwise comparisons were performed to determine 

differences between trial type and groups and were corrected for multiple comparisons 

(Benjamini and Hochberg, 1995). Results reported are mean and 95% confidence interval 

(CI). 

For each explanatory variable, an estimate of the effect, p value and CI were calculated. To 

assess if explanatory variables (i.e. peak pull force, force rate, participant height and weight) 

differed between groups (participants with PD, controls), LMM was used within each group. 

Level of significance was set at α = 0.05. 

5.5 Results 

Two cohorts were assessed: (i) 18 participants (age 59.1 ± 9.3 years; height 1.65 ± 0.1 m; 

weight 82.7 ± 16.5 kg; 12 males) with mild PD and no clinically detectable postural 

instability (HY ≤ 2); and (ii) 11 healthy age matched controls (58.8 ± 7.8 years; height 1.71 ± 

0.1 m; weight 73.2 ± 13.2 kg; 5 males). The two groups did not significantly differ in age (p 
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= 0.9), height (p = 0.085), or weight (p = 0.099). Clinical characteristics of the participants 

with PD and age matched healthy controls are detailed in Table 5.2 respectively. No trials 

were excluded due to truncal anticipation prior to the pull. One healthy participant 

experienced a fall, requiring catching by the examiner during the first trial. Data from this 

trial were excluded. Otherwise no falls were reported with all participants. All participants 

adhered to the experimental protocol, with no participant withdrawals. 
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Table 5.2: Characteristics of participants with Parkinson’s disease and age matched healthy controls 

Group Participant 

Age/ 

Gender 

 

Height 

(m) 

Weight 

(kg) 

HY 

Stage 

PD 

Duration 

(years) 

LED 

(mg/day) 

UPDRS 

III, 

OFF 

meds 

UPDRS 

It 30, 

OFF 

meds  

GFQ  FOGQ  
Falls 

Q 

Supportive for 

UK brain bank 

criteria 

PD 1 46F 1.51 67.4 2 1 600 18 0 3 0 0 T, A, P, D 

PD 2 53F 1.57 43.8 2 2 400 32 0 7 4 0 T, A, P 

PD 3 51M 1.85 85.0 2 4 500 15 0 5 2 0 T, A, P 

PD 4 63M 1.90 101.7 2 4 850 23 0 2 2 0 T, A, P 

PD 5 59M 1.70 88.2 2 6 500 53 0 5 3 0 T, A, P 

PD 6 55M 1.84 106.1 2 8 1500 22 1 15 9 0 T, A, P 

PD 7 59M 1.76 101.2 2 12 500 30 0 7 4 0 T, A, P, D 

PD 8 55F 1.67 63.5 2 4 500 23 0 7 4 0 T, A, P D 

PD 9 51F 1.55 88.9 2 3 600 11 0 3 2 0 A, P 

PD 10 65F 1.66 84.7 2 15 400 33 0 9 4 1 T, A, P, D 

PD 11 66M 1.78 75.2 2 9 650 32 1 7 3 0 T, A, P, D 

PD 12 50F 1.57 64.5 2 2.5 600 16 0 7 2 0 T, A, P, D 

PD 13 76M 1.75 70.0 1 6 350 12 0 0 0 0 T, A, P 

PD 14 56M 1.68 83.2 2 3 450 14 0 4 1 0 T, A, P 

PD 15 72M 1.70 85.4 2 7 600 22 0 4 2 0 A, P, D 

PD 16 71M 1.73 80.2 2 5 300 19 0 1 0 0 T, A, P 

PD 17 46M 1.79 103.5 2 2 800 13 0 1 0 0 T, A, P 

PD 18 71M 1.76 96.5 2 8 550 19 0 3 1 0 T,A, P 

HC 1 65M 1.73 77.7 - - - - - - - - - 

HC 2 56M 1.73 100.3 - - - - - - - - - 

HC 3 43F 1.63 61.3 - - - - - - - - - 

HC 4 64M 1.68 78.5 - - - - - - - - - 

HC 5 50F 1.59 67.1 - - - - - - - - - 

HC 6 67F 1.53 71.8 - - - - - - - - - 
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Group Participant 

Age/ 

Gender 

 

Height 

(m) 

Weight 

(kg) 

HY 

Stage 

PD 

Duration 

(years) 

LED 

(mg/day) 

UPDRS 

III, 

OFF 

meds 

UPDRS 

It 30, 

OFF 

meds  

GFQ  FOGQ  
Falls 

Q 

Supportive for 

UK brain bank 

criteria 

HC 7 57F 1.72 72.8 - - - - - - - - - 

HC 8 66M 1.73 91.4 - - - - - - - - - 

HC 9 67F 1.57 58.9 - - - - - - - - - 

HC 10 54F 1.60 59.5 - - - - - - - - - 

HC 11 58M 1.63 65.4 - - - - - - - - - 

Clinical assessments were performed on the same day as experiments. LED = L-DOPA equivalent dose, mg/day; HC = Healthy control; HY = Hoehn and 

Yahr; UPDRS III = part III (motor subsection) of the Unified Parkinson’s Disease Rating Scale (score/108), off medication state; Pull test (item 30;score/4), 

off medication state; GFQ = Gait and Falls Questionnaire (score/64); FOGQ = Freezing of Gait Questionnaire (score/24); Falls Q = Falls Question (score/4); 

UK Brain bank criteria: D = dyskinesias; A = asymmetry persistent; T = tremor at rest; P = progressive disease course; PD = Parkinson’s disease. 
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5.5.1 First and subsequent postural responses in mild Parkinson’s disease  

Trunk responses 

Mean trunk reaction time differed in participants with PD compared to controls (F (2,480) = 

4.45, p = 0.012) across all trials. Post hoc tests revealed average trunk reaction time did not 

differ between groups during first trials (mean difference = - 31.8 ms; CI = - 76.3, 12.6; p = 

0.192), but was faster in participants with PD compared to controls in subsequent trials (mean 

difference = - 44.5 ms; CI = - 61.5, - 27.4; p < 0.001). Mean pitch angle (F (2, 61) = 7.01, p = 

0.002) and velocity (F (2, 64) = 9.70, p < 0.001) differed in participants with PD compared to 

controls. Post hoc tests revealed pitch angle and velocity were larger and faster in participants 

with PD compared to controls in first (pitch angle mean difference = 15°; CI = 2, 27; p = 

0.030; pitch velocity mean difference = 114°/s; CI = 34, 194; p = 0.006) and subsequent trials 

(pitch angle mean difference = 20°; CI = 10, 31; p < 0.001; pitch velocity mean difference = 

138°/s; CI = 72, 204; p < 0.001) (Figure 5.1). 

There was no statistical difference detected in mean trunk deceleration between participants 

with PD and controls in first (mean difference = 510 mm/s
2
; CI = - 2074, 3095; p = 0.639) 

and subsequent trials (mean difference = - 88 mm/s
2
; CI = - 896, 719; p = 0.826). The trial x 

group interaction was not significant (F (2, 1082) = 0.13, p = 0.881). 

 
Figure 5.1: Mean difference in trunk parameters between participants with PD and controls 

during first and subsequent trials 

(A) Trunk reaction time, (B) Pitch angle, (C) Pitch velocity and (D) Deceleration. Error bars represent 

the 95% confidence interval. Effect of group on trunk parameters is statistically significant between 

participants with PD and controls where error bars do not cross zero (dashed red vertical line). 
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Step responses 

Mean initial step length (F (2, 62) = 7.87, p = 0.001) and retropulsion (F (2, 64) = 24.91, p < 

0.001) differed in participants with PD compared to controls across all trials. Post hoc tests 

revealed step length did not differ during first trials between groups (mean difference = - 56 

mm; CI = - 130, 17; p = 0.132), but was smaller in participants with PD compared to controls 

in subsequent trials (mean difference = - 81 mm; CI = - 144, - 19; p = 0.024). Retropulsion 

remained smaller on average in participants with PD compared to controls in first (mean 

difference = - 84 mm; CI = - 155, - 14; p = 0.024) and subsequent trials (mean difference = - 

64 mm; CI = - 123, - 6; p = 0.033). Although there was a main effect of trial on step count (F 

(1, 1403) = 30.42, p < 0.001), post hoc tests revealed step count did not differ between 

participants with PD and controls in first (mean difference = - 0.2 step; CI = - 0.7, 0.4; p = 

0.586) and subsequent trials (mean difference = - 0.1 step; CI = - 0.5, 0.3; p = 0.586) (Figure 

5.2). 

Mean step velocity differed in participants with PD compared to controls (F (2, 64) = 8.77, p 

< 0.001) across all trials. Post hoc tests revealed step velocity did not differ during first trials 

(mean difference = - 200 mm/s; CI = - 425, 26; p = 0.081), but was slower on average in 

subsequent trials in participants with PD compared to controls (mean difference = - 248 

mm/s; CI = - 435, - 60; p = 0.018). Mean step reaction time was not statistically significant 

between groups (F (2, 70) = 0.38, p = 0.687). Post hoc tests revealed average step reaction 

time did not differ with PD compared to controls during first (mean difference = - 43.8 ms; 

CI = - 124.7, 37.2; p = 0.285) and subsequent trials (mean difference = - 4.5 ms; CI = - 68.4, 

59.4; p = 0.885). The trial x group interaction was also not statistically significant (F (2, 

1398) = 2.95, p = 0.053). 
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Figure 5.2: Mean difference in step parameters between participants with PD and controls 

during first and subsequent trials. 

(A) Step reaction time, (B) Step velocity, (C) Step length, (D) Retropulsion and (E) Step count. Error 

bars represent the 95% confidence interval. Effect of group on step parameters is statistically 

significant between participants with PD and controls where error bars do not cross zero (dashed red 

vertical line).  
 

5.5.2 Impact of examiner pull force and participant anthropometric characteristics  

Linear mixed models analysis was conducted with random factors of participant, trial and 

group type, and fixed explanatory variables of weight, height, peak force and force rate. For 

each explanatory variable, an estimate of the effect and significance is provided (Figure 5.3). 

Outcomes are pooled from first and subsequent trials. When the explanatory variable is 

continuous, the estimate of the effect is based on the regression coefficient (denoted as b); it 

gives the predicted increase in outcome for a one point increase in the explanatory variable. 

Explanatory variables further detailing the estimate, p value and 95% confidence intervals in 

participants with PD and healthy controls are specified in Appendix 6.  

In participants with PD and controls, peak pull force by the examiner was the main 

contributor to trunk and step parameters. In participants with PD, increased peak pull force 

was associated with larger pitch angles (b = 0.11, p < 0.001) and faster pitch velocities (b = 

0.57, p < 0.001). With stepping, increased peak pull force was associated with increased step 
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velocity (b = 2.49, p < 0.001), initial step length (b = 0.70, p < 0.001) and retropulsion (b = 

1.02, p < 0.001) (Figure 5.3). In controls, examiner pull force was associated with the same 

trunk and step parameters as PD, except pitch velocity which was not significant. Increased 

peak force was associated with increased step count (b < 0.01 p = 0.018) in controls. 

Increased weight was associated with a smaller pitch angle (b = - 0.84, p = 0.034) in 

participants with PD. Otherwise, height and weight did not influence results in participants 

with PD or controls. 
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Figure 5.3: Coefficient estimates and statistical significance of instrumented pull test predictors 

resulting from linear mixed models for truncal and step responses.  

Coefficient estimates and statistical significance of instrumented pull test predictors resulting from 

linear mixed models for truncal and step responses. Each panel illustrates the effect of an explanatory 

variable (i.e. peak pull force and force rate produced by the examiner, and participant height and 

weight) based on a regression coefficient using linear mixed models. Solid symbols represent 

significant effects (p < 0.05).  

  



  

91 

5.6 Discussion 

This study sought to characterise the nature of postural responses in participants with mild 

PD compared to healthy age matched controls using an instrumented pull test. The key 

findings of this study are: 1) postural responses are affected in participants with mild PD in 

first and subsequent trials. In the first trial, trunk responses were larger and faster in trunk 

pitch in people with mild PD compared to controls. Step responses with initial step size and 

reaction time did not differ between groups. However, overall retropulsion was smaller in 

participants with PD compared to controls. Trunk and step abnormalities observed in 

participants with PD during the first trial remained in subsequent trials. Stepping 

abnormalities were more exaggerated, with stepping becoming even smaller and slower in 

participants with mild PD compared to controls. 2) Pull force exerted by the examiner 

significantly affected the postural response in participants with PD. Greater peak pull force 

led to an increase in the size and speed of trunk and step movement. Increased participant 

weight was associated with smaller trunk movement in participants with PD. Otherwise, 

participant height and weight did not influence results. These findings may have clinical 

implications when performing the pull test. 

5.6.1 Postural responses to the pull test in mild Parkinson’s disease 

Our results showed abnormalities in trunk and step responses were detected in participants 

with mild PD. In PD, few researchers have investigated truncal perturbations in the 

laboratory (Azevedo et al., 2016; Colebatch et al., 2016; Di Giulio et al., 2016; Govender et 

al., 2015). This may be due to the difficulty of administering and assessing a perturbation at 

shoulder level compared to platform perturbations. For the first time, kinematics of trunk and 

step responses were characterised akin to the clinical test in people with mild PD. 

Furthermore, the instrumented pull test accounted for pull force, a significant variable 

confounding postural outcomes. 

Postural instability that is clinically evident is not considered a presenting feature of PD 

(Beuter et al., 2008; Hermanowicz, 2001). Accordingly, the majority of studies of postural 

perturbations have focused on people with mild to moderate disease severity where postural 

instability is present on clinical assessment (Bloem et al., 1998; Dimitrova et al., 2004; Horak 

et al., 2005; Jacobs and Horak, 2006; Kam et al., 2014). Consistent with our findings, 

previous studies focussing on earlier disease stages also demonstrated subclinical changes in 
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postural responses in people with PD (Chastan et al., 2008; Ganesan et al., 2010; Lee et al., 

2013; McVey et al., 2009). However, these studies examined either truncal (Chastan et al., 

2008; Ganesan et al., 2010) or stepping responses (Lee et al., 2013; McVey et al., 2009), but 

not simultaneously. Several studies have reported subclinical postural changes in mild PD 

that include increased mediolateral sway (Chastan et al., 2008), increased weight shift times 

(Ganesan et al., 2010), and altered ankle joint motion (McVey et al., 2009) compared to 

controls. Although findings from our study cannot be directly compared to previous work due 

to differing methodology, we show stepping is directly impacted even in mild disease, with 

decreased initial step size and retropulsion in participants with PD. These findings have not 

previously been demonstrated and add to the growing body of evidence suggesting postural 

impairments occur in mild PD. 

5.6.2 First trial postural responses  

Faster and larger trunk responses detected in first (and subsequent) trials in participants with 

PD suggests the net torque used for postural correction was smaller or slower in participants 

with PD compared to controls, resulting in greater displacement. Smaller, weaker postural 

responses termed ‘postural bradykinesia’ have been previously reported in people with PD 

ranging from HY Stage 1.5 to 4 in a study using platform perturbations (Dimitrova et al., 

2004). Here, we found truncal responses in the first trial were faster and larger in participants 

with PD compared to controls, suggestive of a less effective postural correction.  

The greater backward trunk pitch prior to stepping may indicate a diminished initial response 

of the trunk to aid balance recovery. In this study, we did not specifically measure movement 

of the trunk from centre of pressure deviations and ground reaction forces. However, 

previous work have found that people with PD have smaller feet-in-place responses when 

resisting a backward perturbation compared to controls, resulting in increased displacements 

of the body (Di Giulio et al., 2016). Interestingly, no group x trial interaction in truncal 

deceleration was found. This meant that there were no differences in how fast participants 

slowed truncal movement in first and subsequent trials. This finding may be due to the large 

variability in deceleration, particularly during the first, unexpected trial. As shank movement 

of the lower limbs were not measured, we could not ascertain if trunk deceleration occurred 

as a result of a pure trunk movement or a ‘limbo’ type truncal response with forward bending 

of the knees, or combination of both. No change was found in other truncal parameters, 
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similar to previous findings of first trial truncal responses (in pitch and velocity) between 

participants with PD and controls (Adkin et al., 2005).  

Alternatively, the greater trunk pitch in participants with PD may reflect an increased flexed 

or stooped posture in initial standing compared to control participants. Backward trunk pitch 

was calculated relative to the starting position of each participant just before the pull. 

Although stooped posture was not formally assessed, it is possible that greater stooping in 

participants with PD may contribute to larger pitch angle during the pull. Stooping is also 

known to be a destabilising posture (Jacobs et al., 2005). However, stooped posture does not 

fully account for postural abnormalities observed in people with moderate PD during 

platform translations such as increased co-activation of lower limb muscles (Bloem et al., 

1992b; Jacobs et al., 2005).  

In line with normal responses to the clinical pull test in participants with PD, step count did 

not differ between groups. However, overall retropulsion was smaller in participants with PD 

compared to controls, indicating smaller size in backward corrective steps. It is emphasized 

these statistically significant changes to retropulsion (84 mm smaller in participants with PD 

vs controls) did not affect instrumented pull test performance in both groups. Abnormal 

proprioceptive-motor integration likely contributes to the impaired scaling and control of 

movement amplitude observed (Jacobs and Horak, 2006). The smaller retropulsion in 

participants with PD in both first (and subsequent) trials, may represent one of the earliest 

abnormalities of protective stepping responses in mild PD that is yet to be well characterised. 

This findings are important for clinicians so that they can consider initiation of therapies 

earlier in disease course, such as those focussing on amplitude training (Farley and Koshland, 

2005; Petzinger et al., 2013).  

Consistent with our findings, a previous study also found first trial postural responses to 

platform rotation discriminated people with PD and controls. Larger truncal movement and 

ankle movements were demonstrated to toe-up rotations in participants with PD compared to 

controls (Nanhoe-Mahabier et al., 2012). However, participants recruited were of increased 

disease severity from HY Stage 2.5 to 3 and demonstrated postural instability. To our 

knowledge, no study has quantified first trial postural responses in trunk or step to a 

perturbation in mild disease.  
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It is unclear how postural instability develops as PD progresses, and how it relates to disease 

severity. Changes in truncal postural responses could contribute to the increased falls risk 

reported in people with mild PD (Kerr et al., 2010). Later in disease, impaired trunk and head 

control is associated with impairments in tasks of walking, balance and increased falls risk 

(Adkin et al., 2005; Cole et al., 2010). Accordingly, these biomechanical measurements could 

potentially be used as markers to identify postural instability in mild PD, and track change 

over time. However, abnormalities in truncal responses are not normally observable, nor 

considered in pull test criteria. Therefore, these changes may be useful to discriminate 

differences in postural responses in people with mild PD and controls in response to therapy 

(Chapter 6) or to monitor disease progression.  

5.6.3 Subsequent trial postural responses 

In subsequent trials, abnormalities of trunk and step responses in participants with PD 

detected during the first trial persisted, with further decreases in step size and speed 

compared to controls. Slower backward stepping was previously reported in people with mild 

PD compared to controls using platform translations (Lee et al., 2013). Hypometric stepping 

is also known to occur in PD in more advanced disease where patients produce steps of 

shorter length, requiring greater distances to regain balance to a backward pull (Jacobs and 

Horak, 2007; Kam et al., 2014; King and Horak, 2008). However, the presence of smaller 

initial steps has hitherto not been demonstrated in mild PD (Lee et al., 2013; McVey et al., 

2009). A previous study investigating postural responses to a backward perturbation in mild 

PD found changes in movement preparation with increased weight shift time and dorsiflexion 

of the ankle prior to stepping, but no changes in initial step size (McVey et al., 2009). This 

may be due to different methodology which averaged responses from three trials, including 

the first trial which may have comprised different step characteristics. Furthermore, the 

perturbation employed a backward waist pull comprising a weight drop calibrated at 20% 

participant body weight. In contrast, the instrumented pull test employed manual pulls and 

pull force that was accounted in the statistical analyses for each trial.  

 

Postural response latencies for people with PD are reported to be normal (Jacobs and Horak, 

2006; Kam et al., 2014) or slightly faster than normal to an external perturbation (Dimitrova 

et al., 2004). In the current study, trunk reaction time was quicker in participants with PD 

compared to controls in subsequent trials. Quicker truncal reaction times in antagonist 
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muscles have been found using backward platform translations in people with PD, and 

postulated to arise from either abnormally increased background activity, decreased 

selectivity of muscle recruitment or anticipation of an expected perturbation (Dimitrova et al., 

2004; Horak et al., 1996). These earlier onsets of muscle activity result in excessive co-

contraction that interfere not only with normal response asymmetry in the trunk, but also the 

hips and legs to a backward perturbation (Carpenter et al., 2004; Horak et al., 1996). 

Although EMG responses were not specifically measured in this study, co-activation 

resulting in axial stiffening may have contributed to the quicker and larger truncal responses 

observed. In healthy young individuals, increased stiffening has been shown to induce early 

movements of the trunk and greater destabilisation to a backward platform tilts (Grüneberg et 

al., 2004). Additionally, participants with PD in our study were assessed off levodopa. 

Rigidity may contribute to truncal stiffening, as increased movement of the trunk off 

medication was found in participants with PD with increased truncal rigidity (Adkin et al., 

2005). However, results are not directly comparable with our findings as patients ranged in 

disease severity from HY Stage 1 to 4, and increased disease severity may contribute to 

increased truncal stiffness and co-contraction. 

No differences were found in the trunk reaction times in the first trial between participants 

with PD and controls. Previous work suggests that first trials evoke a superimposed startle-

like reflex on the initial postural response (Nanhoe-Mahabier et al., 2012; Oude Nijhuis et al., 

2010, 2009). Exaggerated trunk flexion with early onset of trunk muscle activation is 

observed during a startling stimulus (Nashner, 1976; Oude Nijhuis et al., 2009). A study 

found platform perturbations were sufficiently startling to evoke early onsets of movement, 

albeit in wrist extension (Campbell et al., 2013). Startle reflexes share common pathways, via 

reticulospinal tracts, to axial musculature of the trunk (Lawrence and Kuypers, 1968), and 

may contribute to the faster latencies in truncal reaction times demonstrated in this study. 

People with PD are suggested to be less able to integrate startle reflexes during gait 

(Nieuwenhuijzen et al., 2006). If this is also conceivable during a postural task, postural 

reaction times in subsequent trials may also be affected.  

5.6.4 Impact of examiner pull force and participant anthropometric characteristics  

Explanatory variables were explored within groups to determine if any differences were due 

to underlying disease. Peak pull force by the examiner significantly influenced trunk and step 
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responses in both participants with PD and controls. This is similar to findings in Chapter 4, 

where postural responses were investigated in young healthy participants. These results 

confirm the need to account for examiner pull force, particularly in laboratory based studies 

of truncal perturbations, and may also partly explain issues with variability and reliability 

encountered with the clinical pull test. 

In PD, peak pull force varied sufficiently to influence speed and size of trunk and step 

responses. The increased size of trunk and step displacements (i.e. trunk pitch angle, initial 

step length and retropulsion) with increased peak pull force likely reflects the greater 

destabilisation produced by a larger force, and corresponding increase in compensatory 

postural correcting response (Pai et al., 1998). Increased trunk and step velocities with 

increased peak pull force may be explained by Newton’s second law (force = mass x 

acceleration), where force is proportional to acceleration (i.e. the change in velocity). 

Increased participant weight was associated with smaller pitch angle. Weight may impact the 

inertia of the trunk, with participants of increased weight demonstrating less truncal 

displacement unless peak pull force is increased. Participants with PD tended to be shorter 

and heavier compared to controls. Although there were no statistical differences in height and 

weight between the two groups, this may be due to insufficient statistical power with 

relatively small sample sizes. 

In control participants, examiner pull force was associated with the same trunk and step 

parameters as PD, except pitch velocity which was not significant. The finding that pitch 

velocity was associated with force of the pull in participants with PD and not controls may 

allude to impairments in force production in the trunk in PD. This may also be reflected in 

weight being associated with trunk pitch angle only in participants with PD. Alternatively, 

differences in findings between participants with PD and controls may be possibly due to the 

different sample sizes in each group. With controls, increased peak force was also associated 

with increased step count, although it was noted that changes to overall step count were 

subclinical.  

5.6.5 Clinical relevance  

While changes in trunk and step responses are statistically significant in participants with PD, 

the implications may be minimal as they produced corrective step counts to the backward pull 

that were no different to controls. Nevertheless, clinicians need to be aware that routine 
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assessments of postural stability may not be sensitive to detect changes in postural responses 

associated with mild disease. Another consideration is the consistency of examiner pull force 

during pull test performance, which is important for comprehensive assessment and long term 

management of postural instability of people with PD. 

Our results showed differences in first and subsequent trial responses in participants with PD 

compared to controls. This suggests the first pull test trial may still be worth assessing as a 

separate endpoint before a second trial is formally assessed. Results from first perturbation 

trials are proposed to correlate better with important clinical outcomes such as falls 

(Nonnekes et al., 2015; Visser et al., 2010, 2003), providing closest ecological relevance to 

an unexpected perturbation in daily life.  

5.6.6 Strengths, limitations and future recommendations 

The current study was designed as a small feasibility study to explore use of an instrumented 

pull test to characterise postural responses in people with mild PD. Participants with PD were 

carefully screened for postural instability (HY ≤ 2), allowing for a study sample 

representative of individuals with PD where postural responses remained intact, but were 

relatively underexplored and understood.  

The instrumented pull test was able to detect fine changes in postural responses in 

participants with mild PD in first and subsequent trials - demonstrating the capabilities of 

motion tracking as an alternative method to quantify postural responses compared to 

conventional methods of platform perturbations and electromyography. The instrumented 

pull test is the first to characterise whole body kinematics similar to the clinical pull test in 

people with PD, whilst accounting for pull force, a significant variable confounding stepping 

outcomes. When 35 pull test trial are performed, equipment preparation, set up of the 

participant and assessment time averaged twenty minutes. Researchers will need to determine 

if assessment timeframes are appropriate compared to their usual methods of assessing 

postural instability as this may vary depending on the participant’s physical function. The use 

of the instrumented pull test system was also found to be safe and feasible in a clinical cohort 

of participants with mild PD. It is noted the usual precautions for examiners performing the 

clinical pull test applies. The examiner should be ready to catch the participant at all times, 

and the examiner should be positioned with their back close to a wall to prevent both from 

falling if the participant is unable to regain balance.  
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Several limitations of this study need to be considered. The small sample size of eighteen 

participants with PD limits generalisability of findings to the wider PD population. 

Furthermore, participants were recruited from a single clinic where individuals demonstrated 

adequate cognition and functional ability to participate in the experiments. It is reiterated 

(Chapter 4) that the instrumented pull test employs motion tracking, which detects net 

movement, similar to clinical observation rather than onset of muscle recruitment, as with 

electromyography. Truncal responses were investigated specifically in the anteroposterior 

direction as per the clinical pull test, whereas other studies have also found trunk roll 

contributions to postural instability (Adkin et al., 2005; Ganesan et al., 2010), particularly in 

mild PD (Ganesan et al., 2010). Although postural responses to perturbations in the 

anteroposterior direction are commonly studied in people with PD, impairments of postural 

responses in the lateral direction have also been found (Azevedo et al., 2016; King and 

Horak, 2008). To a large lateral platform perturbation requiring compensatory stepping, 

people with PD (HY 2 - 4) demonstrated greater postural instability and falls compared to age 

matched controls (King and Horak, 2008). People with PD lacked anticipatory lateral weight 

shift, and compensatory steps were slower, smaller and later than controls to the perturbation 

(King and Horak, 2008). The frequency of falls did not correlate with disease severity. 

Previous studies have also shown people with PD have reduced lateral stability in quiet 

stance (Wegen et al., 2001), and decreased anticipatory postural adjustments to feet-in-place 

responses to a lateral shoulder perturbation (Azevedo et al., 2016). As normal step initiation 

is associated with a lateral shift of the body’s centre of mass towards the stance leg, it is 

possible impaired lateral weight shift in participants with PD prior to taking a compensatory 

backward step during the instrumented pull test procedure may have also contributed to the 

abnormalities in trunk and step responses observed.  

The thesis author completed all clinical and objective assessments, and was not blinded to 

participant groups during the study. This could influence ratings of clinical assessments, or 

force produced by the examiner during pull test trials. However, instrumented pull test data 

was computed offline by a separate blinded researcher, and pull force accounted for in 

statistical analysis. An independent blinded examiner could be used to complete clinical 

ratings in future studies.  

Changes to postural control such as increased rigidity or stooping can result in greater 

instability, particularly in the backward direction (Jacobs et al., 2005). Later in disease, 
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corrective arm responses to a backward perturbation are also known to be abnormally 

directed in PD, with participants bringing their arms closer to their bodies in adduction, 

instead of rapidly extending the arms out as a counterweight (Carpenter et al., 2004; McIlroy 

and Maki, 1995). Although not examined in this study, it is acknowledged these upper body 

abnormalities may contribute to the pull test responses observed in PD. 

Future studies could investigate the use of instrumented pull test responses in people with PD 

with postural instability (e.g. HY 3) to understand how disease severity influences postural 

instability or to document postural responses to therapy such as levodopa. Changes to posture 

with axial rigidity may partly contribute to impaired clinical pull test responses observed later 

in disease progression (i.e. taking multiple steps to arrest backward retropulsion) (Kim et al., 

2013; Park et al., 2015). Future research should consider the role of these truncal changes and 

how they relate to biomechanical impairments in people with PD during the pull test.  

5.7 Summary and Conclusion 

In this study, postural responses were characterised in people with mild PD and healthy age 

matched controls using an instrumented pull test. The instrumented pull test was able to 

detect differences in trunk and step postural responses in people with mild PD compared to 

controls in first and subsequent trials. In the first trial, trunk responses were larger and faster 

in trunk pitch in people with mild PD compared to controls. Overall retropulsion was smaller 

in participants with PD compared to controls, but initial step size and reaction time did not 

differ between groups. In subsequent trials, trunk and step abnormalities in participants with 

PD during the first trial persisted. Step responses became smaller and slower in people with 

mild PD compared to controls. This study corroborates the need for objective measures to 

detect changes to postural stability in people with mild PD, when outcomes of clinical 

assessments of postural instability remain unchanged. These findings also suggest clinicians 

should assess the first pull as an endpoint in itself, before a second trial is formally assessed.  

Further studies are required to investigate how these abnormalities relate to disease severity 

and falls risk. Feasibility and safety of the instrumented pull test was demonstrated with all 

participants successfully completing the experimental procedure. The risk of falls to both 

participant and examiner during the experiment was similar to performing the pull test in the 

clinical setting. The instrumented pull test could have application in future studies of PD 
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seeking to capture abnormalities in postural responses in mild disease, track postural 

instability over time, and detect responses to therapies such as levodopa or DBS whilst 

simultaneously accounting for cofounders (e.g. pull force, height and weight) influencing 

postural responses. Using the instrumented pull test, identification of truncal and step 

abnormalities in PD may have the potential to act as markers of postural instability in mild 

PD. 
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 EFFECTS OF LEVODOPA ON PULL TEST CHAPTER 6.

RESPONSES IN MILD PARKINSON’S DISEASE 

6.1 Overview 

In Chapter 5, first and subsequent trial postural responses were characterised in a cohort of 

participants with mild Parkinson’s disease (PD) using an instrumented pull test. The 

instrumented pull test methodology described in Chapter 3 was employed. Subclinical 

abnormalities in trunk and step responses were detected in participants with PD compared to 

age matched controls in first and subsequent trials. In the current chapter, postural responses 

are investigated in the same cohort of participants with mild PD on levodopa to determine the 

effects of medication on postural abnormalities in mild PD. Postural responses in participants 

with mild PD on medication are compared to age matched controls.  

6.2 Introduction 

Postural instability is a debilitating symptom in PD, often resulting in falls and diminished 

quality of life. Sixty eight percent of people with PD will experience a fall, with 46% 

reporting recurrent falls (Ashburn et al., 2001; Canning et al., 2009; Wood et al., 2002). Falls 

are not commonly assumed to occur in mild PD, however, it is now demonstrated people with 

PD are at increased falls risk even in mild disease (Albanese, 2007; Kerr et al., 2010; 

Pickering et al., 2007). The overall risk of falls is up to three times more likely in people with 

PD compared to older healthy individuals (Lima et al., 2019; Rudzińska et al., 2013). 

Impairments in trunk flexibility or preparation in stepping can occur in mild disease, and may 

contribute to postural instability observed in people with PD (McVey et al., 2009; 

Schenkman et al., 2011).  

While levodopa is effective to alleviate other cardinal symptoms of PD such as rigidity 

bradykinesia and tremor, the treatment of postural instability presents a challenge (detailed in 

literature review Chapter 2, Section 2.3.2.1). Postural instability is less responsive compared 

to other symptoms, and becomes more prominent with disease progression (Koller et al., 

1989; Steiger et al., 1996). This suggests non-dopaminergic pathways could be implicated in 

postural abnormalities, which may have important implications for interventions to manage 

postural instability (Bohnen et al., 2009; Thevathasan et al., 2018). 
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Furthermore, effects of levodopa on postural instability appear conflicting and dependent on 

the type of assessments used to quantify outcomes. Using clinical tests of balance, postural 

responses are reported to improve on levodopa in people with mild to moderate disease as 

measured with the Berg Balance Scale (Foreman et al., 2012; Franzén et al., 2009; McNeely 

et al., 2012; Nova et al., 2004). These improvements may result from benefit to other 

symptoms of PD such as bradykinesia or rigidity that aid overall postural responses. In 

contrast, when people with mild to moderate PD are assessed using precise laboratory 

measures, the effects of medication are minimal or even detrimental to postural responses. 

Some aspects, for example forward limits of stability in static standing, are suggested to 

improve, but not others which include early and late automatic postural responses involving 

backward perturbations (Bloem et al., 1996; Foreman et al., 2012; Franzén et al., 2009; Kam 

et al., 2014; King et al., 2010; King and Horak, 2008; McNeely et al., 2012; Wright et al., 

2010). Using motion capture, averaged postural responses to five manual backward pulls 

delivered similarly to the clinical pull test demonstrated no difference in spatiotemporal 

variables of step reaction time, length and velocity in people with moderate PD off and on 

levodopa (Foreman et al., 2012). Similarly, studies using platform perturbations have found 

stepping does not improve on medication, remaining consistently under scaled in the forward, 

lateral and backward directions in people with moderate PD (Di Giulio et al., 2016; Kam et 

al., 2014; King et al., 2010; King and Horak, 2008). Levodopa was also found to worsen 

postural responses during a backward platform translation by reducing torque production and 

EMG magnitude in lower limb muscles in people with moderate PD. This resulted in greater 

instability with faster centre of mass displacement in the forward direction (Horak et al., 

1996). 

Previous studies investigating the effects of levodopa on postural instability in PD have 

conventionally recruited participants of greater disease severity where postural instability is 

clinically evident, or heterogeneous cohorts ranging from HY Stage 2 to 4 (Bloem et al., 

1996; Di Giulio et al., 2016; Foreman et al., 2012; Kam et al., 2014). However, no study has 

investigated the effects of levodopa on postural responses to a perturbation in people with 

mild PD. 

Dynamic posturography provides a method to identify changes of postural instability in 

people with mild PD even when balance is assessed as normal. In the clinical setting, the pull 

test is commonly used to assess postural stability in PD (Fahn et al., 1987; Hunt and Sethi, 
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2006). An examiner administers a backward tug at the patient’s shoulder level and grades the 

corrective response (Fahn et al., 1987). Postural responses are graded as normal when less 

than two steps are taken to regain balance. Although quick and easy to administer, the clinical 

pull test is not sensitive to discriminate variables that may be altered in mild disease. In 

Chapter 5, postural responses were assessed in participants with mild PD (HY ≤ 2) while off 

levodopa using an instrumented pull test. Abnormalities in both trunk and step responses 

were demonstrated in participants with PD, with first and subsequent trial postural responses 

discriminating people with mild PD from controls. An increased number of observed 

differences between participants with PD off medication and healthy controls were detected 

in subsequent trials. Previous perturbation studies report people with mild PD demonstrate 

subclinical postural abnormalities in movement preparation that do not affect overall stepping 

(Ganesan et al., 2010; McVey et al., 2009) (Chapters 2 and 5). However, these studies 

(Ganesan et al., 2010; McVey et al., 2009) explored postural abnormalities of stepping in the 

on medication state, whereas our study in Chapter 5 investigated postural responses in people 

with PD in the off medication state. Furthermore, the effects of medication on truncal 

responses, which contribute to initial balance recovery is yet unknown. Whether these 

impairments in postural responses persist on medication to a perturbation remains to be 

explored.  

6.3 Aims and hypotheses 

The aim of the study was to:  

1) Investigate postural responses in participants with mild PD off and on levodopa using an 

instrumented pull test. 

Hypothesis 1: Levodopa is not effective at improving trunk and step abnormalities 

(identified in Chapter 5) in people with mild PD using an instrumented pull test. 

 

2) Examine if postural responses in participants with mild PD on levodopa differed from 

age matched controls using an instrumented pull test.  

Hypothesis 2: Truncal postural responses will remain larger and quicker in participants 

with mild PD compared to controls. Step responses are smaller in participants with PD 

compared to controls with no change in step reaction time. 
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6.4 Participants and methods  

6.4.1 Participants  

Participants with PD were recruited through a private neurology clinic and comprised the 

same participants assessed in Chapter 5. Inclusion and exclusion criteria of participants with 

PD and age matched healthy controls are detailed in Section 5.4.2. The author (J.L.T.) then 

confirmed eligibility and approached potential participants. Healthy controls were age 

matched to participants with PD, and recruited as a sample of convenience. The author 

(J.L.T.) explained the study protocol to all participants before enrolment. Participants read 

and signed a Participant Information and Consent Form (Appendix 2) prior to assessment. 

The study was approved by the Melbourne Health Human Research Ethics Committee 

(2013.129) (Appendix 3). 

6.4.2 Experiment 

Clinical Assessments 

Participants with PD performed two sessions of the experimental protocol during a single 

visit. The PD cohort were assessed in the morning in the off levodopa condition (following 

overnight withdrawal of levodopa > 12 hours). Subsequently, they were re-assessed in the on 

condition, approximately 1 hour after a suprathreshold levodopa dose at 150% their usual 

morning dose (Visser et al., 2008a). Testing was always completed in this order.  

In the off and on medication condition, participants with PD were first clinically 

characterised using the motor subsection (part III) of the Unified Parkinson’ Disease Rating 

Scale (UPDRS, score/108) (Fahn et al., 1987). Assessments used to describe participant 

baseline characteristics are detailed in Chapter 5. All clinical assessments were rated by the 

thesis author, a physiotherapist with expertise in movement disorders (J.L.T.). Following 

clinical assessments, participants were assessed using the instrumented pull test.  

The instrumented pull test 

The instrumented pull test was performed similarly to the clinical pull test. Details of the 

experimental setup and equipment were previously described in Chapter 3. The same 

instrumented pull test protocol was used as per Chapter 5, and detailed in Section 5.4.3. 

Briefly, thirty five trials were presented serially. Inter-trial intervals (10-15s) were variable. 



  

105 

Participants were provided a short rest after every 10 trials, or as requested. The thesis author 

(J.L.T.) conducted all assessments and continuously monitored participants to prevent falls. 

6.4.3 Parameters and data analysis  

A separate researcher blinded to medication condition computed trunk and step parameters 

using custom scripts in MATLAB (MathWorks Inc, Massachusetts, USA) (Chapter 3). A list 

and description of trunk and step parameters used to characterise postural responses in 

participants with PD was previously described in Chapter 5, Table 5.1.  

Trunk and step parameters were computed for each trial. To investigate the effects of 

levodopa on postural responses in participants with PD, the first five trials were considered 

‘practice’ trials and discarded. First trial postural responses off and on levodopa were not 

compared, as participants with PD were already familiarised with the instrumented pull test 

procedure in the off levodopa condition (Chapter 5), and testing on levodopa was conducted 

an hour later. Postural responses take up to five trials to habituate in people with PD 

(Nanhoe-Mahabier et al., 2012). The postural response reflect averages over the subsequent 

30 trials (i.e. Trials 6 to 35) – the subsequent postural response. Trials were rejected if there 

was an anticipatory truncal movement (a forward trunk displacement that exceeds 3 SDs 

above baseline in the one second epoch prior to the pull). 

6.4.4 Statistical analysis 

A Kolmogorov Smirnov test demonstrated that all measures did not differ from a normal 

distribution. Due to the number of contributing factors that could influence trunk and 

stepping parameters in the pull test, linear mixed models (LMM) analysis was conducted 

according to methods previously described (Boisgontier et al., 2017; Tan et al., 2018). This 

model was built using SPSS (IBM, Chicago, IL) version 22. The following factors were 

included: trial type, group, weight, height, peak force and force rate. At the participant level, 

height and weight were included to account for the lever arm of the pull and inertia of the 

trunk (Delitto et al., 1989; Oliveira et al., 2011).  

To determine the effects of levodopa on postural responses in participants with PD, the trial 

type was coded as 0 for the first five practice trials and 1 for subsequent trials (Trials 6 - 35). 

Group was coded as 0 for healthy control participants, 1 for participants with PD off 
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levodopa and 2 for participants with PD on levodopa. LMM analysis was conducted using the 

following equation: 

Y𝑖𝑗 = (𝛽0 + 𝜃0𝑗) + 𝛽1TrialType𝑖𝑗 + 𝛽2Group𝑗 +  𝛽3Weight𝑗 + 𝛽4Height𝑗

+ 𝛽5PeakForce𝑖𝑗 + 𝛽6ForceRate𝑖𝑗 + 𝜖𝑖𝑗 

 

where Yij is the participant's trunk or step postural response parameter for trial i, β0-6 are the 

fixed effect coefficients, θ0j is the random effect for participant j (random intercept), εij is the 

error term. 

Nine independent LMM relating to trunk and step parameters were used to analyse the data. 

Variance inflation factors for each predictor in all models fell below 10 and multicollinearity 

was considered negligible (Hair et al. 1995). The variance components covariance structure 

was selected for the LMM. For categorical explanatory variables, post hoc pairwise 

comparisons were performed to determine differences between conditions and were corrected 

for multiple comparisons (Benjamini and Hochberg, 1995). Level of significance was set at α 

= 0.05. 

6.5 Results 

Two cohorts were assessed: (i) 18 patients (age 59.1 ± 9.3 years; height 1.65 ± 0.1 m; weight 

82.7 ± 16.5 kg; 12 males) with mild PD and no clinically detectable postural instability (HY 

≤ 2); and (ii) 11 healthy age matched controls (58.8 ± 7.8 years; height 1.71 ± 0.1 m; weight 

73.2 ± 13.2 kg; 5 males). The two groups did not significantly differ in age (p = 0.9), height 

(p = 0.085) or weight (p = 0.099). Clinical characteristics of all participants are described in 

Table 5.2. No trials were excluded due to truncal anticipation prior to the pull. As stated in 

Chapter 5, one healthy control participant experienced a fall in the first trial, requiring 

catching by the examiner. No participant with PD experienced a fall. Sixteen out of eighteen 

participants demonstrated a minimum of 30% of improvement in UPDRS III scores, which is 

considered to be clinically relevant (Albanese et al., 2001). The mean UPDRS III motor score 

significantly improved to 10.5 (± 5.2 SD) on levodopa, from 22.6 (± 10.4 SD) while off 

levodopa (p < 0.001). This represented a mean change of 12.1 on the UPDRS III motor score, 

indicating a large clinically important difference (Shulman et al., 2010). 
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6.5.1 Effects of levodopa 

The results focus on our primary analysis, examining the effects of levodopa in trunk and step 

responses between participants with PD and healthy controls in subsequent trials.  

Participants with PD 

Mean trunk reaction time was not statistically different in participants with PD on and off 

levodopa (mean difference ON vs OFF PD = 6.0 ms; CI = - 0.6, 12.5; p = 0.077). Mean pitch 

angle was smaller and mean pitch velocity was slower on levodopa compared to off levodopa 

(pitch angle mean difference = - 4°; CI = - 5, - 3; p < 0.001; pitch velocity mean difference = 

- 24°/s; CI = - 30, - 16; p < 0.001). Deceleration was not statistically significant in 

participants with PD on and off levodopa (mean difference ON vs OFF PD = 221 mm/s
2
; CI 

= - 188, 629; p = 0.289) (Figure 6.1). 

 

Step length and retropulsion was smaller in participants with PD on levodopa compared to off 

levodopa (step length mean difference = - 25 mm; CI = - 31, - 18; p < 0.001; retropulsion 

mean difference = - 35 mm; CI = - 41, - 28; p < 0.001). Step count was reduced in 

participants with PD on levodopa compared to off levodopa (step count mean difference = - 

0.2 step; CI = - 0.3, - 0.1; p < 0.001). Step reaction time was slower in participants with PD 

on levodopa compared to off levodopa (mean difference ON vs OFF PD = 9.1 ms; CI = 0.1, 

17.3; p = 0.029). Step velocity was slower in participants with PD on levodopa compared to 

off levodopa (mean difference = - 56 mm/s; CI = - 77, - 36; p < 0.001) (Figure 6.2).  

 

Participants with PD on levodopa and controls 

Mean trunk reaction time differed in participants with PD compared to controls (F (2,480) = 

4.45, p = 0.012). Trunk reaction time remained faster for participants with PD on levodopa 

compared with controls (mean difference = - 38.5 ms; CI = - 55.5, -21.6; p < 0.001). Mean 

pitch angle (F (2, 61) = 7.01, p = 0.002) and mean velocity (F (2, 64) = 9.70, p < 0.001) 

differed in participants with PD compared to controls. Mean pitch angle and mean velocity 

remained larger and faster with participants with PD on levodopa compared to controls (pitch 

angle mean difference = 16°; CI = 6, 27; p = 0.003; pitch velocity mean difference = 114°/s; 

CI = 48, 180; p = 0.001). Deceleration did not differ in participants with PD compared to 

controls (F (2, 1082) = 0.126, p = 0.881). There was no statistically significant effect of 



  

108 

levodopa between participants with PD on levodopa compared with controls (mean 

difference = 132 mm/s
2
; CI = - 663, 927; p = 0.738). 

 

Mean initial step length (F (2, 62) = 7.87, p = 0.001) and retropulsion (F (2, 64) = 24.91, p < 

0.001) differed in participants with PD compared to controls. Levodopa reduced size of step 

length and retropulsion with participants with PD compared to controls (step length mean 

difference = - 106 mm; CI = - 168, - 44; p = 0.003; retropulsion mean difference = - 99 mm; 

CI = - 157, - 41; p = 0.003). Step count differed with participants with PD compared with 

controls (F (2, 79) = 12.43, p < 0.001). Step count did not differ compared to controls (step 

count mean difference = - 0.3 step; CI = - 0.7, 0.1; p = 0.182). 

 

Mean step velocity differed in participants with PD compared to controls (F (2, 64) = 8.77, p 

< 0.001). Levodopa reduced step velocity with participants with PD compared to controls 

(mean difference = - 304 mm/s; CI = - 492, - 116; p < 0.001). With step reaction time, there 

was no differences in participants with PD compared to controls (F (2, 1398) = 2.947, p = 

0.053; mean difference = 4.6 ms; CI = -59.2, 68.4; p = 0.884).  
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Figure 6.1: Mean difference in trunk parameters between PD and controls and effects of 

levodopa.  

(A) Trunk reaction time, (B) Pitch angle, (C) Pitch velocity and (D) Deceleration. Bar graphs 

represent the mean of each group (PD OFF = participants with PD off levodopa, PD ON = 

participants with PD on levodopa and HC = healthy controls) in subsequent trials. Error bars represent 

the 95% confidence interval. Effect of group on trunk parameters is statistically significant between 

participants with PD and controls where error bars do not cross zero (dashed red vertical line). 

Statistically significant mean differences (Δ) in trunk parameters remained on medication in 

participants with PD and controls in all parameters.  
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Figure 6.2: Mean difference in step parameters between PD and controls and effects of levodopa.  

(A) Step reaction time, (B) Step velocity, (C) Step count (D) Step length and (E) Retropulsion. Bar graphs represent the mean of each group (PD OFF = 

participants with PD off levodopa, PD ON = participants with PD on levodopa and HC = healthy controls) in subsequent trials. Error bars represent the 95% 

confidence interval. Effect of group on step parameters is statistically significant between participants with PD and controls where error bars do not cross zero 

(dashed red vertical line). Statistically significant mean differences (Δ) in step parameters remained on medication in participants with PD and controls in all 

parameters except step count.  
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6.6 Discussion 

This study sought to characterise the effects of levodopa on postural responses in participants 

with mild PD (HY ≤ 2) compared to controls using an instrumented pull test. On levodopa, 

participants with mild PD demonstrated abnormalities in trunk and step responses following a 

manual backward pull. These postural responses altered with levodopa but remained different 

to responses of healthy age matched controls. In participants with PD, levodopa improved the 

size and speed of truncal responses towards levels of control participants with smaller pitch 

angle and slower pitch velocity on levodopa compared to off levodopa. Conversely, the size 

and speed step responses worsened on levodopa away from levels of control participants, 

with smaller and slower stepping compared to the off levodopa condition. For the first time, 

the effects of levodopa on postural responses to the pull test were characterised in mild PD. 

These findings are particularly relevant as the pull test is routinely used as an assessment of 

postural stability in clinical practice and outcomes may have implications for therapies to 

address postural instability in people with PD.  

6.6.1 Characterisation of postural responses using the pull test  

The mixed responsiveness of trunk and step responses to levodopa has several implications. 

First, changes in postural responses can occur in mild disease, with no relationship to 

dopaminergic state (Di Giulio et al., 2016; Mancini et al., 2011; Rocchi et al., 2002). Even 

though participants with mild PD were on levodopa, they did not demonstrate trunk postural 

responses comparable to that of healthy controls. Levodopa was demonstrated to benefit 

postural responses, but this benefit was small. On medication, differences in mean truncal 

pitch, velocity and onset of truncal movement were reduced towards levels of healthy 

controls, which suggest an improvement in initial response of the trunk to aid balance 

recovery. Forces used to resist a backward movement to a feet-in-place response following a 

truncal perturbation are known to be smaller in people with moderate PD, leading to 

increased displacements of the body with no improvements on levodopa (Di Giulio et al., 

2016). Other abnormalities of truncal responses including excessive trunk pitch and stiffening 

are also known to persist on levodopa to a manual backward pull (Adkin et al., 2005) and 

backward platform rotations (Carpenter et al., 2004). However, it was unclear if a 

heterogeneous cohort contributed to these findings as participants ranged from mild to severe 

disease severity (HY 1.5 to 4). Here, our study clearly demonstrates truncal abnormalities are 

also present in people with mild PD on levodopa.  
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Secondly, levodopa may be detrimental to postural responses, even in mild PD. Participants 

with mild PD demonstrated smaller and slower stepping. In line with our study, slower 

backward corrective steps have also been reported in response to platform translations in 

patients with mild PD in the on medication state compared to healthy controls, but no 

differences in step size was found (Lee et al., 2013). In later disease, it is well established that 

levodopa does not effectively alleviate abnormalities in postural responses. Abnormally 

under scaled step size and slower step velocity have been demonstrated to persist on 

medication in people with PD (Bloem et al., 1998; Jacobs and Horak, 2006; Kam et al., 2014; 

King et al., 2010; King and Horak, 2008). Smaller initial balance recovery steps have also 

been found to a backward truncal perturbation in people with mild to moderate PD compared 

to healthy participants with no changes off and on medication (Di Giulio et al., 2016). 

Although our findings suggested step reaction time was slower (by an average 9 ms) in 

participants with PD on levodopa compared to off, these results may have arisen due to 

sensitivity of the instrumented pull test system and analyses as no effect was demonstrated at 

group level. Accordingly, previous studies demonstrate step reaction time does not differ in 

people with moderate PD compared to controls (Jacobs and Horak, 2006; Kam et al., 2014). 

However, what may account for the apparent worsening of step responses in participants with 

mild PD on levodopa? In our study, postural responses to the pull in participants with PD on 

levodopa comprised a larger and faster trunk response, but a smaller and slower step 

compared to controls. Before discussing the possible involvement of dopaminergic pathways, 

we first explored whether these findings may due to impairments in balance correcting 

mechanisms or kinematics of the pull. Under scaling of step size may indicate impairments in 

predictive central set that is known to worsen on compared to off levodopa (Horak et al., 

1996). Central set refers to the descending pathways that prepare sensory and motor systems 

for an anticipated stimulus and task condition (Schmidt, 1982). Setting the response is 

particularly advantageous in predicable tasks; such as a series of anticipated pulls in the 

backward direction, so that motor output can be optimised in speed and amplitude to the 

impending stimulus (Rinalduzzi et al., 2015). However, people with PD on medications when 

compared to controls, demonstrate a fundamental difficulty in shifting the central set even to 

a predictable perturbation (Beckley et al., 1993). To small perturbation amplitudes, people 

with PD off medication are able to successfully scale the size of postural responses, but were 

unable as perturbation amplitudes became larger (Horak et al., 1996). Difficulties with central 
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set scaling have been shown to worse on levodopa, resulting in muscle activation that is 

fragmented and reduced in torque (Beckley et al., 1993; Horak et al., 1996). These findings 

suggest participants with PD on levodopa generate less corrective postural force to a 

perturbation compared to healthy controls, even in mild disease. Less corrective force 

production is expected to affect both trunk and step responses similarly (i.e. a larger trunk 

pitch and larger step). Our findings are therefore surprising, and may reflect either the 

biomechanics of a top down perturbation and ‘limbo-like’ movement, the possibility of 

increased flexed posture in participants with PD or the relatively small sample size. 

Alternatively, reduced step length may arise as a consequence of initial truncal responses. As 

the truncal response is the first strategy used to maintain balance to a perturbation at shoulder 

level, abnormalities in truncal responses may contribute to the kinematics of subsequent step 

deficits during the pull test. On levodopa, the speed and size of trunk movement was 

improved but was still abnormally larger and quicker compared to controls. Accordingly, 

deceleration values (i.e. how fast a participant slowed truncal movement) were not different 

between participants with PD and healthy controls. It is speculated that smaller stepping may 

be due to a maladaptive compensatory strategy where participants with PD prioritise the 

truncal response to arrest movement over stepping, during a predictable, practised postural 

task, even though it results in greater instability in the trunk. 

6.6.2 Non-dopaminergic pathways involvement  

In our study, participants with PD received a suprathreshold dose of levodopa in the on 

medication condition. The large clinically important difference in motor scores off and on 

levodopa reflected motor symptoms (i.e. tremor, bradykinesia and rigidity) and axial 

symptoms (i.e. postural instability) that were optimised (Visser et al., 2008a). Impairments in 

postural responses are known to be unresponsive to levodopa in people with moderate to 

severe PD, and usual medication regimes may not be sufficient to alleviate deficits in postural 

control (Kam et al., 2014). Here, we found postural abnormalities were still present on 

medication in people with mild PD, similar to a previous study of platform perturbation that 

administered a suprathreshold dose of levodopa in participants with moderate PD (Visser et 

al., 2008a).  

The worsened stepping responses in participants with PD on levodopa also suggest that 

dopaminergic dysfunction within the basal ganglia may not be primarily responsible for the 
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smaller compensatory step size to the backward pull. In people with moderate to severe PD, 

improvements in the length and accuracy of compensatory stepping can be variable to 

platform perturbations (Jacobs and Horak, 2006). These variabilities and under scaling of 

compensatory stepping are postulated to involve impairment of neural circuits outside the 

basal ganglia involving the supplementary motor area, particularly in more advanced disease 

(Jacobs and Horak, 2007). Accordingly, imaging studies have also identified abnormalities in 

cortical, cerebellar and brainstem pathways of locomotor networks in addition to basal 

ganglia dysfunction in people with PD (Jahn et al., 2008). 

Deficient non-dopaminergic pathways could be implicated in postural abnormalities 

identified in people with mild PD (Bohnen et al., 2009; Thevathasan et al., 2018). For 

example, degeneration of cholinergic pathways from the pedunculopontine nucleus (PPN) 

can occur early in disease (Bohnen and Albin, 2011, 2009; Müller and Bohnen, 2013). 

Preliminary evidence demonstrates therapies that target cholinergic pathways such as PPN 

stimulation and cholinesterase inhibitors may benefit axial symptoms of gait and postural 

instability in PD resulting in decreased falls in moderate to advanced PD (Alp et al., 2016; 

Moro et al., 2010). Therefore, cholinergic neurons in the PPN may present an alternative 

target to alleviate non-levodopa responsive postural abnormalities identified in this study 

(Chapter 7). 

6.6.3 Clinical relevance 

Postural responses in participants with PD would not be scored differently from that of 

control participants according to the clinical pull test. However, the examiner may observe 

differences in the quality of corrective postural responses in participants with PD that is not 

taken into account with clinical scoring. For example, participants with PD may take only one 

or two steps backwards, but steps taken may be smaller or slower, with increased body sway, 

or with protective forward arms extension.  

Overall, balance mechanisms still appear well compensated in mild disease as postural 

changes identified were subclinical. However, clinicians should be mindful that abnormalities 

in postural responses exist in patients who are optimally medicated even in mild PD. As 

postural instability can comprise deficits of different domains, clinicians should also consider 

assessing postural responses using other clinical assessments of balance recommended by the 

movement disorders society guidelines in complement to the clinical pull test (Bloem et al., 
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2016b; Horak, 2006; Schoneburg et al., 2013). Impairments in truncal control are implicated 

in deficits of walking and balance with disease progression (Adkin et al., 2005; Cole et al., 

2010). Furthermore, people with PD commonly take small and multiple backward steps to the 

clinical pull test in later in disease – termed retropulsion (Nonnekes et al., 2015). 

Retropulsion can contribute to postural instability and falls in people with PD (Di Giulio et 

al., 2016; Jacobs and Horak, 2006; King et al., 2010; King and Horak, 2008). Although falls 

are assumed to be relatively rare in mild PD (Albanese, 2007), people with PD have an 

increased falls risk even in mild disease (Kerr et al., 2010).  

The identification of smaller step sizes in people with mild PD on levodopa that is not 

restored to levels of controls may have implications for non-pharmacological interventions 

such as rehabilitation (Bloem et al., 2015). Strategies that target protective postural responses 

with perturbation training may benefit stepping. Repeated exposure to a perturbation is 

suggested to improve compensatory stepping in subsequent trials (Jobges et al., 2004; 

Peterson and Horak, 2016), and crucially, stepping responses of first trials (Barajas and 

Peterson, 2018). Further studies are required to explore the retention and training dosage to 

sustain such benefits in people with PD.  

6.6.4 Strengths, limitations and future recommendations 

This study adds new knowledge to the understanding of postural instability in people with 

mild PD. The instrumented pull test was sensitive to detect effects of levodopa in trunk and 

step responses. To date, laboratory studies of postural perturbation in people with mild PD 

have only been explored in the on medication state (Lee et al., 2013; McVey et al., 2009). 

Previous work have either found no difference in stepping responses to a postural 

perturbation or explored feet-in-place responses using platform tilts (Chastan et al., 2008; 

Ganesan et al., 2010). Our study is therefore the first to characterise whole body kinematics 

similar to the clinical pull test whilst accounting for pull force - which was previously found 

to significantly influence step responses.  

The current study involved the same participants described in Chapter 5. Limitations relating 

to methodology of the motion tracking system, direction and predictability of pulls are 

previously described (Chapters 4 and 5). Several additional limitations of this study need to 

be considered. The effects of levodopa in people with mild PD were characterised only for 

subsequent trials. First trial postural responses, which would be of most interest, were not 
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compared off and on levodopa. This was because participants with PD were familiarised with 

the instrumented pull test protocol during the first block of trials in the off levodopa condition 

and testing in both conditions were conducted an hour apart. Counterbalancing of levodopa 

conditions could be considered in future studies to investigate effect of levodopa on first trial 

responses. Alternatively, the control group could be assessed with the pull test protocol twice, 

to account for learning effects or fatigue that may influence the second block of trials. 

Another consideration with the overnight withdrawal of levodopa in participants with PD on 

chronic levodopa therapy is the effects of the long duration response (Nutt et al., 1995). The 

long duration response of levodopa results in a sustained improvement in symptoms, and is 

suggested to be present by 15 days of treatment (Quattrone et al., 1995). This response 

represents approximately a third of the total response to levodopa and can be measured by the 

deterioration in overall function after total drug withdrawal (Morris et al., 1998). Therefore, 

true baseline assessment off levodopa with a participant with PD may not be attained for up 

to two weeks (Morris et al., 1998). The thesis author completed all assessments, and was not 

blinded to levodopa conditions during the study. This could influence ratings of clinical 

assessments; however, instrumented pull test data was computed offline by a separate blinded 

researcher. A separate examiner could be used to complete clinical ratings in future studies. 

6.7 Summary and conclusions 

Findings from the current study suggest subclinical postural abnormalities to the pull test are 

present in people with mild PD and levodopa has a small, but incomplete benefit to postural 

responses. In participants with PD, deficits in trunk and step responses remained on 

medication, with smaller and slower stepping compared to controls. Although these findings 

were statistically significant, the effect of levodopa may be small as postural responses were 

assessed as normal according to clinical pull test ratings off and on medication. The lack of 

levodopa effect on postural responses to an external perturbation has previously been 

investigated in people with PD of greater disease severity (HY 2 - 4). The current study 

extends these findings to people with mild PD (HY ≤ 2). Clinicians and patients should be 

aware of these changes to postural stability, as smaller protective step size is associated with 

increased falls risk in more advanced PD (Kim et al., 2013). Although falls tend to be rare in 

mild disease, people with PD have a higher incidence of falls risk compared to the older 

healthy population (Lima et al., 2019; Pickering et al., 2007). This may have implications for 

the implementation of interventions to target protective stepping responses. The use of the 
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instrumented pull test may also be useful to assess the effects of different therapies that may 

improve postural responses in people with PD. As the absence of levodopa responsiveness 

suggests the involvement of non-dopaminergic pathways, rehabilitation strategies that focus 

on protective postural responses with perturbation training in mild disease or therapies that 

target cholinergic pathways such as PPN DBS may benefit postural stability in PD.  
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 AN EXPLORATION OF PULL TEST CHAPTER 7.

RESPONSES IN PEOPLE WITH PARKINSON’S DISEASE 

AND PEDUNCULOPONTINE NUCLEUS STIMULATION  

7.1 Overview 

In Chapter 5, subclinical abnormalities in postural responses in participants with mild 

Parkinson’s disease (PD) were detected by an instrumented pull test. Findings from Chapter 6 

demonstrated levodopa did not restore postural responses in participants with PD to that of 

healthy controls, indicating non-dopaminergic pathways may be involved in the 

pathophysiology of postural instability in PD.  

The current chapter describes the use of the instrumented pull test to assess postural 

responses in participants with moderate to severe PD chronically implanted with bilateral 

pedunculopontine nucleus (PPN) stimulators. PPN deep brain stimulation (DBS) is a therapy 

developed specifically to alleviate axial symptoms of gait and postural abnormalities 

unresponsive to conventional therapies such as levodopa or DBS of the subthalamic nucleus 

or globus pallidus. Previous work suggests scoring of commonly used clinical assessments 

such as the pull test may not be sensitive to small changes to postural responses induced by 

PPN DBS.  

To this aim, the instrumented pull test, together with a clinical balance assessment – the 

MiniBESTest – is used to characterise postural responses in participants with PD with 

moderate to severe postural instability, and explore any changes in postural responses on and 

off stimulation.  
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7.2 Introduction 

Postural instability is a common and disabling deficit in PD becoming more prominent with 

disease progression (Kim et al., 2013). In a longitudinal study, 34% of participants with PD 

demonstrated postural instability within 2 years of diagnosis (Hely et al., 1989), with 92% of 

surviving participants reporting postural instability at 15 year follow up (Hely et al., 2005). 

Postural instability results in difficulties during tasks of walking, transfers and standing, and 

is a major contributor to falls and disability in people with PD (Allen et al., 2013; Giladi et 

al., 2005; Kerr et al., 2010; Kim et al., 2013; Latt et al., 2009; Robinson et al., 2005). In the 

clinical setting, postural instability is commonly assessed using the pull test, where an 

examiner briskly pulls the patient backward at the shoulders and visually grades the response 

(Fahn et al., 1987; Hunt and Sethi, 2006; Visser et al., 2003) (Chapter 2). Despite several 

shortcomings of previously identified of the clinical pull test (Chapter 2), it remains widely 

used in research as an outcome of postural instability in people with PD.  

Postural instability presents a significant therapeutic challenge in PD. Conventional therapies 

such as dopaminergic medication and DBS of the subthalamic nucleus and global pallidus 

internus are not effective to alleviate postural instability and may even worsen symptoms 

involving gait and posture (Bloem et al., 1996; Bonnet et al., 1987; Fasano et al., 2015; Horak 

and Nashner, 1986; St George et al., 2010; Vu et al., 2012). In Chapter 6, it was found 

dopaminergic medication did not restore trunk and step responses in people with mild PD to 

that of control participants. The lack of effect of dopaminergic medication on postural 

responses has previously been demonstrated in people with PD of increased disease severity 

(Bloem et al., 1996; Di Giulio et al., 2016; Kam et al., 2014). Postural deficits, particularly 

later in PD are suggested to involve non-dopaminergic lesions (Bohnen et al., 2009; Di Giulio 

et al., 2016; Müller et al., 2013). Cell loss in the PPN have been implicated in PD (Rinne et 

al., 2008), and associated with worsened balance, decreased attention to task, and increased 

falls (Bohnen et al., 2009). The PPN is considered a critical structure in control of balance 

(Jenkinson et al., 2009; Rinne et al., 2008) with direct connections to cortical motor areas via 

the thalamus, basal ganglia, cerebellum and spinal cord (Gut and Winn, 2016; Takakusaki et 

al., 2016). Previous studies of animal models show lesions of the PPN produce PD-like 

symptoms (Pahapill and Lozano, 2000), and the loss of cholinergic neurons in the PPN has 

been linked to increasing severity of symptoms in people with PD (Zweig et al., 1989).  
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To date, the impact of PPN DBS on postural instability remains unclear. In early studies, 

postural instability was initially thought to improve with PPN DBS (Plaha and Gill, 2005; 

Stefani et al., 2007). These small clinical studies comprising two (Plaha and Gill, 2005) and 

six (Stefani et al., 2007) patients respectively, reported improvements in composite scores of 

postural stability comprising axial symptoms of gait and posture (UPDRS items 27 to 30) 

(Plaha and Gill, 2005; Stefani et al., 2007). In particular, improvements in postural responses 

according to the clinical pull test (item 30 of the UPDRS) were found (Plaha and Gill, 2005). 

However, results in subsequent studies have been conflicting. Some studies have reported 

variable or no improvement in postural instability as rated according to the clinical pull test 

(item 30 of UPDRS), while others have reported inconsistent outcomes in composite scores 

of postural stability (UPDRS items 27 to 30) (Ferraye et al., 2010; Moro et al., 2010; Plaha 

and Gill, 2005; Stefani et al., 2007; Welter et al., 2015). One problem has been the limited 

sensitivity of clinical assessment measures to precisely quantify outcomes. The clinical pull 

test is the most frequently used measure of postural instability in studies of PPN DBS 

(Thevathasan et al., 2018). However, the clinical pull test may not be able to capture small 

but important changes to balance. In Chapter 5, the instrumented pull test was able to detect 

subclinical changes in postural responses in a cohort of participants with mild PD (HY ≤ 2). 

On the contrary, patients in PPN studies comprise a cohort who commonly do demonstrate 

postural instability, where responses to the pull test may include multiple, small steps to 

arrest backward movement (termed retropulsion), or those that tend to fall ‘like a log’ 

requiring catching by an examiner (Kim et al., 2013; Nonnekes et al., 2015). Corrective 

postural responses in this cohort of patients with PD thus warrant separate investigation. 

Another confounder has been the use of composite axial scores of the UPDRS (i.e. items 27 

to 30 comprising chair rise, posture, gait and postural stability) to report improvements to 

axial symptoms in PPN studies (Fasano et al., 2015). Summation of these scores does not 

adequately discriminate between improvements to gait or postural responses.  

In the laboratory, precise methods to quantify postural responses commonly employ platform 

perturbations capturing kinetic, kinematic and neurophysiological endpoints (e.g. 

electromyography) (Ebersbach and Gunkel, 2011; Horak and Nashner, 1986; Nonnekes et al., 

2013; St George et al., 2010; Visser et al., 2008b). These techniques are sensitive to assist 

clinicians in detecting abnormalities in balance in mild PD (Chastan et al., 2008; Ganesan et 

al., 2010; McVey et al., 2009), and the detection of changes to treatment such as 
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dopaminergic therapy and DBS (Horak et al., 1996; Kam et al., 2014; Rocchi et al., 2012; St 

George et al., 2010). Using posturography, three clinical studies have demonstrated aspects of 

postural control can be modulated by PPN DBS in quiet stance (Perera et al., 2018; Wilcox et 

al., 2011; Yousif et al., 2016). Changes were proposed to improve static postural control 

through increased somatosensory integration (Yousif et al., 2016), decreased mediolateral 

sway (Wilcox et al., 2011) and sway abnormalities (Perera et al., 2018). Whether postural 

responses to a perturbation can be directly modulated by PPN DBS remains to be 

investigated.  

The instrumented pull test (Chapters 3 and 4) presents an objective method to assess reactive 

postural responses to perturbation in the research setting. An examiner performs a manual 

backward tug at the participant’s shoulder level with the corrective postural response 

quantified using a semi portable 3D motion tracking system. This methodology was 

previously used to detect small (< 20 ms) differences in postural reaction times and 

amplitudes in young healthy participants (Tan et al., 2018) (Chapter 4) and differences in 

postural responses in a cohort of participants with mild PD compared to controls (Chapter 5). 

In this chapter, the instrumented pull test is used to probe any potential changes to postural 

responses in people with PD and moderate to severe postural instability on and off PPN 

stimulation.  

In conjunction, clinical tests of balance which possess excellent reliability and validity in PD 

can be used to explore effects of PPN DBS on postural instability (Duncan et al., 2013; King 

et al., 2012; Leddy et al., 2011; Mak and Auyeung, 2013; Potter and Brandfass, 2015). The 

Mini-BESTest presents one such alternative clinical measure of dynamic balance in PD that 

is recommended by the movement disorders society (MDS) taskforce on rating scales (Bloem 

et al., 2016a). It comprises four domains of balance including anticipatory postural 

adjustments (e.g. standing on one leg), reactive postural control (e.g. the ability to react to 

postural perturbations in the forward, lateral and backward direction), sensory orientation 

(e.g. standing on an incline or foam surface) and dynamic gait (e.g. walking and performing a 

cognitive task) (Franchignoni et al., 2010). Of these, the reactive postural control domain of 

the Mini-BESTest is of interest as an alternative assessment of postural responses to the 

clinical pull test. The utility of the Mini-BESTest has yet to be explored in patients with PPN 

DBS. Previous studies have found the Mini-BESTest was able to quantify postural responses 

across disease severity from Hoehn and Yahr (HY) Stages 1 to 4, with sensitivity to predict 
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future fallers (Duncan and Earhart, 2012; Leddy et al., 2011; Löfgren et al., 2017), and 

discriminate postural responses to therapies including medication and subthalamic DBS 

(McNeely et al., 2011; McNeely and Earhart, 2013).  

7.3 Aims  

The primary aim of the study was to:  

1) Examine the utility of the instrumented pull test to discriminate effects of PPN DBS on 

postural responses in people with moderate to severe PD.  

 

The secondary aim was to:  

2) Explore clinical assessment tools (i.e. UPDRS and Mini-BESTest) that may discriminate 

effects of PPN DBS on postural responses in people with moderate to severe PD. 

7.4 Participants and methods 

7.4.1 Participants 

Five participants with PPN stimulators were recruited. The participants were a subset of a 

larger cohort of 13 patients previously published in a related study describing postural control 

in PPN DBS (Perera et al., 2018) (Appendix 1). Patients with PD received PPN DBS for 

severe freezing of gait and postural instability, which persisted in the on medication state, 

resulting in falls. Participants were recruited from centres in Brisbane, Sydney and 

Melbourne (Australia) from a PPN database and were a sample of convenience screened by a 

movement disorders neurologist (W.T.) for ability to participate. Eight of the 13 participants 

were assessed prior to the commencement of thesis studies and excluded in the current study 

according to eligibility criteria. Recruitment and eligibility for the prior study are detailed in a 

previous publication (Perera et al., 2018). Eligible participants read and signed a Participant 

Information and Consent Form (Appendix 2), with the author (J.L.T.) explaining the study 

prior to enrolment. Ethics committee approval was obtained from all centres (Appendix 3). 

7.4.2 Inclusion and exclusion criteria 

Participants were included based on the following criteria:  

i) Fulfilment of the UK Brain Bank criteria for idiopathic PD (Gibb and Lees, 1988). 
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ii) HY stage 3 to 4 (i.e. moderate disease with impaired postural reflexes to severe 

disease, able to walk or stand unassisted) (Fahn et al., 1987), as the study focussed 

on people with moderate to severe postural instability. 

iii) Chronically (> 6 months) implanted with bilateral PPN stimulators.  

Participants were excluded based on the following criteria:  

i) Death. 

ii) Device explantation due to lack of efficacy. 

iii) Cognitive impairment (assessed by the Mini Mental State examination score < 

24). 

iv) Inability to stand independently without aids. 

v) Geographical distance limiting travel to research site. 

7.4.3 Experiments 

All assessments occurred off medication, with overnight withdrawal (> 12 hours) of 

dopaminergic therapy. Participants were assessed off and on stimulation, in counter balanced 

order, and were blinded to conditions. On stimulation, participants received lone bilateral 

stimulation to the PPN region, without implantation of other targets (Hamani et al., 2016). 

Choice of contacts and stimulation parameters were as employed for chronic therapy when on 

stimulation. Assessments occurred with a minimum 1 hour washout period between 

conditions in accordance with previous work demonstrating changes to axial symptoms of 

gait and posture (Perera et al., 2018; Thevathasan et al., 2011b). 

In each condition, participants were clinically assessed using the motor subsection (Part III) 

of the UPDRS, (score/108) (Fahn et al., 1987), which was further segmented into the UPDRS 

III subscore comprising items 27 to 30 (chair rise, posture, gait and pull test), and the Mini-

Balance Evaluations Systems Test (Mini-BESTest, score/28) (Franchignoni et al., 2010). The 

Mini-BESTest assesses four domains of balance control; anticipatory (score/6), reactive 

(score/6), sensory integration (score/6), and dynamic gait (score/10). The Mini-BESTest was 

selected as a complimentary assessment tool to identify aspects of postural control 

contributing to impairment of postural stability in participants with PD with moderate to 

severe PD. Previous research demonstrates strong reliability, validity, and high clinical utility 

of the Mini-BESTest in people with PD (Duncan et al., 2013; Leddy et al., 2011; Mak and 

Auyeung, 2013; Potter and Brandfass, 2015), with strong correlations to the Berg Balance 
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Scale and Timed Up and Go (Bergström et al., 2012). Furthermore, the Mini-BESTest is able 

to discriminate between fallers and non-fallers (Duncan et al., 2013) and people with and 

without balance deficits (King et al., 2012). Each item is rated on a three-point ordinal scale 

(0 to 2), where a lower score indicates greater severity of balance dysfunction. 

Clinical assessments were rated unblinded by the thesis author (J.L.T.). Other gait and 

reaction time measures were concurrently measured as part of an unrelated study not reported 

in this thesis.  

Postural responses were measured using the instrumented pull test previously described in 

Chapter 3. Briefly, the instrumented pull test was performed similarly to the clinical pull test. 

The participant wore a customised harness and stood in bare feet, looking ahead focussing on 

a picture. The examiner generated a manual backward pull via a rope attached to the harness, 

held perpendicular to the participant’s shoulders. The pull was always of sufficient force to 

generate a step response, and participants were advised stepping was allowed to recover 

balance. As postural instability was a significant symptom in this cohort, 10 trials (instead of 

35 trials in all previous studies) were performed to minimise participant fatigue. Unlike 

previous chapters (4, 5 and 6), five practice pulls were not performed. A similar number of 

perturbations have previously been performed by others investigating balance in patients with 

PD with moderate to severe postural instability (Foreman et al., 2012; McVey et al., 2013). 

Testing was ceased if participants required assistance to recover balance in five consecutive 

trials to minimise distress. An additional assistant was present, and was prepared to catch the 

participant at all times. Safety of participants and examiner were ensured, with the use of fall 

mats and positioning of the examiner and participant close to a wall to safeguard against falls. 

The thesis author (J.L.T.) conducted all experiments, monitored patient safety, and altered 

stimulation parameters under the instruction of a neurologist specialised in movement 

disorders (W.T.).  

7.4.4 Parameters and data analysis 

Balance was assessed using clinical assessments of the motor subsection III of the UPDRS, 

the Mini-BESTest, and an objective instrumented pull test. Higher scores with the UPDRS 

indicate worse motor function. In contrast, higher scores with the Mini-BESTest indicate 

better balance function. 
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Data analysis for the instrumented pull test was automated using a script written in MATLAB 

(MathWorks). Motion tracking data were high-pass filtered with a 0.05-Hz cut-off frequency. 

Trunk and step variables were computed according to methods described in Chapter 3. In the 

trunk, variables included reaction time, response magnitude, pitch angle and pitch velocity. In 

the step, variables included step reaction time, step velocity, initial step length, retropulsion 

and step count. One participant declined assessment with the instrumented pull test due to 

fatigue. Data from this participant was excluded in analysis.  

As statistical analysis was not appropriate due to the small sample size, individual and group 

data are presented for clinical assessments. With instrumented pull test trials, variables are 

reported as means ± and standard deviation (SD). Step count is reported as a range. 

7.5 Results 

Four participants (4 males; age 67.8 ± 6.1 years) with moderate to severe PD (HY Stage 3 

and 4), chronically implanted with bilateral PPN stimulators were assessed off and on 

simulation. Clinical characteristics of the participants are shown in Table 7.1.  

Table 7.1: Participants with Parkinson’s disease and PPN DBS  

Participant Age/ 

Gender 

Centre PD 

duration 

HY PPN DBS 

duration 

(years, 

months) 

MMSE UK 

Brain 

Bank 

criteria 

LED 

(mg/day) 

UPDRS 

III   

Total 

Score 

Off/On 

DBS 

UPDRS 

III      

Items 27-

30            

Off/On 

DBS 

P1 63M  Melbourne  8  4 4,0  28  D,A,T,P  1500  44/40  6/6  

P2 72M  Brisbane  8  4 2,7  30  D,A,P  800  33/25  6/3  

P3 74M  Brisbane  9  4 4,6  30  A,T,P  1200  54/48  8/7  

P4 62M  Brisbane  14  4 4,5  29  D,A,T,P  800  38/28  5/5  

Clinical assessments were performed on the same day as experiments.  

HY= Hoehn and Yahr Stage; Items 27–30 = items 27–30 of UPDRS, assessing gait, posture and 

balance (score/16); MMSE = Mini Mental State Examination (score/30); UK Brain bank criteria: D = 

dyskinesias; A = asymmetry persistent; T = tremor at rest; P = progressive disease course; UPDRS III 

= part III (motor) of the Unified Parkinson’s Disease Rating Scale (score/108). LED = Levodopa 

equivalent dose, mg/day.  

 

7.5.1 Instrumented pull test  

Four participants were assessed with the instrumented pull test. One participant (P1) was 

unable to regain balance independently under both stimulation conditions for five sequential 

trials, requiring catching by an examiner. Catching occurred when the participant did not 
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generate a step or produced ineffective stepping with small multiple steps in response to the 

pull. A further two participants (P2, P3) were unable to regain balance off stimulation, but 

were able to regain balance in three trials on stimulation. Only one participant (P4) was able 

to independently regain balance in 8 and 9 trials off and on stimulation respectively (Table 

7.2). Variables of trunk and step responses from the instrumented pull test are detailed in 

Figure 7.1 and Table 7.3.  

Table 7.2: Effects of PPN DBS on instrumented pull test responses for participants with PD 

 Participant 1 Participant 2 Participant 3 Participant 4 

OFF DBS     

ON DBS     

Circles represent number of instrumented pull test trials (score/10) performed. Red circles represent 

trials where participants required catching by an examiner to prevent a fall. Testing was ceased if the 

participant required catching in five consecutive trials. Green circles represent trials where the 

participant was able to regain balance independently. Trials 1 to 10 are ordered sequentially from left 

to right.  
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Figure 7.1: Effects of PPN DBS on postural responses for participants with PD using the 

instrumented pull test.  

Mean trunk and step parameters derived from the instrumented pull test on and off PPN DBS. 

Participant 1 did not generate a step response to the pull in both conditions (i.e. retropulsion score of 0 

mm) and values for step reaction time, step length and step velocity were therefore not computed. 

PPN DBS = pedunculopontine deep brain stimulation. 
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Table 7.3: Instrumented pull test variables in participants with Parkinson’s disease and PPN DBS 

 
 Participant 1 Participant 2 Participant 3 Participant 4 

 OFF  ON OFF  ON OFF ON OFF ON 

  
Trials 

 
Trials 

 
Trials 

 
Trials 

  
Trials  

  
Trials 

  
Trials 

  
Trials  

  
Trials 

  
Trials  

 
Trials 

  
Trials  

Number of trials 5 4* 5 7 3 5 7 3 2  8 1 9 

Trunk RT  

(ms) 
182 ± 23 109 ± 13 170 ± 88 169 ± 52 96 ± 46 181± 51 128 ± 15 124 ± 42 180 ± 11 198 ± 70 184 188 ± 43 

Trunk deceleration 

(mm.s-2) 
827 ± 539 1310 ± 646 2058 ± 679 1010 ± 530 984 ± 40 2259 ± 1292 993 ± 418 982 ± 234 1094** 385 ± 226 736 407 ± 315 

Pitch angle  
(°) 

18 ± 3 16 ± 3 54 ± 28 35 ± 10 29 ± 11 25 ± 16 28 ± 9 12 ± 3 29 ± 5 17 ± 5 26 13 ± 5 

Pitch velocity 

(°/s) 
14 ± 4 9 ± 2 419 ± 107 256 ± 128 259 ± 104 71 ± 60 14 ± 5 4 ± 2 19 ± 1 11 ± 4 9 21 ± 16 

Step RT  
(ms) 

NA NA 243 ± 71 356 ± 112 235 ± 14 584 ± 344 667 ± 76 563 ± 63 308 ± 40 397 ± 102 632 381 ± 154 

Step length  

(mm) 
NA NA 190 ± 70 231 ± 52 96 ± 33 122 ± 63 78 ± 30 60 ± 6 57 ± 1 126 ± 68 68 103 ± 32 

Step velocity 

(mm/s) 
NA NA 376 ± 139 458 ± 103 239 ± 77 344 ± 209 155 ± 60 171 ± 91 231 ± 43 434 ± 192 281 346 ± 97 

Retropulsion  
(mm) 

4 ± 1 3 ± 1 304 ± 42 318 ± 40 248 ± 45 242 ± 216 131 ± 47 121 ± 48 241 ± 16 224 ± 32 219 158 ± 35 

Step count  NA NA 5 to 10 5 to 8 3 to 6 0 to 11 0 to 5 3 to 4 4 to 6 4 to 8  10 4 to 7 

Red circles represent trials where participants required catching by an examiner to prevent a fall. Testing was ceased if the participant required catching in 

five consecutive trials denoted by red circles. Green circles represent trials where the participant was able to regain balance independently. *Data from one 

trial was not computed due to technical error. **Deceleration values from one trial were not available due to technical error. NA = Data not available as a step 

response was absent in all trials on and off DBS. All variables are mean ± SD, except in Participant 4, ON DBS where data from one trial was available. Step 

count is reported as a range.  
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7.5.2 Clinical assessments 

All participants completed clinical assessments of the UPDRS III and Mini-BESTest. 

UPDRS III motor scores decreased with all participants on stimulation, indicating better 

overall motor function (Table 7.1). On stimulation, axial scores of gait and balance 

according to UPDRS III It 27 to 30 improved in two participants, and remained 

unchanged in two participants (Figure 7.2). With clinical pull test item 30 of the 

UPDRS, only one participant (P3) improved on stimulation. With the Mini-BESTest, 

total scores increased with all participants on stimulation compared to off stimulation, 

indicating better overall balance responses (Figure 7.3). With the reactive balance 

component of the Mini-BESTest, no improvements were found in all participants on 

stimulation. 
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Figure 7.2: Effects of PPN DBS on UPDRS III subscores for participants with PD. 

Participants were assessed with the UPDRS III motor subsection on and off stimulation. Panels 

describe items related to gait and posture outcomes of the UPDRS III motor subsection. 

Abbreviations: Item 27 chair rise (score/4), item 28 posture (score/4), item 29 gait (score/4), 

item 30 postural stability (score/4), Axial score = sum of items 27 to 30 of the UPDRS 

(score/16). Lower scores indicate improved motor function. PPN DBS = pedunculopontine deep 

brain stimulation. UPDRS = Unified Parkinson’s disease rating scale. With item 30 postural 

stability, scores remained unchanged participants 1, 3 and 4 off and on stimulation. 
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Figure 7.3: Effects of PPN DBS on Mini-BESTest scores for participants with PD. 

Participants were assessed with the Mini-BESTest on and off stimulation. Panels describe the 

Mini-BESTest domains of balance and sum of the total score. Abbreviations: Anticipatory = 

Anticipatory postural adjustments subscale of Mini-BESTest (score/6); Reactive = Reactive 

postural responses subscale of Mini-BESTest (score/6); Sensory = Sensory orientation subscale 

of Mini-BESTest (score/6); Gait = Dynamic balance during gait subscale of Mini-BESTest 

(score/6); Mini-BESTest Total (score/28). Higher scores indicate improved balance 

performance. In the reactive domain, scores remained unchanged for participants 1, 3 and 4 off 

and on stimulation.  
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stimulation in four participants with moderate to severe PD using an instrumented pull 
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instrumented pull test trial, even when the participant required catching due to an 

imminent fall. With the clinical pull test, postural responses remained unchanged in 

three out of four participants on stimulation. No change in the reactive postural 

responses of the Mini-BESTest, which assesses forward, lateral and backward 

corrective stepping, was found in all participants.  

7.6.1 The instrumented pull test as an assessment tool  

The instrumented pull test was used to assess postural responses in participants with 

moderate to severe PD, and included all participants that were able to stand 

independently. While the instrumented pull test was able to quantify small changes in 

postural responses in people with mild PD (Studies 2 and 3), quantification of postural 

responses in participants with moderate to severe PD presented greater challenges. Out 

of five participants, one was unable to complete assessment with the instrumented pull 

test due to fatigue, and another required catching in all trials. In the remaining three 

participants, catching was required in multiple trials. Consequently, limited data from 

trials where participants were able to regain balance independently were available. 

Furthermore, data from postural responses were highly variable, with no clear trends 

between off and on stimulation. Although the small sample size limits interpretation of 

instrumented pull test findings, the inter-individual variability in reactive postural 

responses may also reflect the complex nature of balance, with multi factorial systems 

involvement from attentional processing, visual, vestibular and proprioceptive centres 

(Schoneburg et al., 2013).  

Postural response variables such as trunk reaction times were found to be quicker in 

three out of the four participants on stimulation compared to off. Although these 

findings demonstrate the instrumented pull test was able to quantify postural responses 

with greater resolution compared to the clinical pull test, future use of the instrumented 

pull test in participants with PD demonstrating moderate to severe postural instability 

may not be practicable. It may be more feasible to explore trends in postural responses 

in a larger cohort of people with PD demonstrating moderate postural instability who 

are still able to regain balance independently (screened using the clinical pull test). 

Postural response variables obtained may then be useful as markers to monitor changes 

in postural stability over time. 
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7.6.2 Clinical assessments  

In this study, effects of PPN DBS were evaluated using commonly utilised clinical 

balance assessments comprising UPDRS III motor subsection items 27 to 30 and the 

Mini-BESTest. UPDRS items 27 to 30 improved in two participants, and remained 

unchanged in two participants. In previous studies of PPN DBS, the common use of 

composite UPDRS axial scores items 27 to 30 to describe benefits to postural instability 

did not discriminate changes between posture and gait. Accordingly, effects of PPN 

DBS on postural instability remained unclear (Thevathasan et al., 2018). Discrepancies 

in findings remain even when researchers attempt to quantify postural instability 

specifically with the clinical pull test - most likely due to small sample sizes. Fewer 

than 100 cases of patients with PPN DBS have been reported in the past 10 years 

(Thevathasan et al., 2018). One study found postural responses improved in two 

participants to the clinical pull test on PPN DBS (Plaha and Gill, 2005). However, 

another study found pull test scores did not improve in five participants at one year 

follow up (Ferraye et al., 2010). 

Discrepancies were also found when postural responses were quantified using the 

clinical pull test and reactive postural domain of the Mini-BESTest as compared to the 

instrumented pull test. For example, postural responses with clinical assessments did not 

improve in line with two out of four participants’ ability to regain balance to the 

instrumented pull test. Participant 3 (P3) and 4 (P4) were able to independently regain 

balance to several trials of the instrumented pull test, although they did not regain 

balance during the clinical pull test. This may be due to learning effects, as the 

instrumented pull test procedure involved a series of 10 consecutive pulls, whereas 

clinical assessments were only performed once.  

Unlike Chapter 6 where the first five pulls were discarded as ‘practice pulls’, the 

averaged trial responses of all trials in the off and on conditions were reported. 

Averaging of postural responses (or initial flexed posture) may have contributed to the 

large pitch angle observed in Participant 2 in the off stimulation condition. A drawback 

of this methodology is inability to identify if the first trial contained information about 

postural responses that were different to subsequent, habituated trials (Visser et al., 

2010).  
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To date, the effects of PPN DBS on postural responses have not been investigated using 

the Mini-BESTest. All four participants demonstrated improvements in total Mini-

BESTest scores on stimulation. However, no change was found with reactive postural 

responses subscores. Better overall balance as assessed by the Mini-BESTest appeared 

to arise due to improvements in other domains of postural control, particularly dynamic 

gait where all participants recorded increased scores on stimulation. For example, total 

Mini-BESTest scores improved on stimulation from 11 to 19 in Participant 3. The 

largest improvement was found in the domain of dynamic gait, which increased by 6 

points, with no change in reactive balance scores. Such findings may be due to 

improvements in gait freezing which is a well reported benefit of PPN DBS (Moro et 

al., 2010; Thevathasan et al., 2011b, 2011a; Welter et al., 2015).  

Furthermore, the Mini-BESTest employs a different method of balance perturbation 

which is not directly comparable to the pull test. Reactive postural responses are 

assessed in multiple directions (forward, lateral and backwards), and administration of 

the backward perturbation is elicited using the ‘push and release’, where the patient has 

to regain balance to a sudden release from a backward lean induced by an examiner as 

compared to the brisk backward shoulder tug administered by an examiner during the 

clinical pull test (Jacobs et al., 2006; Smith et al., 2016). Variabilities of postural 

responses with the clinical pull test relate mainly to peak pull force of the examiner 

(Chapter 4 and 5) whereas variabilities in the ‘push and release’ postural responses 

relate to backward lean and participant height (Smith et al., 2016).  

Comprehensive measures of balance are recommended by the MDS taskforce for 

clinicians and researchers to capture balance responses specific to PD. The Mini-

BESTest represents a clinical balance assessment with excellent inter-rater (Intraclass 

correlation coefficient = 0.91) and test-retest reliability (Intraclass correlation 

coefficient = 0.92), with adequate correlation for disease severity with the UPDRS (r = - 

0.51) in patients with PD (Franchignoni et al., 2010; Godi et al., 2012; King et al., 2012; 

Leddy et al., 2011). These assessments may present an additional method to explore 

postural responses in people with moderate to severe PD in conjunction to commonly 

used clinical assessment such as the UPDRS. The Mini-BESTest is considered a 
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‘recommended’ measure (Bloem et al., 2016b), providing insights into domains that 

contribute to overall balance. 

7.6.3 Postural instability and effects of pedunculopontine deep brain stimulation 

Postural deficits tend to be levodopa resistant particularly in more severe disease, 

suggesting the involvement of non-dopaminergic circuits (Bloem et al., 1996; Bonnet et 

al., 1987). The involvement of cholinergic pathways are thought to partly underlie 

pathophysiology of postural instability in PD (Dimitrova et al., 2004; Horak et al., 

1996). However, dysfunctional basal ganglia pathology and dopaminergic deficits can 

also contribute, and become more apparent with disease progression (Bloem et al., 

1990; Diener et al., 1987; Scholz et al., 1987).  

PPN DBS has been previously shown to alter postural control in quiet stance, though 

benefits to functional balance remain unclear. On stimulation, benefits to balance were 

suggested through improved somatosensory integration and decreased mediolateral 

sway (Yousif et al., 2016). These changes were proposed to improve postural control, 

although no clinical benefits to balance were found. Separately, decreased mediolateral 

sway was also found in a case study of a patient followed over 14 months, with 

improvements to clinical and spatiotemporal measures of gait and falls (Wilcox et al., 

2011). More recently, sway abnormalities in people with PD not only correlated to 

clinical balance outcomes (composite score of UPDRS items 27 and 30 - chair rise and 

pull test), but were also partly reversible and improved by PPN DBS (Perera et al., 

2018).  

Taken together, findings from the current study suggest some aspects of postural control 

may be modulated by PPN DBS. However, definitive conclusions on the therapeutic 

effects of PPN on postural instability cannot be drawn due to the small sample size. The 

effects of stimulation specifically on reactive postural responses seem to be 

circumscribed when participants with severe postural instability experience larger 

perturbations to balance such as an external perturbation. Between participants, the 

variability in postural responses to stimulation may also reflect an inherent limitation of 

the target, or challenges in surgical targeting due to the heterogeneous structure and 

poorly defined boundaries of the PPN (Benarroch, 2013; Hamani et al., 2016). 
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7.6.4 Strengths, limitations and future directions 

In four participants with PD receiving PPN stimulation, the instrumented pull test was 

able to characterise postural responses with greater resolution compared to the clinical 

pull test. However, it is acknowledged participants required catching in multiple trials, 

making it difficult to interpret or explore trends in the data. For the first time, the effects 

of PPN DBS on postural responses were quantified using the Mini-BESTest. The Mini-

BESTest demonstrated improvements in balance in participants receiving PPN 

stimulation resulted mainly from improvements in dynamic gait, and not reactive 

postural responses. This is in line with the therapeutic indications of PPN as a treatment 

particularly for gait freezing and falls (Thevathasan et al., 2018). 

Several limitations are acknowledged in this study. The small sample size of five 

participants limits any conclusive findings on the therapeutic outcomes of PPN DBS on 

postural instability. Small sample sizes of typically 6-8 are common in clinical studies 

of PPN, indicative of the challenges and debate surrounding PPN targeting and 

programming (French and Muthusamy, 2018; Morita et al., 2014; Thevathasan et al., 

2018). Another limitation is the relatively short stimulation washout time allowed which 

may have impaired the ability to detect changes to posture on and off stimulation. Axial 

symptoms of posture and gait may require longer adaptation periods with studies of 

PPN DBS reporting washout periods ranging from 1 hour to 2 weeks (Ostrem et al., 

2010; Perera et al., 2018; Thevathasan et al., 2011b). In this study, the washout period 

was approximately 1 hour, in the interest of participant comfort and adherence. This 

washout period was sufficient to produce changes to posture and gait in previous studies 

of PPN DBS (Perera et al., 2018; Thevathasan et al., 2011b). Clinical assessments and 

the instrumented pull test were performed unblinded by the thesis author. Although 

participants were blinded to stimulation condition, outcomes could be biased by the 

examiner. Future studies could utilise a separate researcher to alter stimulation settings 

and the use of video recordings to score clinical outcomes by a blinded examiner. The 

severe postural instability experienced in this cohort also limited the interpretation of 

instrumented pull test findings. Future studies assessing people with PD and postural 

instability need to carefully screen those who are suitable for assessment using the 

instrumented pull test (i.e. people with Grade 1 postural instability according to the 
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UPDRS, able to regain balance independently) to explore trends in postural response 

variables that may be useful to detect or predict patients with PD at greater risk of falls, 

or the combined therapeutic efficacy of interventions such as levodopa and deep brain 

stimulation.  

7.7 Summary and conclusions 

The instrumented pull test and two clinical tests of postural responses (UPDRS items 27 

to 30 and the Mini-BESTest) were used to assess postural responses in four participants 

with moderate to severe PD chronically implanted with bilateral PPN stimulators. 

Although findings suggest the instrumented pull test was able to quantify postural 

responses with greater resolution compared to clinical assessments, use of the 

instrumented pull test may not be feasible in patients with PD demonstrating severe 

postural instability as they required catching in multiple trials by an examiner. 

Definitive conclusions cannot be drawn on the therapeutic effects of PPN DBS for 

postural instability due to the small sample size and limited interpretation of data. From 

the trials where participants were able to regain balance independently, there was no 

clear trends in postural response variable between off and on stimulation. The effects of 

PPN stimulation on postural responses may also be circumscribed, particularly in 

moderate to severe PD when other postural deficits contribute to overall postural 

instability. The instrumented pull test may still present a useful tool in the research 

setting to explore postural responses in people with PD demonstrating moderate 

postural instability who are able to regain balance independently. Participants will need 

to be carefully screened to select those who are able to generate a corrective balance 

response according to the clinical pull test. The Mini-BESTest provided insights into 

domains of balance (i.e. dynamic gait) improved by PPN stimulation. Although findings 

need to be interpreted with caution due to the small sample size, the Mini-BESTest 

could be considered in future studies as an alternative or adjunct clinical assessment to 

the UPDRS to quantify postural responses in participants with PD who experience 

moderate to severe postural instability.  
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 GRAND DISCUSSION CHAPTER 8.

8.1 Introduction 

The primary goal of the thesis was to characterise postural responses in people with 

Parkinson’s disease (PD) and the effects of levodopa and pedunculopontine nucleus 

(PPN) deep brain stimulation (DBS) on these responses using an instrumented version 

of the clinical pull test. This final chapter will synthesize findings from the four main 

studies within the thesis which utilised the instrumented pull test to: 1) determine its 

capability to detect small changes in postural responses in healthy young participants 

(Study 1, Chapter 4); 2) quantify postural responses in people with mild PD (HY Stage 

≤ 2) (Study 2, Chapter 5); 3) determine the effects of levodopa therapy on postural 

responses in people with mild PD (Study 3, Chapter 6); and 4) evaluate the utility of the 

instrumented pull test to quantify postural responses in people with PD with moderate to 

severe postural instability (Study 4, Chapter 7). The strengths, limitations and clinical 

implications of the research are then considered. Next, directions for future research will 

discuss how the instrumented pull test may be refined as a potential assessment tool for 

postural instability in the clinical setting, and its use in clinical populations. Finally, the 

main conclusions from each study will be summarised with respect to the aims in 

Chapter 1. 

8.2 Synthesis of main findings 

The first major theme of this thesis was the development of an instrumented version of 

the clinical pull test. Although the clinical pull test is typically used to identify postural 

abnormalities in people with PD, it is not sensitive to detect mild changes to postural 

stability. Earlier detection of postural abnormalities is important due to the high 

prevalence and significant impact of postural instability in people with moderate to 

severe PD (Chapter 2). The risk of falls remains higher in people with PD compared to 

older healthy individuals (Ashburn et al., 2001; Contreras and Grandas, 2012; Pickering 

et al., 2007). A review of the assessment and treatment of postural instability in PD is 

described in Chapter 2, with a focus on reactive balance responses using laboratory 

based measures. Limitations of current assessments contributing to knowledge gaps in 

postural responses, and effects of therapy in PD were highlighted. To overcome some of 
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the limitations of conventional laboratory based assessments, instrumented versions of 

clinical tests have been developed. The review further discusses challenges faced in the 

development of these techniques.  

The review in Chapter 2 guided development of an instrumented pull test to quantify 

trunk and step responses using 3D motion tracking sensors (Chapter 3). The utility of 

the instrumented pull test was investigated in Study 1, where postural responses to the 

pull test were characterised in healthy young participants. Using StartReact effects 

(where a startling loud auditory stimulus accelerates a pre-prepared movement), the 

instrumented pull test was able to detect a small speeding of truncal responses 

(approximately 10 ms), and distinguish first and subsequent trial postural responses. 

Findings from Study 1 suggested the instrumented pull test could present an alternative 

assessment tool to assess postural instability in patients with Parkinson’s disease for 

clinical research. 

A second major theme was the characterisation of postural responses in participants 

with mild PD (HY ≤ 2). The literature review (Chapter 2) found most studies of postural 

perturbations investigated patients with PD who already demonstrated postural 

abnormalities (HY > 2). In mild PD, falls are assumed to be rare (Albanese, 2007). 

However, it has become evident people with PD have an increased falls risk even in 

mild disease when optimally medicated (Kerr et al., 2010; Schenkman et al., 2011). The 

review highlighted postural abnormalities can occur in mild PD, and appear unrelated to 

medication state. Postural abnormalities in people with mild PD were not well identified 

or understood (Chastan et al., 2008; Ganesan et al., 2010; Lee et al., 2013; McVey et al., 

2009). Consequently, Study 2 characterised postural responses to the instrumented pull 

test in participants with mild PD and healthy age matched controls. First and subsequent 

trial postural responses to the pull test were compared to evaluate if differences were 

present in trunk and step responses between participants with mild PD and controls. 

Findings from Study 2 suggest subclinical abnormalities in trunk and step responses are 

present to the pull test in participants with mild PD.  

Thirdly, the effect of levodopa therapy was explored on postural responses in 

participants with mild PD using the instrumented pull test. Although it is well reported 
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that levodopa has little or no effect on postural responses to perturbations, these effects 

have yet to be explored in detail in people with mild PD. Therefore, Study 3 

investigated the effects of levodopa on postural responses to the instrumented pull test 

in participants with mild PD compared to healthy age matched controls. Findings from 

Study 3 suggest mixed effects of levodopa on postural responses in participants with 

mild PD. Levodopa improved trunk postural responses, but did not restore trunk 

responses to levels comparable to controls. Conversely, some aspects of stepping 

responses appeared to worsen in participants with mild PD.  

Finally, we evaluated the utility of the instrumented pull test to quantify postural 

responses in four participants with PD and moderate to severe postural instability 

receiving PPN DBS. PPN DBS is an alternative therapy targeting non-dopaminergic 

pathways which may be beneficial to postural instability. The instrumented pull test was 

used to characterise postural responses in participants with PD on and off stimulation. 

Two clinical tests, the Unified Parkinson’s disease Rating Scale (UPDRS) III subscore 

comprising items 27 to 30 (chair rise, posture, gait and postural stability) and Mini-

BESTest, were further used to evaluate postural responses. The findings from Study 4 

suggest the instrumented pull test may be able to quantify postural responses with 

greater sensitivity compared to the clinical pull test in people with PD and moderate to 

severe postural instability. However, findings need to be interpreted with caution due to 

the small sample size, and variability of results with no clear trends from the data 

between off and on stimulation. The use of the instrumented pull test does not appear 

practicable in this cohort as participants required catching in multiple trials. Given the 

experimental nature of PPN DBS, participants were few, and definite conclusions 

cannot be drawn on the therapeutic efficacy of PPN DBS for postural instability. Using 

the Mini-BESTest, aspects of overall balance improved in participants with PD 

particularly in the dynamic gait domain on stimulation. The Mini-BESTest may be 

considered in future studies as a complimentary clinical assessment tool to assess 

balance in participants with PD and moderate to severe postural instability.  
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8.3 Strengths and limitations 

The studies in this thesis present characterisation of postural responses to the pull test in 

people with PD according to an assessment commonly utilised in the clinical setting. 

They add to the understanding of abnormalities of postural responses that occur in mild 

PD, provide an initial exploration of the limits of its use in moderate to severe PD, and 

examine the efficacy of dopaminergic and non-dopaminergic therapies on postural 

responses to the pull test. These studies contribute to the understanding of postural 

responses in people with PD, and will help to guide future research and understanding 

of therapies to alleviate postural instability which is of importance due to its devastating 

consequences. 

To the thesis author’s knowledge, the instrumented pull test is the first to characterise 

whole body kinematics similar to the clinical pull test in people with PD (Studies 2 and 

3). Studies of perturbations in mild PD have either identified subclinical postural 

abnormalities to feet-in-place responses (Chastan et al., 2008; Ganesan et al., 2010) or 

stepping responses (Lee et al., 2013; McVey et al., 2009), but not both. Although pull 

force by the examiner was previously hypothesized to influence pull test responses 

(Nonnekes et al., 2015), no study to date has objectively quantified the effects of 

examiner performance on the clinical pull test. Examiner pull force was found to be a 

significant variable influencing outcome of postural responses. These findings may 

explain issues with intra and inter reliability and poor correlation to objective endpoints 

such as dynamic posturography (Bloem et al., 1998). Studies 2, 3 and 4 also 

demonstrated the use of an instrumented pull test was safe and feasible as a potential 

assessment tool to assess postural instability in people with PD. The safety precautions 

employed during the instrumented pull test were no different from that performed with 

the pull test in clinical practice. This included an assistant to help with catching 

participants with known postural instability at higher risk of falls, and backward 

positioning of the examiner and participant close to a wall to prevent the examiner from 

falling together with the participant if they were unable to regain balance (Nonnekes et 

al., 2015). 
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Participants with PD in Studies 2 and 3 were carefully screened for disease staging (i.e. 

HY ≤ 2). This allowed for a sample representative of individuals with mild PD where 

postural responses have been relatively underexplored.  It is acknowledged Studies 2 

and 3 comprised a small cohort of eighteen participants with PD. Therefore, these 

results may not be representative of the wider PD population, and need to be interpreted 

with caution. Study 3 contributes to the understanding of levodopa effects on postural 

responses in mild PD. To our knowledge, no laboratory study has investigated the 

effects of levodopa on postural responses to the pull test in people with mild PD off and 

on medication. Previous work have only explored postural responses to an external 

perturbation in the on medication state (Lee et al., 2013; McVey et al., 2009). Although 

postural responses in the first trial were not assessed, study 3 confirmed postural 

abnormalities were present in people with mild PD on levodopa, similar to previous 

findings in later disease (Bloem et al., 1996; Curtze et al., 2015; Di Giulio et al., 2016; 

Horak et al., 1996; Kam et al., 2014).  

In participants with PD and moderate to severe postural instability, the instrumented 

pull test appeared to assess postural responses with greater resolution compared to the 

clinical pull test (Study 4). However, the study consisted of a small sample of four 

participants, who required catching in multiple trials, making it difficult to interpret or 

explore trends of postural responses from instrumented pull test data. The relatively 

short stimulation washout time allowed (1 hour) may have also impaired the ability to 

detect changes to posture on and off stimulation. However, the washout period 

employed was sufficient to produce changes to posture and gait in previous studies of 

PPN DBS (Perera et al., 2018; Thevathasan et al., 2011b). The Mini-BESTest may 

present an alternative clinical assessment tool to assess postural responses in 

participants with PD and moderate to severe postural instability.  

A number of limitations relate to, and are common in studies 2, 3 and 4. The thesis 

author completed all assessments. The use of one examiner precludes the reporting on 

inter-examiner variability of the instrumented pull test. Furthermore, the thesis author 

was not blinded to participant groups, which could influence ratings of clinical 

assessments, or force generated during pull test trials. To address potential examiner 

bias, data from the instrumented pull test was computed offline by a second researcher 
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who was blinded to participant groups, and the force of each pull test trial was 

accounted for in analyses. At group level, Studies 2 and 3 identified abnormalities of 

postural responses in people with mild PD to the pull test. However, it is acknowledged 

these results are not currently able to inform clinical decision making on the individual 

level.  

8.4 Clinical implications 

8.4.1 Clinical pull test administration and performance 

The clinical pull test according to the UPDRS is widely used, and a key component in 

the neurological examination of postural responses in people with PD (Hunt and Sethi, 

2006; Nonnekes et al., 2015). However, variability in pull test execution and 

interpretation can confound clinical practice and research (Hunt and Sethi, 2006; 

Munhoz et al., 2004). It is unclear whether variabilities in test administration, such as 

pull force, influence the response. Interpretation of the test is also controversial. 

Outcomes can vary depending on whether the first or subsequent trial is assessed 

(Nanhoe-Mahabier et al., 2012; Visser et al., 2003). This may partly explain the 

limitations of the clinical pull test as a sensitive predictor of future falls in PD (Chapter 

2). To address this gap, this thesis provided new evidence to inform how the pull test 

should be administered and interpreted in people with PD.  

Prior evidence suggests postural responses from the first, unpractised trial may be most 

clinically meaningful (Bloem et al., 2001; Visser et al., 2003). These responses are 

demonstrated to induce greater instability and propensity to falls compared to 

subsequent trial responses. Findings from studies 1 and 2 demonstrate first trial postural 

responses are significantly different from postural responses of subsequent trials. This 

was found not only in healthy individuals, but also people with PD of mild disease 

severity. Our findings demonstrate that the first trial response is important to capture as 

an end point in itself.  

Guidelines from the movement disorders society (MDS) recommend performing an 

initial practice pull before the second trial is formally assessed for the accurate 

evaluation of postural responses (Goetz et al., 2008). Elderly patients may initially 
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misunderstand the corrective movement required, or may not comprehend the test 

instructions due to language barrier (Hunt and Sethi, 2006). This may result in the 

patient falling into the arms of the examiner following the pull without any attempt to 

generate a corrective step response. Although we did not correlate first trial postural 

responses with clinical measures, the utility of first trial responses may be its ecological 

relevance to correlate to important clinical endpoints such as falls (Nonnekes et al., 

2015; Visser et al., 2010, 2003). An unexpected shoulder pull, performed once, is 

suggested to be more sensitive when retrospectively assessing falls or near falls in 

people with PD compared to the expected shoulder pull recommended of clinical 

guidelines (Visser et al., 2003). Regardless of the method of administration, the clinical 

pull test fails to predict future falls in people with PD (Bloem et al., 2001). This may not 

only be due to inherent shortcomings with variabilities of test administration and 

subjective scoring, but the complex, and multi-factorial nature of falls (Lamont et al., 

2017; Wood et al., 2002). Nevertheless, our findings support that clinicians should 

perform and score an initial unpractised trial, before the pull test is performed according 

to clinical guidelines. The pull should be administered of sufficient force to elicit both a 

trunk and step response, as pull force was found be the main influence on the size of 

postural responses (detailed in section below). 

In the laboratory, first trial postural responses have greater ability to discriminate 

between people with PD off levodopa and healthy controls when participants are of 

moderate disease severity (HY 2.5 - 3) compared to subsequent trials with use of 

platform rotations (Nanhoe-Mahabier et al., 2012). Studies 2 and 3 found subclinical 

postural abnormalities not only in the first trial in people with PD off and on levodopa, 

but also in participants with mild PD on levodopa in subsequent trials compared to 

healthy participants. Clinicians should be mindful that abnormalities in postural 

responses are present in patients who are optimally medicated even in mild PD. These 

abnormalities may manifest as a decrease in the quality of corrective postural responses 

(e.g. increased postural sway) in participants with PD that is not taken into account with 

clinical scoring. A limitation of study 4 was that we did not specifically investigate first 

trial responses in participants with moderate to severe PD (HY 4). Unlike previous work 

(Nanhoe-Mahabier et al., 2012), participants in our study demonstrated moderate to 

severe postural instability (and gait freezing), who required frequent catching by the 
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examiner to prevent a fall. As the clinical pull test does not distinguish between types of 

falls (i.e. ‘log fall’ with no step response, or fall with retropulsion), the instrumented 

pull test may be useful in future studies to identify markers of postural responses that 

signal the transition from non-faller to faller. By assessing larger cohorts of people with 

PD across the spectrum of postural instability, aspects of truncal or step variables may 

be identified as biomarkers indicative of increased falls risk.  

8.4.2 Impact of examiner pull force and participant anthropometric 

characteristics  

Examiner performance during the pull, in particular peak pull force, had a substantial 

impact on pull test results (Studies 1 and 2). In participants with PD, peak pull force 

varied sufficiently to influence speed and size of trunk and step responses. Interestingly, 

participant height and weight were of lesser influence. It is acknowledged clinicians do 

not have the benefit of a pull force meter and a mixed linear model to adjust for such 

confounds. In the studies contained in this thesis, all pulls by the examiner were of 

sufficient force to elicit a trunk and step response. In practice, clinicians need to 

estimate the force necessary to elicit a step in the patient prior to the pull, and position 

themselves and the patient appropriately with their backs close to a wall to safeguard 

against any unexpected falls, particularly in patients with known postural instability. 

The experience of examiners performing the pull test can create variability in outcomes 

due to inconsistency in strength of the pull (Nonnekes et al., 2015). Some examiners 

may be wary of administering a larger pull force as they may not be able to support the 

patient in case of a fall. Training of examiners performing the clinical pull test is 

therefore imperative, particularly when the clinical pull test is administered in clinical 

trials (Hunt and Sethi, 2006).  

8.4.3 Implications for rehabilitation  

For clinicians, it is important to consider that the clinical pull test is not sufficiently 

sensitive to detect trunk and step abnormalities observed in mild PD even in the off 

levodopa state. People with PD are known to be at increased risk of falling, even in mild 

disease (HY ≤ 2) when optimally medicated (Kerr et al., 2010). Accordingly, a study 
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found 45% of people with mild PD reported a fall or near fall, with fear of falling being 

an important predictor of falls or near falls (Lindholm et al., 2015).  

More importantly, abnormalities of trunk and step responses identified in people with 

mild PD were not sufficiently restored on levodopa to be comparable to levels of 

healthy participants (Study 3). Clinicians need to be mindful that a patient with mild PD 

optimised on medications may still present with subclinical abnormalities in postural 

responses to the pull test. Given the importance of protective postural responses in falls 

prevention, the identification of smaller step sizes in people with mild PD presents a 

potential role for interventions to optimise stepping responses (Adkin et al., 2005). 

Rehabilitation strategies that target protective postural responses with perturbation 

training may benefit stepping. Repeated exposure to a perturbation is suggested to 

improve compensatory stepping in first (Barajas and Peterson, 2018) and subsequent 

trials (Jobges et al., 2004; Peterson and Horak, 2016). However, the degree of retention 

and training dosage to sustain these benefits remains unknown. A previous study 

suggests an 8 week program targeting multi domains of balance including step training 

was beneficial to overall balance in people with mild to moderate PD (average HY 2.5) 

at 12 months follow-up (Wong-Yu and Mak, 2015).  

It is acknowledged that postural responses to an external perturbation such as pull test 

only reveal one aspect of postural stability. This is particularly evident in moderate to 

severe PD and highlighted in study 4, where large variations in postural responses and 

effects of PPN stimulation were observed between participants. In terms of postural 

stability, clinicians need to consider other domains that contribute to postural control 

which include postural control during quiet stance (e.g. during standing), anticipatory 

postural adjustments prior to voluntary movement (e.g. prior to taking a step) and 

dynamic balance during walking (Schoneburg et al., 2013). Impairment in one or a 

combination of domains can contribute to postural instability. According to the 

European Physiotherapy Guidelines for Parkinson’s disease, the selection of assessment 

tools to evaluate domains of postural control should depend on whether deficits in relate 

to difficulties in static or dynamic activities (Keus et al., 2014). In addition to the 

clinical pull test, comprehensive assessment of postural responses in people with PD 

should comprise a range of assessments as recommended by the MDS taskforce (Bloem 
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et al., 2016b). These should include measures that evaluate the ability to change and 

maintain body equilibrium during daily tasks. For example, the timed up and go test 

which evaluates rising, walking and turning is recommended by the MDS and European 

clinical guidelines as a functional measure of balance (Bloem et al., 2016a; Keus et al., 

2014; Podsiadlo and Richardson, 1991). The choice of assessment tool also depends on 

the context of how the information is used, such as to estimate falls risk or identify 

deficits in domains of postural control for interventions (Keus et al., 2014).  

8.4.4 The instrumented pull test as an assessment tool for postural instability  

The preliminary evidence from studies in this thesis suggests the instrumented pull test 

may offer an alternative method to assess postural responses in the research setting. 

Compared to conventional laboratory techniques of moving platforms that require a 

dedicated space, the instrumented pull test is semi-portable. Electromagnetic motion 

tracking is relatively inexpensive compared to conventional methods which report 

displacement data (Di Giulio et al., 2016; Kam et al., 2014). Recording of displacement 

in millimeter units negates the requirement for complex signal processing, so the data 

can be intuitively comprehended. Although the pull test remains a very useful clinical 

test, subclinical postural abnormalities detected in people with mild PD further support 

the need to develop more objective measures or biomarkers of postural instability with 

predictive value for falls risk (Nonnekes et al., 2015). 

No single balance assessment is able to accurately capture overall postural stability 

within a group of participants. However, evaluation of postural responses to an external 

perturbation may provide insights into how patients integrate sensorimotor programs, 

how they learn, and how they execute a pre-planned, coordinated motor program, under 

different environmental contexts (Horak et al., 1997). In PD, various factors may 

contribute to deficits in reactive postural responses including inappropriate strategy 

selection, impaired sensory-reweighting, biomechanical limitations and cholinergic 

deficiency (Chong et al., 2000; Horak and Nashner, 1986; Mancini et al., 2008; Rinne et 

al., 2008; Schoneburg et al., 2013). This is particularly so in moderate to severe postural 

instability where individuals may experience different constraints that affect postural 

stability (Horak et al., 1997). Clinicians need to consider other domains that contribute 

to overall balance which include postural control during quiet stance, anticipatory 
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postural adjustments prior to voluntary movement and dynamic balance during walking 

(Schoneburg et al., 2013). 

Further studies may be warranted in people with PD experiencing moderate to severe 

postural instability (Study 4) to assess if the instrumented pull test is useful in 

identifying markers of postural responses in patients at greater falls risk. At present, the 

instrumented pull test may find greatest utility in laboratory studies seeking to capture 

abnormalities in postural responses, track postural instability over time, and detect 

responses to therapy.  

8.5 Future directions 

Postural instability and falls are debilitating features of PD, with devastating 

consequences to both patients and caregivers (Kim et al., 2013). Falls interventions are 

most effective when implemented prior to falls occurring, however, current clinical 

assessments lack sensitivity to track the progression of postural instability in PD 

(McVey et al., 2013). The use of laboratory based assessments holds promise to expand 

our understanding of this important topic, and to understand the progression of postural 

instability so that interventions can be appropriately targeted. Furthermore, recent 

studies have included analyses of first trial postural responses which may be most 

pertinent to falls that occur in daily life (Barajas and Peterson, 2018; Liu et al., 2017; 

Nanhoe-Mahabier et al., 2012). Based on the findings of the studies in this thesis, a 

number of future research directions have been identified.  

The development of instrumented versions of clinical tests of balance is of increasing 

interest (Andò et al., 2018; Di Giulio et al., 2016; Smith et al., 2016). Instrumentation of 

the clinical pull test could potentially be used as a substitute for clinical scales, with 

increased sensitivity of measurement. However, future research needs to validate and 

examine the utility of this approach if it is to be considered for use in the clinical 

setting. As the studies in this thesis were cross-sectional, future work needs to assess the 

responsiveness of the instrumented pull test to detect changes in postural responses in 

the same cohort over time. As 35 pulls is not practicable in the clinic, the number of pull 

test trials will need to be reduced through future studies of validity and reliability. 

Testing by multiple examiners in cohorts of different disease states and severity is also 
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required. As pull force by the examiner was also found to be a factor influencing the 

postural outcomes, future studies will also need to consider consistency of pull force 

though systems that may automatically feedback the amount of force from the pull. 

Examiners will need to be trained to elicit a pull always requiring a step response from 

the participant (as per the research protocol presented in Chapters 3 and 4). For ease of 

use, the linear mixed models employed in the studies could be incorporated into the 

software to produce data in real time. Other factors such as cost of the system and 

interpretability of outcomes also need to be considered before this method can find 

credibility as a standardised tool to assess postural responses in the clinical setting.  

While the instrumented pull test was used successfully, additional measurements may 

benefit understanding of body kinematics to the pull or to underlying disease 

mechanisms. The instrumented pull test employed motion tracking – capturing net 

movement rather than the onset of muscle recruitment – akin to a clinician detecting 

movement of the participant during the pull. If desired, future studies may wish to 

integrate electromyography into the protocol (e.g. measured from muscles including 

tibialis anterior, soleus, hamstrings, quadriceps, rectus abdominis and lumbar 

paraspinals). Alternatively, placement of additional motion sensors on the shank may 

also help to identify if different postural strategies were used in participants with PD 

compared to healthy age matched controls, and contributed to the large variabilities in 

trunk movement observed (Studies 2 and 3).  

Future iterations of the instrumented pull test need to further consider the user 

experience of the examiner and participant. With the current setup, motion sensors 

employed are connected by wires to the base unit. These wires are of sufficient length in 

the laboratory to record pull test kinematics. However a wireless system would be more 

practical in a clinical setting. To increase the participant’s comfort during testing, 

particularly with females, a modified harness which fastens from behind could be 

considered.  

Findings from this thesis are a small step towards identifying abnormalities of postural 

responses that are able to predict the risk of falls in people with PD before they occur. 

Future studies assessing people with PD and postural instability need to explore 



  

150 

variables in postural responses across a range of disease severity, and over time, in order 

to identify these markers of falls risk. 

8.6 Conclusions 

The overall aim of this thesis was to characterise postural instability in people with PD 

and the effects of therapies using an instrumented version of the pull test. The main 

conclusions are summarised:  

1) A comprehensive narrative review:  

i) Described and synthesized the literature related to the assessment of postural 

instability in people with PD, with a focus on instrumented versions of 

clinical assessments. 

ii) Critically appraised the literature related to the management of postural 

instability in people with PD, with a focus on laboratory based assessments 

of dynamic posturography. 

2) The methodology chapter:  

i) Described the development of an instrumented pull test where displacements 

of the trunk and feet are captured by a semi-portable motion tracking system. 

ii) Described the instrumented pull test protocol for use in populations where 

postural responses are of interest and balance assessment typically employs 

the clinical pull test.  

3) A cross-sectional study investigating the utility of an instrumented pull test in 

healthy young individuals showed that:  

i) The instrumented pull test was sensitive to detect small changes in postural 

responses by capturing the speeding of postural responses in the trunk to a 

loud auditory stimulus (StartReact effects). 

ii) The instrumented pull test was able to discriminate postural responses 

between first and subsequent trials. 

iii) The instrumented pull test was able to detect variables influencing pull test 

administration (e.g. pull force by the examiner) to identify and quantify 

potential confounds that were accounted for by statistical techniques. 
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iv) Examiner pull force significantly affected the postural response in stepping 

in healthy young individuals. 

4) A cross-sectional study investigating the utility of an instrumented pull test in 

people with mild PD showed that:  

i) The instrumented pull test was sensitive to detect subclinical abnormalities 

in trunk and step responses in people with mild PD compared to healthy age 

matched individuals. 

ii) First and subsequent trial postural responses discriminated people with mild 

PD and healthy age matched individuals. 

iii) Examiner pull force significantly affected the postural response in trunk and 

stepping in people with mild PD. 

5) A cross-sectional study investigating the effects of levodopa on postural responses 

using an instrumented pull test in people with mild PD showed that: 

i) Levodopa produced mixed effects in trunk and step responses in people with 

mild PD.  

ii) Levodopa improved the size and speed of truncal responses in people with 

PD towards levels of age matched healthy individuals. Conversely, levodopa 

worsened the size and speed step responses away from levels of age matched 

healthy individuals. 

iii) Subclinical abnormalities in trunk and step responses in people with mild PD 

on levodopa were not restored to levels of age matched healthy individuals. 

6) A cross-sectional study investigating the utility of an instrumented pull test in 

people with PD and moderate to severe postural instability receiving PPN DBS 

showed that:  

i) The instrumented pull test was able to detect postural responses with greater 

resolution off and on stimulation, compared to clinical assessments in a 

cohort of four participants. 

ii) Interpretation of findings was limited by the small sample size and highly 

variable postural responses in people with PD and moderate to severe 

postural instability who required catching in multiple trials. 
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iii) Use of the instrumented pull test may be best suited to participants with PD 

and postural instability who are still able to regain balance to a backward 

pull according to the clinical pull test in future studies. 

Postural instability can present in mild disease even when overall balance is assessed as 

normal according to the clinical pull test. Consequently, people with PD have 

historically not been referred for interventions to address falls and risk of falls until later 

stages of the disease (Ashburn et al., 2004). More recently, increasing evidence has 

recognised the importance of exercise and rehabilitation in the management of people 

with PD and advocacy for referrals to allied health professionals in mild disease 

(Abbruzzese et al., 2016; Bloem et al., 2015; Earhart et al., 2015). The studies in this 

thesis have provided new insights into the abnormalities in postural responses 

experienced by people with mild PD and the effects of levodopa on these impairments 

using an instrumented version of the pull test. This thesis adds to the understanding of 

postural abnormalities that arise in people with mild PD, augmenting the established 

body of evidence previously describing abnormalities in postural responses in people 

with PD of greater disease severity. Findings from this thesis support the call for 

targeted interventions to be implemented early. The instrumented pull test presents an 

objective method for the assessment and tracking of postural responses in people with 

PD with disease progression. Knowledge gained from this thesis is a small step towards 

the goal of identifying abnormalities of postural responses that are able to predict the 

risk of falls in people with PD before they occur. The future presents many interesting 

opportunities and challenges for researchers and clinicians involved in the management 

of postural instability in PD.   
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Appendix 6. Supplementary data 

Chapter 5: Predictors of postural responses in participants with PD and healthy controls 

Table 4.1: Coefficient estimates (b), 95% confidence intervals (CI), and p-values of instrumented pull test predictors resulting from linear mixed models for 

trunk responses in participants with PD 

 Trunk Reaction Time  Deceleration  Pitch Angle  Pitch Velocity  

Predictor b (95 %CI) p  b (95 %CI) p b (95 %CI) p b (95 %CI) p 

Peak Force 
0.03  

(- 0.32, 0.39) 
0.851 

7.77  

(-7.39, 22.94) 
0.308 

0.11  

(0.06, 0.15) 
< 0.001 

0.57  

(0.28, 0.87) 
< 0.001 

Force Rate 
0.00  

(- 0.03, 0.02) 
0.758 

-0.44  

(-1.51, 0.63) 
0.416 

0.00  

(0.00, 0.00) 
0.512 

0.00  

(-0.01, 0.02) 
0.674 

Height 
103.15  

(-32.55, 238.85) 
0.126 

- 1356.07  

(-6105.40, 3393.26) 
0.551 

-15.82  

(-131.73, 100.08) 
0.775 

-143.46 

 (-886.30, 599.38) 
0.686 

Weight 
-0.05  

(- 1.04, 0.94) 
0.917 

4.12  

(-31.96, 40.20) 
0.813 

-0.84  

(-1.60, -0.07) 
0.034 

-4.63 

 (-9.53, 0.28) 
0.063 

 

 

Table 4.2: Coefficient estimates (b), 95% confidence intervals (CI), and p-values of instrumented pull test predictors resulting from linear mixed models for 

step responses in participants with PD 

 Step Reaction Time  Initial Step length  Step Velocity  Retropulsion  Step count  

Predictor b (95 %CI) p b (95% CI) p b (95 %CI) p b (95% CI) p b (95 %CI) p 

Peak Force 
-0.36  

(-0.83,0.12) 
0.143 

0.71  

(0.34, 1.08) 
< 0.001 

2.49  

(1.38, 3.59) 
< 0.001 

1.02  

(0.67, 1.37) 
< 0.001 

0.00  

(0.00, 0.00) 
0.987 

Force Rate 
0.02  

(-0.01,0.04) 
0.226 

0.02  

(0.00, 0.04) 
0.052 

0.05  

(-0.01, 0.11) 
0.088 

0.00  

(-0.02, 0.02) 
0.836 

0.00  

(0.00, 0.00) 
0.969 

Height 
429.81  

(-133.69, 993.30) 
0.125 

-249.52 

 (-789.01, 289.97) 
0.340 

-437.07  

(-1898.38, 1024.24) 
0.533 

-139.57 

(-657.76, 378.62) 
0.574 

1.08  

(-2.27, 4.42) 
0.503 

Weight 
-2.01  

(-5.76, 1.73) 
0.271 

1.54  

(-2.03, 5.12) 
0.373 

0.40  

(-9.30, 10.10) 
0.932 

1.93  

(-1.50, 5.36) 
0.250 

0.01  

(-0.01, 0.03) 
0.438 
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Table 4.3: Coefficient estimates (b), 95% confidence intervals (CI), and p-values of instrumented pull test predictors resulting from linear mixed models for 

trunk responses in healthy controls 

 Trunk Reaction Time  Deceleration  Pitch Angle  Pitch Velocity  

Predictor b (95 %CI) p b (95 %CI) p b (95 %CI) p b (95 %CI) p 

Peak Force 
0.04  

(-0.35, 0.43) 
0.822 

-19.06  

(-54.32, 16.20) 
0.279 

0.06  

(0.03, 0.08) 
< 0.001 

-0.10  

(-0.25, 0.04) 
0.153 

Force Rate 
-0.03  

(-0.06, 0.00) 
0.070 

-1.14  

(-3.82, 1.54) 
0.400 

0.00  

(0.00, 0.00) 
0.691 

0.01  

(0.00, 0.02) 
0.164 

Height 
144.13  

(-59.26, 347.51) 
0.138 

2905.16  

(-15291.99, 21102.31) 
0.724 

-10.93  

(-66.05, 44.20) 
0.660 

-14.44  

(-397.51, 368.64) 
0.933 

Weight 
0.66  

(-0.73, 2.04) 
0.328 

47.55  

(-78.40, 173.50) 
0.435 

-0.07  

(-0.37, 0.24) 
0.626 

0.44  

(-1.67, 2.56) 
0.644 

 

 

Table 4.4: Coefficient estimates (b), 95% confidence intervals (CI), and p-values of instrumented pull test predictors resulting from linear mixed models for 

step responses in healthy controls 

 Step Reaction Time  Initial Step length  Step Velocity  Retropulsion  Step count  

Predictor b (95 %CI) p b (95 %CI) p b (95 %CI) p b (95 %CI) p b (95 %CI) p 

Peak Force 
-0.30 

(-0.60, 0.01) 
0.057 

1.18  

(0.87, 1.48) 
< 0.001 

4.35  

(3.40, 5.30) 
< 0.001 

1.23  

(0.84, 1.62) 
< 0.001 

0.00  

(0.00, 0.01) 
0.018 

Force Rate 
0.01 

(-0.02, 0.03) 
0.558 

-0.01  

(-0.03, 0.02) 
0.578 

0.01  

(-0.06, 0.07) 
0.829 

-0.01  

(-0.04, 0.02) 
0.423 

< 0.01  

(- 0.0003, 

0.003) 

0.307 

Height 
452.97 

 (-361.53, 1267.47) 
0.235 

123.61 

(-777.21, 1024.43) 
0.760 

2058.87  

(-202.99, 4320.73) 
0.069 

114.74 

 (-675.26, 904.75) 
0.746 

0.54  

(-6.69, 7.76) 
0.868 

Weight 
-0.72  

(-5.21, 3.78) 
0.724 

-0.96  

(-5.93, 4.00) 
0.669 

-9.68  

(-22.18, 2.82) 
0.113 

-1.10  

(-5.48, 3.28) 
0.583 

-0.02  

(-0.06, 0.02) 
0.334 
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JoVE: Supplemental coding file 

 

% Instrumented Pull Test Analysis Workflow 

% MATLAB Pseudocode 

  
% This function returns the experimental parameters (postural reaction  
% time, peak trunk deceleration, step reaction time, total step  
% displacement, peak pull force, and rate of force development) as a 

struct 
% object (Results). Inputs required are *.csv file paths to the motion  
% tracking and load cell data. 
function Results = GetPullTestResults(MotionTrackerPath, LoadcellPath) 
    % Read data from files 
    MotionData = array2table(csvread(MotionTrackerPath)); 
    LoadcellData = array2table(csvread(LoadcellPath)); 
    % Align data using trigger signal 
    MotionIdx = find(MotionData.Trigger, 1); 
    LoadcellIdx = find(LoadcellData.Trigger, 1); 
    MotionData(:, MotionIdx) = []; 
    LoadcellData(:, LoadcellIdx) = []; 
    % Resample to 1kHz 
    fs = 1000; 
    MotionData = resample(MotionData, MotionData.t, fs); 
    LoadcellData = resample(LoadcellData, LoadcellData.t, fs); 
    % High-pass filter with cut-off at 0.05 Hz 
    fc = 0.05; 
    wc = fc/(fs/2); 
    [B, A] = butter(20, wc, 'high'); 
    MotionData = filtfilt(B, A, MotionData); 
    LoadcellData = filtfilt(B, A, LoadcellData); 
    % Differentiate displacement data 
    MotionData.TrunkVelocity.Y = diff(MotionData.Trunk.Y); 
    MotionData.TrunkAcceleration.Y = diff(MotionData.TrunkVelocity.Y); 
    % Slice data to find single trial epochs 
    [~, TriggerIdx] = findpeaks(MotionData.Trigger); 
    % Loop through epochs and generate results 
    Results.N = length(TriggerIdx); 
    for i = 1:Results.N-1 
        s = TriggerIdx(i); % start index 
        e = TriggerIdx(i+1); % end index 
        % Check for anticipation 
        reject = FindAnticipation(MotionData.Trunk.Y(s:e),... 
            LoadcellData.Force(s:e)); 
        if ~reject 
            % Populate results struct 
            Results.TrunkReactionTime(i) = ... 
                GetTrunkReactionTime(MotionData.Trunk.Y(s:e),... 
                MotionData.TrunkAcceleration.Y(s:e), fs); 
            Results.PeakTrunkDeceleration(i) = ... 
                max(MotionData.TrunkAcceleration.Y(s:e)); 
            Results.LeftStepReactionTime(i) = ... 
                GetStepReactionTime(MotionData.Trunk.Y(s:e),... 
                MotionData.LeftFoot.Y(s:e), fs); 
            Results.RightStepReactionTime(i) = ... 
                GetStepReactionTime(MotionData.Trunk.Y(s:e),... 
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                MotionData.RightFoot.Y(s:e), fs); 
            Results.LeftTotalStepDisplacement(i) = ... 
                GetTotalStepDisplacement(MotionData.LeftFoot.Y(s:e)); 
            Results.RightTotalStepDisplacement(i) = ... 
                GetTotalStepDisplacement(MotionData.RightFoot.Y(s:e)); 
            Results.PeakPullForce(i) = ... 
                max(LoadcellData.Force(s:e)); 
            Results.ForceRate(i) = ... 
                max(diff(LoadcellData.Force(s:e))); 
        end 
    end 
end 

  
function CanReject = FindAnticipation(TrunkDisplacement, PullForce) 
    CanReject = 0; 
    % Find onset of trunk displacement 
    BaselineMean = mean(TrunkDisplacement); 
    BaselineSTD = std(TrunkDisplacement); 
    thresh = BaselineMean + 3*BaselineSTD; 
    onset = find(TrunkDisplacement>thresh, 1); 
    % Find onset of pull 
    BaselineMean = mean(PullForce); 
    BaselineSTD = std(PullForce); 
    thresh = BaselineMean + 3*BaselineSTD; 
    pull = find(PullForce>thresh, 1); 
    % If trunk displacement occurs before pull, then reject trial 
    if onset < pull 
        CanReject = 1; 
    end 
end 

  
function RT = GetTrunkReactionTime(TrunkDisplacement, 

TrunkAcceleration, fs) 
    % Find onset of trunk displacement 
    BaselineMean = mean(TrunkDisplacement); 
    BaselineSTD = std(TrunkDisplacement); 
    thresh = BaselineMean + 3*BaselineSTD; 
    onset = find(TrunkDisplacement>thresh, 1);  
    % Use zero crossing detector to find start of deceleration 
    decel = zcd(TrunkAcceleration);  
    % Calculate reaction time 
    RT = (decel-onset)/fs; 
end 

  
function RT = GetStepReactionTime(TrunkDisplacement, StepDisplacement, 

fs) 
    % Find onset of trunk displacement 
    BaselineMean = mean(TrunkDisplacement); 
    BaselineSTD = std(TrunkDisplacement); 
    thresh = BaselineMean + 3*BaselineSTD; 
    onset = find(TrunkDisplacement>thresh, 1);  
    % Find onset of step displacement 
    BaselineMean = mean(StepDisplacement); 
    BaselineSTD = std(StepDisplacement); 
    thresh = BaselineMean + 3*BaselineSTD; 
    step = find(StepDisplacement>thresh, 1);  
    % Calculate reaction time 
    RT = (step-onset)/fs; 
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end 

  
function Step = GetTotalStepDisplacement(StepDisplacement) 
    Step = max(StepDisplacement); 
    if Step < 50 % reject if step is less than 50 mm 
        Step = NaN; 
    end 
end 
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