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ABSTRACT
One of the classical and more debilitating symptoms of Parkinson’s disease is postural
instability. As a result of this impairment in balance, patients with Parkinson’s disease
experience restricted mobility, are prone to falls, display a reduced capacity to perform
activities of daily living and have a reduced quality of life. This thesis reviews our current
knowledge of Parkinson’s disease in the context of the mechanisms regulating postural control
and how impairments to these lead to postural instability. The thesis then examines the
characteristics and assessment of patients with Parkinson’s disease, with a history of falls or
near falls compared to non-fallers and controls.

Our first objective was to explore the circumstances surrounding fall and near fall events in a
cohort of 130 patients with idiopathic Parkinson’s disease using an approach based on a 16item questionnaire. This survey – the largest of its kind undertaken to date – showed that over
50% of patients experienced one or more falls over the previous two years with over 80%
experiencing near falls over the same period. Our study suggests that fear of falling is more
prevalent in patients than previously thought and that a fear of falling, restrictions on activities
and reduced participation in exercise correlate with falling and the number of falls
experienced.

From this initial cohort of patients, a smaller cohort of 48 patients was selected comprising
two sub-groups, fallers and non-fallers. These were used to address the question of whether a
multi-dimensional approach to assessing postural instability based on a combination of
established clinical and functional measures, provides a more accurate and quantifiable
assessment of an individual’s balance and mobility compared to any single methodology.
Fallers had longer disease duration compared to non-fallers but importantly could be
discriminated from non-fallers by most of the individual assessment methodologies.
Importantly, a combined analysis of assessments showed significant linear trends between
measured parameters and the number of fall events over the previous two years.

To explore this issue further, we used posturography – a technique widely recognised as
superior to established clinical and functional measures of postural stability in terms of its
quantifiability and reproducibility – to measure and quantify balance in fallers and non-fallers
with Parkinson’s disease compared to controls. Of the static posturographic variables
measured, only two differed significantly between fallers and controls. By contrast, several of
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the dynamic posturographic variables differed significantly between the groups (viz. fallers,
non-fallers and controls). A correlation analysis showed significant correlations between the
static and dynamic posturographic measures and clinical and functional measures. Consistent
with the fact that the postural instability associated with Parkinson’s disease represents a
continuum from slightly impaired balance through to functional impairment typified by falls
and near falls, our findings suggest that using a combination of clinical and functional
measures of balance and mobility coupled with posturography provides the best approach to
assessing subtle changes in balance in patients, particularly in a research setting.

A second major question addressed in this thesis is whether a novel exercise therapy based on
an acute Pilates program is beneficial in improving balance and mobility in Parkinson’s disease.
Pilates, a training methodology named after its pioneer Joseph Pilates, is a type of movement
therapy focusing on strengthening the core musculature of the body, as well as improving
muscle strength, flexibility and trunk stability. Overall, the study, despite its small size, showed
a trend to improvement in balance and mobility and quantitative posturographic variables as
the result of the six-week Pilates program suggesting the need for a larger study with broader
scope to explore the therapeutic benefits of Pilates further.
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CHAPTER 1

GENERAL INTRODUCTION
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Parkinson’s disease (PD), one of the most common neurodegenerative disorders in the elderly,
is a neurodegenerative disorder of the central nervous system (CNS). Individuals with PD
commonly exhibit bradykinesia, hypokinesia, rigidity, resting tremor and postural
abnormalities and associated gait disturbances (Berardelli et al., 2001; Kwakkel, Goede & van
Wegen, 2007; Ransmayr, 2011). There are numerous non-motor symptoms of PD, including
autonomic dysfunction, dementia, sensory impairments, mood disorders and sleep
disturbances (Olanow, Stern & Sethi, 2009; Ransmayr, 2011). The defining pathological
features of PD are the degeneration of dopamine producing cells in the substantia nigra and
the presence of Lewy bodies (Langston, Koller & Giron, 1992). Imaging studies suggest that the
degeneration of the cholinergic system is the cause of the cognitive impairment, postural
instability, depression and other motor and non-motor symptoms associated with PD (Bohnen
et al., 2007; Bohnen et al., 2006; Karachi et al., 2010). Non-dopaminergic pathways have also
been shown to be involved in the pathology of PD, recent reports suggesting that the nondopaminergic pathology may precede dopaminergic degeneration in the substantia nigra
(Braak et al., 2003).

1.1

INCIDENCE AND PREVALENCE

PD is the second most common neurodegenerative disorder in the elderly, after Alzeimer’s
disease (Chan et al., 2005; Mehta et al., 2007). An analysis of a number of studies on the
prevalence and incidence of PD in some European countries suggests an annual incidence rate
ranging from 5 to 346 per 100,000 persons (von Campenhausen et al., 2005). After adjusting
for age and gender, the incidence rate in the United States of America (US) is reported to be
13.4 per 100 000 person-years (Van Den Eeden et al., 2003). Studies in Europe similarly
estimate the prevalence of PD to range from 65.6 to 12,500 per 100,000 (von Campenhausen
et al., 2005). An overview of a number of studies (Zhang et al., 1993) concludes that the
worldwide incidence of PD ranges from 150 to 300 per 100,000. The incidence and prevalence
of PD increases dramatically with age as shown in Figures 1.1 and 1.2 (taken from de Lau &
Breteler, 2006).
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Figure 1.1: Changes in the prevalence of PD with age in different countries and regions
(modified from de Lau & Breteler, 2006).
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Figure 2.2: Changes in the prevalence of PD with age in different countries and cities (modified
from de Lau & Breteler, 2006).
(Note – the Hawaiian study was restricted to males).
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The incidence and prevalence of PD in Australia roughly mirrors that in Europe with prevalence
rates varying from 66 per 100,000 (Jenkins, 1966) to 104 (Mehta et al., 2007), or even 780 per
100,000 (Chan at el, 2005). These variations most probably reflect differences in study design,
recruitment methodology and diagnostic criteria, factors that are known to make defining the
precise prevalence of PD difficult (Riggs, 1993; Tanner, Goldman & Ross, 2002). The incidence
rate of PD appears to have remained fairly stable between 1935 and 1990 (Rocca et al., 2001),
and between 1971 and 1992 (Kuopio et al., 1999).

Incidence and prevalence studies consistently show that PD is more common (by almost twice)
in men as opposed to women (Baldereschi et al., 2000; Tanner & Goldman, 1996). The reason
for this is unknown, although biological, cultural or behavioural differences have been
suggested (reviewed by Tanner, Goldman & Ross, 2002). Higher incidence rates are reported in
men in rural settings, suggesting the possibility of environmental causative factors (Kuopio et
al., 1999; Benito-León et al., 2004; de Lau et al., 2004; Mehta et al., 2007; Van Den Eeden et
al., 2003). To date, studies on the influence of race on the incidence of PD have been
inconclusive (Van Den Eeden et al., 2003; Zhang & Román, 1993).

1.2

CLINICAL FEATURES

PD was originally described as the ‘shaking palsy’ by its discoverer, the English physician, James
Parkinson in 1817, in recognition of the tremor characteristic of the disease. Most PD patients
present with bradykinesia, resting tremor, and rigidity (Crosiers et al., 2011). The typical
pathology is a loss of pigmented neurons, in particular in the substantia nigra, and the
presence of associated Lewy bodies (α-synuclein-positive cytoplasmic inclusion bodies) on
autopsy (Dickson et al., 2009; Galpern & Lang, 2006; Olanow, Stern & Sethi, 2009; Tanner,
Goldman & Ross, 2002). Clinically, the presence of bradykinesia in combination with either
tremor or rigidity is typically taken as establishing a diagnosis for PD once other causes are
excluded, such as repeated strokes and multiple head injuries, and supportive criteria, such as
unilateral onset and disease asymmetry, are met (Hughes et al., 2001; Reichmann, 2010). On
occasions, postural instability (PI) may occur in combination with bradykinesia at initial
diagnosis, although more commonly PI does not appear before Hoehn and Yahr stage 3
(Hoehn & Yahr, 1967; Reichmann, 2010). The most common symptoms of PD are shown in
Table 1:1.
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Table 1.1: Typical symptoms of PD (taken from Jankovic, 2008).

Motor Symptoms

Non-motor symptoms

Tremor, bradykinesia, rigidity, postural

Cognitive impairment, bradyphrenia, tip-of-

instability

the-tongue phenomenon

Hypomimia, dysarthria, dysphagia,

Depression, apathy, anhedonia, fatigue,

sialorrhoea

other behavioural and psychiatric problems

Decreased arm swing, shuffling gait, gait

Sensory symptoms: anosmia, ageusia, pain

festination, difficulty arising from chair,

(shoulder, back), parathesias

turning in bed
Micrographia, cutting food, feeding, hygiene,

Dysautonomia (orthostatic hypotension,

slow activities of daily living

constipation, urinary and sexual dysfunction,
abnormal sweating, seborrhoea), weight loss

Glabella reflex, blepharospasm, dystonia,

Sleep disorders (rapid eye movement

striatal deformity, scoliosis, camptocormia

behaviour disorder, vivid dreams, daytime
drowsiness, sleep fragmentation, restless
legs syndrome)

Although bradykinesia, resting tremor, and rigidity are the normal diagnostic criteria, recent
studies suggest that non-motor abnormalities may occur prior to the onset of these classical
symptoms (Langston, 2006). It is known that about 50% of the substantia nigra pars compacta
cells are lost prior to the presence of any clinical signs (Tanner, Goldman & Ross, 2002) and
that patients with PD may present with a number of non-motor abnormalities prior to the
diagnosis of PD itself (Reichmann, 2010), including hyposmia (Haehner et al., 2009; Haehner et
al., 2007), rapid eye movement (REM), sleep behavioural disorder (Schenck, Brundlie &
Mahowald, 1996) and depression (Reijnders et al., 2008; Santamaria, Tolosa & Valles, 1986),
suggesting that these non-motor abnormalities might be useful criteria for the identification of
the pre-motor phase of PD (Reichmann, 2010).

Complicating the diagnosis of PD is the occurrence of atypical forms of the disease, including
progressive supranuclear palsy (PSP), multiple system atrophy-parkinsonian (MSA) and
psychogenic forms of PD (Olanow, Stern & Sethi, 2009). Imaging techniques, such as positron
emission tomography (PET), and genetic testing may have a role in diagnosis in the future, but
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at this stage are only of secondary value to clinicians. Computerised tomography (CT) and
magnetic resonance imaging (MRI) are useful in detecting atypical and symptomatic forms of
PD (Reichmann, 2010). Responsiveness to levodopa and apomorphine continue to be useful in
confirming the diagnosis of PD (Reichmann, 2010).

What are commonly described as the classical cardinal features of fully established PD are
resting tremor, akinesia, postural instability and rigidity (Glendinning & Enoka, 1994; Martin et
al., 1973), although other motor abnormalities may occur, with the manifestation of bulbar
dysfunction expressed through symptoms such as sialorrhoea, dysarthria, hypophonia and
dysphagia (Jankovic, 2008). Non-motor features of PD are common and variable and can result
in a severe impact on the daily lives of patients. Autonomic dysfunction, including orthostatic
hypotension, erectile dysfunction and sweating dysfunction, are also common in PD (Allcock et
al., 2004; Pursiainen et al., 2007; Swinn et al., 2003).

Debilitating neuropsychiatric impairments are common in PD but it is difficult to determine
whether these are inherent to the disease process, are consequences of treatment or are comorbidities associated with PD (Olanow, Stern & Sethi, 2009). Dementia, depression, delirium,
apathy and anxiety are all commonly reported as neuropsychiatric co-morbidities (Aarsland et
al., 2007).

There is significant variability in the manifestation of PD between individuals, and its effects on
sensory, cognitive and autonomic functions (Glendinning & Enoka, 1994). The progression of
the disease appears to be non-linear, with a variable rate of degeneration (Jankovic & Kapadia,
2001; Lang, 2007). Jankovic (2008) suggests that individuals with a dominant form of tremor
are more likely to have a benign course of progression than patients with instability and/or
akinesia dominance. With advancing age of onset, there appears to be a more rapid rate of
clinical progression, reduced responsiveness to levodopa, greater cognitive impairment,
reduced postural stability and greater gait disturbances (Levy, 2007).

1.3

TYPES AND GRADING OF PARKINSON’S DISEASE

The Hoehn and Yahr Scale (Table 1.2) is the most commonly used measure of the severity of
PD. The scale was designed as a descriptive measure of clinical function in patients with PD
and relates the severity of the disease to bilateral motor involvement and balance and gait
difficulties (Goetz et al., 2004). Severity based on the Hoehn and Yahr Scale has been shown to
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correlate with quality of life measures (Jenkinson et al., 1997; Schrag et al., 2000), scoring on
the Unified Parkinson’s Disease Ratings Scale (UPDRS) (Martínez-Martín et al., 1994) and
progressive loss of dopaminergic activity (Vingerhoets et al., 1994). Despite its limitations
(Goetz et al., 2004), the Hoehn and Yahr Scale is widely used and combined with the UPDRS, is
one of the most commonly used measures in research in patients with PD (Mitchell et al.,
2000; Ramaker et al., 2002).

Table 1.2: The Hoehn and Yahr Scale (taken from Goetz et al., 2004) (see Appendix 1).

Stage

Characteristics

Stage 1

Unilateral involvement only usually with minimal or no functional disability

Stage 2

Bilateral or midline involvement without impairment of balance

Stage 3

Bilateral disease: mild to moderate disability with impaired postural reflexes;
physically independent

Stage 4

Severely disabling disease, still able to walk or stand unassisted

Stage 5

Confinement to bed or wheelchair unless aided

The UPDRS is a comprehensive assessment of the disability and impairment experienced by
patients with PD and consists of four components (see Appendix 2):


Part I – Mentation, Behaviour and Mood;



Part II – Activities of Daily Living;



Part III – Motor; and,



Part IV – Complications (Movement Disorder Society Task Force, 2003)

A recent revision of the UPDRS has resulted in a modified scale, the Movement Disorder
Society (MDS) UPDRS (MDS-UPDRS), which has a greater focus on non-motor symptoms of PD.
The MDS-UPDRS puts greater emphasis on slight and mild impairments and disabilities and is
aided by detailed instructions on its use (Goetz et al., 2008; Movement Disorder Society Task
Force, 2003).
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A number of subtypes of PD are recognised based on clinical features, age-at-onset and rate of
progression (Foltynie, Brayne & Barker, 2002). There is disagreement in the literature
regarding the number of subtypes and precisely what these are. A recent Nature Medicine
review defined two major subtypes of the disease, a postural imbalance and gait disorder
(PIGD) subtype and a tremor dominant (TD) subtype, with the PIGD subtype being more typical
of older individuals with PD (greater than 70 years of age) and the TD subtype being more
common in younger, early-onset individuals (Obeso et al., 2010).

PIGD is typified by gait and balance difficulties, greater cognitive impairment, akinesia and
rigidity and a rapid deterioration in motor function (Obeso et al., 2010). It has been recently
suggested that the PIGD subtype can be categorised further into a freezing of gait (FoG)
subtype and a postural instability with falling subtype, with separate non-motor features and
genetic markers differentiating the two (Factor et al., 2011). The TD subtype often displays a
less aggressive rate of progression (Marras, Rochon & Lang, 2002; Obeso et al., 2010).

Other studies have identified other PD subtypes, including earlier disease onset, tremor
dominant, non-tremor dominant and rapid disease progression without dementia subtypes
(Lewis et al., 2005; Selikhova et al., 2009). The earlier disease onset group is defined by having
longer disease duration (Lewis et al., 2005; Selikhova et al., 2009), greatest delay to falls and
cognitive disability (Goetz et al., 1988; Lewis et al., 2005; Selikhova et al., 2009) and greater
motor fluctuations (Selikhova et al., 2009). A slower rate of disease progression (Lewis et al.,
2005) coupled with less motor fluctuations and lower average levodopa dosage are hallmarks
of the tremor dominant subtype (Selikhova et al., 2009). The presence of a more prominent
bradykinesia distinguishes the non-tremor dominant subtype from the tremor dominant
subtype, and early cognitive disability has been associated with the non-tremor dominant
subtype (Selikhova et al., 2009). The rapid disease progression without dementia subtype is
associated with older age, early onset of depression, early midline motor symptoms, and most
often a rapid accumulation of motor disability (Lewis et al., 2005; Selikhova et al., 2009).

Pathological features provide a further means of identifying PD subtypes. Selikhova et al
(2009) have classified patients according to the extent of Lewy body pathology and have
identified two forms, brainstem and limbic disease (Lewy body score 1-7) and neocortical
disease (Lewy body score > 7). Patients of the non-tremor dominant subtype have more severe
cortical Lewy body pathology, whilst patients of the early disease onset and tremor dominant
subtypes appear to have brainstem/limbic pathology. The dementia dominant subtype
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appears to be associated with severe neocortical Lewy body pathology on post-mortem
(Halliday et al., 2008). Further research is required to define more precisely disease subtypes
based on clinical features and using Lewy body pathology.

1.4

AETIOLOGY AND PATHOGENESIS

1.4.1

Overview

Although PD has been the subject of intensive research for approaching 200 years, the precise
cause of the disease remains largely unknown (Tanner, Goldman & Ross, 2002), although
numerous theories have been advanced to explain the disease’s origins including the
involvement of heredity and environmental factors, infections and toxins (reviewed by Tanner,
Goldman & Ross, 2002). PD is inextricably linked to ageing. Ageing is associated with
progressive degeneration and loss of neurons (Tanner, Goldman & Ross, 2002) through agerelated processes such as exposure to neurotoxins, neural damage and a reduction in neural
repair (Tanner, Goldman & Ross, 2002). Increased oxidative stress, mitochondrial dysfunction,
genetic and environmental factors and protein abnormalities are thought to mechanistically
underlie the neuronal degeneration typical of PD (Freire & Koifman, 2012; Jankovic & Poewe,
2012; Jucker & Walker, 2011). A summary of aetiopathogenic mechanisms currently
understood to be involved in PD is shown in Figure 1.3, although precisely how the various
mechanisms interact is not fully understood and requires further research.
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Figure 1.3: Schematic overview of the mechanisms in the dopaminergic cells of the substantia
nigra involved in the genesis of PD (taken from Obeso et al., 2010).
Abbreviations: PAELR, Parkin-Associated Endothelin receptor-Like Receptor; UCHL1, Ubiquitin
Carboxy-terminal Hydrolase L1; PINK1, Tensin Homolog-induced Putative Kinase 1; UbCH7 &
UbCH8, Ubiquitin-conjugating enzymes.

1.4.2

Genetics

Although most cases of PD are idiopathic in origin, 10-20% of patients have a familial history of
PD (Coppedè, 2012; Crosiers et al., 2011; de Lau & Breteler, 2006). Genetic factors are
recognised as playing a central role in the aetiology of PD in some patients with an age of
onset of 50 years or less, but not in patients with onset after 50 years (Tanner et al., 1999).
Recent studies suggest that 5% or more of PD patients have a monogenic form of the disease
(Crosiers et al., 2011). Eleven different genes have been linked to PD (Hardy et al., 2006; Klein
& Lohmann-Hedrich, 2007). The fact that so many genes are associated with PD and that some
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of these same genes are involved in other diseases (Klein, Schneider & Lang, 2009) makes it
difficult to understand fully the contribution of genetic factors to the pathogenesis of PD.
Genetic factors, which play a major role in early onset forms of PD (onset at ≤ 50 years), are
thought to be contributory factors in only 2-3% of late onset PD cases (Farrer, 2006; Schiesling
et al., 2008). Table 1.3 lists commonly found gene mutations associated with familial PD.

Autosomal dominant Parkinsonism (Golbe et al., 1996), autosomal recessive Parkinsonism
(Lücking et al., 2000), mitochondrial mutations (Swerdlow et al., 2001) and other familial
associations have been found in genetic studies of PD. Gene mutations encoding for the
proteins, α-synuclein (SNCA) (Polymeropoulos et al., 1997), parkin (PRKN) (Kitada et al., 1998),
LRRK2 (Zimprich et al., 2004), PINK1 and phosphatase, lysosomal glucocerebrosidase (GBA)
(Lees, Hardy & Revesz, 2009) and UCHL1 (Leroy et al., 1998) have been linked to the
development of PD. The adenosine triphosphatase 13A2 (ATP13A2) gene is reported to be
involved in early-onset PD patients (Djarmati et al., 2009). A comprehensive study examining
the clinical characteristics of carriers of mutations associated with PD has found that PRKN
carriers are more likely to have a family history of PD compared to LRRK2 carriers, whilst a
mutation in the LRRK2 gene is linked to PIGD (Alcalay et al., 2010). Of the currently identified
gene mutations associated with PD, PRKN occurs in almost 80% of very early onset PD patients
(before 30 years) (Lücking et al., 2000).

Genome association studies have found that variations in SNCA, LRRK2 and PARK16 are
associated with PD in both Japanese and American-European populations (Satake et al., 2009;
Simón-Sánchez et al., 2009), whereas the bone marrow stromal cell antigen-1 (BST1) mutation
is associated with PD in only the Japanese cohort, and microtubule-associated protein tau
(MAPT) with PD in the American-European cohort. Stoessl (2011) has suggested that genes
that add to the risk of PD could be targets for future drug development. Deficiency in the
lyosomal enzyme, GBA, which results in Gaucher’s disease, is associated with PD-like
symptoms (Neumann et al., 2009; Sidransky et al., 2009). Neumann et al (2009) have found
that pathological features such as diffuse Lewy-bodies and abundant α-synuclein and clinical
features such as dementia and hallucinations are associated with GBA mutations that increase
the risk of development of PD. The underlying pathogenic mechanism behind this process is
unknown (DePaolo et al., 2009).
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Table 1.3: Gene mutations involved in familial forms of PD (taken from de Lau & Breteler,
2006).

Gene
α synuclein
(PARK1)

Chromosome Inheritance
4q21

AD

Parkin (PARK2) 6q25·2–27

AR

UCHL-1 (PARK5) 4p14

AD

DJ-1 (PARK7)

1p36

AR

PINK1 (PARK6)

1p35–36

AR

LRRK2 (PARK8)

12p11·2–
q13·1

AD

Clinical features
Similar to IPD, young
onset, rapid
progression
Young onset, slow
progression, early
dystonia, and
dyskinesia
Similar to IPD
Young onset,
levodopa-responsive
Young onset, benign
course, levodoparesponsive

*

Protein
α synuclein

Protein function
Lewy-body
component

Ubiquitin
ligase

UPS component

UCHL-1

UPS component

DJ-1

Protection against
oxidative stress

PTENinduced
kinase

Protection against
mitochondrial
dysfunction

Similar to IPD

Dardarin

Unknown

Nuclear
receptor

Differentiation or
survival of
dopaminergic
neurons

NR4A2 (NURR1) 2q22–q23

AD

Late-onset PD

PARK3

2p13

AD

Similar to IPD,
levodopa-responsive

PARK4

4p16

AD

Similar to IPD, plus
dementia and
dysautonomia, young
onset

PARK9

1p36

AR

Parkinsonism with
spasticity, dementia,
and supranuclear palsy

PARK10

1p32

Unknown

Similar to IPD

PARK11

2q36–37

Unknown

No definite phenotype
reported

Abbreviations: AD, Autosomal Dominant; AR, Autosomal Recessive; IPD, Idiopathic PD; UPS,
Ubiquitin Proteasome System; PARK, a family of genes associated with PD; PTEN, Phosphatase
and Tensin homolog; LRRK2, Leucine-Rich Repeat Kinase 2; NR4A2, Nuclear Receptor subfamily
4, group A, member 2; UCHL-1, Ubiquitin Carboxy-terminal Hydrolase L1.
*As yet unclear whether causal or susceptibility gene.
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1.4.3

Environmental Factors

A variety of studies have shown that environmental factors are associated with PD, including
consumption of well water and a rural lifestyle (Barbeau et al., 1987; Koller et al., 1990).
Exposure to pesticides, insecticides, herbicides and industrial chemicals has also been linked to
PD (Brown et al., 2006; Freire & Koifman, 2012; Hubble et al., 1993; Lai et al., 2002), the
occupational use of pesticides increasing the risk of PD by almost 80% (Tanner et al., 2009).
Exposure to certain metals has also been linked to an increased risk of PD, including exposure
to lead (Coon et al., 2006), manganese (particularly in welders; see Finklestein & Jerrett, 2007),
copper, aluminium and zinc (Lai et al., 2002).

1.4.4

Diet

Investigations on the role of diet as a protective or causative factor in PD have produced
inconsistent findings (Tanner, Goldman & Ross, 2002). However, a positive correlation with PD
is reported for diets high in animal fat (Anderson et al., 1999; Logroscino et al., 1998), the
suggestion being that oxidative stress resulting from lipid consumption may be a causative
factor in the neuronal degeneration in PD. A reduced risk of PD has been shown to be
associated with the consumption of unsaturated fatty acids, suggesting the unsaturated fats
may have a neuroprotective effect (Abbott et al., 2003; de Lau et al., 2005). There are
contradictory reports concerning a possible link between iron consumption and PD, some
reports suggesting an association (Johnson et al., 1999; Powers et al., 2003) and others a lack
of association (Anderson et al., 1999; Logroscino et al., 1996). Consumption of dairy products
may increase the risk of PD to a moderate degree (Chen et al., 2007; Park et al., 2005),
whereas caffeine, alcohol and smoking have been identified as being associated with a
reduced risk of PD (Fall et al., 1999; Hernán et al., 2002; Ross et al., 2000; Skeie et al., 2010;
Tanner et al., 2009). With smoking and alcohol, however, the protective effect is limited to the
PIGD subtype, whilst the risk is increased in TD PD. The underlying mechanisms behind these
dietary relationships are not fully understood beyond the possibility of a link to oxidative
stress.
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1.4.5

Occupation

Certain occupations are associated with an increased risk of PD. Occupations reported as being
at greater risk include teachers, health care providers (Tsui et al., 1999), farmers (Skeie et al.,
2010) and carpenters (Fall et al., 1999), although these associations are not supported by the
results of a recent multi-centre study (Tanner et al., 2009). This latter study (Tanner et al.,
2009), however, found the risk of developing the clinical PIGD subtype was increased in
occupations linked to the business and finance, legal and construction and extractive
industries sectors. Why different occupations might influence disease risk is unclear, although
Tanner et al (2009) has suggested a link with environment toxin exposure, including pesticides.

1.4.6

Vascular Factors

The association of PD with vascular risk factors, including elevated cholesterol and diabetes,
has been the focus of recent studies. Two large-scale studies with follow-up periods of 13 and
23 years, respectively, failed to find any association between PD and diabetes (Simon et al.,
2007). Others have reported that patients with type-2 diabetes have a lower risk of developing
PD and that there is a weak association in women between high blood pressure and PD
(Powers et al., 2006). A link between PD and high cholesterol has not been consistently proven
(Huang et al., 2007; Simon et al., 2007).

1.4.7

Toxins

Exogenous and endogenous toxins are reported to be associated with the development of PD;
however, no specific toxin has been consistently found in the brains of individuals with PD
(Przedborski, 2007). A normal brain constituent, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP), is thought to selectively damage cells in the substantia nigra and inhibit the
mitochondrial respiratory chain, leading to cell death, possibly as a result of reduced
adenosine triphosphate (ATP) production, oxidative stress or impaired mitochondrial proton
pumping (Langston et al., 1983; Nicklas, Vyas & Heikkila, 1985; Przedborski, 2007). Other toxic
agents, including the pesticide rotenone and the synthetic and naturally-occurring proteasome
inhibitors, have been found to induce PD-like symptoms and neuronal degeneration in rodents
(Betarbet et al., 2000; McNaught et al., 2004), but a definitive cause-effect relationship
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between any toxin or environmental agent and PD is yet to be established (Olanow, Stern &
Sethi, 2009).

There is evidence to suggest that entry of neurotoxins into the CNS is via the olfactory system
(Hawkes, Tredici & Braak, 2009). Pathological (Braak et al., 2003; Huisman, Uylings &
Hoogland, 2004), neurophysiological, psychophysical (Hawkes, Shephard & Daniel, 1997) and
clinical evidence (Hawkes, Tredici & Braak, 2009; Ross et al., 2006) all point to pathogen
invasion via the nasal pathway being involved in the genesis of some forms of PD (Hawkes,
Tredici & Braak, 2009; Prediger et al., 2006).

1.4.8

Genes versus Environmental Factors

As with so many diseases, the respective roles of genes and environment as causative factors
in PD are unclear. Currently, it is impossible to definitively establish the respective roles of
genetic and environmental factors in PD, although there is agreement that the interplay of
genes and environmental factors is key to the development of the disease (Tanner, Goldman &
Ross, 2002). There is evidence that mitochondrial dysfunction may be a primary aetiological
factor in PD (Haas et al., 1995), as supported by studies in animal models (Tanner, Goldman &
Ross, 2002), but the mechanism underlying this is unknown. The interplay between genetic
and environmental factors leading to neuronal death is shown in Figure 1.4.
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Figure 1.4: The interplay of genes and environmental factors in PD (taken from Ali, Binienda &
Imam, 2011).
Abbreviations: ATP, Adenosine Triphosphate; UCHL-1, Ubiquitin Carboxy-terminal Hydrolase
L1; UPS, Ubiquitin Proteasome System.
1.4.9

Oxidative Stress

There is strong evidence that oxidative stress plays a key role in the pathogenesis of PD (Figure
1.5). It is suggested that cell death occurs as the result of local antioxidant defences (such as
vitamins A, E and C and specific enzymes, including catalase) being unable to protect and
repair cells from the damage caused by hydrogen peroxide and free-radical by-products of
oxygen-based metabolic processes, including their effects on deoxyribonucleic acid (DNA),
proteins and membranes (Tanner, Goldman & Ross, 2002). Certain features of the substantia
nigra make it vulnerable to oxidative damage. These features include the heightened
sensitivity of substantia nigra neurons to oxidative stress and the high affinity of neuromelanin
found in pigmented neurons for iron and other reactive metals (Zecca et al., 1994).
Neuromelanin has been shown to be abundant in neurons that are the focus of degeneration
in PD (Hirsch, Graybiel & Agid, 1988).
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Figure 1.5: A summary of the molecular mechanisms underlying the effects of oxidative stress
on cellular processes (taken from Ali, Binienda & Imam, 2011).
Abbreviations: ATP, Adenosine Triphosphate; CNS, Central Nervous System; HLA, Human
Leukocyte Antigen; LRRK2, Leucine-Rich Repeat Kinase 2; PARK, a family of genes
associated with PD; Pink1, Tensin Homolog-induced Putative Kinase 1; SNCA, αSynuclein; SNP, Single Nucleotide Polymorphism; UCHL-1, Ubiquitin Carboxy-terminal
Hydrolase L1; UPS, Ubiquitin Proteasome System.

1.5

TREATMENT

There have been considerable advances in therapeutic strategies to combat the
neurodegeneration and motor and non-motor symptoms synonymous with PD. An increased
understanding of the pathogenesis of PD and emerging insights into its genetics,
pharmacology, cerebral circuitry, imaging, neurosurgery and physical therapy in PD, has
improved the treatment and management of patients with PD. Figure 1.6 shows the basic
framework for the treatment of PD.
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Figure 1.6: Proposed framework for the treatment of PD (taken from Jankovic & Poewe, 2012).
Abbreviations: DA, Dopamine; DAT, Dopamine Active Transporter; DBS, Deep Brain
Stimulation; L-Dopa – Levodopa; MAO, Monoamine Oxidase; VMAT, Vesicular Monoamine
Transporter.

It is beyond the scope of this thesis to comprehensively review the various modalities used in
the treatment of PD. The reader is referred to Jankovic & Poewe (2012) and Smith et al (2012)
for a more in-depth discussion of current evidence-based approaches to treating PD.

1.5.1

Pharmacotherapy
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Strategies to reverse the loss of dopaminergic functionality has historically been at the heart of
the treatment of PD. Interventions to increase dopamine availability are known to reduce the
physical symptoms of PD, although they are rarely able to achieve complete control (Seel &
Cifu, 2005). Prior to the introduction of levodopa in the 1960s, approaches to PD treatment
and management were limited at best (Katzenschlager & Lees, 2002). Advancements in our
understanding of the mechanisms driving the development of PD led to the identification of
the central role of dopaminergic receptors and to the discovery of levodopa, a precursor of
dopamine, as a means of treatment. Its efficacy was initially established by its capacity to
reverse akinesia in animal models (Carlsson et al., 1958; Carlsson, Lindqvist & Magnusson,
1957). Studies in patients subsequently confirmed that levodopa led to clinical improvement in
PD (Cotzias, Van Woert & Schiffer, 1967; see Katzenschlager & Lees, 2002). The biochemistry
of DA is shown in Figure 1.7.

Figure 1.7: Dopamine and its synthesis and catabolism (Figure courtesy of Professor N.Palmer).
Abbreviations: COMT, Catechol-O-Methyl Transferase; DOPAC, 3, 4-Dioxy-Phenylacetic Acid;
MAO, Monoamine Oxidase.
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Despite extensive research, the mechanism involved in delivering levodopa to the brain is not
fully understood (Rascol et al., 2011). Nor is it clear why the efficacy of levodopa decreases so
dramatically over time (Rascol et al., 2011). Motor fluctuations, dyskinesias and psychiatric
problems often develop, even in the first year of levodopa therapy, and sensory, autonomic,
cognitive and behavioural symptoms become increasingly prevalent over time. Moreover, the
length of time any one dose of levodopa is clinically effective diminishes as PD progresses
(Jankovic, 2002; Nutt et al., 1997; Raudino, 2001), mainly because of a shortened half-life of
levodopa in the striatum (Jankovic, 2002). This can be offset by increasing dosage but only at
the cost of exasperating side effects. These side effects include nausea, tachycardia and
orthostatic hypotension as well as central side effects such as dystonia, chorea and akathisia.
Jankovic (2002) has suggested three main reasons why the responsiveness to levodopa
declines over time:


Natural progression of PD with the loss of further dopaminergic neurons and terminals



Development of symptoms unrelated to the loss of dopamine, including depression
and freezing



Increased complications resulting from long-term levodopa therapy

One of the most common chronic side effects of levodopa is dyskinesia, which presents in a
variety of forms. These include peak-dose, diphasic and off-period dyskinesias (Vidailhet et al.,
1999). There is much variability between individuals in the type of dyskinesia experienced,
including dystonia, off-period dystonia, ballism and chorea, which present as a continuum
from dystonic and ballistic to choreic, as the involuntary movements spread in an ascending
manner from foot, to legs to upper limbs (Jankovic, 2002; Vidailhet et al., 1999). Myoclonus,
worsened tremor, akathisia and irregular movement disorders are uncommon dyskinetic
presentations (Vidailhet et al., 1999). The toxicity of levodopa and its potential capacity to
enhance neurodegeneration in PD remains a controversial topic (Olanow & Obeso, 2011;
Parkkinen et al., 2011)

Other than increasing the dopamine concentration in individuals with PD, there are other
options that can be utilised to increase levodopa efficacy, such as administering dopamine
agonists, facilitating greater dopamine release, inhibiting dopamine re-uptake and reducing
dopamine degradation (Jankovic, 2002). Dopamine agonists are effective in the early stages of
PD and are most often the first line of choice in the initial treatment of the disease (Smith et
al., 2012). However, adverse effects arise over the course of PD, including motor complications
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and non-motor symptoms that are often more severe than those produced by levodopa
(Antonini et al., 2009; Parkinson Study Group CALM Cohort Investigators, 2009; Smith et al.,
2012). Inhibitors of dopamine-metabolizing enzymes, such as COMT, can increase the half-life
of levodopa and reduce motor fluctuations (Smith et al., 2012), whilst MAO B-inhibitors can
enhance the effects of dopamine, including causing reductions in on-off motor fluctuations
and less freezing of gait (Shoulson et al., 2002; Smith et al., 2012).

Non-dopaminergic therapy (viz. anticholinergic drugs administered to modulate nondopaminergic systems and neurotransmitters) is associated with a range of adverse cognitive
and autonomic side effects, including constipation, urinary problems and memory loss and
provide only modest positive effects compared to levodopa (Smith et al., 2012). Direct
treatment of specific PD symptoms, neuroprotective therapy aimed at slowing the disease
progression and surgery are other therapeutic interventions in common use (Jankovic, 2002).
Studies in non-dopaminergic lesioned monkeys suggest the pedunculopontine nucleus (PPN) is
a prime site involved in gait and posture and thus is a potential target for treating postural and
gait abnormalities (Karachi et al., 2010).

Pharmacotherapy and surgical procedures are normally sufficient during the early stages of
disease to address the motor symptoms of PD but the progression of the disease and its
increasing severity often result in eventual disablement (Scandalis et al., 2001). Initial
treatment enables the disease to be well managed, but as a progressive disorder, primary
symptoms such as a coarse resting tremor, muscular rigidity, bradykinesia and postural
stability gradually deteriorate (Glendinning & Enoka, 1994; Scandalis et al., 2001).
Complications associated with the primary symptoms of PD, including a propensity to suffer
physical injury through falls as a consequence of PI, contribute to the physical deterioration of
patients with advanced disease (Scandalis et al., 2001).

1.5.2

Surgery

Increasing tolerance over time to levodopa has led to DBS surgery becoming a viable
treatment option to alleviate the symptoms of advanced PD. DBS is reversible and
programmable, and in a large, multi-centre study (Veterans Affairs Cooperative Studies
Programme), has been shown to improve quality of life and motor outcomes in PD, with few
adverse effects (Weaver et al., 2009). Falls, however, were found to be more frequent in
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patients treated with DBS compared to controls (Weaver et al., 2009). Reduced levodopa
dosage (Limousin et al., 1998; Weaver et al., 2009) and improved non-motor fluctuations have
been shown after bilateral subthalamic nucleus (STN) stimulation (Witjas et al., 2007). Bilateral
DBS is most often performed, although in cases of pronounced asymmetry of PD, unilateral
DBS can be very effective (Smith et al., 2012). Although the STN and the globus pallidus
internus (GPi) are the most common targets of DBS, other brain regions, such as the ventral
intermediate nucleus (Vim) and PPN, are currently being investigated as targets for DBS (Smith
et al., 2012).

High frequency DBS of gray matter targets, such as the GPi, has been shown to reduce tremor,
bradykinesia and rigidity, as well as suppressing levodopa-induced dyskinesias (LID’s) (Loher et
al., 2002; Nutt et al., 2001; Robertson et al., 2001). GPi and STN DBS have also been shown to
reduce postural sway (Rocchi et al., 2004), as determined by clinical rating scales such as the
UPDRS or its PIGD sub-scores. Stimulation of the PPN at a lower frequency (50-70 Hertz)
suggests that the PPN might be a possible target for improving postural instability and gait
difficulties in PD patients non-responsive to pharmacotherapy (Lozano et al., 2010). DBS can
improve a patient’s capacity to perform activities of daily living (ADLs), cardinal features and
drug induced dyskinesias, although side effects such as gait disorders, verbal fluency
impairements and depression have been reported (Rodriguez-Oroz et al., 2005).

1.5.3

Future Treatments

Gene therapy, cell-transplants and neuroprotective treatments are relatively new therapeutic
modalities that are the subject of ongoing research in PD as potential avenues for treatment in
the future. Further understanding of the genes implicated in PD and their interaction with
other aetiological factors, and the modes of action of neuroprotective agents and targets,
potentially opens up other avenues for treatment (Morley & Hurtig, 2010). Central to this
thesis, one other form of therapeutic intervention with considerable potential is exercise
training. Lau et al (2011), for example, report a neuroprotective effect of exercise in a chronic
MPTP-induced mouse model of PD. Following 18-weeks of exercise training, a significant
reduction in the loss of neuronal dopamine-producing cells was found, whilst movement
coordination and balance were also improved following training.
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1.6

POSTURAL CONTROL

1.6.1

Background

The primary focus of this thesis is the PI associated with PD and particularly the propensity for
PD patients with PI to suffer physical harm through falls. In this context, it is important that
current concepts of postural control and its impairment in PD are introduced. Postural control
is vital for the performance of efficient and effective goal-oriented tasks (Horak, Henry &
Shumway-Cook, 1997). The maintenance of postural control is primarily dictated by the
interaction of a multitude of sensory, motor and integrative systems within the CNS (Blümle et
al., 2006; Bugnariu & Fung, 2007; Lord & Sturnieks, 2005). The role of the CNS is to process and
integrate sensory inputs and then generate an appropriate motor response (Bugnariu & Fung,
2007). The dynamics of this interaction are not entirely understood. Basically, it is thought that
the integration of three interactive, multidimensional systems is required to effect postural
responses to changes in environmental conditions. These processes are (1) sensory signalling,
including proprioceptive, vestibular and visual signals, (2) a central threshold-like mechanism,
and (3) a sensory re-weighting system to resolve conflicting sensory inputs (Mahboobin et al.,
2005; Maurer, Mergner & Peterka, 2005; Mergner et al., 2005; Peterka, 2002).

Controlling the body’s centre of mass (CoM) in relation to its base of support is integral to
postural stability during both quiet stance and dynamic movements, and this control of
balance can be both reactive or proactive such that internal and external forces elicit
appropriate responses in the maintenance of postural control (Horak, Henry & Shumway-Cook,
1997). Anticipatory postural adjustments may negate a destabilising force or assist movement
initiation by acting to destabilise the body in the intended direction of movement (Adkin et al.,
2002).

1.6.2

Biomechanics of Postural Control

Postural control has been conceptualised as a function of muscle synergy patterns and
movement strategies (Horak & Nashner, 1986; Nashner 1977). Muscle synergies provide a
flexible mechanism whereby organised muscle activity is responsive to a common goal with
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the capacity to learn from former actions (Horak, Henry & Shumway-Cook, 1997). Movement
strategies, on the other hand, are the systematic co-ordination of muscle synergies, joint
torques and subsequent movements that elicit a postural response to maintain balance (Kuo &
Zajac, 1993). The ankle and hip movement strategies are two examples of the motions, forces
and torques produced around a joint to maintain stability. Horak, Henry & Shumway-Cook
(1997) describe movement strategies as CNS processes to achieve a behavioural goal reflective
of the current environmental situation and task objective. Additionally, the availability of
sensory information accessible from the surrounding environment that is perceptually
acceptable further constrains the implementation of postural strategies (Horak, Henry &
Shumway-Cook, 1997).

Horak (2006) has described six sub-components that comprise the postural system. These are
(1) biomechanical constraints, (2) movement strategies, (3) sensory strategies, (4) orientation
in space, (5) control of dynamics and (6) cognitive processing. The development of balance
impairments, and subsequent increased risk of falling, is primarily the result of an impairment
or pathology in these sub-components (Horak, Shupert & Mirka, 1989).

It has been long recognised that ageing leads to a decline in postural control systems, ageing
being strongly associated with an increased risk of balance disorders and falls (Horak, 2006).
The progressive loss of function in the sub-components of the sensorimotor system with
ageing leads to reduced postural stability (Lord & Sturnieks, 2005). With normal ageing, there
is a general decline in vision, vestibular sense and proprioception (Sturnieks, St George & Lord,
2008), and a number of studies have also found sensory integration and/or the capacity to
overcome discordant sensory inputs to be age-affected (Bugnariu & Fung, 2007; Deshpande &
Patla, 2007; Hay et al., 1996).

1.6.3

The Dopaminergic System and Postural Control

The processing of the sensory information integral to balance is one of the main roles of the
dopaminergic system in the basal ganglia (Cham et al., 2007). Age-related changes in the
dopaminergic system are significant, even in healthy adults, with ageing leading to a decline in
motor function, including gait and balance performance (Cham et al., 2007; Volkow et al.,
2000). The basal ganglia are thought to maintain the motor neurons in an active state of
readiness, which is important for postural stability, as it enables postural muscles to be
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recruited in a feedforward manner such that when a movement occurs, the individual is able
to alter their centre of pressure so as to maintain balance (Iansek et al., 1995).

1.7

POSTURAL CONTROL IN PARKINSON’S DISEASE

1.7.1

Background

PI is one of the four classical cardinal features of PD, and one of the most disabling features of
the disease, with instability and immobility and associated postural and gait impairments
progressively worsening as the disease progresses leading to a reduced quality of life (Jankovic
et al., 1990; Nallegowda et al., 2004; Visser et al., 2003). PI is typically associated with Hoehn
and Yahr Stage 3 and onwards (moderate to severe PD) (Jacobs et al., 2006). In PD, postural
control difficulties have been shown to be present during quiet stance (Horak, Nutt & Nashner,
1992), in response to unexpected perturbations (Horak, Frank & Nutt, 1996), and during
voluntary movements (Frank, Horak & Nutt, 2000).

1.7.2

The Central Nervous System and Postural Instability

The PI that typifies PD appears to be primarily the result of impaired motor functioning in
higher cortical areas (Boonstra et al., 2008). Research indicates that both efferent deficits, such
as disturbed motor programming within the basal ganglia, and afferent deficits are implicated
(Boonstra et al., 2008). Proprioceptive and somatosensory deficits (Valkovič, Krafczyk & Bötzel,
2006; Vaugoyeau et al., 2007) are implicated in PD and contribute to the fact that patients
with PD commonly overestimate their limits of stability (Kamata et al., 2007; Nallegowda et al.,
2004).

It has been suggested that the PPN plays a central role in postural control (Bronte-Stewart et
al., 2002). Studies on the PPN grouping of neurons in PD indicate PPN degeneration closely
correlates with the degeneration of dopaminergic neurons and the severity of PD symptoms
(Jellinger, 1988; Pahapill & Lozano, 2000; Zweig et al., 1989; Zweig et al., 1987). Primate
studies have demonstrated that axial symptoms (such as PI) in PD can be improved by PPN
stimulation. Similarly, PPN stimulation in PD patients has been reported to lead to
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improvement in axial motor symptoms (Jenkinson et al., 2006; Jenkinson et al., 2005; Nandi et
al., 2002; Stefani et al., 2007).

It is worth noting that clinical symptoms of PD occur when 60-70% of dopaminergic neurons
are lost, yet PI occurs as a later stage symptom of PD suggesting the involvement of nondopaminergic pathways (Chastan et al., 2008). Additionally, PD patients who have undergone
DBS surgery show improvement in postural control, whilst patients on ongoing dopamine
replacement therapy experience continuing deterioration in postural control (Rocchi et al.,
2004). The effect DBS has on PI, however, is generally recognised as requiring further
investigation (Morley & Hurtig, 2010; Weaver et al., 2009).

1.7.3

Asymmetries and Postural Control

The asymmetrical nature of PD, in particular its effect on gait and balance, impacts on balance
control in patients with the disease (Boonstra et al., 2008; van der Kooij et al., 2007).
Asymmetries in weight-bearing and dynamic stability have been detected in PD, but how
precisely these impact on balance requires further investigation (van der Kooij et al., 2007).
Whilst such asymmetries appear to be an inherent part of gait and balance impairments in PD
(Boonstra et al., 2008; van der Kooij et al., 2007), there is the suggestion that PI in PD patients
with asymmetrical prominent disease involving either the left or right sides of their bodies is
no worse than in patients with symmetrical involvement (Ganesan et al., 2010).

1.7.4

Stiffness and Postural Control

One of the prominent features of PD is body stiffness. A reduced ankle torque and trunk
rotation is central to the stiffening response to multi-directional support-surface perturbations
in PD (Carpenter et al., 2004). This stiffening response is thought to be the result of increased
response amplitudes at medium latency and in response to balance corrections, as well as
during agonist-antagonist co-contraction (Carpenter et al., 2004; Horak, Frank & Nutt, 1996).
Extraneous neuromuscular activity is also thought to contribute to the stiffening response,
with particular involvement of the gluteus medius, which contributes to exaggerated balance
correction responses (Carpenter et al., 2004).
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The axial stiffness displayed by patients with PD has important implications for postural
stability. It is believed the stiffening provides individuals with the benefit of having fewer
degrees of freedom to control, thus reducing static sway and assisting in the maintenance of
the base of support within the patient’s limits of stability (Grimbergen, Munneke & Bloem,
2004). On the other hand, the postural inflexibility in PD results in a diminished capacity to
maintain balance in response to external perturbations (Carpenter et al., 2004; Grüneberg et
al., 2004). Postural tremor has been shown to increase Centre of Pressure (CoP) excursions,
which are further increased by conventional therapies for PD despite these therapies reducing
tremor (Hagiwara, Hashimoto & Ikeda, 2004; Maurer et al., 2003). Studies by Nardone &
Schieppati (2006) on the impact of rigidity on the stability of patients with PD, however,
suggest that PD patients with a history of falls do not display a tendency to stiffen to minimize
reciprocal movements (Nardone & Schieppati, 2006).

1.7.5

Dual Tasking and Postural Control

As an adaptive response to the disease, the performance of skilled movements by PD patients
is thought to be intentionally completed more slowly and with reduced amplitude (Hallett &
Khoshbin, 1980). However, it is known that if patients focus on the performance of the task in
hand, the speed and amplitude of their movements can be improved to near normal values
(Morris et al., 1996). Consequently, when dual tasking conditions apply, postural stability
deteriorates due to the requirement to undertake diverse tasks (Morris et al., 2000). The
involvement of associative cortical areas, such as the supplementary motor area and the
premotor cortex, in central processing dysfunction has been suggested as a possible cause of
PI in PD (Marchese, Bove & Abbruzzese, 2003).

1.7.6

Postural Responses to Postural Instability

PD is classically associated with postural abnormalities, particularly stooping. The execution of
postural responses and the pattern of these responses, including the magnitude of responses
to various postural demands, are features of these abnormal postures (Bloem, van Vugt &
Beckley, 2001). Abnormal reflex patterns are characteristic of PD, including delayed onset
muscle activation, inappropriate activation amplitude and impaired activation sequencing
(Horak, Henry & Shumway-Cook, 1997; Toole et al., 1996). Typical postural responses in PD are
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hypometric (viz. abnormally small), as evidenced by the slow ascent of electromyographic
(EMG) activation and co-activation (Horak, Henry & Shumway-Cook, 1997). This presents
problems when the generation of large forces is required in response to large amplitude
movements (Horak, Henry & Shumway-Cook, 1997). Latencies and amplitudes to
perturbations that are abnormally modulated may be contributory factors to PI in PD (Toole et
al., 1996).

A deficit in postural reactions is a commonly recognised symptom of PD (Dimitrova, Horak &
Nutt, 2004). This deficit is a function of two components, inefficient control of feedbacktriggered corrective postural reactions (Schieppati & Nardone, 1991) and reduced anticipatory
changes in postural muscle activity (Bouisset & Zattara, 1987). The deficit – which results in
impaired anticipatory postural responses (e.g. impaired timing and magnitude of responses) –
is thought to be related to the feed-forward nature of postural control in PD (Beckley et al.,
1991), although this is far from certain (Latash et al., 1995b).

1.7.7

Sensorimotor Interaction and Muscle Strength in Postural Control

Sensory organisation is another functional component of postural control that, if impaired or
dysfunctional as it is in PD, can lead to impaired balance and PI (Nallegowda et al., 2004).
Proprioceptive deficits and the switching between different sensory signals provide postural
challenges for patients with PD (Brown et al., 2006; De Nunzio, Nardone & Schieppati, 2007;
Kamata et al., 2007). Recent research has shown that leg strength and power is reduced in PD
(Allen et al., 2009) and that patients with PI for reasons other than PD, show reduced motion
and weakness in the lower extremities (Studenski, Duncan & Chandler, 1991; Whipple,
Wolfson & Amerman, 1987). Despite some evidence of impaired ankle strategy and muscle
strength in PI (Toole et al., 1996), further investigation is required to evaluate fully the extent
of muscle strength impairment and its relationship to PI in PD and how this changes with
increasing disease severity.
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1.8

FALLING

One of the major consequences of PD – and a theme central to this thesis – is the propensity
of PD patients to experience falls. Up to 70% of PD patients experience falls, commonly on a
recurrent basis (Bloem, Steijns & Smits-Engelsman, 2003).
1.8.1

The Significance of Falling

Falling is a considerable problem for older people, and is a significant cost to both the faller
and society in general (Collerton et al., 2012). Fractures, head traumas, soft tissue injuries and
joint dislocations are some of the common injuries experienced by fallers (Tibbitts, 1996;
Tinetti, 2003). The consequences of falls, and in particular injurious falls, range from the need
for minor medical interventions through to hip replacements and other major surgery
(Tibbitts, 1996; Tinetti, 2003). Fall-related injuries compromise the quality of life in PD, restrict
activity, cause psychological distress and reduce the level of independence (Bloem et al.,
2004).

Recurrent falls lead to reduced balance confidence and mobility, loss of independence, and an
increase in sedentary behaviour, which in turn increase the risk of cardiovascular and
respiratory disease (King & Tinetti, 1995; Pickering et al., 2007). Furthermore, it is not
uncommon for recurrent fallers to have to move from their own homes into some form of
sheltered accommodation, including nursing homes (Hely et al., 1999; Robinson et al., 2005),
although some evidence suggests in elderly individuals that moving to a nursing home
environment may be linked to a 3-fold increase in the likelihood of falls (Rubenstein,
Josephson & Robbins, 1994).

1.8.2

Incidence of Falling in Parkinson’s Disease

Prospective surveys of PD suggest that 40%-70% of PD patients fall at least once a year
compared to 30% of healthy adults over 60 years of age (Ashburn et al., 2001a; Balash et al.,
2005; Bloem, Beckley & van Dijk, 1999; Bloem, Steijns & Smits-Engelsman, 2003; Campbell,
Robertson & Gardner, 1995; Charlett et al., 1997; Koller et al., 1989; Martínez-Martín et al.,
1997; Wood et al., 2002). Studies suggest that 25%-50% of PD patients experience recurrent or
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injurious falls (Bloem et al., 2001; Gray & Hildebrand, 2000; Wood, et al., 2002) and that PD
patients have a 9-fold higher risk of recurrent falls compared to age-matched controls (Bloem
et al., 2001).

1.8.3

Injury as a Consequence of Falling

A comprehensive US study suggests that PD patients are 30% more likely to report to hospital
with injuries compared to healthy adults, with lower limb injuries being far more common than
upper limb injuries (Pressley et al., 2003). A number of studies suggest that 23-65% of PD
patients experience an injurious fall, with 10%-75% requiring medical attention and 33%
sustaining a fracture (Balash et al., 2005; Wielinski et al., 2005). One study (Bloem et al., 2001)
suggests that soft tissue injuries are more common in PD patients without any associated
fractures. This has been interpreted as being consistent with most falls occurring indoors
where furnishings and soft carpets may cushion the impact of the fall. It is also suggested that
people with PD experience ‘low-energy’ falls because they move more slowly than normal
individuals (Bloem et al., 2001).

Injuries to the upper limbs are relatively rare in individuals with PD on hospital admission. This
has been interpreted as suggesting that the abnormally directed arm movements associated
with PD prevent patients from performing a counterbalance movement or from grasping a
support object that might otherwise elicit an upper limb injury (Carpenter et al., 2004;
Grimbergen, Munneke & Bloem, 2004; Morris, 2000). This is despite the normally important
role arm movements play as a protective strategy against balance perturbations in healthy
individuals (Maki & McIlroy, 1997). Individuals with PD have a tendency to display reduced arm
flexion in the forward-afterward direction and increased adduction in the medial-lateral
direction, causing them to be in neither a position to grasp something for support nor in a
position to oppose their movement (Carpenter et al., 2004; Grimbergen, Munneke & Bloem,
2004). Thus, instead of landing on the outstretched hand (and causing a possible wrist
fracture), individuals with PD fall with no protection from the upper extremities, and
consequently land on, and sustain injuries, to their lower limbs.

This possibly explains the high incidence of hip fractures in PD (Grimbergen, Munneke &
Bloem, 2004), which is 2-fold higher than in the general population (Johnell et al., 1992; Sato
et al., 2001). It needs to be borne in mind, however, that PD patients have higher rates of
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osteoporosis (Fink et al., 2008), which contribute to an increased risk of fractures (Wood et al.,
2002).

1.8.4

Fall Risk Factors

In identifying preventative strategies against falling in PD, it needs to be recognised that most
falls have a multifactorial aetiology (Ashburn et al., 2007; Tinetti, Speechley & Ginter, 1988).
The strategies used to combat falls in the general elderly population need to be refined to be
optimally beneficial to PD patients given the special factors that apply in falls in PD (Robinson
et al., 2005).

A history of falls in the previous 12 months, recent surgery, muscle weakness, the use of
multiple medications, PI, environmental factors and visual impairments are typical risk factors
for falls in the elderly population (Gardner et al., 2001; Hornbrook, Stevens & Wingfield, 1993;
Ivers et al., 1998; Tinetti et al., 1993; Tinetti, Williams & Mayewski, 1986). For PD patients,
disease-specific factors linked to PD contribute to the propensity for falls (Robinson et al.,
2005), including dyskinesias, FoG, postural disturbances, psychological trauma (including
depression), and reduced lower limb strength and agility. Additionally, orthostasis and
hallucinations and sleep disorders associated with Parkinsonian medication have also been
identified as falling risk factors (Gray & Hildebrand, 2000; Koller et al., 1989; Wood et al.,
2002).

A relationship exists between PD duration and the number of falls, which may be related to
progressive increased PI and the deterioration in postural reflexes (Ashburn et al., 2001a; Gray
& Hildebrand, 2000). The side effects of levodopa treatment, including dyskinesia, further
increase the risk of falling in individuals with PD (Ashburn et al., 2001a). With ageing and in
advanced stages of PD, reduced mobility is thought to limit opportunities for falls that might
otherwise affect younger and/or less severely disabled patients (Bloem, van Vugt & Beckley,
2001).

Falls occur, albeit less frequently, in the early stages of PD where it has been suggested that
five distinct intrinsic mechanisms are involved, namely abnormal posture, increased size of
perturbations, inadequate protective reflexes, rigidity and orthostatic hypotension (Charlett et
al., 1997).
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1.8.5

Predicting Falls in Parkinson’s Disease

Differentiating between fall risk factors and fall predictive factors is difficult and often the two
are used interchangeably. A history of multiple falls is a strong predictor of falls in the
following 3-month period, whilst a single fall occasion is less predictive (Ashburn et al., 2001b;
Wood et al., 2002). The commonly used pull test (retropulsion test) has been found to be of
little value in predicting falls, despite its widespread use in the assessment of PI (Bloem, van
Vugt & Beckley, 2001; Wood et al., 2002). Recent studies suggest the push and release test is a
better predictor of falling than the pull test when PD patients are in their ON state (Valkovič et
al., 2008).

Other studies suggest the UPDRS is limited in its capacity to predict falls in PD (Dibble & Lange,
2006) (but see Mak & Pang, 2009) and propose that using cut-off scores for the functional
reach test, the Berg Balance Scale (BBS), the Dynamic Gait Index (DGI), the Timed Up-and-Go
(TUG) and the Cognitive Timed Up-and-Go (CTUG) increases sensitivity (Dibble & Lange, 2006).
Applying cut-off scores may inadvertently result in more cases being over-treated, but this is
regarded as a risk that is worth taking (Dibble & Lange, 2006).

The concept of cut-off scores has been further expanded by Mak & Pang (2009), who suggest
that a cut-off score of 69 in the Activities-specific Balance Confidence (ABC) scale is a strong
predictor of future falls in PD, and that the ABC fear-of-falling assessment needs to be factored
in when assessing fall risk and prediction (Mak & Pang, 2008). It has been shown that disease
severity and the Romberg test are highly specific when used in combination with the history of
prior falls, but lack sensitivity, which might result in the mis-classification of fallers as nonfallers (Bloem et al., 2001). Although a history of prior falls is the best predictor of future falls,
with the cut-off point of two falls or more being a better predictor of falls than a single fall,
clinicians need to be aware that recall bias and other co-morbidities, such as dementia, affect
the sensitivity and specificity of this parameter as a predictive factor of future falls (Bloem et
al., 2001; Pickering et al., 2007). Other factors predictive of falls include increased duration of
PD, urinary incontinence, prolonged TUG times, cognitive impairment and loss of arm swing,
either unilaterally or bilaterally (Balash et al., 2005; Mak & Pang, 2008; Wood et al., 2002).
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1.8.6

Causes of Falls in Parkinson’s Disease

Despite the close link between PI and falls, it needs to be recognised that PI is not the only
reason why PD patients fall (Gray & Hildebrand, 2000). Equally, not everyone with PI falls, as
behaviour alterations, activity restriction and environmental conditions play a role in
determining whether an at-risk individual actually falls (Lusardi & Smith, 1997; Whitney, Poole
& Cass, 1998). There appears to be a complex U-shaped relationship between falls and disease
severity, which may in certain circumstances render disease severity a poor predictor of falls
(Pickering et al., 2007). The reason for the U-shape is thought to be that early-stage individuals
with PD typically are less affected by PI, whereas late-stage individuals are exposed to fewer
fall opportunities because of their more sedentary lifestyle (Yarnall, Rochester & Burn, 2011).
Balance in individuals with PD is often challenged by a number of factors, including FoG,
transfer difficulties and dual tasking (Grimbergen, Munneke & Bloem, 2004).

1.8.7

Gait Disturbances

Gait variability has been observed in PD, putatively linked to sudden motor blocks. Tremor and
small stride length whilst walking are more common manifestations of gait variability than
total akinesia (Hausdorff, Balash & Giladi, 2003; Schaafsma et al., 2003). FoG has been
postulated to result from the disruption of one or more central pattern generators
(Grimbergen, Munneke & Bloem, 2004). Sensory cueing has been suggested as a means of
interrupting the motor block and overcoming FoG, but the mechanisms underlying this are not
well understood (Achiron et al., 1993; Giladi et al., 2001a; Giladi, Kao & Fahn, 1997; Ziv et al.,
1999). Studies have shown that attentional processes are implicated in the FoG associated
with PD (Camicioli et al., 1998; Bond & Morris, 2000), including frontal attentional deficits
(Woollacott & Shumway-Cook, 2002). FoG in PD is linked to difficulties in turning, in particular
sudden turns, and in initiating step (Schaafsma et al., 2003; Vaugoyeau et al., 2003). It is also
related to disease severity and resistance to levodopa (Giladi et al., 2001a; Giladi, Kao & Fahn,
1997; Ziv et al., 1999).

Gait termination is thought to be a causative factor in falls in PD. Although most falls in PD are
in a backward direction (Carpenter et al., 2004; Dimitrova, Horak & Nutt, 2004; Dimitrova, Nutt
& Horak, 2004), falls forward has been reported (Bloem et al., 2004; Grimbergen, Munneke &
Bloem, 2004). Propulsion forward is a possible mechanism of falling in a forward direction,
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whereby the individual is attempting to ‘catch up’ with their trunk despite the cessation of
movement by the lower extremities. Additionally, gait festination might provoke a fall forward
by means of the trunk attempting to ‘catch up’ with the rapidly or uncontrollably moving lower
extremities (Giladi et al., 2001b). Stopping strategies have been shown to be compromised in
PD due the inability of PD patients to modulate both acceleration and deceleration forces and
associated impulses present when given a sudden stimulus to stop (Bishop, Brunt & MarjamaLyons, 2006).

1.8.8

Transfers

The capacity of an individual with PD to perform transfers safely has been shown to be
impaired, but the underlying mechanism is not fully understood (Stack & Ashburn, 1999).
Lower limb weakness has been suggested as a possible reason why rising from a chair or from
a lying position is difficult for people with PD. However, strength training that specifically
improves the strength of muscles involved in transfers has not yet been definitively established
to improve transfers. Cognitive movement strategies, whereby the movements of a particular
complex skill are broken down into a sequence of simple movements to be performed
consciously in a fixed order, has been shown to be effective in improving transfers in patients
with PD (Kamsma, Brouwer & Lakke, 1995; Nieuwboer et al., 2001).

1.8.9

Dual-Tasking

Balance in patients with PD when presented with the need to perform more than one task has
been the subject of significant research. In general, performing dual tasks appears to disturb
the postural stability of individuals with PD, a process that may be further enhanced in
individuals with a history of previous falls (Marchese, Bove & Abbruzzese, 2003; Morris et al.,
2000). Marchese, Bove & Abbruzzese (2003) have suggested that the reduced effectiveness of
cortical control leading to balance problems is a function of the attention shift or reduced
attentional capacity that affects individuals with PD during dual task performance. LaPointe,
Stierwalt and Maitland (2010) found a cognitive-linguistic demand disrupted gait parameters
of people with PD, which suggests that individuals with PD may have difficulties in walking and
talking simultaneously. However, the selection of patients in this study is questionable as over
70% of the participants were early-stage PD (Hoehn and Yahr Stage 2). Bloem et al (2000)
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suggests that dual tasking abnormalities in PD may be limited to, or more common in, patients
with PD–related cognitive impairment. Others, however, have confirmed a link between PI and
dual tasking (Ashburn et al., 2001a; Morris et al., 2000).

A posturographic study of the impact a concomitant cognitive (calculation) or motor task
(sequence of thumb to finger opposition) has on static balance in PD patients showed
significantly greater CoP sway in PD compared to sex and age-matched controls (Marchese,
Bove & Abbruzzese, 2003), and it has been suggested that individuals with PD might attempt
to compensate for their balance problems by using complex attention strategies (Marchese,
Bove & Abbruzzese, 2003; Morris, 2000).
1.8.10 Tripping

Tripping whilst walking is one of the most often cited causes of falling (Stack & Ashburn, 1999).
Tripping when ambulant, freezing or during gait festination, instability whilst bending or
reaching, instability during transfers and instability whilst walking or during an active task are
reportedly the most common causes of falling in PD (Ashburn et al., 2008). Distraction or
misjudgement are commonly involved in a large number of falls leading to the conclusion that
the use of cognitive strategies may be of preventative value (Ashburn et al., 2008).

1.8.11 Fear of Falling

Fear of Falling (FoF) is a form of debilitating psychological trauma common in PD (Adkin, Frank
& Jog, 2003; Peretz et al., 2006). FoF or a lack of balance confidence has been shown to be a
factor in 50-60% of reported fallers in various elderly populations (Tinetti, Richman & Powell,
1990; Tinetti, Speechley & Ginter, 1988). PI, gait impairment, reduced knee muscle strength
and a history of past falls have been shown to be determinants of FoF in PD (Bloem et al.,
2001; Jacobs et al., 2006; Mak, Pang & Mok, 2012). Clinical assessments such as the BBS,
tandem Romberg, TUG and the posture and gait sub-scores of the UPDRS have been shown to
correlate negatively with FoF (Adkin, Frank & Jog, 2003; Franchignoni et al., 2005; Lohnes &
Earhart, 2010).

There is evidence to suggest that not only is there an underlying physiological cause of
postural instability in individuals with PD, but that psychological factors may play a role
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(Franchignoni et al., 2005). Individuals with PD experience a greater FoF than their healthy
counterparts and have less confidence in their capacity to perform ADLs. Moreover, those with
lower balance confidence also display a greater degree of postural impairment. FoF is a major
fall risk factor (Mak & Pang, 2008) and its psychological consequences limit a patient’s capacity
to interact socially, and can precipitate a loss in self-confidence as individuals become socially
withdrawn, isolated and experience depression and anxiety. Additionally, affected individuals
can become wholly dependent on others and/or require admission to long-term care facilities
(Hely et al., 1999; Salkeld et al., 2000).

An important question is whether FoF increases the likelihood of patients with PD falling, or
whether it acts as a protective mechanism to prevent falls (Adkin, Frank & Jog, 2003;
Franchignoni et al., 2005; Mak, Pang & Mok, 2012). If FoF were to increase an individual’s level
of caution when undertaking ADLs or hazardous activities, then FoF may act as a means of
preventing falls and avoiding potential balance-endangering situations, and it is possible that a
reduction in activity as a result of FoF may lead to fewer opportunities to fall (Friedman et al.,
2002). However, it may be a destructive psychological complex, in that it may restrict the
mobility and independence of an individual with PD, which can have a deleterious effect on
their quality of life leading to functional decline and physical deconditioning, which may then
make the individual more susceptible to falling when s/he is mobile and active (Franchignoni et
al., 2005; Friedman et al., 2002; Mak, Pang & Mok, 2012). Furthermore, an absence of FoF in
those with PI may lead to falls and fall-related injuries (Nutt, Horak & Bloem, 2011).

Activity restriction as a consequence of FoF may possibly explain the higher incidence rates of
falls indoors (Bloem et al., 2001). Falls are more common in the early stages of PD when
patients have greater mobility and are more at risk of falling. As PI and FoF develop as PD
progresses, the consequent reduction in mobility may obscure the real relationship between
falls and disease duration (Bloem et al., 2001). FoF has been associated with an increase in
postural sway whilst in a quiet stance (Adkin, Frank & Jog, 2003) and may exaggerate postural
control alterations in challenging situations and so increase the potential of a fall (Adkin Frank
& Jog, 2003). It is evident that gaining a better understanding of the relationship between FoF,
PI, and falling is integral to developing strategies to overcome balance difficulties in PD (Adkin
Frank & Jog, 2003).

1.9

ASSESSMENTS OF POSTURAL CONTROL IN PARKINSON’S DISEASE
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1.9.1

Overview of Clinical Assessment

Posturographic studies are currently used diagnostically to complement traditional clinical
measures of balance in patients with PD. Standardised posturographic testing protocols and
quantifiable outcome measurements have contributed to an improved understanding of the
pathophysiology of the PI in PD (Grimbergen, Munneke & Bloem, 2004). Clinical evaluation of
balance has typically relied upon history taking, subjective questionnaires, observation of
various stances, and the pull test. History taking, however, can be unreliable, with patients
often inaccurate in their recall of factors that challenged their stability (Cummings, Nevitt &
Kidd, 1988; Magalhães et al., 1995). Moreover, the subjective nature of questionnaires, clinical
observations, and the pull test can contribute to a less than an accurate estimate of the level
of instability. These measures are poor predictors of falls and do not correlate well with
dynamic posturographic measurements (Bloem et al., 2001; Bloem et al., 1998a; Waterson et
al., 1993).

1.9.2

Pull Test

The pull or retropulsion test is widely used to rate the level of balance impairment in elderly
fallers with an abnormal response being a strong predictor of future falls (Clarke, Lord &
Webster, 1993; Koller et al., 1989). The test, however, is a poor indicator of balance
impairment in individuals with PD (Bloem et al., 2001). Despite good intra- and inter-rater
reliability (Martínez-Martín et al., 1994) and the simplicity and convenience of the test in PI, it
lacks definitive standardisation. In particular, there are variations in the way in which the test
is conducted, scored and normalised (Bloem et al., 1998a; Marchese, Bove & Abbruzzese,
2003; Visser et al., 2003). Bloem et al (1998a) and Marchese, Bove & Abbruzzese (2003), for
example, suggest that the lack of correlation, or at best, moderate correlation between the
results of the pull test and those of dynamic and static posturography, puts into question the
consistency and validity of the pull test. Furthermore, direction-specific postural impairments
have been shown in PD even in patients with normal pull test results (Ganesan et al., 2010). A
variation to the pull test has been suggested which may provide a more reliable measure of PI.
This involves a single unexpected shoulder pull coupled with the definition of abnormal being
changed to two or more corrective backward steps (Grimbergen, Munneke & Bloem, 2004;
Visser et al., 2003). It is because of the limitations of the pull test that this thesis uses the test
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in combination with a range of other measures, including dynamic and static posturography to
assess PI in PD.

1.9.3

Multifactorial Balance Assessment

A recent study (Jacobs et al., 2006) successfully used a number of balance tests in unison to
assess postural stability and balance confidence in individuals with PD with the goal of
determining whether using a combination of tests provides a better measure of postural
stability than the commonly used pull test. The background to this study was the belief that
individuals with PD fall in a variety of different circumstances, including during transfers, when
turning, as a result of an external perturbation, or during a FoG episode (Bloem et al., 2001).
Combining the one-legged stance and postural stability elements of the UPDRS has been
shown to provide a better measure of balance in PD than any one measure alone and to be a
better predictor of fallers (Jacobs et al., 2006). Brotherton et al (2005), similarly, have used the
BBS, TUG, semi-tandem stance time, timed chair rise time and the Mini Mental State
Examination (MMSE) in combination to compare postural stability in healthy older adults and
patients with PD.

A multifactorial approach has shown that abnormal posture, FoF, lower limb weakness,
impaired leaning balance and frontal lobe impairment are independent risk factors for falling
in PD (Latt et al., 2009). Combining the functional reach test and step test has been shown to
discriminate between patients with PD and age-matched controls and between fallers and
non-fallers in PD, whilst combining the tandem stance and single limb stance tests has been
shown to differentiate between PD fallers and healthy age-matched controls (Smithson, Morris
& Iansek, 1998). Combining a measure of disease severity with a history of falls has been
shown to predict recurrent fallers (Bloem et al., 2001), whereas a multifactorial approach using
the Balance Evaluation Systems Test and Functional Gait Assessment has been shown to
provide a reliable and sensitive measure of balance in PD (Leddy, Crowner & Earhart, 2011).
There is now a growing view (Dibble et al., 2008) that an approach based on the use of
multiple balance tests provides clinicians with a more accurate and balanced assessment of
the PI in PD and provides a means of differentiating between fallers from non-fallers.

1.9.4

Posturographic Studies
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Posturography, whereby postural control during an upright stance is quantitatively assessed by
measuring the exertion of forces against the ground as recorded by a force platform,
generates CoP plots that are reflective of body sway and the forces used to maintain an
individual’s centre of gravity (CoG) within his/her base of support (BoS) (Prieto et al., 1996;
Rocchi et al., 2006). A number of measures are in use in analysing CoP plots, including
descriptive and summary statistics of the CoP trajectory in both time and frequency domains
(Lafond et al., 2004; Maurer & Peterka, 2005; Prieto et al., 1996). The precise position of the
feet on the force platform, the repetitiveness of the task, the instructions given and the effects
of medication are variables that can influence the outcome of any posturographic assessment
(Nardone & Schieppati, 2010).

Five distinct CoP measures have been identified as reflecting the complexity of postural control
in PD (see Rocchi et al., 2006). Of these, frequency domain measures, measure of area and CoP
trajectory measures most accurately describe the postural behaviours of patients with PD.
Movements in both anterior-posterior (pitch) and medial-lateral (roll) directions are used to
identify balance problems in PD, with abnormal trunk movements and reduced mobility a
common element of the balance impairment experienced (Bloem et al., 2001; Bridgewater &
Sharpe, 1998; Stack & Ashburn, 1999).

Posturographic studies (Adkin, Bloem & Allum, 2005; Bloem et al., 2001) have demonstrated
that regardless of medication, individuals with PD display poor postural control during stance
tasks. Similarly, Menant et al (2011) found that patients with PD show reduced control of their
balance during leaning tasks compared to age-matched controls, although the PD participants
significantly improved their balance when under medication. Posturography has shown that
patients with PD demonstrate abnormal sway behaviour in quiet stance (Beuter et al., 2008;
Chastan et al., 2008), and that patients with untreated PD exhibit abnormal postural control
compared to age-matched control subjects (Mancini et al., 2011) (but see Frenklach et al.,
2009).

There are conflicting reports concerning the changes that occur in PD in postural sway during
stance tasks (Contin et al., 1996; Horak, Nutt & Nashner, 1992; Rocchi, Chiari & Horak, 2002),
which may be due to a number of factors, including changes over time in the effectiveness of
levodopa, the timing and type of assessment and the selection of research participants
(Carpenter et al., 2004; Menant et al., 2011).
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1.9.5

Dynamic Posturography

Dynamic posturography describes the assessment of an individual’s balance during external or
self-induced perturbations and involves the use of a variety of techniques, including the use of
a moving support surface, an externally applied stimulus, or self-inflicted postural alteration
(Frenklach et al., 2009; Visser et al., 2008b). Dynamic posturography offers clinicians an
objective and quantifiable assessment of postural control (Visser et al., 2008b), and is viewed
by many as being superior to clinical measures of PI due to its capacity to be standardised and
provide quantifiable and consistent results (Furman et al., 1993).

Dynamic posturography has been used in a number of studies of PD, including, for example,
assessing the effect of disease asymmetries on postural control (van der Kooij et al., 2007). Its
use has also been compared with other balance assessments, such as the functional pull test
(Bloem et al., 1998a). It has also been used as a means of establishing differential diagnosis
(Bloem et al., 1992), as a measure of postural sway (Frenklach et al., 2009), and in the
assessment of therapeutic interventions, including exercise (Hirsch et al., 2003; Toole et al.,
2005), DBS and pharmacotherapy (Colnat-Coulbois et al., 2005; Rocchi, Chiari & Horak, 2002).

The pathophysiology of falls has also been examined using a moving platform to assess multidirectional dynamic posturography. These studies show a tendency for PD patients to fall
backwards, and commonly in the mediolateral direction. They also show agonist/antagonist
co-contraction and heightened background muscle activity exceeding normal activity
predominating in the lower limbs, hip and trunk muscles (Carpenter, et al., 2004; Dimitrova,
Horak & Nutt, 2004; Dimitrova, Nutt & Horak, 2004).

Dynamic posturography indicates the existence of direction-specific impairments in PD, with
patients experiencing greater difficulty leaning in forward-right and backward-left directions
(Ganesan et al., 2010). These factors are thought to underlie the axial stiffening seen in PD
during dynamic stance (Carpenter et al., 2004). A FoF and changes in joint, muscle and
ligament elasticity as a function of age or reduced mobility are likely causative factors of the
axial stiffening typifying PD (Adkin, Frank & Jog, 2003; Carpenter et al., 2004; Dimitrova, Nutt &
Horak, 2004). Dynamic posturography confirms that PD patients have difficulty controlling
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their CoM at or near their outer limits of stability, which itself has been shown to be an
independent risk factor for falls in PD (Latt et al., 2009; Menant et al., 2011).

The sensory organisation test (SOT) is one of the most common dynamic posturographic
techniques in PD (Colnat-Coulbois et al., 2005; Ondo et al., 2000). Whilst standing on a moving
platform in a loose fitting harness, the SOT isolates incoming sensory information to assess its
relative contribution to dynamic stance (Nardone & Schieppati, 2010). However, questions
remain regarding the appropriateness of SOT as a measure of real-life fall scenarios (Bloem et
al., 1998a).
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1.10

PHYSICAL ACTIVITY INTERVENTIONS FOR POSTURAL INSTABILITY

Slowing the progression of PI in PD is clearly an important rehabilitation goal as it has the
potential to reduce falls and fall-related injuries that otherwise would have a deleterious effect
on the quality of life, morbidity and mortality of PD patients (Falvo, Schilling & Earhart, 2008;
Michalowska et al., 2005; Quittenbaum & Grahn, 2004; Williams, Watt & Lees, 2006).

1.10.1 Therapy Outcomes

The effectiveness of therapeutic interventions to reduce falls has normally been assessed by
examining their capacity to modify risk factors that predispose a patient with PD to fall
(Robinson et al., 2005). Various therapeutic interventions, including balance- and posturespecific training, gait training, resistance exercise training and aerobic exercise, have been
shown to have positive impacts on PI in PD through risk factor modification and improvements
in impairment-specific outcome measures (Hirsch et al., 2003; Lökk, 2000; Miyai et al., 2002;
Müller et al., 1997; Nieuwboer et al., 2001; Protas et al., 2005; Robinson et al., 2005). Despite
these positive findings, the long-term effects of therapeutic interventions on fall frequency are
not fully understood and appropriately designed (Kwakkel, de Goede & van Wegen, 2007)
large-scale, randomised longitudinal studies of patients with PD are required for the issue to
be resolved fully.

1.10.2 Exercise and Parkinson’s Disease

Physical activity is well known to lessen morbidity and mortality in a broad range of diseases,
including cardiovascular, respiratory and reno-vascular diseases, as well as cancer, obesity and
diabetes (Marcus et al., 2006; Warburton, Nicol & Bredin, 2006). As people age, physical
activity levels normally decline, but the rate of decline is more pronounced in PD with muscle
strength, balance and functional ability deteriorating at an accelerated rate compared to
healthy individuals (Fertl, Doppelbauer & Auff, 1993; Glendinning & Enoka, 1994). Physical
inactivity negatively impacts on the quality of life of PD patients, reducing their capacity to
perform ADLs and causing psychological distress (Glendinning & Enoka, 1994; Sutoo &
Akiyama, 2003). Patients with PD are reported to be 29% less active than their healthy
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counterparts (van Nimwegen et al., 2011) and to show a similarly reduced level of participation
in leisure activities (Ashe et al., 2009).

Exercise per se as a planned, structured physical activity has the potential to improve muscle
strength, physical functioning, gait, balance and mobility in people with PD (Allen et al., 2010;
Ashburn et al., 2007; Ebersbach et al., 2010; Ellis et al., 2005; Goodwin et al., 2008; Hirsch et
al., 2003; Lim et al., 2010; Yang et al., 2010). There is evidence that physical activity may also
prevent osteoporosis in PD as it does in healthy individuals (Bloem, van Vugt & Beckley, 2001;
Larson et al., 2006; Laurin et al., 2001). Exercise may also delay the onset of dementia and
depression in PD as it is reported to do in healthy elderly individuals (Dunn et al., 2005; Regan
et al., 2005). Animal work equally suggests that exercise may play a role in delaying PD
progression (Fisher et al., 2004; Tillerson et al., 2003), A recent meta-analysis of studies on the
effects of exercise on balance and number of falls in PD found that exercise and motor activity
significantly improved the performance of balance-related activities, but not the incidence of
falls (Allen et al., 2011).

There is general consensus that exercise improves PI in PD through Increasing dopamine
synthesis and release, promoting neuroplasticity and neuroprotection and by slowing neural
degeneration (Fox et al., 2006; King & Horak, 2009; Lau et al., 2011; Reuter et al., 2011; Sutoo
& Akiyama, 2003). It has been suggested that any exercise program developed for patients
with PD should incorporate, as cornerstones, the use of task-specific exercises, activities to
minimise mobility constraints and to promote sensory integration, flexibility and whole body
co-ordination (King & Horak, 2009; Kwakkel, de Goede & van Wegen, 2007). The specific
features of the prescribed exercise protocol influence the effectiveness of the program. Reuter
et al (2011), for example, found improvements in walking and exercise tests following specific
walking and Nordic walking training interventions in PD patients, whilst non-walking specific
exercise did not result in any improvement.

1.10.3 Gait Training

Gait abnormalities are some of the most disabling features of PD (Rogers, 1996), with the
appearance of Parkinsonian gait typified by reduced gait speed and stride length and a
propensity to shuffle (Blin, Ferrandez & Serratrice, 1990; Morris et al., 1994; Scandalis et al.,
2001). Difficulties with gait initiation, termination and festination, FoG, motor blocks and
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difficulties in turning, particularly sudden turning, are common problems in PD. Moreover, the
effectiveness of levodopa to treat gait irregularities is commonly reduced over time (Protas et
al., 2005).

Consistent with studies of gait and balance training in normal healthy elderly individuals
(Shumway-Cook et al., 1997), appropriately designed physical exercise protocols have been
shown to impact positively on gait in PD. Males in Stages 2 and 3 of the Hoehn and Yahr
staging of PD are reported to show a significant reduction in falls following an eight week gait
and step training intervention (Protas et al., 2005). This intervention included supported
treadmill walking in four different directions and responding to sudden stops of the treadmill
in various directions. Gait speed and cadence were also significantly improved following
training. Similar reports resulted from other treadmill training studies (Miyai et al., 2002; Pohl
et al., 2003).

1.10.4 Gait and Sensory Cueing

Cueing strategies and techniques have been shown to improve gait and quality of life in PD.
Improvements in gait speed, step length and balance have been reported through external
rhythmic or sporadic cueing, including visual and auditory inputs (Keus et al., 2007; Morris,
Iansek & Kirkwood, 2009; Nieuwboer et al., 2007; Wulf et al., 2009). Elston et al (2010) and
Morris, Iansek & Kirkwood (2009) have reported that cueing training improves quality of life in
PD.

A sensory attention-focused exercise program specifically designed for PD improves posture
and gait scores (based on UPDRS items 27-31) and step length and velocity in mildly to
moderately affected patients (Sage & Almeida, 2009). A significant improvement in motor
function was observed following the exercise program, which may be caused by increased
sensory stimulation within the basal ganglia or a rearrangement of cortical pathways as a
consequence of increased sensory feedback.

Patients with PD experience increased double support time during their gait pattern, which
studies in the healthy elderly suggest may be associated with increased propensity for falls
(Mbourou, Lajoie & Teasdale, 2003; Scandalis et al., 2001). Some authors (Mbourou Lajoie &
Teasdale, 2003), by contrast, suggest that the increased time spent in double support acts as a
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compensatory mechanism to avoid falls. The use of cadence-matched music to accompany
walking exercise has been shown to improve gait velocity, cadence, stride time and the
severity of motor symptom impairment through increasing the affective arousal of
participants, with the music being selected deliberately based on the patient’s tastes and
familiarity (de Bruin et al., 2010). It is suggested that the music acts not as a form of external
pacemaker, but as suggested by Sacrey, Clarke & Whishaw (2009) by increasing arousal by
activating the non-lemniscal pathway of the auditory system and bypassing the deficient basal
ganglia.

Balance intervention strategies typically focus on activating compensatory mechanisms in the
visual and auditory systems, which are systems of particular significance in PD because of
dysfunctional central processing of proprioceptive feedback (Azulay et al., 1999). The
application of visual and auditory cueing training techniques has been shown to enhance the
balance and mobility of patients with PD (Azulay et al., 1999; Marchese et al., 2000; McAuley,
Daly & Curtis, 2009; Miller et al., 1996). Visual cueing strategies should also be considered as a
means of resolving the cognitive impairments associated with impaired visuospatial
perception, a common deficit and source of falls in PD (Robinson et al., 2005). It needs to be
recognised, however, that cueing affects different patients in different ways, and can act as a
distraction, and as such, could potentially increase the likelihood of falls or near falls (Arias &
Cudeiro, 2008; Willems et al., 2006).

1.10.5 Treadmill Training

A review of the use of treadmill training in PD (Mehrholz et al., 2010) concluded that gait
hypokinesia is improved following a treadmill training intervention with improvements in gait
speed, stride length and walking distance. A treadmill-based exercise program also leads to
improvements in balance, gait, fall risk, quality of life and capacity to perform ADLs (Cakit et
al., 2007; Canning et al., 2012; Toole et al., 2005). In addition, there is evidence that disease
severity and quality of life is improved following treadmill training (Herman, Giladi &
Hausdorff, 2009). A greater improvement in functional mobility is reported in bodyweight
supported treadmill training compared to non-bodyweight supported training (Miyai et al.,
2002; Pohl et al., 2003). It has been suggested that treadmill training can elicit gains in
cardiovascular function and pace retraining (Herman et al., 2007; Skidmore et al., 2008), motor
learning, and corticomotor excitability (Fisher et al., 2008; Protas et al., 2005).
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A rehabilitation program combining treadmill training and auditory and visual cueing is
reported to significantly improve gait speed and stride cycle in patients with PD compared to
patients receiving only auditory and visual cue training (Frazzitta et al., 2009). Significant
improvements in UPDRS motor scores occurred in both rehabilitation groups, suggesting that
not only is sensory cueing important in gait functioning in PD, but that treadmill training
provides additional improvement in gait parameters (Frazzitta et al., 2009). Combining
treadmill training, which reduces falls (Protas et al., 2005; Rubinstein, Giladi & Hausdorff,
2002), with external stimuli such as auditory and visual cues is thought to encourage greater
flexibility and adaptability in gait, potentially reducing freezing episodes and improving the
dynamic stability of patients with PD.

Studies in rodent models of PD support the view that aerobic treadmill training is beneficial
with improvements in balance and motor performance as a result of the intensive treadmill
training (Petzinger et al., 2007). This is possibly because the effect of exercise training is to
enhance the neuroplasticity and encourage an increase in dopamine availability, with a
number of neurotrophic factors activating regulatory pathways to influence synaptic plasticity
and dopamine neurotransmission (Alberts et al., 2011; Cohen et al., 2003; Petzinger et al.,
2007). Similarly, studies in mice show a protective effect of running training on dopaminergic
neurons as a result of the brain-derived neurotrophic factor pathway activation, rather than
the modulation of inflammation (Wu et al., 2011).

1.10.6 Movement/Amplitude Training

Movement/amplitude training, a novel training therapy that involves movements with large
amplitude, has been shown to improve the speed of functional reaching in patients with PD
(Farley & Koshland, 2005), and may have applicability for other tasks to improve speedamplitude scaling responses. Farley and Koshland (2005) found that generalised training of
amplitude – involving intensive training in large amplitude movements of the whole body with
a focus on the sensory awareness of ‘big movements’ – reduces upper and lower limb
bradykinesia and hypokinesia in patients with PD, a conclusion supported by a recent study
using UPDRS motor score as a measure of performance (Ebersbach et al., 2010). Patients with
PD have an impaired capacity to scale appropriately the magnitude of voluntary arm muscle
activation (Beckley, Bloem & Remler, 1993). Impaired cortical activation leading to disturbed
motor unit recruitment and discharge rate may be the cause of the reduced neural drive and
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muscle strength, which in turn may explain why patients with PD inappropriately scale
movements (Glendinning & Enoka, 1994).

Horak, Frank and Nutt (1996) have reported reduced postural torque response, particularly in
response to large displacement amplitudes in patients with PD. Whereas ankle dorsiflexor and
tibialis anterior muscle activity is similar in PD to that in healthy aged-matched controls,
activity in the gastrocnemius and ankle extensor muscles is different (Dietz & Colombo, 1998).
Inferior muscle activity modulation and/or centrally mediated mechanisms may be involved in
such differences (Toole et al., 2005). There is reason to believe that lower limb amplitude
training may improve the postural control of patients with PD by improving aspects of muscle
activation, such as burst duration and amplitude or agonist/antagonist temporal activation, to
elicit more appropriate scaling responses (Farley, Sherman & Koshland, 2004; Pfann et al.,
2001). Furthermore, the early non-use, or sub-optimal usage, of muscle activity may
contribute to the progressive degeneration symptomatic of PD (Farley & Koshland, 2005).This
is a conclusion supported by studies in animal models (Fisher et al., 2004) which have shown
that continued training of the impaired limb/s throughout disease progression may reverse or
slow motor degeneration.

1.10.7 Resistance Training

Resistance training is beneficial in PD because it addresses one of the main causes of PI,
reduced muscle strength. Reduced lower limb muscle strength is known to be implicated in PI
in healthy, older adults where PI is associated with increased postural sway as a result of
reduced ankle, quadriceps and hamstring strength (Lord, Clark & Webster, 1991; Whipple,
Wolfson & Amerman, 1987). Muscle strength in PD has been explored in a number of
investigations. Koller and Kase (1986), for example, showed that patients with PD experience
reduced knee extension and flexion torque values compared to age-matched controls. The
rate of force production (Aagaard, 2003) and the maximal muscle strength (Toole et al., 2000)
of the lower limbs are thought to be integral in maintaining balance in response to
perturbations and impairments, and may contribute to PI as well as the risk of falls in patients
with PD (Nallegowda et al., 2004).

Diminished lower limb strength and reduced peak torque generation about the hip, knee and
ankle are features of patients with PD (Corcos et al., 1996; Falvo, Schilling & Earhart, 2008;
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Goodwin et al., 2008; Inkster et al., 2003; Kakinuma et al., 1998; Paul et al., 2012). The
reduction in muscle strength in PD is thought to result from the interplay of a multitude of
factors (Hass, Collins & Juncos, 2007). Disturbed muscle activation (Glendinning & Enoka,
1994) and exaggerated sarcopenia (Garber & Friedman, 2003; Hass Collins & Juncos, 2007)
may be responsible for muscle atrophy and reduced mobility and physical functional capacity,
leading to activity restriction and the sedentary lifestyle common in patients with PD (Scandalis
et al., 2001).

It has been shown (Scandalis et al., 2001) that an 8-week resistance training program for
patients with Stage 2-3 PD (Hoehn & Yahr Scale), which focuses on lower limb exercises, leads
to significant improvements in abdominal strength and performance of leg exercises. This
suggests that resistance training may be an effective means of reducing PI in PD. Other studies,
which also report a reduction in the rate of near falls (Ashburn et al., 2007) and an
improvement in FoG and sit-to-stand time (Allen et al., 2010), also support this conclusion.
However, questions remain whether resistance training has any significant effect on mobility
and balance confidence (Schilling et al., 2010).

High-force eccentric resistance training has also been shown to improve muscle volume and
force, as well as functional status, as assessed by a 6-minute walk and stair ascent/descent
time (Dibble et al., 2006). Moreover, resistance training in PD improves equilibrium and knee
flexion and extension strength (Toole et al., 2000) and leads to greater bone mineral density.
The latter is an important benefit considering the susceptibility of patients with PD to falls and
consequent fractures (Falvo, Schilling & Earhart, 2008).

Combining strength training with creatine supplementation enhances muscle mass, strength,
endurance and power in both healthy, older adults (Brose, Parise & Tarnopolsky, 2003) and
patients with neuromuscular disorders (Tarnopolsky & Martin, 1999). In PD, resistance training
increases upper and lower body strength and improves muscular endurance and fat free mass;
but combining training with creatine supplementation leads to additional benefits in terms of
improved functional sit-to-stand time (Hass, Collins & Juncos 2007). Combining resistance
training with balance training improves both muscle strength and balance – patients with
combined strength and balance training show greater improvement compared to individuals
receiving strength or balance training alone (Hirsch et al., 2003).
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1.10.8 Balance-Specific Training

The role of specific balance training as a therapeutic intervention method of improving balance
in PD has received surprisingly little attention considering the volume of research on other
exercise programs. Significant reductions in falls and near falls; improvements in functional
motor abilities, clinical measures and quality of life (Ashburn et al., 2007; Nitz & Choy, 2004);
and improvements in functional balance, balance confidence, postural transfer ability, the
Geriatric Depression Scale and balance control (Smania et al., 2010) are evidence of some of
the benefits of specific balance training programs in PD. A recent review concludes that highly
challenging balance training is particularly beneficial in improving balance in PD (Allen et al.,
2011).

Paradoxically, improvements in mobility in PD as a result of balance training programs, despite
being associated with positive changes in PI, may actually increase the likelihood of falls
(Boonstra et al., 2008). This suggests that balance parameters need to be considered when
evaluating the effectiveness of exercise interventions.

1.10.9 Tai Chi

A novel approach to improving the balance, gait and mobility of patients with PD is Tai Chi, a
martial art involving slow, controlled movements of the whole body, maintenance of various
postures and deliberate, controlled breathing (Hackney & Earhart, 2008; Lee, Lam & Ernst,
2008). Twenty one-hour Tai Chi sessions are reported to lead to improvements in the BBS,
TUG, tandem stance test, six minute walk and UPDRS score (Hackney & Earhart, 2008) as
indicated previously by a pilot study (Li et al., 2007).

A comparison of the benefits of Tai Chi to resistance training or stretching training in PD, using
maximum excursion and directional control in a limits-of-stability test as a primary assessment
outcome and functional reach, the TUG, the UPDRS motor score and number of falls as
secondary measures shows that Tai Chi leads to consistently better primary assessment
outcomes than either resistance training or stretching training alone, and to better secondary
outcomes compared to stretching training (Li et al., 2012). Further research, however, is
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needed to quantify precisely the effects of Tai Chi (Lee, Lam & Ernst, 2008), and to understand
its mode of action on PI.
1.10.10 Whole Body Vibration

There has been some research on whole body vibration (WBV) as a therapeutic approach in
PD. Comparing WBV with conventional physiotherapy using the Tinetti balance scale score,
functional stand-walk-sit test, UPDRS motor score and the functional pull test indicates that
WBV, whilst being a safe and an effective therapy option to improving balance, does not lead
to any better outcomes compared to conventional physiotherapy (Ebersbach et al., 2008).

1.10.11 Dance

Recent studies have observed significant improvements in the balance and mobility of patients
with PD as the result of dancing (Hackney & Earhart, 2009; Hackney et al., 2007). Specifically,
dance activities over 13 weeks (tango and waltz/foxtrot) resulted in significant improvements
in the BBS score and six-minute walk distance, with the tango providing greater benefits,
although both styles of dancing led to improvements (Hackney & Earhart, 2009).

Contact improvisation, a form of partnered dance developed for social dancing, performance
art and therapy (Marchant, Sylvester & Earhart, 2010), integrates various forms of feedback,
rhythmic cueing and movement, and is associated with shifts in weight, with and without
support. Contact improvisation has been shown to improve functional balance and UPDRS
motor score in PD (Marchant, Sylvester & Earhart, 2010), and potentially, provides a safe,
alternative method of dance for patients with PD.

Dancing is thought to facilitate the use of cueing through the involvement of music, the
learning of specific movement strategies, multi-tasking and the dynamic control of balance
(Earhart, 2009). The social nature of dance, its enjoyment and the requirement for teamwork
and organisation seem to generate benefits for patients with PD in terms of the acceptability
of exercise, quality of life and reduced anxiety and stress (Earhart, 2009; Federici, Bellagamba
& Rocchi, 2005). Further research is required to understand more fully how the various
components of dance interact in generating benefits for patients with PD.
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1.10.12 Physical Activity Interventions in PD – The Current State of Play

The preceding discussion has focused on the benefits of exercise training of various kinds as a
non-pharmaceutical approach to improving PI in patients with PD. Approaches such as gait
training, gait and sensory cueing, treadmill training, movement/amplitude training, resistance
training, balance-specific training, Tai Chi, WBV and dance therapy have each been shown to
be beneficial, albeit in different ways. To gain a better understanding of these benefits
requires future studies to be longitudinal, involve statistically substantial sample sizes, employ
therapy-specific outcome measures, and of particular relevance to this thesis, develop PDspecific assessment parameters that can be reliably applied across PD populations (Kwakkel,
de Goede & van Wegen, 2007). Future studies need to focus on understanding what modalities
of exercise training best suit different individuals, defining the optimal intensity, frequency and
duration of treatments and exploring the mechanisms underlying the effects of exercise
training on PI in PD.
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1.11

AIMS AND OBJECTIVES OF THIS THESIS

This study aims to investigate, firstly, the circumstances surrounding falling in a large
community-based cohort of patients with idiopathic PD. The study involves a survey of
patients about their fall experiences to establish the incidence of falling and identify factors,
including FoF, reduced levels of physical activity and walking assistance requirements, which
may indicate an increased risk of falling in a group which is known for its postural instability.

Secondly, the study uses a combination of assessment measures to examine the extent of PI in
patients with PD. The aim is to discriminate between fallers and non-fallers, using clinical
assessment measures (viz. BBS, ABC, SES, TUG and the pull test) and other variables (viz. age,
gender, disease duration and severity) as a way of providing an assessment of balance. In
doing so, the study assesses the sensitivity of clinical measures of balance and mobility and
examines whether a combination of tests provides a more accurate assessment of balance
than any one measure on its own.

Posturography has been shown to be a quantifiable measure of balance, and this thesis uses
measures of static and dynamic balance to examine fallers and non-fallers in PD, the aim being
to examine the relationships between posturographic variables and clinical measures of
balance and mobility.

Finally, this study examines the safety and efficacy of a novel exercise training method, Pilates,
to establish to what effect this type of program influences balance, mobility, and disease
severity in a small cohort of patients with PD.
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CHAPTER 2

A RETROSPECTIVE SURVEY OF POSTURAL INSTABILITY AND FALLS IN A COMMUNITY-BASED
PARKINSON’S DISEASE COHORT
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2.1

INTRODUCTION

Postural instability is a major factor underlying the propensity of PD patients to fall and suffer
consequent injury. Up to 68% of patients with PD fall each year (Schrag, Ben-Shlomo & Quinn,
2002; Wood et al., 2002), with almost 50% experiencing multiple falls each year (Bloem et al.,
2001; Grimbergen, Munneke & Bloem, 2004).

The increased incidence of falling in PD is thought to be associated with a number of risk
factors (Robinson et al., 2005). The normal ageing process affects postural stability through
sensory impairment, reduced lower-limb muscle strength, abnormal postural reflexes, and
exacerbates the effects of the PI associated with PD. Other PD-specific factors, including
dyskinesia, FoG, postural disturbances and psychological trauma, including depression,
contribute to a heightened risk of falling in PD (Gray & Hildebrand, 2000; Koller et al., 1989;
Wood et al., 2002). However, not everyone with PD that experiences PI falls. Near falls, where
an individual almost falls but is able to prevent an actual fall, are highly prevalent. Ashburn et
al (2001a) found that 60% of fallers with PD and 61% of non-fallers experienced near falls.
These findings suggest that any assessment of PI in PD needs to factor in both falls and near
falls. Moreover, near falls may be a predictor of a propensity to fall in the early stages of PD
and thus an indicator for early interventions (e.g. posture and balance training).

Exercise and physical activity have been shown to improve the postural control of patients
with PD (Dibble, Addison & Papa, 2009) and so may significantly lessen the risk of falls. The
mechanism underlying the effect of physical inactivity on falling is not clear. However, there
may be direct effects of exercise on balance and posture. Exercise may also act by changing
the lifestyles of patients with PD so that they become less sedentary; a sedentary lifestyle is
known to lead to physical deconditioning and muscle weakness, which may increase the risk of
falls. On the other hand, those who lead sedentary lives are less likely to be exposed to
situations where a fall may occur as opposed to those who are physically active and may be
exposed to more fall opportunities (O’Loughlin et al., 1993).

Documenting fall events as a clinical tool is reported in the literature (Ashburn et al., 2001a;
Stack & Ashburn, 1999), and measuring the incidence of falls has been shown to be useful in
allowing therapists and clinicians to target specific postural abnormalities in patients with PD
(Ashburn et al., 2008). It has previously been shown that patients with PD have the capacity to
recall the incidence of falls and the circumstances surrounding them (Stack & Ashburn, 1999),
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suggesting that a questionnaire-based survey may be one approach when exploring the
incidence of falls and near falls in patients with PD.

The present study uses self-reported survey data to determine the frequency of falling and the
level of PI in a community–based cohort of patients with idiopathic PD. As such, the study is
the largest of its kind undertaken to date (n = 136). A 16-item questionnaire provided
information on the frequency of falling and near falls, the level and type of physical activity,
the use of walking aids, as well as a range of other measures in patients with PD. Many of
these measures have not previously been assessed in combination in such a large cohort of
patients. The following questions are addressed in this study:


What is the prevalence of falls and near falls in PD in a cohort of patients with PD in
Western Australia?



What lifestyle factors may contribute to the incidence of falls and near falls in the PD
cohort?
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2.2

METHODS

2.2.1

Demographics of Participants

One hundred and eighty PD patients attending the Centre for Neuromuscular and Neurological
Disorders clinic (CNND) at the Australian Neuromuscular Research Institute (ANRI) in Perth,
Western Australia were initially approached. Of these, 136 individuals responded and were
selected for further study. The participants provided written consent to participate in the
study, which was approved by the Human Research Ethics Committee of the Sir Charles
Gairdner Hospital (SCGH), Perth.

Of the recruited participants, six were subsequently excluded from the analysis: five on the
grounds that they had undergone DBS surgery, and at the time of the study, had deep brain
stimulators inserted; one on the grounds of uncertain diagnosis based on self-reporting.

2.2.2

Experimental Design

A 16-item questionnaire (Appendix 3) was developed as an instrument to obtain information
on the incidence of falls over the past two years. A fall was defined as any event causing the
person to come to rest unintentionally on the ground (Ashburn et al., 2001a). The participants
were asked to describe falls in terms of resulting injuries, fall location (viz. indoors or
outdoors), the cause of the fall, the time of day of the fall, and the direction of the fall. The
questionnaire also asked the participants to report on their personal levels of physical activity
and any general activity (any outside activity other than a defined bout of exercise), walking
assistance requirements, FoF, any activity restriction as a result of FoF, and the occurrences of
near falls - the latter being defined as occasions when an participant almost fell but was able to
prevent him/herself from falling to ground (Stack & Ashburn, 1999).
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2.2.3

Data Analysis

The data was collated into an Excel spreadsheet and each individual’s data set was randomly
assigned a code number so as to make the analysis anonymous. This data was evaluated to
determine the percentage of participants categorised according to each of the variables as well
as age and gender. Apart from age, all variables were analysed for their association with falling
status separately using the Fisher’s exact tests. Age was analysed by t-test. Joint analyses
adjusting for other variables were carried out by logistic regression with falling status as the
response.
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2.3

RESULTS

Analysis of the 16-item questionnaire completed by the study participants showed that over
50% had experienced at least one fall event over the previous two years.

2.3.1

Characteristics of Participants

Based on responses to the questionnaire, respondents were classified as fallers (viz.
participants who had experience a fall in the previous two years) (n = 69) or non-fallers (n =
61). Perhaps predictably, there was a highly significant (p < 0.001) association between falling
and experiencing near falls with fallers being highly likely to have a history of near falls and,
similarly, those never experiencing near falls being unlikely to have experienced falls. The
gender and age characteristics of the fallers and non-fallers are shown in Table 2.1

Of the total cohort, 111 (85%) were found to have experienced falls and/or near falls. Amongst
the non-fallers, 34% stated that they rarely experienced near falls, 31% that they sometimes
experienced near falls and 3% that they frequently experienced near falls. Amongst the fallers,
only three (4%) had not experienced near falls over the previous two years.

2.3.2

Circumstances of Falls

The fall events experienced were categorised on the basis of the location of the fall, time of
fall, activity before falling, and cause of the fall (Table 2.2).
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Table 2.1: Features of PD patient cohort (n = 130).

All

Fallers

Non-fallers

130

69 (53%)

61 (47%)

Female

54 (41%)

31 (45%)

23 (38%)

Male

76 (59%)

38 (55%)

38 (62%)

Mean

66.8±8.1

68.3±7.8

65.0±8.3

Range

46-84

54-84

46-82

Numbers of subjects
Gender

Age

Mean±Standard Error

Table 2.2: Analysis of the circumstances underlying fall events in 69 PD fallers.

Location

Time

Activity

Cause

Inside the Home

Outside of Home

48%

52%

Morning

Afternoon

Evening

46%

46%

8%

Walking

Turning

Standing

53%

40%

7%

Tripping

Dual

Freezing

tasking/Distracted
42%

34%

Light
headed/Dizziness

17%

7%
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Frequent fallers, in particular, are known to have difficulty in precisely recalling the details of
past fall events. This detracts from the overall robustness of our findings. However, from the
results obtained (Table 2.2), it appears that falls are just as likely to occur indoors as outdoors.
They occur more frequently in the mornings or afternoons, and only rarely at night. In terms of
the activity and body orientation at the time of the fall, falls are just as likely to occur whilst
walking as during turning, and only rarely whilst the subject is standing still. Tripping over an
obstacle or being distracted/dual tasking are the most frequently cited causes of falls
compared to FoG, being dizzy or light headed or being bumped or pushed.

Almost 61% of fallers reported experiencing injuries as a result of their falls. Most respondents
listed only one injury as a result of falling, even though some had experienced 10 or more falls.
Of the participants who reported an injury, 42% reported requiring medical attention. The
majority of the participants reported sustaining bruising and abrasions, the extent of which
was difficult to quantify based on questionnaire responses. The more serious injuries included
dislocated or fractured shoulders (9% of fallers), broken teeth (5%), fractured ribs (2%) and
ligament and/or nerve damage (12%).

2.3.3

Impact of Falls on Fear of Falling and Activity Restriction

Seventy percent of all participants reported a FoF. FoF was greatest in fallers with 88% of
fallers reporting a FoF compared to 49% of non-fallers. Of those participants reporting a FoF –
of which 67% were fallers – approximately half reported a reduction in activities as a result of a
FoF.

Of those participants who restricted their activities as a consequence of a FoF, 16% reported
restricting their ADLs; 12%, their participation in exercise; and 12%, both their ADLs and
participation in exercise. A further 9% reported they had become more physically cautious in
their day-to-day lives. Overall, fallers showed a statistically significant (p < 0.001) reduction in
all reported measures of activity (viz. ADLs, exercise, ADLs in combination with exercise).
Fallers were more likely to restrict their activities, with adjusted joint analysis showing a strong
relationship existing between (a) falling and the numbers of participants restricting both their
ADLs and participation in exercise (p = 0.03), and between (b) falling and a more cautious
approach to daily living (p = 0.03).
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Figure 2.1 shows the patterns of activity restrictions in fallers and non-fallers. Consistent with
their lower FoF, only 35% of non-fallers reported restricting their activities with 16% restricting
their ADLs; 7%, their exercise; 2%, both their ADLs and exercise; and 10% becoming more
physically cautious in their day-to-day lives. Figure 2.1 shows that non-fallers restricted their
ADLs to about the same extent as fallers but non-fallers showed less restriction compared to
fallers in exercise and exercise and ADLs in combination.

Fallers were also far more likely not to participate in outside activities compared to non-fallers
(Figure 2.2). Over half (62%) of all the participants reported undertaking activities outside of
their homes, including 51% of fallers and 74% of non-fallers. Amongst non-fallers, 26% (16
participants) did not participate in outside activities.

Figure 2.1: Proportions (%) of fallers and non-fallers reporting restrictions to different types of
activities.
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Figure 2.2: Proportions (%) of fallers and non-fallers with or without outdoor activities.

Despite the high prevalence of falls and near falls across the cohort, only 30% of the
participants surveyed reported using some form of walking assistance. Analysis of the data
(Figure 2.3) shows that fallers were significantly more likely to use some form of walking
assistance device (Fisher test p = 0.0045) compared to non-fallers. However, 10% of non-fallers
reported using a walking aid.

2.3.4

Exercise Participation amongst Fallers and Non-fallers

Although 82% of the participants surveyed reported doing some form of exercise, almost half
(47%) exercised at levels less than recommended in the National Guidelines. The current
recommendation for older adults in Australia is a minimum of 30 minutes of moderateintensity physical activity on most, if not all days (Sims et al., 2006).
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Figure 2.3: Proportions (%) of fallers and non-fallers with different types of walking assistance.

Figure 2.4: Proportions (%) of fallers and non-fallers performing exercise at different levels of
activity.
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Overall, the survey shows that non-fallers reported exercising more than fallers (Figure 2.4).
Analysis of the data using the Fisher test to compare the proportions of fallers across the four
levels of exercise shows a statistically significant relationship (p = 0.026) between the amount
of exercise of all forms and the propensity for falls. Using joint logistic analysis, the statistical
significance is 0.0036.

Of those participants that reported taking regular exercise, only 11% reported undertaking
specific balance/posture exercise activities and only 1% reported performing specific
resistance training. Of those that reported exercising for more than 7 hours per week, 62%
undertook a combination of exercise types, whereas 35% undertook aerobic exercise and 3%
participated in sports.

No clear trend appears to exist between the types of exercise undertaken by participants and
their falling status (viz. fallers versus non-fallers) (Figure 2.5). Although the type of exercise
may appear at first glance to be significantly related to falling (p = 0.045), this is likely to be
because of the inclusion of two atypical individuals participating in strength exercise. If this
group is omitted, the difference is no longer of statistical significance (p = 0.15). There is
evidence, based on the adjusted joint analysis, to suggest that participants performing aerobic
exercise have a fractionally higher likelihood of falling (p = 0.037). Almost half of all non-fallers
participated in a combination of exercise modalities, which suggests they experience little to
no restrictions on the types of physical activity they choose to pursue.
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Figure 2.5: Proportions (%) of fallers and non-fallers performing different types of exercise.
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2.4

DISCUSSION

Based on the number of subjects participating, the present study is the most comprehensive
survey so far undertaken of specific factors relating to fall and near-fall events in PD. The
incidence of falls reported in the study is broadly consistent with other studies. The cohort as a
whole experienced over 1,100 falls during the preceding two years. Fifty-three percent of the
respondents surveyed experienced at least one fall in the previous two years, which compares
favourably with values in the literature ranging from 38% to 68% (Ashburn et al., 2001a; Koller
et al., 1989; Landers et al., 2008; Mak & Pang, 2009; Wood et al., 2002). Eighty-five percent of
participants had experienced falls and/or near falls over the preceding 24 months.

The incidence of near falls found in the current study is fractionally greater than reported
previously. Ashburn & Stack (1999) reported that 75% of a cohort of 55 patients, comprising
95% of fallers and almost 70% of non-fallers, experienced near falls. In a separate study
(Ashburn et al., 2001a), the same group reported that 60% of fallers and 61% of non-fallers
suffered near falls. In the current study, a significant trend can be observed showing that those
that fall are also more likely to experience near falls. In agreement with others (Balash et al.,
2005; Gray & Hildebrand, 2000; Robinson et al., 2005), the current study does not support any
correlation between age and risk of falling.

The current study strongly suggests that near falls are potentially as important as falls in
understanding the impact of PI on patients with PD. Near falls can be considered as precursors
to falls (Steinberg et al., 2000) and given that falls can lead to a reduced quality of life (Schrag,
Jahanshahi & Quinn, 2000) and contribute to depression (Schrag, Jahanshahi & Quinn, 2001)
and reduced functional mobility (Ashburn et al., 2001a), it is important that near falls are
factored in when assessing the PI of patients with PD and exploring treatment options.

The relationship between non-falling and the occurrence of near-falls is not clear. It is possible
that within the group of non-fallers, there are subgroups with different degrees of progression
of PI. The challenge for clinicians is to develop evaluative tools that enable the identification of
non-fallers at greater risk of falling as a means of implementing preventative strategies.

The current study, by exploring a number of lifestyle variables in fallers versus non-fallers,
provides new insights into features that are more common in fallers compared to non-fallers.
Fallers are shown to be more likely to experience near falls or have a higher frequency of near
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falls, restrict their ADLs and participation in exercise, and generally, be more physically
cautious as a result of a FoF. Fallers are more likely to require walking assistance, avoid
participation in activities outside of their homes, and be more likely to participate in aerobic
exercise. It has been well documented that a previous history of falls strongly correlates with
the risk of future falls, suggesting that a major goal for clinicians should be to identify nonfallers who exhibit features that predispose them to future falls.

In the current study, 70% of participants reported a FoF. This contrasts with reports of 59%
(Matinolli et al., 2009) and 42% (Bloem et al., 2001) by others. A FoF has previously been
shown to be more common in fallers than non-fallers (Matinolli et al., 2009; Robinson et al.,
2005) and to be a predictor of future falls (Mak & Pang, 2009). The current study suggests that
almost 65% of participants with FoF were fallers, but that almost half of non-fallers also
experienced a FoF. Overall, the current study indicates that a FoF is more prevalent in PD
patients than previously thought, suggesting that protocols to assess the level of FoF may be
important clinically in both fallers and non-fallers.

Mak and Pang (2009) have posed the question whether a FoF causes falls or whether a
previous fall causes a FoF. It seems highly likely that both explanations are in part correct.
There is evidence in the healthy elderly that the development of FoF is related to a history of
prior falls and to concerns about potential fall-inducing situations and their outcomes, such as
fractures and other injuries (Lachman et al., 1998; Tinetti et al., 1994). Alternatively, a FoF may
cause falls through a subconscious restriction of physical activities, which may lead to physical
deconditioning, reduced muscle strength, PI, and consequently, an increased risk of falling
(Friedman et al., 2002). Equally, it is also possible that a FoF and a consequent restriction on
activity may reduce the opportunities an individual has to fall (Friedman et al., 2002). The
present study showed that almost half of all participants surveyed restricted their activities as
a result of a FoF, irrespective of whether they were fallers or non-fallers. In a study of a healthy
elderly population, Friedman et al (2002) concluded that a FoF increases the risk of falls and,
equally, that a history of falls causes a FoF. In a home-dwelling cohort of elderly individuals,
those that expressed a FoF were twice as likely to experience multiple falls in the subsequent
year as opposed to those without a FoF (Luukinen et al., 1996), adding weight to the view that
a FoF is a subconscious compensatory strategy to avoid potential falls (Adkin, Frank & Jog,
2003).
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The current study showed that falls were just as likely to occur inside the home as outside. The
home is normally viewed as a more protective environment, familiarity creating fewer
opportunities for falls. The fact that falls occur equally as frequently outside the home as inside
suggests that a restriction of activity in a familiar environment per se does not wholly protect
against falls.

An insight into the role physical conditioning plays in falling is provided by examining the
relationship between falling and the amount and type of exercise undertaken by patients with
PD. The proportion of participants undertaking some form of exercise was higher (82%) in the
current study than in a previous study by Gray & Hildebrand (2000), who reported 66% of their
participants as exercising. In the current study, only 27% of the participants that reported
exercising for more than 7 hours per week were identified as fallers, and more than 60% of
non-fallers exercise more than 3.5 hours per week. The amount of physical activity non-fallers
participate in fails to give any clear indications of exercise being the protective factor it may
have been thought to be.

The current study found that of the 30% of participants that use walking assistive devices, 77%
were fallers. Forty-four percent of fallers and 14% of non-fallers used walking assistive devices
in this study. This is in broad agreement with Matinolli et al (2009), who reported that 34% of
participants in their study used walking aids, including 57% of fallers and 21% of non-fallers.
The use of an assistive walking device has been shown to correlate closely with the falls
efficacy scale, a measure of an individual’s perceived confidence at avoiding falls. Also, the use
of walking aids in community dwelling older people has been shown to be associated with a 3fold increase in the risk of falling (Deandrea et al., 2010). The current study found that only
35% of participants experiencing FoF used an assistive walking device, possibly indicating that
a FoF is not the overwhelming reason why individuals choose to use walking aids. This might
suggest the need for strategies to manage PI that do not wholly depend on the use of walking
aids. Further to this, the value in using a walking aid to improve a person’s safety, walking
pattern or confidence may be diminished if no education is provided on the correct use of the
aid.

There are a number of factors that limit the applicability of the outcomes of the current study
to the PD population overall. Firstly, the study depended on the self-reporting of falls.
Secondly, the patients selected were community dwelling, ambulatory and in the main in the
early to mid stages of PD. This raises the question of how applicable the study’s outcomes are
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to patients with advanced disease. It has previously been shown that fallers are associated
with greater disease severity than non-fallers (Matinolli et al., 2009), a finding that will be
investigated in the forthcoming chapters of this thesis. Also, the retrospective and cross
sectional nature of the study limits its capacity to establish the nature of relationships between
falling, FoF, ADLs and outdoor activities. Further studies are required to provide greater
definition of these relationships, and specifically, whether there are causal elements.

In conclusion, the current study is the largest undertaken to date to assess the prevalence and
impact of PI in patients with PD. The prevalence of PI as indicated by the incidence of falls and
near falls in a cohort of 130 patients with idiopathic PD exceeds that previously reported.
Similarly, the prevalence of a FoF was shown to be much higher than reported by others.
Restrictions on participation in exercise and outdoor activities are shown to be important
indicators of individuals with a history of falls and near falls.

Whether the variables examined in the current study (viz. restrictions on types and level of
exercise and outside activities, FoF and the use of walking assistive devices) are consequences
of falls or predictive risk factors for falls remains to be established. However, it seems likely
that they act as both. Further studies are required to identify the types and level of exercise
that would best protect patients with PD from falling. It is possible that an appropriately
constructed exercise program, focusing on balance and posture, may provide an early
intervention in PD, which could decrease the risk of future falls or near falls and lessen the
incidence of fall-related injuries and FoF.
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CHAPTER 3

A COMPARISON OF THE DEMOGRAPHIC FEATURES AND INDICES OF POSTURE AND MOBILITY
IN A COHORT OF PARKINSON’S DISEASE PATIENTS WITH AND WITHOUT A HISTORY OF FALLS
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3.1

INTRODUCTION

In the questionnaire-based study discussed in Chapter 2, over 50% of the patients with PD
studied reported experiencing one or more falls in the previous two years, with over 80%
experiencing near falls over the same period. These findings are indicative of the high
prevalence of PI in PD. A multitude of assessment measures are currently used to assess the PI
experienced by patients with PD. However, for a variety of reasons, including the relative
sensitivity and specificity of measures and the applicability to PD of tests developed for other
purposes (Bloem et al., 2001; Dibble & Lange, 2006; Jacobs et al., 2006; Pickering et al., 2007),
there is widespread agreement that a more rigorous approach is required to assess PI based
on the use of a combination of assessment methodologies.

A history of previous falls is one of the best predictors of future falls in PD (Bloem et al., 2001).
However, it is equally important to identify non-fallers with PI and to measure the incidence of
near falls in this group, as non-fallers are clearly at an increased risk from future falls. This
conclusion is supported by our demonstration (see Chapter 2) of a high incidence of near falls
in non-fallers with PD. Such identification and assessment would enable the early initiation of
fall prevention strategies that might reduce the risk of falling in PD patients. To this end, the
capacity to identify those at risk of falling, using appropriate screening tools, would be
beneficial from the clinical perspective.
The approach taken in this thesis is based on the hypothesis that developing measures to
clinically assess postural and gait impairments may provide a means of identifying
abnormalities in gait or balance that predispose to PI, even in non-fallers. This is particularly
important as history taking can be an unreliable as a method of measuring an individual’s PI
based on a record of fall and near fall events and self-reported challenges to balance (Pickering
et al., 2007). The measures used in combination in this thesis are the BBS, ABC scale, Schwab
and England Scale (SES), TUG and the pull test. The basic features of these measures are
discussed below.

The BBS has been established as a measure of balance in various clinical populations and has
been shown to have good inter- and intra-rater reliability as well as a high degree of internal
consistency (Qutubuddin et al., 2005). Despite evidence of its clinical value in PD (Qutubuddin
et al., 2005), some recent studies have questioned the sensitivity of the BBS as a measure of
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balance in PD and recommend caution in interpreting results given the special features of
postural control in patients with PD (Dibble & Lange, 2006).

The ABC scale is well established as a means of assessing balance confidence in elderly
populations, and is typically used to measure an individual’s FoF (Lohnes & Earhart, 2010). The
ABC scale has been shown to be independently associated with postural stability in patients
with PD and to be a good indicator of recurrent fallers in PD patients when using a cut-off
score of 69 (Mak & Pang, 2009).

The SES is a widely used rating scale of an individual’s self-reported assessment of his/her
functional ability and capacity to perform ADLs with or without assistance around the home
(Martinez-Martin, Prieto & Forjaz, 2006). Its simplicity and ease of use makes it a convenient
scale to assess functionality in day-to-day living situations for individuals with PD (Marras et
al., 2008; Martinez-Martin, Prieto & Forjaz, 2006; Perlmutter, 2009).

The TUG has been shown to be a reliable method of assessing mobility in the elderly. The TUG
has the proven capacity to differentiate between patients with PD and healthy elderly
individuals and to assess the severity of PI amongst patients with PD across the various stages
of disease progression (Matinolli et al., 2009; Morris, Morris & Iansek, 2001). In addition, the
TUG, which has excellent inter-rater reliability, is useful to clinicians because of its capacity to
assess multiple postural components, including gait and balance (Mak & Pang, 2009). The pull
test (or retropulsion test) has been in routine use in PD since its inclusion in the UPDRS in 1987
(see Hunt & Sethi, 2006).

The novel feature of this study is that it takes a multi-dimensional approach to assessing PI in
PD by using a combination of methods (viz. BBS, ABC, SES, TUG and the pull test) to assess
balance impairment on the basis that examining multiple fall risk-factor measures, provides a
more accurate and quantifiable assessment of an individual’s balance. The use of a
combination of measures that discriminate between fallers and non-fallers has the potential to
provide clinicians with an accurate tool to identify patients with PD at risk of falling and
instigate appropriate fall prevention strategies.
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The following questions are addressed in this study:


How sensitive are commonly used balance, mobility, falls efficacy and self-rated
function assessment methods in discriminating between fallers and non-fallers?



Do clinical features such as age, gender and disease severity and duration differ
between fallers and non-fallers?



Can a combination of assessment protocols more accurately discriminate fallers from
non-fallers than any one single assessment parameter?
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3.2

METHODS

3.2.1

Demographics of Participants

Forty-eight community-dwelling PD patients under care at the SCGH (21 females and 27 males,
mean age ± SD 65±8 years; average disease duration of 6±4 years, range 1-19 years) formed
the basis for this study. Participants provided informed consent. The Human Ethics Committee
of the SCGH granted ethical approval for the study. Based on the Hoehn and Yahr Scale,
disease severity ranged from 1 to 5, with an average of two. The subjects were recruited from
the CNND patients that made up the larger randomly selected cohort of 130 individuals with
IPD described in Chapter 2 that were then invited to participate in this study. All patients were
clinically assessed and each fulfilled the United Kingdom (UK) Brain Bank criteria for IPD
(Hughes et al., 1992), which is based on the presence of bradykinesia, plus one or more of the
other cardinal signs of PD (viz. rigidity, tremor and PI), the exclusion of various other
neurological conditions and the presence of other PD features, including disease progression
and response to levodopa therapy. All subjects were ambulant and independent with a broad
range of ADLs and had no difficulty in comprehending the aims of the study or in following
instructions. Twenty-six of the 48 participants had a history of one or more falls during the
previous two years.

None of the participants had dementia or other serious medical complication, or showed signs
of a neurological deficit other than PD sufficient to exclude them from the study.

3.2.2

Mobility and Balance Assessments

All participants attended the balance laboratory in what they self-reported as being their best
‘on’ state. Each participant was clinically assessed using the UPDRS Motor Examination
subscale (Appendix 2) and the Hoehn and Yahr Scale (Appendix 1) prior to undergoing the
battery of assessments described below. The assessment protocol was designed in such a way
so as to objectively test the participants and minimise assessor bias. However, as a
precautionary measure, the assessor had prior knowledge of the participant’s status as a faller

77

or non-faller. Every effort was made to ensure that this knowledge did not influence the
assessor’s judgement. Participants performed all assessments bare foot and in casual clothing.

BBS – The BBS evaluates performance in 14 balance-challenging tasks that are common to
everyday life (Berg et al., 1992) (Appendix 4). Scoring is based on a 5-point scale (Muir et al.,
2010). Timing and quality of movement are the key criteria for the scoring system with the
maximum score of 56 (indicating good balance), calculated by the summation of individual
item scores (Gobbi et al., 2009).

ABC – The ABC scale involves the examiner asking the participant to rate their balance on a
scale of 0 (not confident at all) to 100% (completely confident) based on answers to a series of
16 questions regarding common balance-challenging tasks or situations (Appendix 5). These
include walking around the house, reaching for a small can off a shelf at eye level, walking up
or down a ramp and walking onto or off an escalator holding shopping bags in each hand
(Schepens, Goldberg & Wallace, 2010). The participant’s balance confidence was scored as the
mean percentage of the 16 scored tasks.

SES – The SES (Appendix 6) is conducted by interview and scored using a percentage-based
scale, ranging from 100% (completely independent, able to do all chores without slowness,
difficulty or impairment; essentially normal; unaware of any difficulty) to 0% (vegetative
functions only with loss of control of swallowing, bladder and bowel functions; bedridden).

TUG – In the TUG, the participant begins the test sitting in a standard height, stable chair (all
participants started with their feet on the ground and their knees bent at 90 degrees). The
participant is then instructed to stand upon the examiner’s signal (the participant is allowed to
use the armrests of the chair to push up to stand), walk 3 metres at a comfortable pace, turn
around and walk back to the chair, and sit down again. The outcome measure of the
assessment is test duration in seconds.

Pull Test – This study used the pull test protocol described by Visser et al (2003), which forms
part of the UPDRS. Standing behind the participant and without warning, the examiner
performs a sudden pull on the subject’s shoulders whilst s/he is erect with eyes open and feet
slightly apart. Scoring is subjectively assessed using the UPDRS scoring system ranging from 0
being a normal response (less than 2 steps backwards to correct balance) to 4 indicating that
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the participant is unable to stand without assistance. Two trials were conducted for each
participant, with the best (lowest score) recorded.
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3.2.3

Data Analysis

The participants were initially categorised into two groups, fallers (reporting 1 or more falls in
the preceding 2 years) (n = 26) and non-fallers (n = 22), and then further sub-categorised
according to their history of falls over the preceding two years. Four separate groups based on
reported fall history were defined (0 falls [non-fallers] [n = 22], 1-2 falls [n = 13], 3-5 falls [n = 7]
and 6 or more falls [n = 6]). The relationships of falling status and of categorised numbers of
falls with each of the measured parameters (viz. age, disease duration, UPDRS motor score,
grading in the Hoehn and Yahr scale, pull test, BBS, ABC and SES scores and the TUG time)
were assessed by an analysis of variance (ANOVA) and non-parametric Kruskal-Wallis (K/W)
tests. Except for age, relationships were approximately linear across the various falls
categories. On this basis, the categories were replaced by their mid-points (1.5, 4 and 8 for the
last category) and were treated as variables to assess trends by linear regression. Multivariable
logistical regression analysis with faller/non-faller as the binary outcome was used to assess
joint effects of the measured parameters. All values reported are group averages and standard
errors unless otherwise indicated.
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3.3

RESULTS

3.3.1

Participant Demographics

Analysis of patient demographics and disease severity (Hoehn and Yahr Scale) revealed few
differences between the fallers and non-fallers groups (Table 3.1). Fallers were marginally
older (fallers 68.0±1.5 years versus non-fallers 63.3±1.8 years), and had greater disease
severity (2.1±0.1 versus 1.8±0.1) and higher UPDRS motor scores (17.5±1.9 versus 12.7±1.7)
than non-fallers; but these differences were not statistically significant using either the
Kruskal-Wallis test or ANOVA. Analysis showed a small, but significant difference in disease
duration between fallers and non-fallers using the ANOVA, with fallers having greater disease
duration (7.2±0.9 years versus 4.6±0.5 years; p = 0.03).

3.3.2

Clinical Assessment Scales

Analysis by the non-parametric Kruskal-Wallis test and ANOVA revealed significant differences
between fallers and non-fallers in a number of the parameters used to assess PI (Table 3.2).
Fallers performed significantly worse than non-fallers in terms of the BBS (48.4±0.8 versus
52.4±0.6; Kruskal-Wallis p < 0.001; ANOVA p < 0.001). Fallers also had a lower ABC score
(72.2±3.7% versus 86.8±1.8%; Kruskal-Wallis p = 0.007; ANOVA p = 0.0017) and a higher SES
score than non-fallers (77±3% versus 90±1%; Kruskal-Wallis p < 0.001; ANOVA p < 0.001).

3.3.3

Functional Assessments

The outcomes of the TUG indicate that fallers had greater impairments to their balance and
mobility than non-fallers (Table 3.3). Fallers took longer than the non-fallers to complete the
TUG, suggesting that their functional mobility was significantly worse than non-fallers
(10.7±0.5s versus 9.0±0.3s; Kruskal-Wallis p = 0.034; ANOVA p = 0.014). There was no
statistical significance, however, between fallers and non-fallers in their performance in the
pull test (0.5±0.1 versus 0.3±0.1).
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Table 3.1: Demographic details of the PD Fallers and Non-Fallers groups.

Non-Fallers

Fallers

K/W

ANOVA

Age

63.3±1.8

68.0±1.5

0.06

0.051

Disease Duration (years)

4.6±0.5

7.2±0.9

0.075

*0.03

Hoehn & Yahr Score

1.8±0.1

2.1±0.1

0.31

0.17

UPDRS Motor Score

12.7±1.7

17.5±1.9

0.095

0.08

* Denotes statistical significance by ANOVA of p < 0.05.

Table 3.2: Results of clinical assessments in PD Faller and Non-Faller groups.

Non-Fallers

Fallers

K/W

ANOVA

BBS

52.4±0.6

48.4±0.8

*0.0009

*0.0006

ABC (%)

86.8±1.8

72.2±3.7

*0.007

*0.0017

SES (%)

90±1

77±3

*0.0002

*0.0004

* Denotes statistical significance by Kruskal-Wallis or ANOVA of p < 0.05.

Table 3.3: Results of functional assessments in PD Faller and Non-Faller groups.

Non-Fallers

Fallers

K/W

ANOVA

TUG (Seconds)

9.0±0.3

10.7±0.5

*0.034

*0.014

Pull Test

0.3±0.1

0.5±0.1

0.31

0.25

* Denotes statistical significance by Kruskal-Wallis or ANOVA of p < 0.05.
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3.3.4

Combined Analyses

Including participant demographics, clinical assessment scales and functional assessments
jointly in the logistic regression with faller or non-faller as the outcome found the SES to be
marginally significant (p = 0.041) (Table 3.4) after adjustment for the other variables. Using
backwards elimination to sequentially exclude the non-significant assessments, likelihood ratio
tests found the SES (p < 0.001), BBS (p = 0.0036) and Hoehn and Yahr score (p = 0.033) to be
jointly significant. Because the SES was identified as the most significant assessment for
identifying fall history, a cut-off score was determined to provide the optimal sensitivity and
specificity for identifying participants with or without a history of falling. A cut-off score of
equal to or less than 80 for the SES had a sensitivity of 69% and a specificity of 77% (Table 3.4).
It was possible to improve the estimated sensitivity and specificity using an analysis based on
the fitted logistic regression model incorporating in addition the BBS and Hoehn and Yahr
scores. A fitted equation (viz. 42.87 - 0.2157SES - 0.4157BBS - 1.6205Hoehn and Yahr score)
was used to establish an individual score, which if more than 0 corresponded to an estimated
probability of greater than 0.5 of being a faller. Such a cut-off score improved the sensitivity to
73% and specificity to 82% (Table 3.4).

3.3.5

Group Comparison based on Reported Fall History

Significant differences were found when comparing each assessment to the number of falls
experienced by the participants as categorised in the four groups. Increasing approximate
linear trends were found for 2 of the 4 demographic characteristics – Hoehn and Yahr score (pl
= 0.0014) and disease duration (pl = 0.034) (Table 3.5). Analysis indicated that relatively strong
correlations existed between the assessments used in the study. As people with PD experience
more falls, their balance, balance confidence and self-reported capacity to complete activities
of daily living deteriorate and their functional mobility becomes further impaired. The BBS (pl <
0.001), ABC scale (pl < 0.001) and SES (pl < 0.001) displayed approximate linear decreases in
association with the number of falls, whilst an approximate linear increase was recorded for
the TUG (pl = 0.0027).
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Table 3.4: Estimates of the probability of non-fallers differing from fallers based on a logistical
regression model using either the SES, BBS and Hoehn and Yahr scores in combination or the
SES score.

Combined SES, BBS and Hoehn

SES score

and Yahr scores
Score ≤ 0

Score ≥ 0

SES > 80

SES ≤ 0

Non-fallers

18

4

17

5

Fallers

7

19

8

18

Sensitivity 73% & Specificity 82%
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Sensitivity 69% & Specificity 77%

Table 3.5: Participant demographic details and clinical and functional assessment results based on reported fall events over the previous 2 years.

Non-Fallers

1-2 Falls

3-5 Falls

> 6 Falls

p

pl

Age

63.3±1.8

67.3±2.6

71.0±2.0

65.8±2.6

0.16

0.07+

Disease Duration (years)

4.6±0.5

5.6±1.1

8.3±2.0

9.3±2.4

0.029

0.034

Hoehn & Yahr

1.8±0.1

1.6±0.1

2.4±0.3

2.8±0.4

0.0065

0.0014

UPDRS Motor Score

12.7±1.7

15.8±2.7

21.6±4.4

17.8±4.1

0.21

0.12

BBS

52.4±0.6

49.3±1.1

48.8±2.3

46.0±0.9

0.0021

0.0004

ABC (%)

86.8±1.8

74.8±3.5

84.4±5.9

52.3±8.1

0.000004

0.00002

SES (%)

90±1

83±2

78±3

60±9

0.000001

0.00000003

TUG

9.0±0.3

9.6±0.8

11.2±1.2

11.6±1.1

0.022

0.0027

Pull Test

0.3±0.1

0.3±0.1

1.0±0.3

0.5±0.3

0.13

0.19

p-value is based on an ANOVA; pl-value is based on a linear assessment: + pl-value is based on a quadratic fit
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3.4

DISCUSSION

This study shows that it is possible to discriminate between fallers and non-fallers based on
their BBS, ABC, SES and TUG scores and disease duration.

There were, however, no significant differences between fallers and non-fallers in terms of
age, disease severity (Hoehn and Yahr score) or UPDRS motor score. This finding is in contrast
to the report of Dibble & Lange (2006), who found that both age and Hoehn and Yahr score
differed significantly between fallers and non-fallers. This difference might reflect the greater
variability in disease severity amongst participants in the current study. In the current study,
some non-fallers were at Stages 2.5 and 3 on the Hoehn and Yahr Scale, whilst some fallers
were at Stages 1 and 1.5. Moreover, non-fallers had a higher Hoehn and Yahr score compared
to the group of fallers who had experienced 1-2 falls over the previous two years. The
significant linear relationship between Hoehn and Yahr score and frequency of falls suggests
that Hoehn and Yahr scores provide a reasonable measure of the severity of PI in PD.

In agreement with Dibble & Lange (2006), the current study showed that fallers had
significantly longer disease duration than non-fallers. A similar observation was made by Wood
et al (2002) in an older PD cohort with more advanced disease. The current study found
disease duration to be significantly correlated with the number of falls as previously reported
by Gray & Hildebrand (2000). This contrasts with a study of a younger PD cohort with more
advanced disease, which showed no significant difference between fallers and non-fallers in
terms of disease duration (Bloem et al., 2001; Mak & Pang, 2010).

The absence of any significant difference in UPDRS motor scores between fallers and nonfallers is further confirmation of the limitations of the UPDRS. The UPDRS includes only one
item specifically examining the PI of patients with PD – the pull test – and this has been shown
to be unable to discriminate reliably between patients with PD and normal subjects (Bloem et
al., 2001; Bloem et al., 1998a; Ebersbach & Gunkel, 2011; Valkovič et al., 2008). Moreover,
there are inconsistencies in the way the UPDRS is carried out and scored in different clinical
settings. The current study was unable to show any significant differences between fallers and
non-fallers using the pull test.

SES scores have previously been shown to correlate strongly with quality of life, disease
severity and progression, and the UPDRS (Martínez-Martín et al., 1994; Schrag, Jahanshahi &
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Quinn, 2000; Schrag et al., 2009). Qutubuddin et al (2005) found the total scores on the BBS
were positively correlated with the SES percentage scores, and Franchignoni et al (2005) found
that the SES significantly correlated with the BBS, a measure of FoF and postural impairment.
The findings in the current study are similar to those of Ashburn et al (2001a,b).

The significantly longer TUG time of fallers found in the current study is in agreement with
previous studies (Ashburn et al., 2007; Dibble & Lange, 2006; Mak & Pang, 2009; Robinson et
al., 2005; Weiss et al., 2010). Similarly, the capacity of the TUG to discriminate fallers from
non-fallers observed in the current study is in agreement with previous reports (Dibble et al.,
2008). The prolonged TUG of fallers could be the result of PI per se; however, the reduced
stability of individuals with PD may lead them to be more conservative in their movements,
and thus take longer to complete tasks, thereby contributing to the longer TUG. The TUG does
involve transitional aspects (sit-to-stand, stand-to-sit, and turning around), and thus disease
factors, such as FoG, might influence the TUG in such a way as to disguise the extent of the
balance impairment.

Falling whilst walking is the most common fall-related event in PD (Ashburn et al., 2008; Mak &
Pang, 2010). The walking aspect of the TUG may not be of sufficient duration or distance to be
affected by PI during walking. However, the inclusion of a sit-to-stand transition and a 180degree turn in the TUG extends its capacity to assess mobility and balance impairment, thus
enhancing its ability to discriminate between fallers and non-fallers.

The significant difference between fallers and non-fallers in ABC scores suggests that balance
confidence is a major determinant of a propensity to fall in patients with PD. Mak & Pang
(2009) have previously recommended the inclusion of a FoF assessment in evaluating the risk
of falling in patients with PD. Consistent with this, balance confidence has been shown to
correlate with balance impairment in patients with PD (Adkin, Frank & Jog, 2003; Mak, Pang &
Mok, 2012) with low balance confidence increasing the likelihood of falling (Friedman et al.,
2002). In a study by Mak & Pang (2009), a cut-off score for the ABC scale of less than 69 was
suggested as indicating a significantly higher risk of recurrent falls over the following year.
Applying this approach to the cohort of patients used in the current study would have
identified only 34% of those with a history of falling as being at a higher risk of subsequent
falls. In other words, 66% would have remained unidentified. A history of falls is commonly
recognised as one of the best predictors of future falls, suggesting that using a cut-off of < 69
lacks the sensitivity to identify at-risk individuals.
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Activity and mobility restriction and an increase in sedentary behaviour as a result of reduced
balance confidence have been observed in elderly individuals (Cumming et al., 2000). It has
been suggested that low balance confidence may protect a person with PD from falling by
restricting their activities and social interactions (Bloem et al., 2001) and encouraging greater
caution in physical activities (Mak, Pang & Mok, 2012). However, the finding in the present
study that the ABC scores are inversely correlated with fall frequency is not consistent with the
view that low balance confidence is necessarily protective against falling. On the contrary, a
lower ABC score in fallers – indicative of lower balance confidence presumably as a
consequence of previous fall experiences – suggests, albeit indirectly, the dominance of PI
compared to balance confidence in determining an individual’s propensity to fall.

The BBS has been used extensively to screen for, and predict, falls in individuals with PD.
Consistent with previous studies (Dibble et al., 2008; Dibble & Lange, 2006; Landers et al.,
2008), the current study found a significant difference in BBS scores between fallers and nonfallers. The discriminative power of the BBS has been previously challenged with the finding
that the ceiling-effect of the BBS compromises its capacity to identify some individuals at risk
of falling (Leddy, Crowner & Earhart, 2011). Using cut-off scores for the BBS has been
suggested as a way of maximising the test’s sensitivity and improving its capacity to predict
falls (Dibble & Lange, 2006; Landers et al., 2008). A cut-off score of 44 has been recommended
(Landers et al., 2008) as a means of identifying those at risk of falling compared to those not at
risk. Others have recommended cut-off scores of 54 (Dibble & Lange, 2006) or 47 (Leddy,
Crowner & Earhart, 2011).

The use of cut-off scores, however, may result in an increased likelihood of false-negatives and
false-positives raising the possibility of miss-diagnosis. The current study adds weight to the
view that further studies of cut-off scores are required before their use becomes common
practice.

There were significant linear trends between measured parameters (viz. disease duration,
grading in the Hoehn and Yahr Scale, BBS, ABC and SES scores and TUG time) and the number
of fall events over the previous 2 years (Table 3.5). In other words, the level of impairment
correlates closely with the number of falls. In general, the more falls a patient experiences, the
higher their Hoehn and Yahr score, the slower their TUG time, the greater their disease
duration and the lower their BBS, ABC and SES scores. Given the discriminative power of
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individual tests and the correlations between them, it would be reasonable to presume that
any test would be equally accurate in identifying individuals with PD at risk of future fall
events. This may be true at a cohort level but is problematical with individual patients given
the range and severity of symptoms. It is reasonable to conclude that the variation in the level
of PI amongst patients with PD is such that greater benefit and accuracy is provided if PI is
assessed using multiple parameters.

The TUG was originally designed to assess the fundamental mobility skills of frail geriatric
patients (Podsiadlo & Richardson, 1991). Similarly, the ABC was developed to assess the
mobility confidence in community-dwelling seniors (Powell & Myers, 1995), whereas the BBS
was designed to test the balance of older people as they undertook functional tasks (Berg et
al., 1992). This suggests that there may be value in developing protocols that are more specific
for assessing PI in PD and are better predictors of falls. In this context, the SES, which is a PDspecific measure of the capacity to perform ADLs, was found in the current study to be the
best single correlate of falls. Multivariable analysis showed that a combination of SES, BBS and
Hoehn and Yahr scores even more accurately predicts a propensity to fall. The combination of
tests, however, was only marginally more sensitive and specific than SES alone. The three tests
in combination (viz. SES, BBS and Hoehn and Yahr), however, take significantly more time that
a single SES assessment, suggesting that for practical purposes, the SES might suffice as an
indicator of PI in most clinical settings. However, the combination of the three tests may be
more appropriate in a clinical research setting.

In summary, in agreement with Dibble et al (2008), the current study suggests that the use of
multiple balance tests provides a more accurate measure of balance confidence and fall
history than any individual test on its own. Jacobs et al (2006) found the one-leg stance test
and the gait and pull test components of the UPDRS in combination to be strong indicators of
fall history and balance confidence in PD, whereas Bloem et al (2001) reported that combining
data on fall history, disease severity and the Romberg test is predictive of falls in recurrent
fallers and improves sensitivity by minimising the number of false-negatives.

As a final comment, one limitation of the current study was that it did not include a mental
competency assessment, such as the MMSE. However, every effort was made in the study to
ensure that all participants were mentally competent and fully understood instructions. All
participants were assessed during their on-phase, which may limit the general applicability of
the findings to all patients with PD regardless of medication status, as has previously been
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suggested by Foreman et al (2011). The assessment protocol was designed in such a way as to
objectively test the participants and minimise assessor bias. However, the assessments were
unavoidably performed with the assessor having prior knowledge of the participant’s status as
a faller or non-faller, which in theory might have influenced the assessment process.
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CHAPTER 4

ASSESSMENT OF POSTURAL INSTABILITY IN PATIENTS WITH PARKINSON’S DISEASE USING
QUANTITATIVE POSTUROGRAPHY
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4.1

INTRODUCTION

Previous studies have established that PI and falls are major sources of disability and impaired
quality of life in patients with PD (Boonstra et al., 2008; Jankovic, 2008), PI being typically
associated with an increased risk of falling and FoF in PD (Nocera, Horvat & Ray, 2009). Fallrelated injuries, activity restriction, psychological stress, reduced independency, and a reduced
quality of life are associated with PI and are linked to the increased risk of falls in patients with
PD (King & Tinetti, 1995; O’Loughlin et al., 1993; Romero & Stelmach, 2003; Visser et al.,
2003). An analysis of a number of prospective surveys suggests that as many as 70% of PD
patients fall at least once a year (Bloem, Steijns & Smits-Engelsman, 2003). Consistent with
this, the current study (see Chapter 2) showed that 53% of a cohort of PD patients experienced
falls at least once over the previous 2 years, and 85% experiencing falls and/or near-falls.

Various means of measuring and quantifying balance have been used to assess the level of PI
in patients with PD, particularly clinical assessment and subjective balance tests (Jacobs et al.,
2006; Visser et al., 2008b). However, there is a need for an approach that more accurately
assesses the degree of PI in individuals with PD and thus the likelihood of them falling (Visser
et al., 2008b). Posturography is generally recognised as being superior to clinical measures of
instability and postural control because of the extent to which it can be standardised and its
capacity to quantify postural responses to perturbations either to the support surface or to the
individual being assessed (Furman et al., 1993).

Quantitative posturography is typically used to assess the static and dynamic control of
posture (Visser et al., 2008b). Static posturography provides an assessment of an individual’s
postural control in an unperturbed state (Visser et al., 2008b). Dynamic posturography, by
contrast, assesses an individual’s balance in response to external or self-induced perturbations.
Such perturbations include use of a moving support surface, applying an external stimulus, or
self-generated postural alterations (Frenklach et al., 2009; Visser et al., 2008b). Dynamic
posturography is seen as offering clinicians an objective and quantifiable assessment of
postural control (Visser et al., 2008b).

Posturography has been used in numerous studies involving patients with PD, including in
estimating fall risk, (Blaszczyk et al., 2007), as a comparator for other balance assessments,
such as the pull test (Bloem et al., 1998a), in assessing the effect of disease asymmetries on
postural control (van der Kooij et al., 2007), in differential diagnosis (Bloem et al., 1992) and in

92

the assessment of the efficacy of therapeutic interventions. These interventions include
exercise (Hirsch et al., 2003; Toole et al., 2005), DBS and pharmacotherapy (Colnat-Coulbois et
al., 2005; Rocchi, Chiari & Horak, 2002).

Recent research using static posturography has shown that patients with early stage PD exhibit
infraclinical PI compared to aged- and sex-matched controls (Chastan et al., 2008). However,
these findings have since been challenged, suggesting that further research is required on the
clinical benefits of static posturography in the early detection of balance impairment in PD
(Valkovič et al., 2009). Similarly, the interpretative value of postural sway and other dynamic
posturography variables in PD is not fully known (Visser et al., 2008b). Consequently, to gain
the greatest benefit from posturography as a diagnostic tool requires a thorough analysis of
the reproducibility and quantifiability of posturography in different clinical situations.

The aim of this study is to use posturography to assess postural control of patients with PD as a
means of describing balance impairment across the full spectrum of disease severity. The study
aims to investigate the utility of posturography as a tool to differentiate between individuals
with clinically diagnosed PD according to their history of falling, and to compare balance in
patients with PD with that of healthy, age- and sex-matched controls. The ultimate goal is to
establish descriptors of dynamic postural control that can be used clinically in assessing the
risk of falling. The following questions are addressed in this study:


Is there a difference between patients with PD and healthy, age- and sex-matched
controls in respect to their balance and can this difference be assessed through
posturography?



What elements of posturography most accurately describe the balance impairment
experienced in patients with PD?



Can posturography be used to differentiate between fallers and non-fallers with PD?
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4.2

METHODS

4.2.1

Demographics of Participants

The participants in this study are the same 48 individuals used in the previous study described
in Chapter 3. The group comprised 48 patients with levodopa-responsive IPD who were living
at home: 21 females and 27 males, mean age 65±8 years; average disease duration 6 years
(range 1-19 years); disease severity 1-5 on the Hoehn and Yahr Scale (mean severity 2); and 17
controls without PD (10 females and 7 males, age 64±7 years).

4.2.2

Clinical Assessment and Posturographic Protocol

All participants attended the single testing session in their best ‘on’ state and, as described in
Chapter 3, had the following clinical assessments: Hoehn and Yahr Scale grading, SES (100-0%),
BBS (maximum score 56), ABC scale (0-100%), UPDRS motor (items 18-31) sub-score and the
pull test (UPDRS item 30). This battery of assessments was performed prior to the participant
undertaking posturographic assessment.

For both static and dynamic posturographic assessment, the participants stood barefooted on
a 0.5 X 0.5 m static force platform (Accusway Plus, Advanced Mechanical Technology, Inc.),
with the leading edge 2 metres from a wall, with a mounted computer screen in the case of
the dynamic assessment. In bipedal stance and with the medial borders of the feet 5cm apart,
foot position was standardised in the anterior-posterior and lateral directions. The BoS
perimeter was defined anteriorly by the tip of the hallux and the fifth metatarsal head and
posteriorly by the lateral borders of the heel.

The static standing task consisted of 60 seconds of quiet stance, with two trials in both eyes
open (EO) and eyes closed (EC) conditions. The participants did not complete practice trials for
either of the static or dynamic posturography measures. Participants were instructed to stand
as still as possible with their arms by their sides, maintaining vision on a cross at eye level on a
wall in front of them. Seven parameters were identified as variables of interest and were the
primary measures used in data analysis. These were the total distance in centimetres covered
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by the CoP (sway path length) and sway path area (95th percentile of an ellipse fitted to the
overall CoP trace) as well as five secondary variables: the length of the major and minor axes of
the 95th percentile ellipse; the angle between the x axis and the minor axis of the ellipse; the
tangent of the minor axis of the 95th percentile ellipse; and the covariance (refer to Appendix 7
for definitions of the static posturographic variables).

For the dynamic posturographic assessment, real-time CoP position relative to the BoS
perimeter was displayed to the participant on a computer screen at eye level in front of them.
Circular targets 1.0% of the BoS area were then programmed to appear in random order at 8
positions on the screen (0⁰, 45⁰, 90⁰, 135⁰, 180⁰, 225⁰, 270⁰, or 315⁰ degrees relative to the
vertical) at 35% of the distance between the BoS and a central fixation marker.

Participants began the test with their CoP trace in the baseline target (central marker), and
were instructed to move the CoP as quickly and as accurately as possible (indicated by a bright
trace) to the peripheral targets as they appeared. Participants were instructed to hold their
new CoP position until that target disappeared; this occurred once the target hold time was
held for 1 second (‘target achieved’) or the target became inactive as the participant was
timed-out for that particular target (the time limit for each target was 20 seconds). Once the
target was achieved or it became inactive, the next target was presented. Thus, in each trial,
the participant had to achieve each of the outer 8 targets once, and the central target 8 times.
Average speed and velocity (cm/sec), average hit time (sec), average achieved time (sec),
average percentage excursion (%), average reaction time (sec), average wandering (cm) and
average overshoot (cm) were measured (Rodrigues et al., 2005). Each dynamic posturographic
variable is defined in Appendix 7.

4.2.3

Data Analysis

Based on the participants’ subjective responses, participants were classified as either fallers
(had fallen once or more in the previous 2 year period) (n = 26; 10 Females/16 Males) or nonfallers (n = 22; 11F/11M). The non-PD controls (n = 17; 10F/7M) also underwent static
posturographic assessment. The means of the pairs of measurements were used for each set
of replicates.
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For the static posturographic assessment, an ANOVA comparing the means of the
measurements provided F-test p-values across the 3 groups (fallers, non-fallers and controls)
overall (pf) and also pairwise comparisons between the individual groups. A multivariate
analysis was performed based on case-control logistical regression using group membership as
an outcome and included all seven variables. Backward elimination of the multivariate model
identified individual variables representative of the differences between the groups.

The eight dynamic posturographic variables that were selected for analyses were compared
across three groups. Overall comparisons were made for each variable and were based on
ANOVA and the non-parametric Kruskal-Wallis test. Distributional assumptions are not an
issue, with both the ANOVA and Kruskal-Wallis test p-values comparable and consistent. No
significant differences were found between the non-falling group and the control group (p =
0.19 using logistical regression to compare the two groups). These two groups (non-fallers and
controls) were then combined and compared to the group of fallers.

Multiple analyses was then applied to all variables jointly to identify any correlations that exist
between the variables when comparing the two groups of fallers versus the combined group,
and to elicit any variables that may adequately represent the data set. All data presented are
means and standard error, unless otherwise indicated.
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4.3

RESULTS

All participants successfully completed posturographic assessment with none requiring any
assistance to maintain their balance or resist any fall events whilst undertaking the
assessments. Appendix 8 displays typical static and dynamic posturography sway plots.

4.3.1

Participant Characteristics

The cohort of participants used in this study is the same as the one studied in Chapter 3,
except that a group of non-PD controls (n = 17; 10 females and 7 males, age 64±7 years) were
also included in this study. The baseline characteristics of the participants are shown in Table
4.1.

4.3.2

Static Posturography

Of the various static posturographic variables measured, only sway-path area (p = 0.03) and
minor sway-path axis length (p = 0.01) differed significantly between fallers from age- and sexmatched controls (Table 4.2). There were no differences of statistical significance in
posturographic variables between fallers and non-fallers, and only path length (p = 0.02) was
significantly different between non-fallers and controls. Multivariate analysis of the combined
effects of the seven static posturographic variables showed significant differences between
fallers and controls in the EO condition, and between non-fallers and controls and between PD
cases (viz. fallers and non-fallers) and controls in both the EO and EC condition (Table 4.3).
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Table 4.1: Demographic details of participants (viz. controls and PD fallers and non-fallers).

Controls

Non-Fallers

Fallers

K/W

ANOVA

63.4±1.8

63.3±1.8

68.0±1.5

0.06

0.051

Disease Duration (years)

4.6±0.5

7.2±0.9

0.075

*0.03

Hoehn & Yahr score

1.8±0.1

2.1±0.1

0.31

0.17

UPDRS Motor Score

12.7±1.7

17.5±1.9

0.095

0.08

Age (years)

* Denotes statistical significance by ANOVA of p < 0.05.

Table 4.2: Static and dynamic posturography in Controls and PD Fallers and Non-Fallers.

Variable

Control, C

Non-

p-

Fallers, F

p-value

p-

(Means ±

fallers, NF

value

(Means ±

(C v F)

value

SE)

(Means ±

(C v NF)

SE)

(F v NF)

SE)

Static Posturography
Path Length (cm)

95.0±2.6

111.8±4.1

*0.02

105.4±3.0

0.13

0.31

Area 95 (cm2)

1.7±0.1

2.1±0.3

0.43

2.9±0.3

*0.03

0.13

Major 95 (cm)

1.2±0.1

1.2±0.1

0.78

1.3±0.06

0.48

0.29

Minor 95 (cm)

0.4±0.02

0.5±0.03

0.34

0.7±0.05

*0.01

0.08

Tan 95 (radians)

0.04±0.06

0.01±0.05

0.80

-0.2±0.11

0.08

0.11

2.1±2.8

0.99±2.73

0.83

5.7±3.95

0.13

0.16

0.01±0.01

0.01±0.01

0.34

0.02±0.01

0.15

0.6

Slope 95 (degrees)
Covariance

Dynamic Posturography
Velocity (cm/sec)

2.5±0.1

2.4±0.1

0.42

1.7±0.15

*0.0014

*0.06

Speed (cm/sec)

5.9±0.5

6.0±0.5

0.95

4.4±0.41

*0.038

*0.022

Hit time (sec)

2.1±0.2

2.4±0.2

0.35

3.9±0.46

*0.006

*0.037

Achieved Time (sec)

1.6±0.1

2.0±0.3

0.40

2.7±0.39

*0.040

0.17

Excursion (%)

25.2±2.4

30.4±3.2

0.26

34.1±3.5

0.08

0.49

Wandering (cm)

7.3±0.5

11.7±4.2

0.41

11.6±2.9

0.38

0.98

Overshoot (cm)

0.6±0.1

0.8±0.2

0.47

0.8±0.1

0.41

0.93

Reaction Time (sec)

0.8±0.1

0.9±0.1

0.42

1.1±0.07

*0.0016

*0.007

* Denotes statistical significance by ANOVA of p < 0.05.
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Table 4.3: Multivariate analyses using case-control logistical regression with group
membership (viz. faller, non-faller and control) as the outcome.

Multivariable Analyses

Eyes Open p-value

Eyes Closed p-value

IPD v Control

0.018

0.11

Fallers v Non-fallers

0.34

0.2

Fallers v Controls

0.023

0.19

Non-fallers v Controls

0.032

0.03

4.3.3

Dynamic Posturography

Several of the dynamic posturographic variables differed significantly between fallers
compared to non-fallers and controls. Fallers differed significantly in terms of speed, achieved
time, mean reaction time and hit time from both non-fallers and controls (Table 4.2). There
were no statistically significant differences in variables between controls and non-fallers, but
fallers differed significantly from controls in velocity. A multiple analysis considering all
variables jointly found higher reaction times (mean difference 3.92±1.16; p < 0.001) and higher
target achievement times (mean difference 0.713±0.29; p = 0.014) in fallers compared to nonfallers and controls combined (p = 0.0025). Correlation analysis showed velocity and speed to
be strongly negatively correlated with reaction time and hit time to be strongly positively
correlated with achievement time.

Comparisons across the three groups of participants for each variable showed that there were
significant differences between fallers and the combined non-fallers and control (Figures 4.1
and 4.2) in terms of velocity (pf < 0.001), speed (pf = 0.009), hit time (pf = 0.005), achieved time
(pf = 0.048) and reaction time (pf < 0.001).
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Figure 4.1: Dynamic leaning balance measures of fallers (F), non-fallers (NF) and controls (N). Boxplots show median, quartile, range and outlier scores for each of
the groups (p refers to overall p-values, whereas pf denotes p-values for differences between fallers versus non-fallers and controls combined).
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Figure 4.2: Dynamic leaning balance measures of fallers (F), non-fallers (NF) and controls (N). Boxplots show median, quartile and range for each of the groups (p
refers to overall p-values, whereas pf denotes p-values for differences between fallers versus non-fallers and controls combined).
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4.3.4

Correlations between Posturographic, Clinical and Functional Assessments

Regression analyses were carried out to relate static sway path area (during both EO and EC
conditions), and reaction time and velocity during the dynamic study to clinical variables: age,
disease duration, Hoehn and Yahr, SES, BBS, UPDRS (motor sub-score), UPDRS (axial sub-score;
items 27-29) and the pull test scores, and the TUG duration. All were treated as numerical
variables except for the UPDRS, which had levels of 0-4 and appeared to have effects that were
non-linear. As a consequence, UPDRS was treated as a 5-level variable. The two sway path
variables were skewed and were therefore analysed on a log scale to improve normality.
Significant correlations were found between the static and dynamic posturographic measures
and the UPDRS, Hoehn and Yahr and SES scores and TUG duration, and with the BBS and ABC
scores (Table 4.4).

Table 4.4: Univariate p-values for each of the clinical variables.

Clinical
Variable

Posturographic Variable
Area95 EO

Area95 EC

Av RT

Av Velocity

Age

0.23

0.63

0.25

0.13

Disease Duration

0.48

0.053

0.16

0.030

Hoehn and Yahr

0.03

0.1

0.084

0.0016

SES

0.005

0.028

0.053

0.024

BBS

0.015

0.024

0.006

0.0003

ABC

0.013

0.13

0.049

0.069

TUG

0.001

0.2

0.005

0.0019

UPDRS

0.006

0.008

0.031

0.025

Pull Test

0.94

0.6

0.51

0.17

UPDRS Axial

0.037

0.009

0.13

0.055

Av – Average; RT – Reaction Time
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4.4

DISCUSSION

The current study compared the sensitivity of a battery of established clinical tests, balance
scales and static and dynamic posturographic measures and their correlation with a history of
falling in a cohort of individuals with idiopathic PD compared to controls. The first aim of this
study was to establish whether there is a difference between patients with PD and healthy,
age- and sex-matched controls in respect to their balance, and whether this difference can be
assessed through posturography. Our results show that PD fallers can be distinguished from
healthy, age-matched controls based on only two static posturography variables (viz. swaypath area and minor sway-path axis length). Previous studies have produced conflicting results
when comparing IPD patients to age- and sex-matched controls in terms of postural sway,
some showing postural sway to be larger in PD (Blaszczyk et al., 2007; Chastan et al., 2008;
Mancini et al., 2011; Nardone & Schieppati, 2006; Rocchi, Chiari & Horak, 2002) and others
finding no difference (Marchese, Bove & Abbruzzese, 2003). Frenklach et al (2009) found that
patients with early, untreated PD did not display abnormal sway, whereas those with laterstage disease PD showed excessively larger postural sway area compared to control subjects. It
is not clear why PD pateints exhibit an increased postural sway area. Previous studies have
found abnormal postural reflexes (Bloem et al., 1996), disease specific factors, such as rigidity
and bradykinesia (Matinolli et al., 2007), and levodopa treatment (Rocchi, Chiari & Horak,
2002) to be linked to increased sway.

PD non-fallers were found to be significantly different from age- and sex-matched controls
only in terms of average path length, and no differences were found between PD fallers and
non-fallers in any of the static posturographic variables. In this context, Nardone and
Schieppati (2006) found PD fallers and non-fallers could not be discriminated based on static
sway area. It is likely that static stance is not a condition in which the balance of a person with
PD is challenged to an extent that it induces PI. After all, falls rarely occur spontaneously whilst
the patient is standing still. Thus, distinguishing differences in postural control between PD
fallers and non-fallers in static stance is likely to be particularly challenging from a technical
perspective and beyond the discriminatory capacity of static posturography for individuals
with varying degrees of PI. The almost complete absence of significant differences between PD
non-fallers and age- and sex-matched controls supports this conclusion. The PI associated with
PD represents a continuum from normal balance through to impaired balance typified by falls
and near falls, and it is possible that static posturography has limited capacity to detect subtle
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differences because of the intrinsic variability of PI amongst the cohort of individuals studied.
In other words, static posturography simply lacks the sensitivity to detect subtle differences.
This is in agreement with Visser et al (2008) who in a review of posturography concluded that
the value of posturography lies in its capacity to assist in the management of individual
patients, but that it has limitations when applied at the cohort level because of its lack of
sensitivity and specificity.
Dynamic posturography assesses a subject’s ability to maintain balance when required to
displace their centre of gravity in different directions. It assesses temporal aspects of
movement (i.e. reaction time, speed and velocity) as well as spatial accuracy and directional
control. Some previous studies have used this method to evaluate the ‘limits of stability’ in
individuals with IPD and have suggested that impaired performance is an indicator of an
increased risk of falling (Ganesan et al., 2010; Rossi et al., 2009; Yang et al., 2008). In the
present study, PD fallers reacted significantly slower to the presentation of a target, were
slower in their movements and took longer to hit the targets compared to both PD non-fallers
and age- and sex-matched controls. The accuracy of movement and ability to maintain the new
position were not impaired in the PD fallers, but they did take significantly longer to achieve
the target compared to the age- and sex-matched controls. Others (Rossi et al., 2009) have
similarly reported reduced movement speed in PD fallers.

Slowness of movement is a typical symptom of PD and our studies, and those of Morris (2000),
appear to suggest that slowness of movement is a differentiating feature when comparing PD
patients with and without a history of falls. Postural stiffness, on the other hand, has been
shown to correlate with various clinical measures of motor impairment in individuals with PD
(Beckley et al., 1995; Lauk et al., 1999). It has previously been shown that anticipatory (Latash
et al., 1995a) and reactive (Bloem et al., 1996) postural control mechanisms are impaired in
IPD. This suggests that the trunk stiffness and hypokinesia common to PD play a major role in
the impairment to postural control that results in PI.

Some previous studies have found direction-specific impairments in IPD patients, some
subclinical. Horak, Dimitrova and Nutt (2005) found reduced postural stability margins in all
directions, but especially for backward and lateral sway in a small group of patients with
longstanding IPD. Ganesan et al (2010) found subclinical impairment, particularly in the
forward-right and backward-left directions in a group of patients with early stage IPD. Our
findings in a larger group of patients with variable degrees of disease severity also show
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differential impairments, which were most apparent in the backward and left lateral
directions. Forward leaning is a common and effective compensatory strategy for improving
postural stability in the elderly (Blaszczyk, Lowe & Hansen, 1994; Horak, Shupert & Mirka,
1989), and it is possible that the PD participants with impaired balance have greater difficulty
leaning backwards and laterally due to a pronounced forward leaning stance.

The current study found no significant differences in dynamic posturographic variables
between PD non-fallers and the age- and sex-matched controls. This supports the findings of
static posturography and may indicate that non-fallers and controls are essentially similar in
regards to their postural control. It has previously been shown that patients with early-stage,
untreated PD display normal dynamic balance, including normal movement velocity, but that
with increasing disease severity, dynamic balance worsens (Frenklach et al., 2009; Koop, Shivitz
& Bronte-Stewart, 2008). Mancini et al (2011), using trunk accelerometry, however, were able
to detect PI in untreated PD.

Multivariate analysis of all seven of the static posturographic variables measured found
patients with PD to be significantly different from age- and sex-matched controls in the EO
condition. Individuals with PD with a history of falling were distinguishable from controls in the
EO condition, whilst non-fallers differed significantly from controls in both the EO and EC
conditions. These findings are difficult to explain and may indicate that patients with IPD,
regardless of whether they have a history of falling or not, experience some level of balance
impairment that is only marginally improved by visual correction in the EO condition. This is
supported by Chasten et al (2008), who suggest that visual inputs are redundant for postural
control during static stance in PD patients.

As noted in previous studies (Ashburn et al., 2001b; Brotherton et al., 2005; Dibble & Lange,
2006; Gray & Hildebrand 2000; Nardone & Schieppati, 2006), individuals with a history of
falling were in general older, had longer disease duration and were more severely disabled.
Despite the close link between disease duration and severity, there was little difference
between fallers and non-fallers as assessed by the Hoehn and Yahr Scale. The static
posturographic variable (sway area) that differed between controls and fallers and the
dynamic posturographic variables (viz. speed and reaction time) that differed between fallers
and non-fallers significantly correlated with the clinical assessments; the UPDRS, the Hoehn
and Yahr scale, SES, BBS, ABC scores and TUG duration. On the other hand, the pull-test was a
poor discriminator and correlated poorly with a history of falling and posturographic measures
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as has previously been reported (Bloem et al., 1998a; Ebersbach & Gunkel, 2011). Previous
studies have documented that multiple balance tests may provide a better assessment of PI in
people with PD (Adkin, Bloem & Allum, 2005; Jacobs et al., 2006), and the correlations
between posturography variables and clinical assessments shown in this study support such
claims.

Previous posturography studies of IPD have produced conflicting results. Some showed a
correlation between impaired static or dynamic postural control and a history of falling
(Matinolli et al., 2007), whilst others found no correlation (Chasten et al., 2008). The
differences between these findings are likely to reflect the use of different posturography
protocols and methods of data analysis as well as differences in disease duration and severity
in the patient cohorts studied. The current study assessed the static and dynamic control of
posture using a stable platform and found that PD fallers could be distinguished from age- and
sex-matched controls on the basis of a number of static and dynamic posturographic variables,
but only dynamic posturography could discriminate PD fallers from non-fallers.

In conclusion, our findings suggest that the posturographic assessment of multi-directional
leaning balance is a useful technique for evaluating the risk of falling in IPD. Our study also
supports previous suggestions that a combination of clinical and posturographic measures is
likely to be more effective in determining the risk of falls in individuals with IPD (Rossi et al.,
2009). Further prospective studies are required to determine the predictive value of these
measures in the assessment of falls risk.
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CHAPTER 5

THE EFFECTS OF A SUPERVISED PILATES TRAINING PROGRAM ON BALANCE FOR PEOPLE WITH
PARKINSON’S DISEASE
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5.1

INTRODUCTION

The maintenance of postural control involves the complex interaction of a number of sensory,
motor and integrative systems within the CNS (see Introduction). The dynamics of this
interaction are not entirely understood, but it is thought that sensory signals, including
proprioceptive, vestibular and visual signals coupled with a central threshold-like mechanism
and a sensory re-weighting system combine to affect postural responses to changes in
environmental conditions. Degeneration of the cholinergic system is thought to be the cause
of the PI associated with PD, although there is some evidence for the involvement of nondopaminergic pathways. PI, one of the four cardinal features of PD, progressively worsens as
disease severity increases, with postural impairments and gait alterations leading to a reduced
capacity to perform ADLs and a consequent reduced quality of life. Reduced trunk flexibility, a
typical feature of PD, contributes to PI (Horak, Dimitrova & Nutt, 2005) and the level of
impairment in trunk flexibility tends to worsen with progression of PD (Visser et al., 2008a).
Against this background, there has been considerable clinical interest in therapeutic
interventions, such as posture, balance and exercise training that positively impact on PI in
patients with PD.

Pilates, a training methodology named after its pioneer Joseph Pilates (see Lange et al., 2000),
is a type of movement therapy focusing on strengthening the core musculature of the body, as
well as improving muscle strength, flexibility (Kloubec, 2010) and trunk stability (Emery et al.,
2010). Pilates combines movements based on gymnastics, yoga, dance and martial arts to
produce coordinated movement patterns and whole body strengthening (Segal, Hein &
Basford, 2004). Fundamental to this method of training is the strengthening of the body’s
‘core’, which broadly refers anatomically to the area from the pelvic floor, inferiorly, to the rib
cage, superiorly (Muscolino & Cipriani, 2004). Pilates, which operates on the basis of six socalled ‘principles’ of concentration, control, centering, flow or efficiency of movement,
precision and breathing, involves exercise-specific positioning to reduce superfluous muscle
activation (Segal, Hein & Basford, 2004) and the performance of controlled, quality
movements in preference to highly repetitive exercises (Levine et al., 2007).

The key to the Pilates approach is strengthening the structural core to optimise an individual’s
capacity to perform functional tasks. It is known that reduced core stability places an individual
at greater risk of falls and lower extremity injuries (Willson et al., 2005). The role of deep
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abdominal muscle activation, in particular of the transversus abdominus (TrA) and obliquus
internus (OI), in supporting the lumbar spine is one of the critical features of Pilates (Endleman
& Critchley, 2008). Pilates has been used for rehabilitation of patients with chronic lower back
pain (Blum, 2002) and in acutely ill hospitalised older adults (Mallery et al., 2003) and has been
shown to improve static and dynamic balance in older healthy adults (Bird, Hill & Fell, 2012;
Hall et al., 1999; Kaesler et al., 2007). The impact of Pilates on the balance and balance
confidence of patients with IPD has, however, not been fully explored.

The present study aimed to investigate the effects of a 6-week Pilate’s training program on PI,
balance confidence and ADLs in a small cohort of patients with PD. The following questions are
addressed in this study:


Are individuals with PD capable of participating in a Pilates training program?



Can Pilates objectively and subjectively improve measures of balance, balance
confidence, mobility and disease symptom severity?
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5.2

METHODS

5.2.1

Demographics of Participants

Ten participants (3 females, 7 males, average age 67.6±8.9 years) with a confirmed diagnosis of
IPD were recruited from a database of PD patients developed through the CNND at the SCGH.
Participants ranged in disease severity from stage 1 to stage 3 on the Hoehn and Yahr Scale.
Disease duration ranged from 2 to 14 years, with an average duration of 7.3±4.1 years (Table
5.1). The participants all had a prior history of falls and/or near-falls in the previous two years,
and were not involved in any exercise activities other than the Pilates program during the
duration of the study. The Human Research Ethics Committee of the SCGH approved the study
with each participant providing informed consent.

5.2.2

Experimental Design

The clinical assessment measures described in Chapter 2 were used to assess disease severity,
balance, functional ability, balance confidence and mobility. Additionally, mobility was
assessed using a 5-metre walk where participants were instructed to walk 5 metres at a
comfortable walking pace. Unlike the TUG, the 5-metre walk did not include any transitional
elements. Step count and cadence were measured during the 5-metre walk. The clinical and
functional assessments undertaken in this study were: UPDRS axial, tremor and motor subscores (Fahn & Elton, 1987); BBS (Berg et al., 1992); TUG (Morris, Morris & Iansek, 2001)
(including measurement of the step count and cadence of participants whilst completing the
TUG); ABC Scale (Adkin, Frank & Jog, 2003); SES (Alves et al., 2005); pull test (Franchignoni et
al., 2005); and 5-metre walk.

Quantitative posturography was used to assess static and dynamic postural control (see
Chapter 4 for the static and dynamic posturographic assessment protocols). The following
variables were selected as providing the most appropriate measures of postural control before
and after the Pilates training: Static posturography: sway path length and sway area; Dynamic
posturography: Average speed; Average velocity; Average hit time; Average achieved time;
Average percentage excursion; Average reaction time; Average wandering; Average overshoot.

110

Participants underwent the static and dynamic posturographic assessments twice and both EO
and EC conditions were used for the static posturography. Testing was conducted before and
after the Pilates training intervention. One primary investigator was responsible for all tests
before and after the intervention.

5.2.3

Pilates Training Program

The participants underwent a 6-week Pilates training program, which consisted of the
participants attending the CNND for two, one-hour training sessions per week. This training
protocol is similar to approaches used to improve balance in other Pilates-based training
studies in healthy adults (Appell et al., 2012) and the elderly (Johnson et al., 2007). The
investigator and a qualified Pilates instructor delivered the training program to the participants
with two participants attending each training session. A standardised Pilates program was
delivered to the participants. This focused on strengthening the lower limbs and improving the
participants’ flexibility and mobility with particular emphasis on reducing axial stiffness by
improving trunk flexibility (Table 5.2). The participants were monitored throughout to ensure
that they were able to cope safely with the exercise intervention. Monitoring was based on the
subjective feelings of patients and the observations of the instructors.

Detailed explanatory instructions were provided by the Pilates instructor to ensure that all
participants were fully acquainted with the aims and structure of each of the exercises.
Ongoing verbal cues and physical assistance was provided throughout the training program to
ensure that muscle control and breathing control techniques were adhered to. A hospital
plinth, Pilates reformer, two anti-burst gym balls (75cm and 55cm) and two steps (24cm and
11cm) were used in the exercise program. Each participant was prescribed a combination of
exercises based on, and adjusted for, the participant’s functionality, strength and flexibility.
The exercises were made increasingly more difficult as the sessions progressed, the increments
in difficulty being determined by the instructor based on the ability of a participant to perform
the exercises. The increments involved adding movements to increase the complexity of the
task, reducing the base of support and increasing the resistance during the reformer exercises.
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5.2.4

Data Analysis

Participant data was averaged and paired; two-tailed distributed T-tests were used to compare
scores before and after Pilates training. Significance was set at the p < 0.05 level. All
participants enrolled into the study completed the training program and were included in the
data analysis. All values reported are group averages and standard errors unless otherwise
indicated.

Table 5.1: Participant demographics.

Participant

Gender

Age

Disease Duration (years)

Hoehn and Yahr Score

1

Male

54

9

3

2

Male

72

7

3

3

Male

64

10

2

4

Male

63

14

2

5

Female

76

13

2.5

6

Male

77

2

2

7

Male

70

3

2

8

Male

70

4

3

9

Female

53

5

1

10

Female

77

6

3

Mean ± SD

7 M/3 F

67.6±8.9

7.3±4.1

2.4±0.6
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5.3

RESULTS

All participants successfully completed the training program as prescribed, with only one
participant missing two sessions because of an unrelated sickness. At an individual level,
participants progressed at different rates in terms of the complexity and difficulty of Pilates
exercises undertaken compared to participant performance on the first day of the program
(Table 5.2).

A statistically significant improvement in average BBS scores was recorded following the
training (Table 5.3). Pre-training, the average BBS score was 47.1±2.0 and this increased to
50.4±1.5 following the Pilates training. Balance confidence also showed signs of improvement,
albeit not to a statistically significant extent, with the average ABC score increasing from
71±3.4% before training to 75±3.8% after training.

The two mobility measures completed by the participants, the TUG and 5-metre walk were
analysed for duration, step count and cadence (Table 5.4). There was no change in the TUG
duration, with the average times pre- and post-training being 10.1±0.6 seconds and 10.2±0.6
seconds, respectively. A significant improvement was found in 5-metre walk duration, with
almost a full second improvement averaged across the group (pre-training 6.3±0.4 versus posttraining 5.5±0.3 seconds; p = 0.015). There was a reduction, albeit not of statistical
significance, in the average number of steps taken by participants to complete the TUG
(14.1±0.7 versus 13.2±0.7 steps) and the 5-metre walk (10±0.5 versus 9.4±0.3 steps).

Significant differences were found for the cadence of participants during both measures of
mobility. In the TUG, cadence was reduced from 84.9±3.4 steps per minute pre-training, to
78.0±3.7 steps per minute post-training (p = 0.019), whereas in the 5-metre walk, cadence was
increased from 97.4±5.2 steps per minute pre-training to 103.7±5.3 steps per minute posttraining (p = 0.048).
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Table 5.2: Pilates exercise program and progressions.

Pilates Exercises

Progressions

Breathing Exercises
Plinth Exercises

Side-to-side with gym ball

Arm rotations
Increase range of movement
Without gym ball

Leg lifts

Feet close together
Feet on wobble board

Knee Openings

Feet close together
Feet on wobble board

Clams

Extend top leg to straighten

Pelvic tuck and curls

Feet close together
Feet on wobble board
Add leg lifts

Gym Ball Exercises

Marching

Leg lifts

Trunk rotations
Stepping Exercises

Step-ups and step-downs

Increase step height
Feet not touching the floor on
step-downs

Reformer Exercises

Heels on foot bar, hip width apart

Increase or decrease spring
resistance

Toes on foot bar, hip width apart
Toes on foot bar, heels touching
Heels out wide on foot bar
Prances
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Table 5.3: Results of clinical assessment before and after training.

Pre-Training

Post-Training

p-value

BBS

47.1±2.0

50.4±1.5

*0.011

ABC (%)

71.0±3.4

74.7±3.8

0.165

SES (%)

79±3

80±2

0.411

19±3.1

18±3.3

0.363

UPDRS Motor Score

* Denotes statistical significance by paired, two-tailed distributed T-test of p < 0.05.

Table 5.4: Results of functional assessment before and after training.

Pre-training

Post-training

p-value

TUG (Seconds)

10.1±0.6

10.2±0.6

0.375

TUG step count

14.1±0.7

13.2±0.7

0.061

85±3

78±4

*0.019

5 metre walk (Seconds)

6.3±0.4

5.5±0.3

*0.015

5 metre step count

10.0±0.5

9.4±0.4

0.148

5 metre walk cadence (steps/minute)

97.4±5.2

103.7±5.3

*0.048

Pull Test

0.5±0.2

0.3±0.1

0.08

TUG cadence (steps/minute)

* Denotes statistical significance by paired, two-tailed distributed T-test of p < 0.05.
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Although not of statistical significance, there was a trend for improvement in two key static
posturographic variables as the result of the Pilates training program, sway area and sway path
length in both the EO and EC conditions (Figure 5.1). The EO sway area decreased from 3.4±0.8
cm2 pre-training to 3.1±0.8 cm2 post-training, whereas the EC sway area decreased from
4.4±1.2 cm2 pre-training to 3.8±0.6 cm2 post-training. The sway area, predictably, was smaller
in the EO condition than in the EC condition, however, the sway path length was greater in the
EO condition compared to the EC condition. In both the EO and EC conditions, participants
post-training tended to display a greater sway path length. The increase in path length was
more pronounced in the EC condition (154.6±30.4 versus 188.6±55.7 cm) than in the EO
condition (123.8±17.6 versus 132.0±24.9 cm).

Although not of statistical significance, there was a trend for improvements in some of the
dynamic posturographic variables as the result of Pilates training (Table 5.5). A post-training
improvement in speed of movement resulting in faster target hit times and target achievement
times, in addition to improved accuracy in hitting the presented targets and more rapid
reactions to the appearance of the targets was found.
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Figure 5.1: A comparison of static posturographic measures in patients with PD before and
after a 6-week Pilates training program.
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Table 5.5: Dynamic posturography before and after training.
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Pre-Training

Post-Training

p-value

Velocity

1.5±0.2

1.9±0.3

0.128

Speed

4.7±0.9

4.8±0.6

0.462

Hit time

3.8±0.3

3.5±0.4

0.202

Achieved time

2.6±0.5

2.3±0.3

0.262

Excursion (%)

34.5±5.9

34.8±4.4

0.477

Wandering

15.4±8.6

8.5±1.3

0.193

Overshoot

0.8±0.3

0.7±0.1

0.354

Reaction time

1.05±0.1

0.96±0.1

0.277

5.4

DISCUSSION

The aim of this study was to assess the efficacy of an acute Pilates training program in an IPD
population experiencing progressive deterioration and a worsening in symptom severity.
Overall, the study, despite its small size, showed a trend to improvement in balance and
mobility and quantitative posturographic variables as the result of the 6-week Pilates training
program. All participants reported anecdotally looking forward to each session and enjoying
the program. Participants subjectively reported feeling stronger, more mobile and more
confident in their capabilities following the program.

One feature that was particularly noticeable was the obvious enjoyment derived by
participants from the social interactions gained from working as part of a pair during the
training. The potential to meet and interact with another person with PD appeared to enhance
a participant’s enjoyment of the program and his/her willingness to adhere to the training. The
psychosocial benefits of exercise have been well documented (Archer et al., 2011; Blake &
Hawley, 2012; Hurley, Mitchell & Walsh, 2003; Lavie & Milani, 2011; Taylor-Piliae et al., 2006).
Specifically, Pilates exercises have been shown to reduce depression and improve quality of life
in breast cancer patients (Eyigor et al., 2010). It is possible that the improvements found as a
result of the training are influenced by psychosocial factors, particularly the enjoyment the
participants experienced through the social interactions (Petajan et al., 1996). Disentangling
the complex relationship between psychosocial variables and exercise in Parkinson’s disease is
beyond the scope of this investigation, but the role such opportunities to socialise with other
PD patients might have in improving compliance to exercise regimes warrants further
investigation.

The comparisons pre- and post-training resemble to some degree the comparisons between
fallers and non-fallers presented in Chapters 3 and 4. In Chapter 3, fallers recorded a greater
BBS, SES, UPDRS motor and pull test score, and a reduced balance confidence compared to
non-fallers. Following the Pilates program, the participants’ (all of whom were fallers or had
experienced near-falls) assessment scores (viz. BBS, SES, ABC, UPDRS motor and pull test)
tended to be more like the scores of non-fallers than that of fallers. Similarily, sway area and
sway path length measures post-training more closely resemble the data of non-fallers than
fallers. The same can be said for the dynamic posturography variables, including reaction time,
target hit and achieved times, and movement velocity.
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In chapter 3 the SES was found to be the single best correlate of PI, and subsequently, falls, in
an IPD cohort. There was very little difference in SES scores following the 6-week Pilates
program in this study. The small sample size and the length of the training may perhaps blunt
the efficacy of the SES to predict PI in this pilot study. It is also possible that the fall history and
balance confidence, which only marginally improved following the training, reduces the
likelihood of the program to produce significant change in subjective independence, despite
being capable of bringing about significant functional change in balance and mobility.

The observation of a significant change in the BBS following Pilates training is a functionally
important finding as the 14 items of the BBS represent tasks that are common to daily life.
Moreover, impairments in some of these tasks in PD are thought to play a key role in fall
events through loss of balance (reaching outstretched, steps, turning around and bending over
to pick up shoe). The improvement in the BBS is positive evidence of improved functional
balance ability and the capacity to perform ADLs.

This study supports previous findings that physical activity can improve functional balance in
patients with PD (Lun et al., 2005). Increases in walking speed and stride length are reported in
patients with PD following a one-month program of exercise (Miyai et al., 2002). In the current
study, there was a significant change in walking cadence in both the TUG and 5-metre walk.
The results of the TUG suggest that participants appear to have reduced their cadence by
increasing their stride length to complete a task rather than by walking faster. Stride-to-stride
variability has previously been shown to be abnormal in PD (Hausdorff, 2009), and gait
variability is known to be predictive of future falls in older adults (Brach et al., 2005; Taylor et
al., 2012). Patients with PD tend to use shorter stride lengths (Pedersen et al., 1997; Yang et
al., 2008), a factor thought to contribute to FoF (Chamberlin et al., 2005). The finding that
participation in a Pilates training program increases stride length suggests that the technique is
of potential value as a way of addressing the stride abnormalities associated with PD.

Despite the change in cadence in the TUG following training, there were no changes in TUG
duration, although there was a trend for the TUG step count to decrease. Others similarly have
reported positive, but non-significant effects of adaptive exercise training on TUG (Gobbi et al.,
2009). It is possible that impairments in the transitional elements of the TUG (viz. sit-to-stand,
turning around, and stand-to-sit) counter any positive effects of Pilates training on TUG
duration and cadence. The lack of any significant change in UPDRS motor score supports the
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view that disease factors, such as bradykinesia, FoG and rigidity, might obscure some of the
beneficial effects of Pilates training. Bradykinesia is known to affect turning (Mak, Patla & HuiChan, 2008) and the supine-to-stand movement (Schenkman, Morey & Kuchibhatla, 2000),
supporting the notion that impairment to the transitional elements of the TUG might obscure
beneficial effects on other elements.

There were no significant changes in static posturographic variables as the result of Pilates
training. There was a trend for improvement in the static posturographic variables, sway area
and sway path length, in both the EO and EC conditions, though it was not a statistically
significant change. Exercise has previously been shown to increase trunk flexibility in patients
with PD (Schenkman et al., 1998). King & Horak (2009) suggest that a pre-Pilates agility type
program focusing on increasing spinal mobility and lengthening flexor muscle groups may
reduce rigidity and axial stiffness and increase the efficacy of a subsequent Pilates intervention
in PD patients.

The non-significant reduction in sway area observed in this group post-training, most likely
reflects the improved control of the trunk during quiet stance, and supports the findings in
Chapter 4. These showed that sway area was greatest in IPD fallers compared to non-fallers,
who in turn displayed a greater sway area compared to controls. Whilst at first glance, the
increase in sway path length might suggest that participants became more unstable as a result
of Pilates training, it is more probable that the increase is a consequence of increased trunk
flexibility and reflects an improved capacity to respond, and respond quickly (as further
supported by the improvements in reaction time following the training), to alterations in CoG
in quiet stance. Consequently, this suggests a Pilates program improves the capacity of
individuals to respond to perturbations that otherwise might result in falls.

The lack of any significant changes post-training in dynamic balance variables, despite the
trend of the variables post-training to be more closely representative of non-faller data than
faller data, suggests that Pilates, at least of 6 weeks duration, has little effect on dynamic
postural control. This is a little at odds with the improvements in the TUG, 5-metre walk and
the BBS and suggests that further studies are required with a larger cohort over a longer
duration, as significant gains resulting from Pilates training can take longer than 6 weeks to
manifest. The study was of a pilot nature and the fact that some elements of the trial were
positive is encouraging and suggests the need for an expanded study with greater scope.
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In summary, Pilates training in a limited cohort of IPD patients has been shown to lead to some
improvement in key clinical and functional measures (viz. BBS, TUG and 5-metre walk) and to a
trend, albeit non-significant, towards improvement in some static (viz. sway area and path
length) and dynamic (viz. reaction time, target hit and achieved times and movement velocity)
measures of postural control, suggesting that further longer-term studies are warranted. The
success of this pilot trial of Pilates training, coupled with the reported benefits of other less
conventional exercise therapies in PD, such as dance, Tai Chi and yoga, suggests the need for a
broader perspective on exercise training in PD focusing on improving core strength and
flexibility through enjoyable forms of exercise training, including those involving social
interaction.
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CHAPTER 6

GENERAL DISCUSSION
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Postural instability, one of the four cardinal symptoms of PD, is widely recognised as being a
major cause of reduced mobility, a reduced capacity to perform ADLs, a propensity to fall and
overall to a poorer quality of life in patients with PD. This thesis has examined various facets of
PI. It has explored the circumstances surrounding falls, assessed a number of assessment
methodologies, including clinical and functional assessment and static and dynamic
posturography as ways of assessing the level of PI, and has conducted a trial of a novel Pilates
exercise program to establish whether it has any beneficial effects in patients with PD.

In what is the largest study of its kind to date, a cohort of 130 patients with idiopathic PD was
surveyed using a 16-item questionnaire to explore the circumstances surrounding fall and near
fall events. Over 50% of patients in the study had experienced a fall in the previous 24 months,
and over 80% had experienced a near fall over that same period. Overall, the study suggests
that a FoF is more prevalent in PD patients than previously thought, including in patients with
no history of past falls. This underscores the importance of assessing FoF in patients with PD
and exploring early interventions to improve postural stability as a strategy to reduce the risk
of falling. Further research is required to explore the relationship between a FoF and falling.

The study has provided new insights into the impact of PI in patients with PD. Patients with PD
who experienced falls were shown to display greater restrictions on their activities as a result
of a FoF. Such patients engaged in less physical activity and were more likely to use walking
assistive devices. This study, whilst providing valuable insights into the circumstances
surrounding the falls, was unable by its very design to clarify the complex relationship between
fall risk factors and falling. The study, however, strongly suggests that near falls are potentially
as important as falls in understanding the impact of PI on patients with PD. Near falls can be
considered as precursors to falls and it is important that near falls are factored in when
assessing the PI of patients with PD and exploring treatment options.

Despite the notion that most falls in patients with PD are ‘low-energy’ falls, the study
confirmed that serious falls leading to fractures, dislocations and other serious injuries occur
on a frequent basis. The self-reported circumstances surrounding fall events may be a useful
resource for clinicians in understanding the extent of the PI experienced by individual patients.
They may be useful guides for the introduction of therapeutic interventions to target specific
fall-related behaviours to lessen the risk of falling.
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Overall, the large numbers of patients with PD experiencing falls and/or near falls suggests the
need for regular assessment of PI in patients with PD so that high risk patients can be
identified at an early stage with the goal of instigating appropriate fall-prevention therapies.

The multidimensional nature of PI, coupled with the absence of sensitive and PD-specific
measures of PI, led us to explore the use of a combination of assessment methodologies to
evaluate PI in patients with PD. The capacity of such an approach to discriminate between
individuals more or less at risk of falling would in theory provide clinicians with a tool to better
manage patients with PD. Overall, this study has shown that combining a number of
assessment methodologies is able to discriminate more accurately between fallers and nonfallers.

Compared to non-fallers, fallers were shown to be older, have longer disease duration and to
be more severely disabled with lower ABC and BBS scores and longer TUG times. This study
showed a combination of the SES, which assesses the capacity of a patient to perform ADLs,
the Hoehn and Yahr Scale, which is a measure of disease severity, and the BBS, which assesses
a patient’s capacity to perform common, functional balance tasks, more accurately
discriminates between fallers and non-fallers than any single test alone. Whilst we found such
a combination of assessments is only marginally more accurate than the SES alone – which
given its simplicity and ease of use might be sufficient by itself in most clinical settings – our
results suggest that the multidimensional assessment of PI based on a combination of
measures is a more appropriate method of assessment, particularly in a research setting.

Various means of assessing and quantifying balance have been used to assess the level of PI in
patients with PD, but most of these, including the clinical assessment and subjective balance
tests discussed in Chapter 3, contain a subjective element. Given this, there is a need for a
more objective approach that more accurately assesses the degree of PI in individuals with PD
and thus the likelihood of them falling. Posturography provides such an approach.
Posturography is a relatively recent (viz. mid-1990s onwards) method of assessing PI in
patients with PD, which has previously been used to estimate fall risk, assess the efficacy of
therapeutic interventions and as a comparator for other balance assessments in PD.
Posturography can be standardised and is quantifiable and reproducible, thus making it an
attractive means of assessing PI in a patient cohort with significant intra-variability in
symptoms and disease severity. Against this background, the capacity of static and dynamic
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posturography to assess the PI experienced by patients with PD and to discriminate fallers
from non-fallers was evaluated in this study.

This study measured a range of posturographic variables, including seven static and eight
dynamic posturographic variables in the same cohort of PD patients as studied previously as
well as in age- and sex-matched controls (Chapter 3). We established that a number of the
static (sway-path area and minor sway-path axis length) and dynamic posturographic variables
(movement speed, target hit time, target achieved time and reaction time) differed in fallers
with PD compared to the age- and sex-matched controls. Similarly, the dynamic variables of
movement speed, target hit time, and reaction time were able to discriminate between fallers
with PD and non-fallers with PD. Despite the lack of statistically significant differences between
non-fallers with PD and controls, other than for path length during static stance, analysis of the
static variables combined showed a significant difference between the non-fallers with PD and
controls in both EO and EC conditions. This study adds weight to previous studies that have
found a history of falling in PD correlates with impaired static and dynamic postural control.

Based on our findings, we suggest that the posturographic measures in current use lack the
sensitivity and specificity to detect some of the more subtle differences in PI in patients with
PD, given the intrinsic variability shown in symptoms and disease severity in any cohort of PD
patients. This prompted us to undertake a further analysis combining both the outcomes of
clinical and functional assessments (Chapter 3) and posturographic variables (Chapter 4) to
establish whether there are any correlations between measures. The UPDRS, Hoehn and Yahr
Scale, SES, BBS, ABC and TUG were found to correlate significantly with static and dynamic
posturographic measures and with the number of falls experienced by patients with PD. This
would suggest that static and dynamic posturography, when used in combination with specific
clinical and functional assessments, provides a more robust measure of PI in patients with PD.

The final element to this thesis was a pilot study examining the efficacy of a novel Pilates
exercise program in improving postural control of patients with PD. Using clinical and
functional assessments, and posturographic measures, a small group of patents with PD
participated in a standard 6-week course of Pilates with progressions. Pilates focuses on
strengthening the core musculature of the abdominal region to optimise performance of
functional tasks, and has been shown to improve the balance of healthy older adults. Overall,
the study, despite its small size, showed a trend to improvement in balance and mobility and
quantitative posturographic variables. The Pilates program was shown to be well tolerated and
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enjoyable, in part because of the opportunity for participants to interact socially. Participants
reported feeling stronger, more mobile and more confident in their capabilities as a result of
participation in the program.

The observation of a significant change in BBS following Pilates training is a clinically and
functionally important finding. The 14 items of the BBS represent tasks that are common to
daily life. Moreover, impairments in some of these tasks in PD are thought to play a key role in
fall events through loss of balance (reaching outstretched, steps, turning around and bending
over to pick up shoe). The improvement in the BBS is positive evidence of improved functional
balance ability and the capacity to perform ADLs. Aside from the BBS, the Pilates program led
to improvements in mobility (viz. 5-metre walk duration and cadence during both the TUG and
the 5-metre walk). Although not of statistical significance, there was also a trend for
improvement in two of the key static posturographic variables, sway area and sway path
length in both the EO and EC conditions. Overall, these improvements have important
implications for the independence of patients and their capacity to perform ADLs and engage
in physical activity.

The training of the core musculature that is the key feature of Pilates and the improvements
noted in the posturography and functional balance assessments confirm the importance of
core muscle control for postural instability and suggest that balance-challenging and coremusculature strengthening exercises may be important components in future exercise training
programs for patients with PD. The positive nature of the results of this pilot study suggests
the need for a more comprehensive study of larger scale and duration.

6.1

FINAL CONCLUSIONS AND FUTURE STUDIES

This study underscores the importance of a more robust approach to assessing PI in patients
with PD given the importance of PI as a risk factor in falls and near falls, which are well
established to have deleterious effects on balance confidence, mobility and a patient’s
capacity to engage in social and physical activities. A combination of clinical and functional
assessments, as well as posturographic measures, has been shown to discriminate more
accurately and sensitively between patients with PD with or without a history of falling and
age- and sex-matched controls. The importance of accurately assessing the extent of PI in the
routine management of patients with PD is self-evident, and the demonstration in this study
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that a combination of assessments is better than any single test represents an important step
forward. Such multi-element assessments would be appropriate for monitoring the broad
spectrum of PI, in evaluating the risk of future and recurrent falls, and in informing the
structure of training interventions to improve postural control in patients with PD. As an
example of a training intervention, the pilot Pilates trial shows the importance of controlled
training of the core musculature, flexibility training and a focus on establishing more efficient
movement patterns in improving balance and mobility in patients with PD.
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APPENDIX 1

Modified Hoehn and Yahr Scale

STAGE 0

=

No signs of disease

STAGE 1

=

Unilateral disease

STAGE 1.5 =

Unilateral plus axial involvement

STAGE 2

=

Bilateral disease, without impairment of balance

STAGE 2.5 =

Mild bilateral disease, with recovery on pull test

STAGE 3

Mild to moderate bilateral disease; some postural instability; physically

=

independent.
STAGE 4

=

Severe disability but still able to walk or stand unassisted

STAGE 5

=

Wheelchair bound or bedridden unless aided
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APPENDIX 2

UPDRS Examination

I. MENTATION, BEHAVIOR AND MOOD
1. Intellectual Impairment
0 = None.
1 = Mild. Consistent forgetfulness with partial recollection of events and no other difficulties.
2 = Moderate memory loss, with disorientation and moderate difficulty handling complex
problems. Mild but definite impairment of function at home with need of occasional
prompting.
3 = Severe memory loss with disorientation for time and often to place. Severe impairment in
handling problems.
4 = Severe memory loss with orientation preserved to person only. Unable to make
judgements or solve problems. Requires much help with personal care. Cannot be left alone at
all.

2. Thought Disorder (Due to dementia or drug intoxication)
0 = None.
1 = Vivid dreaming.
2 = "Benign" hallucinations with insight retained.
3 = Occasional to frequent hallucinations or delusions; without insight; could interfere with
daily activities.
4 = Persistent hallucinations, delusions, or florrid psychosis. Not able to care for self.

3. Depression
0 = None.
1 = Periods of sadness or guilt greater than normal, never sustained for days or weeks.
2 = Sustained depression (1 week or more).
3 = Sustained depression with vegetative symptoms (insomnia, anorexia, weight loss, loss of
interest).
4 = Sustained depression with vegetative symptoms and suicidal thoughts or intent.
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4. Motivation/Initiative
0 = Normal.
1 = Less assertive than usual; more passive.
2 = Loss of initiative or disinterest in elective (nonroutine) activities.
3 = Loss of initiative or disinterest in day to day (routine) activities.
4 = Withdrawn, complete loss of motivation.

II. ACTIVITIES OF DAILY LIVING (for both "on" and "off")
5. Speech
0 = Normal.
1 = Mildly affected. No difficulty being understood.
2 = Moderately affected. Sometimes asked to repeat statements.
3 = Severely affected. Frequently asked to repeat statements.
4 = Unintelligible most of the time.

6. Salivation
0 = Normal.
1 = Slight but definite excess of saliva in mouth; may have nighttime drooling.
2 = Moderately excessive saliva; may have minimal drooling.
3 = Marked excess of saliva with some drooling.
4 = Marked drooling, requires constant tissue or handkerchief.

7. Swallowing
0 = Normal.
1 = Rare choking.
2 = Occasional choking.
3 = Requires soft food.
4 = Requires NG tube or gastrotomy feeding.

8. Handwriting
0 = Normal.
1 = Slightly slow or small.
2 = Moderately slow or small; all words are legible.
3 = Severely affected; not all words are legible.
4 = The majority of words are not legible.

184

9. Cutting food and handling utensils
0 = Normal.
1 = Somewhat slow and clumsy, but no help needed.
2 = Can cut most foods, although clumsy and slow; some help needed.
3 = Food must be cut by someone, but can still feed slowly.
4 = Needs to be fed.

10. Dressing
0 = Normal.
1 = Somewhat slow, but no help needed.
2 = Occasional assistance with buttoning, getting arms in sleeves.
3 = Considerable help required, but can do some things alone.
4 = Helpless.

11. Hygiene
0 = Normal.
1 = Somewhat slow, but no help needed.
2 = Needs help to shower or bathe; or very slow in hygienic care.
3 = Requires assistance for washing, brushing teeth, combing hair, going to bathroom.
4 = Foley catheter or other mechanical aids.

12. Turning in bed and adjusting bed clothes
0 = Normal.
1 = Somewhat slow and clumsy, but no help needed.
2 = Can turn alone or adjust sheets, but with great difficulty.
3 = Can initiate, but not turn or adjust sheets alone.
4 = Helpless.

13. Falling (unrelated to freezing)
0 = None.
1 = Rare falling.
2 = Occasionally falls, less than once per day.
3 = Falls an average of once daily.
4 = Falls more than once daily.
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14. Freezing when walking
0 = None.
1 = Rare freezing when walking; may have start hesitation.
2 = Occasional freezing when walking.
3 = Frequent freezing. Occasionally falls from freezing.
4 = Frequent falls from freezing.

15. Walking
0 = Normal.
1 = Mild difficulty. May not swing arms or may tend to drag leg.
2 = Moderate difficulty, but requires little or no assistance.
3 = Severe disturbance of walking, requiring assistance.
4 = Cannot walk at all, even with assistance.

16. Tremor (Symptomatic complaint of tremor in any part of body.)
0 = Absent.
1 = Slight and infrequently present.
2 = Moderate; bothersome to patient.
3 = Severe; interferes with many activities.
4 = Marked; interferes with most activities.

17. Sensory complaints related to parkinsonism
0 = None.
1 = Occasionally has numbness, tingling, or mild aching.
2 = Frequently has numbness, tingling, or aching; not distressing.
3 = Frequent painful sensations.
4 = Excruciating pain.
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III. MOTOR EXAMINATION
18. Speech
0 = Normal
1 = Slight loss of expression, diction and/or volume
2 = Monotone, slurred but understandable; moderately impaired
3 = Marked impairment, difficult to understand
4 = Unintelligible

19. Facial Expression
0 = Normal.
1 = Minimal hypomimia, could be normal "Poker Face"
2 = Slight but definitely abnormal diminution of facial expression
3 = Moderate hypomimia; lips parted some of the time
4 = Masked or fixed facies with severe or complete loss of facial expression, lips parted 1/4
inch or more.

20. Tremor at rest (head, upper and lower extremities)
0 = Absent
1 = Slight and infrequently present
2 = Mild in amplitude and persistent or moderate in amplitude, but only intermittently present
3 = Moderate in amplitude and present most of the time
4 = Marked in amplitude and present most of the time

21. Action or Postural Tremor of hands
0 = Absent
1 = Slight; present with action
2 = Moderate in amplitude, present with action
3 = Moderate in amplitude with posture holding as well as action
4 = Marked in amplitude; interferes with feeding
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22. Rigidity (judged on passive movement of major joints with patient relaxed in sitting
position. Cogwheeling to be ignored)
0 = Absent
1 = Slight or detectable only when activated by mirror or other movements
2 = Mild to moderate
3 = Marked, but full range of motion easily achieved
4 = Severe, range of motion achieved with difficulty

23. Finger Taps (Patient taps thumb with index finger in rapid succession)
0 = Normal
1 = Mild slowing and/or reduction in amplitude movement
3 = Severely impaired. Frequent hesitation in initiating movements or arrests in ongoing
movement.
4 = Can barely perform the task

24. Hand Movements (patient opens and closes hands in rapid succession)
0 = Normal
1 = Mild slowing and/or reduction in amplitude
2 = Moderately impaired. Definite and early fatiguing. May have occasional arrests in
movement.
3 = Severely impaired. Frequent hesitation in initiating movements or arrests in ongoing
movement.
4 = Can barely perform the task

25. Rapid Alternating Movements of Hands (pronation-supination movements of hands,
vertically and horizontally, with as large an amplitude as possible, both hands simultaneously.)
0 = Normal
1 = Mild slowing and/or reduction in amplitude
2 = Moderately impaired. Definite and early fatiguing. May have occasional arrests in
movement.
3 = Severely impaired. Frequent hesitation in initiating movements or arrests in ongoing
movement.
4 = Can barely perform the task.
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26. Leg Agility (patient taps heel on the ground in rapid succession picking up entire leg.
Amplitude should be at least 3 inches.)
0 = Normal
1 = Mild slowing and/or reduction in amplitude
2 = Moderately impaired. Definite and early fatiguing. May have occasional arrests in
movement.
3 = Severely impaired. Frequent hesitation in initiating movements or arrests in ongoing
movement.
4 = Can barely perform the task

27. Arising from Chair (patient attempts to rise from a straight-backed chair with arms folded
across chest)
0 = Normal
1 = Slow; or may need more than one attempt
2 = Pushes self up from arms of seat
3 = Tends to fall back and may have to try more than one time, but can get up without help
4 = Unable to arise without help

28. Posture
0 = Normal erect
1 = Not quite erect, slightly stooped posture; would be normal for older person.
2 = Moderately stooped posture, definitely abnormal; can be slightly leaning to one side.
3 = Severely stooped posture with kyphosis; can be moderately leaning to one side.
4 = Marked flexion with extreme abnormality of posture

29. Gait
0 = Normal
1 = Walks slowly, may shuffle with short steps, but no festination (hastening steps) or
propulsion
2 = Walks with difficulty, but requires little or no assistance; may have some festination, short
steps or propulsion.
3 = Severe disturbance of gait, requiring assistance
4 = Cannot walk at all, even with assistance
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30. Postural Stability (response to sudden, strong posterior displacement produced by pull on
shoulders while patient is erect with eyes open and feet slightly apart)
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

31. Body Bradykinesia and Hypokinesia (combining slowness, hesitancy, decreased arm swing,
small amplitude and poverty of movement in general)
0 = None
1 = Minimal slowness, giving movement a deliberate character; could be normal for some
persons. Possibly reduced amplitude.
2 = Mild degree of slowness and poverty of movement which is definitely abnormal.
Alternatively, some reduced amplitude.
3 = Moderate slowness, poverty or small amplitude of movement
4 = Marked slowness, poverty or small amplitude of movement

IV. COMPLICATIONS OF THERAPY (In the past week)
A. DYSKINESIAS
32. Duration: What proportion of the waking day are dyskinesias present?
(Historical information.)
0 = None
1 = 1-25% of day.
2 = 26-50% of day.
3 = 51-75% of day.
4 = 76-100% of day.

33. Disability: How disabling are the dyskinesias?
(Historical information; may be modified by office examination.)
0 = Not disabling.
1 = Mildly disabling.
2 = Moderately disabling.
3 = Severely disabling.
4 = Completely disabled.
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34. Painful Dyskinesias: How painful are the dyskinesias?
0 = No painful dyskinesias.
1 = Slight.
2 = Moderate.
3 = Severe.
4 = Marked.
35. Presence of Early Morning Dystonia (Historical information.)
0 = No
1 = Yes

B. CLINICAL FLUCTUATIONS
36. Are "off" periods predictable?
0 = No
1 = Yes

37. Are "off" periods unpredictable?
0 = No
1 = Yes

38. Do "off" periods come on suddenly, within a few seconds?
0 = No
1 = Yes

39. What proportion of the waking day is the patient "off" on average?
0 = None
1 = 1-25% of day.
2 = 26-50% of day.
3 = 51-75% of day.
4 = 76-100% of day.

C. OTHER COMPLICATIONS
40. Does the patient have anorexia, nausea, or vomiting?
0 = No
1 = Yes
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41. Any sleep disturbances, such as insomnia or hypersomnolence?
0 = No
1 = Yes

42. Does the patient have symptomatic orthostasis?
(Record the patient's blood pressure, height and weight on the scoring form)
0 = No
1 = Yes

192

APPENDIX 3

PD Questionnaire

Thank you for taking the time to complete this questionnaire. Your responses will be kept
strictly confidential. Please take your time to answer the questions as accurately as possible.

1. Do you think your balance is normal?

Y/N

2. Do you think your balance is as good as it used to be?

Y/N

3. Are you concerned about the risk of falling?

Y/N

a. If you answered yes, what activities have you stopped doing, or do less often,
because you are afraid of falling?

4. Have you had any falls in the last 2 years?

Y/N

5. (If you answered No to question 4, go to question 12)
a. If you answered yes, how many times?
b. When was the first time you fell?
c. How long ago was your last fall?

6. If you have fallen in the last two years, did you have any fractures or broken bones
because of the falls?

Y/N

(If you answered No to this question, go to question 7)
a. If you answered yes, which bone(s)?

7. If you did sustain a fracture, did you undergo surgery for it?

Y/N

8. If you have had falls, did you suffer any other injuries?

Y/N

a. What other injuries?
b. Did you require medical treatment by a health care professional?
Y/N
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9. Where did the falls happen:
a. Inside your house?

Y/N

b. If you answered Yes to question 9a, what rooms did you fall in?
c. Outside your house?

Y/N

d. If you answered Yes to question 9c, where?

10.

When did the falls occur:
a. Morning?

Y/N

b. Afternoon?

Y/N

c. Night time?

Y/N

11. What caused the falls:
a. Freezing (feet not wanting to move)?

Y/N

b. Tripping (over an obstacle)?

Y/N

c. Whilst walking?

Y/N

d. Whilst turning?

Y/N

e. Being bumped or pushed?

Y/N

f. Because of dizziness?

Y/N

g. Because you were distracted? How?

Y/N

h. Were you doing something else at the same time (i.e. talking, looking at
something, other)?

Y/N

12. Do you fall:
a. Forward?

Y/N

b. Backward?

Y/N

c. Sideways?

Y/N

d. Straight down?

Y/N

13. Have you had any near misses (when you have almost fallen but have been able to
save yourself)?

194

a. Rarely?

Y/N

b. Sometimes?

Y/N

c. Regularly?

Y/N

14. Do you do regular exercise?

Y/N

a. If you answered yes, do you exercise for more than 3.5 hours a week?
Y/N
b. If you answered yes, do you exercise for more than 7 hours per week?
Y/N
c. What exercise do you do? How often?

15. Do you do any work outside the house?

Y/N

16. Do you use a walking aid?

Y/N

a. Walking stick/cane?

Y/N

b. Walking frame?

Y/N
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APPENDIX 4

Berg Balance Scale (taken from Berg et al., 1992)

Description: 14-item scale designed to measure balance of the older adult in a clinical setting.

Equipment needed: Ruler, 2 standard chairs (one with arm rests, one without) footstool or
step, stopwatch or wristwatch and 15 ft walkway
Completion Time: 5-20 minutes

Scoring:
A five-point ordinal scale, ranging from 0-4. “0” indicates the lowest level of function and “4”
the highest level of function. Total Score = 56

Berg Balance Scale
Name: __________________________________ Date: ___________________
Location: ________________________________ Rater: ___________________

ITEM DESCRIPTION SCORE (0-4)
Sitting to standing ________
Standing unsupported ________
Sitting unsupported ________
Standing to sitting ________
Transfers ________
Standing with eyes closed ________
Standing with feet together ________
Reaching forward with outstretched arm ________
Retrieving object from floor ________
Turning to look behind ________
Turning 360 degrees ________
Placing alternate foot on stool ________
Standing with one foot in front ________
Standing on one foot ________
Total ________
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GENERAL INSTRUCTIONS
Please document each task and/or give instructions as written. When scoring, please record
the lowest response category that applies for each item. In most items, the subject is asked to
maintain a given position for a specific time. Progressively more points are deducted if:

• the time or distance requirements are not met
• the subject’s performance warrants supervision
• the subject touches an external support or receives assistance from the examiner

Subject should understand that they must maintain their balance while attempting the tasks.
The choices of which leg to stand on or how far to reach are left to the subject. Poor judgment
will adversely influence the performance and the scoring.

Equipment required for testing is a stopwatch or watch with a second hand, and a ruler or
other indicator of 2, 5, and 10 inches. Chairs used during testing should be a reasonable height.
Either a step or a stool of average step height may be used for item # 12.

Berg Balance Scale

1. SITTING TO STANDING
INSTRUCTIONS: Please stand up. Try not to use your hand for support.

( ) 4 able to stand without using hands and stabilize independently
( ) 3 able to stand independently using hands
( ) 2 able to stand using hands after several tries
( ) 1 needs minimal aid to stand or stabilize
( ) 0 needs moderate or maximal assist to stand
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2. STANDING UNSUPPORTED
INSTRUCTIONS: Please stand for two minutes without holding on.

( ) 4 able to stand safely for 2 minutes
( ) 3 able to stand 2 minutes with supervision
( ) 2 able to stand 30 seconds unsupported
( ) 1 needs several tries to stand 30 seconds unsupported
( ) 0 unable to stand 30 seconds unsupported

If a subject is able to stand 2 minutes unsupported, score full points for sitting unsupported.
Proceed to item #4.

3. SITTING WITH BACK UNSUPPORTED BUT FEET SUPPORTED ON FLOOR OR ON A STOOL
INSTRUCTIONS: Please sit with arms folded for 2 minutes.

( ) 4 able to sit safely and securely for 2 minutes
( ) 3 able to sit 2 minutes under supervision
( ) 2 able to able to sit 30 seconds
( ) 1 able to sit 10 seconds
( ) 0 unable to sit without support 10 seconds

4. STANDING TO SITTING
INSTRUCTIONS: Please sit down.

( ) 4 sits safely with minimal use of hands
( ) 3 controls descent by using hands
( ) 2 uses back of legs against chair to control descent
( ) 1 sits independently but has uncontrolled descent
( ) 0 needs assist to sit
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5. TRANSFERS
INSTRUCTIONS: Arrange chair(s) for pivot transfer. Ask subject to transfer one way toward a
seat with armrests and one way toward a seat without armrests. You may use two chairs (one
with and one without armrests) or a bed and a chair.

( ) 4 able to transfer safely with minor use of hands
( ) 3 able to transfer safely definite need of hands
( ) 2 able to transfer with verbal cuing and/or supervision
( ) 1 needs one person to assist
( ) 0 needs two people to assist or supervise to be safe

6. STANDING UNSUPPORTED WITH EYES CLOSED
INSTRUCTIONS: Please close your eyes and stand still for 10 seconds.

( ) 4 able to stand 10 seconds safely
( ) 3 able to stand 10 seconds with supervision
( ) 2 able to stand 3 seconds
( ) 1 unable to keep eyes closed 3 seconds but stays safely
( ) 0 needs help to keep from falling

7. STANDING UNSUPPORTED WITH FEET TOGETHER
INSTRUCTIONS: Place your feet together and stand without holding on.

( ) 4 able to place feet together independently and stand 1 minute safely
( ) 3 able to place feet together independently and stand 1 minute with supervision
( ) 2 able to place feet together independently but unable to hold for 30 seconds
( ) 1 needs help to attain position but able to stand 15 seconds feet together
( ) 0 needs help to attain position and unable to hold for 15 seconds
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8. REACHING FORWARD WITH OUTSTRETCHED ARM WHILE STANDING
INSTRUCTIONS: Lift arm to 90 degrees. Stretch out your fingers and reach forward as far as you
can. (Examiner places a ruler at the end of fingertips when arm is at 90 degrees. Fingers should
not touch the ruler while reaching forward. The recorded measure is the distance forward that
the fingers reach while the subject is in the most forward lean position. When possible, ask
subject to use both arms when reaching to avoid rotation of the trunk.)

( ) 4 can reach forward confidently 25 cm (10 inches)
( ) 3 can reach forward 12 cm (5 inches)
( ) 2 can reach forward 5 cm (2 inches)
( ) 1 reaches forward but needs supervision
( ) 0 loses balance while trying/requires external support

9. PICK UP OBJECT FROM THE FLOOR FROM A STANDING POSITION
INSTRUCTIONS: Pick up the shoe/slipper, which is place in front of your feet.

( ) 4 able to pick up slipper safely and easily
( ) 3 able to pick up slipper but needs supervision
( ) 2 unable to pick up but reaches 2-5 cm (1-2 inches) from slipper and keeps balance
independently
( ) 1 unable to pick up and needs supervision while trying
( ) 0 unable to try/needs assist to keep from losing balance or falling

10. TURNING TO LOOK BEHIND OVER LEFT AND RIGHT SHOULDERS WHILE STANDING
INSTRUCTIONS: Turn to look directly behind you over toward the left shoulder. Repeat to the
right. Examiner may pick an object to look at directly behind the subject to encourage a better
twist turn.

( ) 4 looks behind from both sides and weight shifts well
( ) 3 looks behind one side only other side shows less weight shift
( ) 2 turns sideways only but maintains balance
( ) 1 needs supervision when turning
( ) 0 needs assist to keep from losing balance or falling
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11. TURN 360 DEGREES
INSTRUCTIONS: Turn completely around in a full circle. Pause. Then turn a full circle in the
other direction.

( ) 4 able to turn 360 degrees safely in 4 seconds or less
( ) 3 able to turn 360 degrees safely one side only 4 seconds or less
( ) 2 able to turn 360 degrees safely but slowly
( ) 1 needs close supervision or verbal cuing
( ) 0 needs assistance while turning

12. PLACE ALTERNATE FOOT ON STEP OR STOOL WHILE STANDING UNSUPPORTED
INSTRUCTIONS: Place each foot alternately on the step/stool. Continue until each foot has
touched the step/stool four times.

( ) 4 able to stand independently and safely and complete 8 steps in 20 seconds
( ) 3 able to stand independently and complete 8 steps in > 20 seconds
( ) 2 able to complete 4 steps without aid with supervision
( ) 1 able to complete > 2 steps needs minimal assist
( ) 0 needs assistance to keep from falling/unable to try

13. STANDING UNSUPPORTED ONE FOOT IN FRONT
INSTRUCTIONS: (DEMONSTRATE TO SUBJECT) Place one foot directly in front of the other. If
you feel that you cannot place your foot directly in front, try to step far enough ahead that the
heel of your forward foot is ahead of the toes of the other foot. (To score 3 points, the length
of the step should exceed the length of the other foot and the width of the stance should
approximate the subject’s normal stride width).

( ) 4 able to place foot tandem independently and hold 30 seconds
( ) 3 able to place foot ahead independently and hold 30 seconds
( ) 2 able to take small step independently and hold 30 seconds
( ) 1 needs help to step but can hold 15 seconds
( ) 0 loses balance while stepping or standing
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14. STANDING ON ONE LEG
INSTRUCTIONS: Stand on one leg as long as you can without holding on.

( ) 4 able to lift leg independently and hold > 10 seconds
( ) 3 able to lift leg independently and hold 5-10 seconds
( ) 2 able to lift leg independently and hold ≥ 3 seconds
( ) 1 tries to lift leg unable to hold 3 seconds but remains standing independently.
( ) 0 unable to try of needs assist to prevent fall

( ) TOTAL SCORE (Maximum = 56)
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APPENDIX 5

The Activities-specific Balance Confidence (ABC) Scale (taken from Powell & Myers, 1995)

Administration:
The ABC can be self-administered or administered via personal or telephone interview. Larger
typeset should be used for self-administration, while an enlarged version of the rating scale on
an index card will facilitate in-person interviews. Regardless of method of administration, each
respondent should be queried concerning their understanding of instructions, and probed
regarding difficulty answering specific items.

Instructions to Participants:
For each of the following, please indicate your level of confidence in doing the activity without
losing your balance or becoming unsteady from choosing one of the percentage points on the
scale form 0% to 100%. If you do not currently do the activity in question, try and imagine how
confident you would be if you had to do the activity. If you normally use a walking aid to do the
activity or hold onto someone, rate your confidence as it you were using these supports. If you
have any questions about answering any of these items, please ask the administrator.

Instructions for Scoring:
The ABC is an 11-point scale and ratings should consist of whole numbers (0-100) for each
item. Total the ratings (possible range = 0 – 1600) and divide by 16 to get each subject’s ABC
score. If a subject qualifies his/her response to items #2, #9, #11, #14 or #15 (different ratings
for “up” vs. “down” or “onto” vs. “off”), solicit separate ratings and use the lowest confidence
of the two (as this will limit the entire activity, for instance the likelihood of using the stairs.)
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The Activities-specific Balance Confidence (ABC) Scale

For each of the following activities, please indicate your level of self-confidence by choosing a
corresponding number from the following rating scale:

0%

10

20

30

40

50

60

no confidence

70

80

90

100%

completely confident

“How confident are you that you will not lose your balance or become unsteady when you…

1. …walk around the house? ____%
2. …walk up or down stairs? ____%
3. …bend over and pick up a slipper from the front of a closet floor ____%
4. …reach for a small can off a shelf at eye level? ____%
5. …stand on your tiptoes and reach for something above your head? ____%
6. …stand on a chair and reach for something? ____%
7. …sweep the floor? ____%
8. …walk outside the house to a car parked in the driveway? ____%
9. …get into or out of a car? ____%
10. …walk across a parking lot to the mall? ____%
11. …walk up or down a ramp? ____%
12. …walk in a crowded mall where people rapidly walk past you? ____%
13. …are bumped into by people as you walk through the mall? ____%
14. … step onto or off an escalator while you are holding onto a railing? ____%
15. … step onto or off an escalator while holding onto parcels such that you cannot hold onto
the railing? ____%
16. …walk outside on icy sidewalks? ____%
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APPENDIX 6
Schwab and England Activities of Daily Living Scale (taken from Schwab & England, 1969)
Rating can be assigned by rater or by patient.


100%-Completely independent. Able to do all chores w/o slowness, difficulty, or
impairment.



90%-Completely independent. Able to do all chores with some slowness, difficulty, or
impairment. May take twice as long.



80%-Independent in most chores. Takes twice as long. Conscious of difficulty and
slowing



70%-Not completely independent. More difficulty with chores. 3 to 4 times as long on
chores for some. May take large part of day for chores.



60%-Some dependency. Can do most chores, but very slowly and with much effort.
Errors, some impossible



50%-More dependant. Help with 1/2 of chores. Difficulty with everything



40%-Very dependant. Can assist with all chores but few alone



30%-With effort, now and then does a few chores alone of begins alone. Much help
needed



20%-Nothing alone. Can do some chores with slight help. Severe invalid



10%-Totally dependent, helpless



0%-Vegetative functions such as swallowing, bladder and bowel function are not
functioning. Bedridden.

205

APPENDIX 7

Static Posturographic Variables


Sway path length (cm) - total distance covered by the CoP trace over the duration of
the assessment.



Sway path area – 95th percentile of an ellipse fitted to the overall CoP trace.



Major sway path length – The length of the major axis of the 95th percentile ellipse.



Minor sway path length – The length of the minor axis of the 95th percentile ellipse.



Slope95 – The angle between the x axis and the minor axis of the ellipse.



Tan95 – The tangent of the minor axis of the 95th percentile ellipse.



Covariance – The measure of the linear relationship between the x and y axis of the
95th percentile ellipse

Dynamic Posturographic Variables


Average Speed (cm/sec) – the sum of the target CoP path lengths divided by the sum
of the target hit times (viz. time for the participant to first cross the perimeter of the
active target once it had been presented).



Average Velocity (cm/sec) – the sum of the distances to target divided by the sum of
the target hit times.



Average Hit Time (sec) - the sum of the target hit times divided by the target uses,
expressed in seconds.



Average Achieved Time (sec) - the sum of the targets achievement times (viz. time
from when the perimeter of an active target is first reached to when the target hold
time is accumulated) divided by the target uses.



Average Percentage Excursion (%) - the sum of the target excursion times (viz. the
participant’s time outside of the active target after the perimeter of the target has first
been crossed and before the target hold time is accumulated) divided by the sum of
the target achievement times, expressed as a percentage.



Average Reaction Time (sec) - the sum of the target reaction times divided by the
number of targets.
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Average Wandering (cm) - the sum of the target wandering (with wandering defined as
the accumulated length of the CoP trajectory from the central position to the target)
divided by the number of targets.



Average Overshoot (cm) - the sum of the target overshoots (overshoot refers to the
maximum straight line distance of the CoP movement outside the perimeter of the
target during the 1-second hold period) divided by the number of targets.
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APPENDIX 8

Static and Dynamic Posturography Plots

Examples of typical quantitative posturography static and dynamic sway path plots.
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