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Abstract

Neck pain in older adults is common and has been associated with reduced postural
control. However, the mechanisms underlying neck pain-related postural control deficits
remain unknown. Unravelling this complex clinical phenomenon is important given the fact
that older adults with balance deficits are at risk of falls. Furthermore, falls in older adults
may potentially lead to serious consequences and place a burden on public health. This
thesis aimed to explore new measurement tools and technique related to cervical spine
impairments and postural control that may be potentially useful in research and in the clinical
setting, and sought to better understand the mechanisms underpinning neck pain-related
postural control deficits in older adults. .

Studies 1, 2 and 3 investigated the use of technology, i.e. the smart phone, the
Microsoft Kinect and the Nintendo Wii Board to measure cervical range-of-motion, thoracic
kyphosis and hallux flexor strength respectively. The results of study 1 showed that the
Android phone was valid and reliable in the sagittal and coronal plane but not in the
transverse plane. In other words, range-of-motion testing of cervical flexion and extension
and lateral flexion were valid and reliable but not rotation in sitting. Study 2 demonstrated
that the Microsoft Kinect was valid and reliable to measure thoracic kyphosis and could
potentially bridge the gap of accessibility and ease of use in current measurement tools to
regularly assess this important dimension of spinal posture. Study 3 evaluated the reliability
of the Nintendo Wii Board to measure hallux flexor strength and showed that it was reliable.
Because big toe strength has been previously shown to be an independent factor for balance
in older adults, this newly developed device using the Nintendo Wii Board provides an
affordable and reliable tool for clinic use.

Studies 4, 5 and 6 were cross-sectional studies aimed to further develop our
understanding of how neck pain or neck pain-related impairments may impact postural
control. Specifically, study 4 explored standing postural control mechanisms using new
measures of signal frequency (wavelet analysis) and complexity (sample entropy) in older
adults with neck pain. This study highlighted the use of wavelet analysis to reveal new
insights into postural control mechanisms and this analytical technique was then used in
studies 5 & 6. However, no consistent results could be obtained when comparing the results
of wavelet analysis between studies 4 and that of 5 & 6. It is clear that more research needs
to be done to determine the usefulness of employing wavelet analysis in revealing

mechanistic insights into postural control in older adults with neck pain.



Studies 5 and 6 shed light on previously unknown factors influencing postural control
in older adults with neck pain. Study 5 investigated potential differences in known predictors
of postural control between older adults with and without neck pain. In particular, physical
activity levels, lower limb motor and sensory function, vestibular function and visual contrast
sensitivity were no different in individuals with and without neck pain. Study 6 investigated
the associations of cervical spine impairments with poor postural control in older adults with
neck pain. This study highlighted that neck pain moderated the relationship between static
postural sway and four variables: forward head posture angles, a positive Dix-hallpike test,
age and higher levels of physical activity. In addition, poor dynamic postural control was
associated with greater dizziness disability, fear of movement and age.

In summary, this thesis advocates the use of technology, specifically the Microsoft
Kinect to measure thoracic kyphosis and the Wii Balance Board application to measure
hallux flexor strength, but not the Android phone to measure seated cervical range-of-
motion, in the clinical setting. There is great potential for these technologies to break the
existent barriers that practitioners currently face such as affordability, inaccessibility and
ease of use. Further, this thesis identified factors that contribute to neck pain-related
postural control deficits. The findings suggest that the mechanisms underpinning postural
control deficits in neck pain are complex and may serve as a basis for future neuro-imaging
studies to explore the role of the central nervous system and its integration of
somatosensory input in maintaining postural stability in older adults with neck pain. Having
a greater understanding of these mechanisms is important for developing management
strategies to improve postural stability and potentially reduce falls risk. Future interventional
studies are also required to determine if improving head posture and vestibular function will
improve standing postural stability, and if reducing dizziness and fear of movement will

increase dynamic stability in older adults with neck pain.
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Chapter 1: Introduction

The lifetime prevalence of neck pain (NP) is high in adults (18-84 years) — ranging
from 14.2% to 71% with a mean of 48.5% (Fejer et al., 2006). Specifically, in the older
population, NP is amongst the most common complaints and affects 20% of the population
on a monthly basis (Hartvigsen et al., 2004). Importantly, 7% of older adults had modified or
diminished their physical activities as a result of NP and those who reported NP of more
than 30 days of pain duration had significantly lower general physical body strength scores
compared to those who reported no pain (Hartvigsen et al., 2006). Therefore, NP may
impose a significant impact on the lives of those affected.

Noteworthy in recent research, is the growing evidence implicating the role of the
cervical spine in influencing postural control. There is substantial evidence to indicate that
those with cervical spine dysfunction demonstrate poorer postural control compared to
healthy controls (Ruhe et al., 2011; Silva & Cruz, 2012). Even in the absence of trauma,
individuals with idiopathic NP are reported to demonstrate increased postural sway in
standing compared to age-matched controls (Field et al., 2008; Poole et al., 2008; Uthaikhup
et al., 2012). These studies included both older and younger adults, indicating that NP-
related postural control impairment is a phenomenon observed across all ages. However, it
is important to highlight that older adults have a higher risk of falls (Campbell et al., 1990)
leading to severe consequences (Murray & Lopez, 1996). In particular, NP in older adults is
associated with increased concerns for falling (Kendall et al., 2016) and has been identified
as a risk factor for falls, (Kendall et al., 2015). Therefore, it is essential to identify the
mechanisms linking NP and postural control changes in older adults. To begin, an
understanding of postural control and balance is required.

1.1 Basic definitions of postural control, balance and associated terms

The terminology related to balance and postural control can be confusing, and these
terms are often used synonymously. This section defines the various terms related to
postural control used throughout this thesis. Understanding what each term represents may

help clarify the nomenclature used in the literature.



1.1.1 Balance and postural control

Balance, also known as postural stability, is defined as one’s ability to maintain the
centre-of-gravity (COG) or also known as centre of mass, within the base of support (D’Anna
etal., 2015; Shumway-Cook & Woollacott, 2001) and is achieved via the complex interaction
and integration of the visual, vestibular, and somatorsensory systems and alterations in
cognitive and motor output (Melzer et al., 2001). On the other hand, although no specific
definition exists for postural control, it is commonly described as "the act of maintaining,
achieving or restoring a state of balance during any posture or activity" (Pollock et al., 2000).
Optimal postural control when standing not only involves accurate perception of
environmental stimuli, but also responding appropriately to alterations in the body’s
orientation within the environment to maintain the body’s centre of gravity within the base of
support (Carr & Shepherd, 2000; Shumway-Cook & Woollacott, 2001).

1.1.2 Postural sway, centre of pressure and centre of gravity

Physiological postural sway in static upright standing is defined as the continuous
corrective movements around the COG of a body designed to maintain postural control
(Shumway-Cook & Woollacott). It is typically thought that in static standing, postural sway
can be quantified by describing the centre of pressure (CoP) movement over time (Chagdes
et al., 2009). CoP marks the point location of the resultant vertical ground reaction force
(Winter, D. A., 1995) and is calculated from these ground reaction forces. CoP is an
indication of the trajectory of the center of body mass and the amount of torque applied at
the support surface to control body-mass acceleration (Winter et al., 1990). The difference
between the COG and the CoP is that the COG is a passive variable guided by the postural
control system (and cannot be directly derived from a force platform) (Winter, David A, 1995)
whereas the CoP is the weighted average of all pressures resulting from the area of contact

with the support surface and is obtained from a force platform (Winter et al., 1990).

1.1.3 Parameters of CoP

Various CoP parameters have been used to quantify postural control and the
selection of which measure to use is controversial. This is because conflicting opinions exist
as to which measure is the most sensitive and best characterizes the changes within the
postural control system (Palmieri et al., 2002). Commonly used standard CoP parameters
include CoP displacement (Palmgren et al., 2009), velocity (mean rate of change of
sway)(Boucher et al., 2008) and root mean square (RMS) amplitude (standard deviation of

CoP displacement) (Field et al., 2008), Higher measures of CoP sway are traditionally
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interpreted as poorer postural control but recent research suggests that an increase in sway
may be exploratory to obtain information about the environment (Carpenter et al., 2010).
More information regarding the application of these parameters and the gaps in the literature

in the NP population is included in section 1.4.1.

1.1.4 Sensory systems in postural control

An effective postural control system requires the normal functioning of the visual,
vestibular and somatosensory systems to detect the peripheral sensory inputs of the body’s
position and movement in space relative to gravity and the environment (Paulus et al 1984).
Information from each of these systems is integrated and interpreted by the central nervous
system, and together with prior experience, plans appropriate responses to achieve optimal
postural control (Allum & Hulliger, 1989, Massion 1994). Each of these systems provides

different sensory information for postural control and will be discussed below.

1.1.4.1 Visual Input

The visual system provides information on the position and motion of the head with
respect to surrounding objects and is a reference for verticality (Shumway-Cook &
Woollacott, 2017). Postural control in standing can be maintained without visual information
due to reliance on the other systems, but deprivation of visual input leads to significant
increase in CoP motion during quiet standing (Black et al., 1982; Diener, H.C. et al., 1984;
Friedrich et al., 2008; Riley & Clark, 2003). Although vision is not absolutely necessary for
postural control, it may become crucial for individuals with suboptimal ability to process other
information such as the elderly population (Haibach et al., 2007; Sundermier et al., 1996)

and those with vestibular (Black et al., 1988) or somatosensory impairments.

1.4.1.2 Vestibular Input

The vestibular system provides a gravitoinertial frame of reference for postural control
by detecting the position and movement of the head with respect to gravity and inertial forces
(Shumway-Cook & Woollacott, 2017). During postural disturbances, the vestibular system
indicates the direction and velocity of sudden changes to head movement and these
vestibular signals are thought to trigger and modulate automatic postural responses
according to the amplitude of the disturbances (Allum et al., 1994; Horak et al., 1990; Horak
et al., 1994; Macpherson & Inglis, 1993). Although a loss of vestibular input can be easily
compensated by the other sensory systems in quiet stance (Horak et al., 1990), it is clear

that the vestibular system contributes to postural control when experimental stimulation of
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vestibular system evokes an increase in body sway (Hlavacka & Nijiokiktjien, 1985;
Johansson et al., 1995). Further, there is evidence that gait kinematics such as timing and
magnitude of foot displacement is regulated by vestibular feedback (Bent et al., 2004).
Accordingly, previous studies have demonstrated gait deviations towards the lesioned side

in individuals with unilateral vestibular deficits (Brandt et al., 2001; Jahn et al., 2000).

1.4.1.3 Somatosensory Input

The somatosensory system plays a significant role in postural control by providing
information regarding the position and motion of the different body segments with reference
to the supporting surfaces (Shumway-Cook & Woollacott, 2017). A loss of lower limb
somatosensory input has resulted in increased body sway in quiet stance (Diener, H. C. et
al., 1984; Horak et al., 1990; Magnusson et al., 1990). Further, proprioceptive deficits
induced experimentally in the neck and ankle muscles have demonstrated an increase in
CoP motion during quiet stance (Kavounoudias et al., 1999; Patel et al., 2009). Likewise,
the importance of somatosensory function in dynamic postural control has been shown in
gait studies where reduction or loss in somatosensory inputs have resulted in detrimental
changes to various aspects of walking kinematics such as walking speed, stride length,
stride time, base width and double support duration (Allet et al., 2008; Courtemanche et al.,
1996; Mueller et al., 1994).

1.1.5 Cognitive load

In addition to the sensory systems mentioned, it has been shown that cognitive load
affects the regulation of posture in both healthy young and older adults (Dault et al., 2003;
Melzer et al., 2001). No studies have shown an impact of cognitive load on individuals with
NP to date. This issue would require extensive investigation and therefore is beyond the

scope of this thesis.

1.1.6 The impact of aging on the sensory systems and central processing

Age-related changes in the sensory systems have been shown to adversely impact
postural control (Goble et al., 2009; Shumway-Cook & Woollacott, 2017). Physiological and
functional changes within these systems have been observed with increasing age.
Specifically, the visual system shows a decline in visual acuity (Jack et al., 1995), contrast
sensitivity (Lord et al., 1991c) and loss of visual field (Sturnieks et al., 2008) as age
increases. A functional reduction in the vestibular system is observed via a loss of 40% of

vestibular hair and nerve cells by age 70 and a 3% loss per decade of vestibular nucleus
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cells beginning from age 40 to 90 years (Rosenhall & Rubin, 1975). Further, researchers
have documented a decline in the quality and quantity of cutaneous receptors with aging
(Shumway-Cook & Woollacott, 2017). As such, the vibratory sensation threshold increases
with age (Kenshalo Sr, 1986) and tactile sensitivity increases with age as measured by
threshold to touch stimuli (Kalisch et al., 2008).

In addition to considering the integrity of the individual sensory systems, it is also
important to evaluate sensory organization and adaptation at the CNS during postural
control (Shumway-Cook & Woollacott, 2017). This is because according to the sensory
weighting theory, the CNS organizes and adapts sensory information for optimal postural
control when changes in postural control responses occur, for example, when visual input
becomes less reliable (Oie et al., 2002). Evidence is growing to implicate the role of a
declining central nervous system together with that of the degenerative peripheral nervous
system as co-mechanisms for age-related deterioration of postural control (Goble et al.,
2009). Accordingly, it has been reported that age-related atrophy of the motor cortex and
corpus callosum may be associated with balance and gait deficits (Papegaaij et al., 2014;
Seidler et al., 2010).

1.2 Postural control and the cervical spine

There is considerable evidence that spinal pain affects standing postural control (Mok
et al., 2004, 2011; Ruhe et al., 2011; Silva & Cruz, 2012). The underlying mechanisms of
how dysfunction of the cervical spine could affect postural control are however unclear. It is
postulated that due to the high density of mechanoreceptors found in the cervical spine
(Boyd-Clark et al., 2002; Kulkarni et al., 2001) and the extensive connections the cervical
spine has with the vestibular, visual and central nervous systems (Horak et al., 1989),
postural control impairments associated with cervical spine dysfunction are due to aberrant
afferent input from the cervical spine. It is then suggested that a mismatch from abnormal
afferent input from the cervical spine and normal information from the vestibular and visual
systems can result in postural control disturbance during standing (Treleaven, 2008).
Despite these postulations, studies investigating the associations between NP-related
impairments and postural control during standing remain scarce (Quek et al., 2013; Silva &
Johnson, 2013; Treleaven, 2011; Treleaven et al., 2006).

1.3 Importance of identifying the correlates of postural control in NP in older adults
Older adults are at an increased risk of falls (Campbell et al., 1990; Tinetti & Williams,

1998), and the consequences are often severe — including physical injuries, associated
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illness, loss of independence, and early death (Murray & Lopez, 1996). Poor balance is a
primary risk factor for falls in older adults and ageing is characterised by an increased sway
in unperturbed standing (Laughton et al., 2003). However, it is unclear how the process of
ageing (above 60 years old) influences the somatosensory function of the cervical spine and
how it could then link to poor balance.

Previous studies have demonstrated a positive correlation between age and joint
position error in peripheral joints such as toe-matching (with significant reductions by age
60s and 70s) and weight bearing knee replication task (significant reduction by the 60s)
(Low Choy et al., 2007). As such, it is biologically plausible that the proprioceptive function
in the cervical spine may also deteriorate with age and could be an important link to postural
control impairment in this population. In addition, age-related spinal changes such as
increased thoracic kyphosis (Ostrowska et al., 2003) and cervicothoracic changes (cranial
migration of the inflexion point between cervical lordosis and thoracic kyphosis) (Boyle et
al., 2002) may reduce postural stability via a forward displacement of the trunk’s centre of
mass towards the limits of stability in older adults (Horak et al., 1989).

Furthermore, increased postural sway (Lajoie & Gallagher, 2004) and gait deficits
(Rubenstein, 2006) have been demonstrated as risk factors for falls in older adults.
Specifically, fallers were characterised by an increased postural sway at a higher frequency
in static standing (Lajoie & Gallagher, 2004), increased time taken to complete the “Timed
Up and Go test” (Shumway-Cook et al., 2000) and scoring 19 or less in the dynamic gait
index (Shumway-Cook, A. et al., 1997). It is important to highlight that postural control and
the underlying systems are potentially modifiable given that the central nervous system is
highly plastic and adaptable (Walston et al., 2006). Therefore, as a first step to investigating
correlates of postural control in NP, it is important to identify relevant and modifiable NP-
related impairments that impact postural control during standing and functional tasks such
as walking. Addressing factors that are potentially amenable to therapeutic intervention may
help improve postural control, and potentially, reduce the risk of falls.

1.4 ldentified gaps
In this next section, we highlight gaps in the understanding of the problem and
discuss why exploring the associations between NP-related impairments and postural

control during standing may constitute a worthy endeavour.

1.4.1 Balance measures
To facilitate understanding of the complexity involved in the use of balance measures,

this section is divided into static and dynamic balance measures. In this this thesis, static
6



balance measures are those taken with the participant in quiet standing on a firm fixed base
of support (Visser et al., 2008) and dynamic balance measures refer to those obtained when
the aim is to maintain postural control during movement (Westcott et al., 1997).

1.4.1.1 Static balance measures.

Standing balance is commonly examined firstly under conditions of standing on a firm
surface with eyes open, then increasing demand by removing input from the visual system
by closing the eyes or providing altered somatosensory input by standing on soft surfaces.
These tests have also considered foot positions such as comfortable, narrow and tandem
stance that reduced the base of support. Previous studies have demonstrated reduced
postural control in individuals with NP using various postural control measures with different
visual conditions (eyes open and/or eyes closed) and foot positions (see table 1-1). These
postural control measures include reduced sway energy (Poole et al., 2008), CoP RMS
amplitude (Field et al., 2008), CoP velocity and CoP displacement (Boucher et al., 2008).
Generally tests of eyes open (McPartland et al., 1997) or closed (Poole et al., 2008) on a
firm surface in comfortable stance have proven sufficient to demonstrate balance deficits in
NP, indicating that proprioception may be impaired in NP. Further, these changes seem to
be more sensitive in the anterio-posterior than the medio-lateral direction (Ruhe et al., 2011)
as this is the axis on which the majority of movement and postural control occurs due to

inverted pendulum control of the hinge-like ankle joint (Karlsson & Frykberg, 2000).



Table 1-1 Study characteristics & selected CoP parameters comparing idiopathic neck pain versus healthy controls in adults & older adults

Participants

Duration (sec)/

Study Neck Pain Controls Conditions Number of trials CoP Parameter Results
Adults
McPartland et al. n=7 (6f) n=7 (4f) Comfortable stance EO/EC/F 30/6 Sway Area, Velocity, Torque NP greater velocity sway in EO comfortable stance
(1997) Age=39 yrs (no SD Age= 39 yrs (no SD Narrow stance EO/EC/F (Did not differentiate AP or (p<0.05),higher torque in both EO & EC comfortable
stated) stated) ML) and narrow stance (p<0.05)
Michaelson et al. n=9 (f) n=16 (13f) Narrow stance EO/EC/F 20/1 Sway area (mm?) No statistical difference between groups (p>0.05)

(2003)

Boucher et al.
(2008)

Field et al. (2008)

Palmgren et al.
(2009)

Yabhia et al. (2009)

Jorgensen et al.
(2011)

Older Adults
Poole et al. (2008)

Uthaikhup et al.
(2012)

Age=40%9 yrs

Group 1: High OA/
n=9 (3f)

Age= 64.0+7.6 yrs
Group 2: Low OA
n=7 (4f)
Age=59.3+£5.9yrs

n=30 (23f)
Age=27.9yrs (SE=1.3)

n=15 (13f)
Age=38.8+7.4 yrs

n=30 (23f)
Age=47.1 (no SD
stated)

n=16 (exact age not
available, range=24-58
yrs)

n=20 (20f)

Age=70.3 (SE=1.1)

n=20 (12f)
Age=73.2+6.2 yrs

Age=41%9 yrs

n=7 (4f)
Age=24.2 £2.2 yrs

n=30 (23f)
Age=27yrs (SE=1.3)

n=16(16f)
Age=35.1+5.0 yrs

n=30 (25f)
Age=47.1 (no SD
stated)

n=44 (exact age not
available, range=23-
69 yrs)

n=20 (20f)

Age 71.4 (SE=0.88)

n=20 (14f)
Age=69.6%4.2 yrs

Tandem stance EO/EC/F
Single leg EO/F

Stance unclear EO/F
Stance unclear EO/EC/F

Comfortable stance EO/EC/F/C

Narrow stance EO/EC/F/C

Comfortable stance EO/EC/F
Tandem stance EO/EC/F

Comfortable stance EO/EC/F

Comfortable stance EO/EC/F
Single leg EO/F

Comfortable stance EC/EO/F/C

Narrow stance EO/EC/F/C

Comfortable stance EO/EC/F/C

20/20 (20 trials for
each condition
-“no vision”
-period of “vision
after a no vision
period”)

30/1

60/1

25.6/1

30/1
(3 trials for single
leg)

30/1

30/1

AP/ML Amplitude (mm)
AP/ML Velocity (mm/s)
AP/ML Displacement (mm)

AP/ML Sway energy (logged)
AP/ML RMS amplitude (mm)

Sway area (mm?)
Displacement (mm)

AP/ML Displacement (mm)

AP/ML Sway Area (mm?)

AP/ML Sway energy (logged)
AP RMS amplitude (mm)

AP/ML Sway energy (logged)
AP/ML RMS amplitude (mm)

NP higher AP amplitude, velocity and displacement
in period of “no vision” condition and during period
of “vision after a no vision period” (p<0.05)

NP higher AP sway RMS in comfortable stance in
EC/F, higher AP sway energy in narrow stance in
EO/F, EC/F, EO/C, ECI/C, and greater tandem
failure rates. (p<0.05)

NP had greater area in tandem stance EC (p<0.05)

No significant differences between NP without
vertigo and controls p>0.05

NP higher sway area in comfortable stance EC
(p<0.05) and higher failure rates for single leg
(p<0.01)

NP higher AP sway RMS in comfortable stance in
EC/F, EO/C, ML sway RMS in narrow stance EO/F,
AP sway energy comfortable stance in EC/F, ML
sway energy narrow stance in EO/F and greater
tandem failure rates p<0.05

NP less ML RMS amplitude in EO/F p<0.05
NP trend higher AP amplitude EO/EC/F p=0.07

AP= Anteroposterior, C=Compliant, EO=Eyes Open, EC= Eyes Closed, f=female, F=firm, , ML= Mediolateral, OA= Osteoarthritis, RMS= Root Mean Square, SE=Standard Error



1.4.1.1.1 Complexities of analysis of centre-of-pressure and postural control

measures

Previous studies investigating the effects of NP on static postural control have mostly
employed traditional measures such as center-of-pressure (CoP) displacement, velocity and
area (Ruhe et al., 2011). From the researcher’s perspective, one issue that limits a clear
understanding of these underlying balance mechanisms in NP may be the grossness of the
information obtained from these methods of quantifying CoP. These variables assume that
CoP displacement is a good proxy for postural performance and that conventionally, lower
CoP sway parameters indicate greater postural control (Ruhe et al., 2011). However, this
assumption can be challenged, with the argument that a decrease in sway parameters may
also result from an increased-body stiffness associated with a fear of falling (Carpenter et
al., 2001). As such, traditional balance measures have been criticized for their limitations in
detecting context-dependent postural performance changes (Melzer et al., 2010) because
they fail to capture the richness of postural data (Chagdes et al., 2009). Based on these
reasons, in addition to standard balance measures there is a need to explore other
approaches in measuring postural control to better describe postural performance (Lacour
et al., 2008). In this regard, studies have employed analytical approaches such as wavelet
analysis and sample entropy in order to better depict changes in postural control in people
with NP (Liang et al., 2014; Madeleine et al., 2011; Quek et al., 2013).

1.4.1.1.1.1 Wavelet Analysis

Previous research has used wavelet analysis to reveal the total energy in the sway
trace to try to capture the effort involved in maintaining postural control in NP (Treleaven et
al., 2005b). However, further consideration of this technique is warranted. Multi-resolution
wavelet transform appears to show greater potential as an analytical technique than
standard postural control measures as it decomposes the postural sway data into multiple
independent frequency bands (Chagdes et al., 2009) (see Appendix 10 for technical details
of wavelet transforms). Recent research has postulated that each frequency band may
represent involvement of a specific physiological domain. Specifically, Liang et al. (2013)
identified four distinct bandwidths of the CoP signal ranging from moderate to ultralow
frequency (Liang et al., 2014). Each frequency band was based on the hypothetical
physiological significance of postural movements associated with muscular proprioception
(Lacour et al., 2008; Paillard et al., 2002), the cerebellar (Paillard et al., 2002), vestibular
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(Oppenheim et al., 1999) and visual systems (Chagdes et al., 2009) (see table 1-2). For
instance, a high proportion of activity in the ultralow (<0.10Hz) and moderate (1.56-6.25Hz)
frequency bandwidths have been associated with increased use of vision (Chagdes et al.,
2009) and increased muscular activity in response to increased proprioceptive input (Paillard
et al., 2002) respectively. In reviewing the literature, only one study (of which the thesis
author was co-author) can be identified in patients with NP. This study compared standing
postural control between people with NP, with and without cervical spine range-of-motion
(ROM) asymmetry with the asymmetry group demonstrating higher proportion of ultralow
frequencies (<0.10Hz) present in the CoP data (Quek et al., 2013). In the context of this
study, the difference in postural strategy adopted by the asymmetrical group may be due to
altered proprioceptive input and processing arising from cervical spine dysfunction.
Consequently, based on the association between ultralow frequency and visual input, and
given that both groups had similar levels of function, we speculated that the postural strategy
adopted by the asymmetrical group was adaptive and that this group may be relying on the
visual system to achieve these compensations. Despite these novel findings, and because
this study lacked a concurrent control group, clear conclusions could not be drawn
concerning these postural control mechanisms. Therefore it is clear that more research

needs to be done using this type of wavelet analysis in the NP population.
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Table 1-2 Physiological correlates of wavelet analysis frequency bands

Frequency bandwidth Physiological significance
Moderate frequency (1.56-6.25 Hz) Muscular proprioception
Low frequency (0.39-1.56 Hz) Cerebellar

Very low frequency (0.10-0.39 Hz) Vestibular

Ultralow frequency (<0.10 Hz) Visual

1.4.1.1.2 Sample Entropy

In a similar vein, sample entropy, which uses a non-linear time-dependent analysis
technique, has been suggested to quantify the complexity or regularity of the CoP signal
(Borg & Laxaback, 2010). Higher entropy is suggested to reflect increased complexity and
greater efficiency in postural control (Borg & Laxaback, 2010). Sample entropy has been
investigated in a small number (n=11) of people with whiplash (Madeleine et al., 2011), with
a trend towards decreased complexity of CoP motion during eyes closed standing balance
when compared to control participants; however there remains a paucity of evidence in
populations with NP and again, this may provide additional information to assist

understanding of the mechanisms underpinning postural control in NP.

1.4.1.2 Dynamic measures

Previous research investigating the effect of NP on balance impairments has mainly
used centre-of-pressure measurements as outcome measures (Ruhe et al., 2011; Silva &
Cruz, 2012). Very few studies have included dynamic and functional measures despite the
advantages and important domains dynamic postural control measures examine. It may be
argued that dynamic measures of balance may be more relevant and sensitive than static
measures because these tests incorporate context-specific tasks that may be similar to
activities of daily living (Herman et al., 2009; Podsiadlo & Richardson, 1991b). To my
knowledge, only three studies have reported dynamic balance performance in older adults
with NP, specifically various spatiotemporal parameters of gait such as stride length and
cadence (Poole et al., 2008; Uthaikhup et al., 2014), step length and step width, with and
without head turns (Poole et al., 2008; Uthaikhup et al., 2012; Uthaikhup et al., 2014) and
the step test (Poole et al.,, 2008). Two out of these three studies (Poole et al., 2008;
Uthaikhup et al., 2012) measured gait with and without head turns and the third study
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(Uthaikhup et al., 2014) measured gait without head turns, all at a self-selected speed over
10 metres. These studies reported conflicting results when comparing these gait parameters
in older adults with NP to healthy controls: Poole et al. (2008) reported slower gait speed
and reduced cadence with head turns, while Uthaikup et al. (2012; 2014) showed no
differences in these measures but significant differences in the number of steps recorded
within 15 seconds during the step test (Uthaikhup et al., 2012). Even though these studies
have used dynamic measures of postural control, little is known about the fall risk of the
population of interest of older adults with NP. Dynamic balance measures that are able to
provide clinically meaningful outcomes, specifically those that are able to assess fall risk are
needed. Given the aforementioned background on dynamic balance, we propose to include
two clinically useful tools: the timed-up-and-go (TUG) test and dynamic gait index (DGlI),
which have established validity and reliability to assess function, dynamic balance and fall
risk for older adults above the age of 60 years (Herman et al., 2009; Viccaro et al., 2011).
Specifically, the TUG evaluates the ability to stand from sitting, walk, turn and sit down
(Podsiadlo & Richardson, 1991a) whereas the DGI involves walking with a variety of postural
challenges over 20 feet including walking with horizontal and vertical head turns (Shumway-
Cook, Anne et al., 1997).

1.4.2 Global impairments related to postural instability: possible deficits that could
underlie changes in postural control in older adults with NP

Given the multi-sensory complex nature of postural control, it is important to explore whether
factors that might negatively impact on postural stability in any population such as physical
activity levels, lower limb sensory and motor function, and vestibular and visual function are
different in older adults with and without NP. Conceivably, NP by and of itself may not have
direct effects on postural control, but rather through secondary effects such as impaired
physical performance (Kendall et al., 2016) as a result of suffering from pain. It is biologically
plausible that reduced physical activity (quantity and quality) may be associated with poorer
lower limb function, such as reduced strength and flexibility (DiPietro, 2001). Consequently,
this may contribute to reduced postural control in older adults with NP. Therefore, it is
important to determine if lower limb function is any different between individuals with and
without NP. In particular, deficits in big toe flexor strength (Mickle, K. J. et al., 2009), range-
of-motion (Mecagni et al., 2000), light touch sensation (Lord & Ward, 1994) and vibration
sense at the ankle (Bergin et al., 1995) have been closely associated with postural instability

in older adults. Further, a disruption in the dynamics between the intricately blended systems
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involved in sensorimotor control could be expected in elders with NP (Treleaven, 2008). The
reason being, there is potential for not only cervical proprioception to be diminished but also
a progressive decline in vestibular, visual and central nervous system function with ageing.
In addition, vestibular dysfunction and specific to vision, deficits in visual contrast sensitivity,
have been associated with increased falls risk in older adults (Herdman et al., 2000; Lord et
al., 1991a). Given the complex connections the cervical spine has with the vestibular and
oculo-motor reflex centers, NP may have the potential to cause sensorimotor disturbances
in these systems (Treleaven, 2008). This may manifest as dizziness, and may cause subtle
changes in eye control movements (Hood & Hood, 2016) thereby having an indirect effect
on postural control. Therefore, this supports the need to explore vestibular and visual
function in older adults with NP. Finally, chronic NP may potentially affect postural control
via motor cortex reorganization as seen in patients with chronic low back pain (Tsao et al.,
2008). Extensive research is required to investigate this issue which is beyond the scope of

this thesis.

1.4.3 Other impairments related to NP: possible deficits that could underlie postural

control changes in NP

This section describes the proposed impairments of NP that may influence balance
and is classified into three categories: Biomechanical constraints, motor and sensorimotor

impairments.

1.4.3.1 Biomechanical constraints

In our previous study of older adults with NP, patients with upper cervical spine ROM
asymmetry demonstrated increased postural sway compared to those without ROM
asymmetry (Quek et al., 2013). We postulated that patients with upper cervical spine rotation
ROM asymmetry may have greater upper cervical spine dysfunction particularly at the level
of C1-2 compared to the symmetry group, resulting in altered proprioceptive input and
processing. This study supports previous notions that the upper cervical spine plays a crucial
role in proprioception due to the high density of proprioceptors in the upper cervical spine
(Boyd-Clark et al., 2002; Kulkarni et al., 2001). Furthermore, based on wavelet frequency
band results, those with cervical spine rotation ROM asymmetry (specifically in the upper
cervical spine) appeared to compensate for their impaired balance by using their visual
system such that overall function was not compromised. However, the lack of a control group
limited our ability to conclude whether the postural control strategies were adaptive or

maladaptive. Also, the findings were not confirmed by including a condition of visual
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deprivation. Therefore, cervical spine ROM asymmetry may be a factor that could influence
postural control in patients with NP and this will be specifically considered in this thesis.

A recent cross-sectional study demonstrated a negative relationship between forward
head posture and balance in a group of healthy office workers (Kang et al., 2012). However
no study has been done to investigate the influence of head posture in older adults with NP.
Given the close relationship between the thoracic spine and the cervical spine in older adults
with NP (Quek et al., 2012), it is important to understand how the curvature of the entire
spine (in addition to head posture) impacts postural control in this population. Noteworthy,
individuals with NP had significantly greater thoracic kyphosis compared to healthy controls
(Lau et al., 2010). It is therefore anatomically sound and biomechanically plausible that
spinal posture affects both static and dynamic balance of an individual (Alin et al., 2016).
Specifically, patients with NP may have poorer postural stability via a forward curvature of
the spine which displaces the trunk centre of mass towards the limits of stability (Horak et
al., 1989; Lynn et al., 1997).

1.4.3.2 Motor impairments— neck muscle function

Neck muscle fatigue has been shown to affect standing balance in healthy young
adults (Gosselin et al., 2004; Liang et al., 2014; Schieppati et al., 2003) and patients with
chronic whiplash (Stapley et al., 2006). In these studies, the targeted muscles included the
neck extensor muscles (Schieppati et al., 2003; Stapley et al., 2006) and scapular elevators
specifically the upper trapezius and levator scapulae muscles (Liang et al., 2014). Given the
considerable experimental evidence that demonstrates neck muscle fatigue affects postural
control, it may be important to measure neck muscle endurance/fatigue as an impairment
that may underpin poor postural control in older adults with NP. Relatedly, even though neck
muscle strength is known to be reduced in people with NP (Ylinen et al., 2004), neck muscle
strength deficits have not yet been associated with standing postural control. Maximal
strength testing of neck muscles can be limited by and exacerbate pain (Braith et al., 1993),
therefore will not be included in this thesis. Whereas, individuals with chronic NP have
shown altered timing of neck muscle activation in response to anticipated postural
perturbation (using rapid unilateral shoulder flexion and extension movements) (Falla et al.,
2011) and unanticipated full body perturbations in standing (using a computerized movable
platform) (Boudreau & Falla, 2014). However, EMG measures and postural perturbations
using a movable platform are clinically not viable and beyond the scope of this thesis,
therefore will not be included.
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1.4.3.3 Sensorimotor impairments

Previous studies have demonstrated inconsistent cervical spine joint position error
(JPE) findings in patients with NP, with some studies indicating increased joint position error
in idiopathic NP compared to healthy controls (Chen & Treleaven, 2013; Cheng et al., 2010;
Rix & Bagust, 2001) while others found no differences between groups (Sjolander et al.,
2008; Teng et al., 2007; Uthaikhup et al., 2012). Further, the degree of cervical spine JPE
demonstrated a weak association with static standing balance (Treleaven et al., 2006) and
this may be due to the tests of cervical proprioception used in previous studies that lacked
specificity in isolating the cervical afferents in measuring joint position sense (Chen &
Treleaven, 2013). Noteworthy, the conventional method of measuring cervical spine joint
position error involves moving the head relative to the trunk that may stimulate both neck
and vestibular afferents (Treleaven et al.,, 2006; Treleaven et al., 2008). Amongst the
different methods that are available to measure joint position sense, the neck torsion test is
suggested to be the most suitable test, because this test is able to bias afferent input towards
the cervical spine by moving the body on a stationary head (Chen & Treleaven, 2013).
Accordingly, the effect of neck torsion on postural control has been demonstrated in patients
with whiplash injury (Yu et al., 2011) and in idiopathic NP (Williams et al., 2017). Given the
above reasons, the JPE neck torsion appears to be a more suitable method for measuring
joint position sense in the NP population.

Although studies have demonstrated associations between the presence of NP and
increased postural sway (Treleaven, 2011), there is little evidence available about the
relationship between the intensity of NP and postural control (Ruhe et al., 2011). It has been
postulated that pain may influence postural control via several mechanisms such as central
modulation as well as subcortical and cortical reorganization of the somatosensory system
(Tinazzi et al., 2000). Given that the presence of NP may be a potential contributor to
postural control, assessing its severity may provide important insight into postural control

disturbances.

1.4.3.4 Whiplash or trauma induced NP

Patients with a whiplash injury may have direct or indirect involvement of the
vestibular system, resulting in symptoms of dizziness, and reduced postural control
(Rowlands et al., 2009; Toglia et al., 1969). Consequently, NP resulting from trauma may

complicate the interpretations of mechanisms underlying impairments of postural control in
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NP. For this reason, we will exclude patients with whiplash injury as well as those

complaining of dizziness or vertigo suspected to be vestibular in origin.

1.5 Importance of translation of research into clinical practice

Another important aspect of this research concerns the ease of translation of
research into clinical practice, specifically providing clinicians the practical means to access
valid and reliable equipment to measure postural control deficits and impairments in people
with NP. From the clinician’s perspective, NP-related impairments are often measured using
equipment that is laboratory based, and therefore difficult to implement clinically. Recent
advances in technology such as the smart phone (Tousignant-Laflamme et al., 2013), the
Nintendo Wii Balance Board (NWBB) (Clark et al., 2010) and the Microsoft Kinect (Clark, R.
A. etal., 2012) may have the potential for new measurement tools that are portable, accurate
and inexpensive yet practical for clinical use. By developing practical, affordable and easily
accessible tools, clinicians will be empowered with the needed technology to identify
potential impairments related to postural control deficits. One good example of such existing
tools is the use of the NWBB to measure postural control, which has demonstrated good to
excellent results in test-retest reliability and when validated against the gold-standard force
plates (Clark et al., 2010), and hence will be used in this project. To this end, this research
will exploit these technological advances for the evaluation of postural control and
impairments relating to NP using methods that are not only cost-effective, but also clinically
useful and widely commercially available. What follows is an account of the limitations of
current available tools to measure NP-related and postural control impairments and the
rationale for the new proposed methods. In particular, this thesis will explore the use of the
smart phone technology to measure cervical range-of-motion, the Wii Balance Board to
measure hallux flexor strength and the Microsoft Kinect to measure thoracic kyphosis for
clinical and research purposes.

The first technology that will be explored is the validity of the Android smart phone to
measure cervical ROM. Cervical spine ROM evaluation forms a vital part of the management
of cervical spine disorders. Currently available tools for the assessment of cervical ROM
include the cervical range of motion device (CROM) (Fletcher & Bandy, 2008) and the
inclinometer (Bush et al., 2000). However, the CROM is cumbersome and relatively costly
(US$395) whilst the inclinometer has been reported to have inconsistent and inferior validity
for cervical rotation and lateral flexion measurements (Bush et al., 2000; Hole et al., 1995).

On the other hand, given the widespread use of technology, the smart phone has shown
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great potential as a measurement tool because it uses embedded sensors and may serve
as a useful device for both clinicians and researchers to measure cervical ROM. Although
the validity and reliability of the smart phone has been previously investigated by
Tousignant-Laflamme et al. (2013), the authors of this study compared the phone to the
CROM as the criterion reference, which may lack the sensitivity and precision of the multi-
camera three-dimensional motion analysis (3DMA) system. Moreover, no effort was made
to ensure that the head movements were well-controlled, specifically along the intended axis
of head movement and the examiners were not blinded to the results of the phone and the
CROM device. Therefore, this thesis will extend previous research by examining the validity
and reliability of the Android smart phone application to measure cervical ROM using the
3DMA system as the criterion reference, adding a spirit-level type indicator to the phone
application for accurate monitoring of the axis of movement and blinding the examiner to the
results.

Next, the NWBB technology will be explored to measure the strength of the hallux
flexor muscle. Hallux flexor strength has been shown to be a significant determinant of
postural control (Spink et al., 2011) and an independent predictor of falls in older adults
(Mickle, K. J. et al., 2009). Therefore hallux flexor strength is an important measure in the
evaluation of postural control. However, strength assessment of the hallux flexor muscle
comes with some challenges, one of which is the ability to selectively measure the strength
of the intrinsic muscles and separating extrinsic and intrinsic foot muscle activity during the
strength testing (Soysa et al., 2012). As a result, the validity of the methods used to
specifically measure hallux flexor strength in previous studies such as the paper grip test
(Menz et al., 2006a), plantar pressure sensors (Menz et al., 2006b) and dynamometry (Kwon
et al., 2009; Senda et al.,, 1999; Spink et al., 2010; Unger & Wooden, 2000) were
guestionable. As such, given that the NWBB contains four strain-gauge type load cells and
has shown to be reliable in weightbearing parameters such as asymmetry (Clark et al.,
2011), the NWBB may have the potential to be used to measure hallux flexor strength in
both clinical and research settings. Therefore, this thesis will explore the reliability of the
NWBB when combined with a purpose built platform to measure hallux flexor strength.

The third technology that will be investigated is the validity and reliability of the
Microsoft Kinect to measure thoracic kyphosis. Increased kyphosis has been associated
with diminished physical performance (Kado et al., 2005), poor postural control (Sinaki, M.
et al., 2005) and low quality of life (Takahashi et al., 2005). Furthermore, there is growing
empirical evidence that thoracic kyphosis is associated with cervical spine impairments in

individuals with NP (Cleland et al., 2007; Lau et al., 2010; Quek et al., 2012). In particular,
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positive clinical outcomes were reported following thoracic spine manipulation and
mobilization in patients with cervical spine dysfunction (Cleland et al., 2007; Lau et al.,
2011). However, current available devices to evaluate thoracic kyphosis are limited and are
often time-consuming to use, costly, cumbersome and unable to give instant feedback. For
example, although the flexicurve has good evidence for validity and reliability (Barrett et al.,
2014; Tran et al., 2016) and is affordable and easy to use, it has significant limitations such
as inability to provide instant feedback and data processing is time consuming and tedious.
Consequently, these barriers mentioned may account for the low frequency of assessment
undertaken objectively by therapists in the clinical settings (Perriman et al., 2012).
Therefore, this thesis hopes to overcome the aforementioned barriers to measure thoracic
kyphosis by investigating the reliability and concurrent validity of the Microsoft Kinect against

the flexicurve.

1.6 Summary

To summarize, although there exists sufficient evidence to substantiate the role of
the cervical spine in influencing postural control, little is known about the mechanisms
underlying this phenomenon. It is generally well accepted that the high density of
mechanoreceptors in the upper cervical spine may play a crucial role in influencing postural
control, however little is known about the associations between NP-related impairments and
postural control. Having a greater understanding of the mechanisms underpinning postural
control deficits is important to improve management of postural instability especially in the
older population given their high risk of falls. The two main gaps identified in the literature
that limit a clear understanding of the mechanisms underlying NP-related balance
impairments are (i) from the researcher’s perspective, the complexities of balance measures
and (ii) from the clinician’s perspective, the lack of clinically relevant tools. In order to
address these gaps, (i) new balance measures such as wavelet analysis and sample
entropy will be employed. Furthermore, dynamic balance measures that are context-specific
and relevant to activities of daily living in older adults will also be included. (ii) This project
will also evaluate the validity and reliability of new technology such as the Microsoft Kinect
and smart phone for accurate measurement of NP-related impairments and the NWBB for
measurement of impairment related to global balance for clinical purposes. Finally, as a first
step in unravelling the mechanisms underlying NP-related balance impairments, this thesis
includes studies comparing postural control and potential contributing impairments between
people with and without NP, and will examine the associations between NP-related

impairments and postural control during standing.
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1.7 Aims of thesis

The overall objectives of this thesis were to i) explore new measurement tools and

technique related to cervical spine impairments and postural control that may be potentially

useful in research and in the clinical setting and ii) to better understand the mechanisms

underpinning NP-related postural control deficits in older adults. Six studies were

undertaken. Studies 1-3 investigated psychometric properties of clinically relevant

measurement tools/techniques based on new technology to assist in the evaluation of

factors contributing to NP in older adults. Studies 4-6 investigated postural control and

factors contributing in older adults with and without NP. The specific aims of the individual

studies were to:

1.

Study 1: Determine the concurrent validity and test-retest reliability of the Android Smart
Phone application to measure cervical range-of-motion.

Study 2: Determine the concurrent validity and intra-rater reliability of the Microsoft Kinect
to measure thoracic kyphosis.

Study 3: Determine the intra-rater reliability of the Nintendo Wii Balance Board to
measure hallux flexor strength.

Study 4: Explore the use of new measures of signal frequency (wavelet analysis) and
complexity (sample entropy) and dynamic tests to obtain insights into the mechanisms
of NP-related postural control dysfunction in older adults with and without NP.

Study 5: Compare several characteristics that are associated with impaired postural
control in a group of older adults with and without NP.

Study 6: Determine if impairments related to NP are associated with static and dynamic
postural control in older adults.
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Chapter 2: Justification of Methods

This chapter is an overview of the methodology employed throughout the thesis. In
summary, studies 1-3 explored new measurement tools and techniques that could be used
to measure impairments associated with postural control deficits in people with NP. Studies
4-6 investigated new measures of postural control (study 4) or factors associated with
postural control deficits in older adults with and without NP. The new measurement tool
using the Wii Balance Board from study 3 and wavelet analysis approach from study 4 were

employed in studies 5 & 6 because they showed potential for clinical or research use.

2.1 Overview of studies included in this thesis

The first three studies explored the use of technology, specifically the Android phone
application, the Microsoft Kinect and the Nintendo Wii Board to measure cervical ROM,
thoracic kyphosis and big toe strength respectively. At the point of conception of each study,
no previous studies were published using any of these technologies. Therefore, as
preliminary exploratory studies, healthy adult participants were chosen. The samples of all
three studies were independent from each other. Please see table 2.1 for the details of the
participants in each of the studies of the thesis. The subsequent three studies (4, 5 and 6)
were clinical studies exploring the mechanisms underpinning NP related postural control

impairments in older adults with idiopathic NP.

2.2 Research designs and sample population employed in the thesis

2.2.1 Research designs

A mix of study designs was used in this thesis. The first three studies were observational
studies investigating the reliability and validity of measures compared to previously validated
measures. Specifically, study 1 (chapter 3) investigated the concurrent validity of the Android
phone application against the Vicon and examined the phone’s test-retest reliability to
measure cervical spine range of motion. Study 2 (chapter 4) examined the concurrent
validity of the Microsoft Kinect to measure thoracic kyphosis against the flexicurve and
examined the intra-rater reliability of the Kinect measurement. Study 3 (chapter 5) assessed
the test-retest reliability of the Wii Balance Board to measure big toe strength. Studies 4, 5
and 6 (chapters 6, 7 and 8 respectively) were cross-sectional studies involving older adults
with and without idiopathic NP. Study 4 was a retrospective study using data from a previous
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study (Poole et al., 2008). The study sample from studies 5 & 6 was prospective and

comprised of the same patrticipants in both studies.

2.2.2 Participants

To assist and orient the reader to the participants in the six studies, information regarding
their recruitment, and inclusion and exclusion criteria are detailed below. Convenience
sampling was employed for all studies in this thesis. Further details on participants are found
in each chapter. Studies 1-3 aimed to recruit healthy young adults; studies 4-6 aimed to
recruit older adults with or without NP.

2.2.2.1 Studies 1, 2 and 3

In study 1, the participants were recruited from advertisements, word of mouth, introductions
in lectures/tutorials and email to the staff and students of the Australian Catholic University
in Melbourne, Australia. Inclusion criteria included healthy volunteers aged 18 years and
above. Exclusion criteria included active NP; an inability to perform exercise; and an inability
to understand spoken or written English.

Participants in study 2 and study 3 were recruited from advertisements, word of mouth and
email to the staff and students from the University of Queensland in Brisbane, Australia.
Inclusion criteria for both studies were healthy individuals aged 18 years and above.
Exclusion criteria for study 2 were any active neck or back pain or known spinal deformities
such as scoliosis. The exclusion criteria for study 3 also included any foot deformities or
acute foot or ankle injuries over the past 3 months, as we examined big toe maximal

strength.
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Table 2-1 Sample details across studies

Study  Neck Pain Age NDI (%) NDI Females Healthy Age Range NDI (%) NDI Females
(n, age £ SD) Range range n (%) (n, age £ SD) range n (%)
1 NA NA NA NA NA 21,31.0+9.1 19-59 NA NA 10 (48)
2 NA NA NA NA NA 33,31.0x11.0 21-64 NA NA 16 (48)
3 NA NA NA NA NA 30,349+ 129 22-68 NA NA 15 (50)
4 20,70.3+4.0 65-77 23.60+10.2 1048 20(100) 20,71.4+5.1 65-82 3.00+3.5 0-8 20 (100)
5 35,69.6+6.3 60-88 2082+7.14 12-38 22(63) 49,695+49 61-82 1.18+1.63 0-6 30 (61)
6 35,69.6+6.3 60-88 20.82+7.14 12-38 22(63) 49,69.5+49 61-82 1.18 +1.63 0-6 30 (61)

n= sample size, NA= Not Applicable, NDI = Neck Disability Index, SD= Standard Deviation
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2.2.2.2 Studies 4,5 and 6

In study 4, participants were recruited from the Brisbane metropolitan area using
convenience sampling. Older adults >65 years were included in the NP group if they
reported chronic NP for 23 months, and with a neck disability index (NDI) of 210%. Chronicity
of NP of 23 months was chosen and only females were recruited. A NDI of 210% was chosen
because according to Vernon and Mior (1991a), NDI<10% is interpreted as having no
disability from NP and previous studies that used this cut off of NDI 210% were able to
demonstrate sensorimotor disturbances in subjects with chronic NP (Field et al., 2008;
Treleaven et al., 2011; Uthaikhup et al., 2012). Adults were recruited for this study if they
were aged >65years. This cut off of 65 years was chosen because it is a common definition
of an older adult in many western countries (Kowal & Dowd, 2001) and older adults >65

years old have demonstrated postural deficits in previous research (Choy et al., 2003).

Participants were included in the control group if they did not report current NP that required
management by a medical professional at the time of recruitment and testing, and had a
NDI score of <10% (NDI<10% is interpreted as having no disability from NP). This was to
limit the contamination of this group with people with any acute NP and NP that resulted in
sufficient pain and disability to affect daily life. The exclusion criteria were chosen to limit the
likelihood of the presence of postural control deficits that were the result of known factors,
not related to NP. These included: a history of repeated falls of unknown origin (no specific
cause that could explain their falls — to reduce the influence of postural control deficits
unrelated to NP); recent orthopaedic surgery; diabetes; neurological or vestibular pathology;
visual impairments not corrected by prescriptive lenses; arthritis or musculoskeletal
problems not including the neck that required active management or where the level of pain
exceeded that of the neck; acute musculoskeletal injuries; or were taking more than four
medications. Previous research has demonstrated a significant association between
injurious falls and consumption of more than four medications (Koski et al., 1996). Hence,
to avoid the confounding factor of the number of medications on postural control, all
volunteers taking more than 4 medications were excluded. In order to obtain a sample that
was representative of the older adult population, common medical conditions such as
hypertension, hyperlipidemia, irritable bowel syndrome and osteoarthritis were included in
the sample. With regards to pain arising from musculoskeletal conditions such as knee pain
or low back pain, participants were admitted into the NP group as long as their pain score in
the other regions of the body did not exceed that of the neck and would be excluded if their
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predominant pain was not in the neck region. For those in the control group, participants
were excluded if they had musculoskeletal pain that they were actively seeking treatment
for.

Information regarding co-morbidities was obtained from the questionnaires and
subjective interview and coded into four categories: (i) musculoskeletal conditions of the
lower limb and non-specific low back pain, (i) common medical conditions including
hypertension, heart conditions, osteoporosis and depression, (iii) dizziness and (iv) previous
traumatic neck injury. The maximum number of co-morbidities possible was four. For
example, if a participant reported having knee pain and back pain, this will be coded as 1
under (i). If this same participant also had hypertension, the total number of co-morbidities
was listed as two. All participants provided informed consent as outlined by the Medical
Ethics Committee of the University of Queensland and all procedures were conducted

according to the Declaration of Helsinki.

The inclusion and exclusion criteria for studies 5 & 6 were similar to that of study 4
with the following exceptions. First, because studies 5 & 6 focused on understanding the
mechanisms underlying postural control impairments in NP, very strict guidelines were
imposed such that all who reported a history of traumatic NP were excluded. By performing
a detailed subjective evaluation, we also excluded those who reported dizziness that we
suspected was associated with vestibular involvement. This included if they reported any
known vestibular pathology (e.g. Menieres) or vestibular symptoms that required medical
investigation or treatment. As such, we encountered difficulties with recruitment and as a
result decided to lower the age limit by 5 years to 60 years old in order to increase the
sample size. Postural control deficits in quiet standing with eyes open and closed are
present in adults aged in the 60s, and are significantly more marked than those in their 50s,
but not different from those in their 70s (Choy et al., 2003), thus we did not perceive that
lowering the cut off by 5 years would significantly alter our findings. It is known that NP
related studies in younger adults often restrict their age range to less than 45 years old so
as to avoid having to account for age related changes (Field et al., 2008; Treleaven et al.,
2005a). The mean ages were similar across studies 4 (70-71 years) and 5 & 6 (69 years).
Next, the inclusion criteria into the NP group was two-fold: participants had to fulfil a
minimum pain score of 2/10 on the NRS and NDI score of 210%. This is in contrast to study
4 where only a NDI score of 210% was required for admission to the NP group. The minimum

pain score was added to the later studies to ensure that our sample accurately represented
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the idiopathic NP population and demonstrated sufficient pain and disability to distinguish
this group from the control group. Third, both females and males were recruited into studies
5 & 6 compared to only females in study 4. This was to maximise generalisability. Lastly,
the number of co-morbidities were counted and entered as the total number, in contrast to
study 4 where the co-morbidities were grouped into categories. For example, if the
participant in the later studies had low back pain, knee pain and hypertension, the number
of co-morbidities reported was 3 instead of a 2 as it would have been in study 4. The method
of coding was modified because study 4 demonstrated no differences in comorbidities
between NP and control groups and it could have been due to the way the coding of
comorbidities was performed. As such, we decided to identify each comorbidity as one
instead of coding it in categories. This was done to ensure that it would be more
straightforward to identify the potential confounding effect of comorbidities (if any) on

postural control in older adults with NP.

A total of 166 individuals responded to advertisements from posters, flyers,
community health talks and by word of mouth. Seventy out of 166 people did not fit the
inclusion and exclusion criteria, leaving 96 who were included in the study. Out of these 96
individuals, 12 were removed from the data analysis because they had NDI and pain scores
that we considered to be ambiguous. Specifically, these 12 individuals did not fulfil the
criteria of having both NDI score 210% and NRS =2/10. Instead they may have a NDI score
of 210% but scored <2/10 on the NRS or they scored 22/10 on NRS but failed to score 210%
on the NDI (Figure 2-1).
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Figure 2-1 Flowchart of participant recruitment for studies 5 and 6

Volunteers n = 166

Excluded n =70

40 Multiple exclusion
criteria

22 Significant back, hip or
knee pain>NP

8 Trauma-related NP

v

A/

Participants n = 96

Excluded n =12
8 NDI 210% but <2/10 NRS
4 NDI <10% but >2/10 NRS

v

Neck painn = 35 Healthy controls n = 49
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Figure 2-2 Thesis Overview

Measurement
Tools/Techniques

Study 1

Validity & reliability of Android
phone to measure cervical
ROM

Mean age 31.0 £ 9.1

Study 2

Validity & reliability of Kinect to
measure thoracic kyphosis

Mean age 31.0 £ 11.0

Study 3

Reliability of Wii balance board
to measure hallux flexor
strength

Mean age 34.9 = 12.90

Clinical

Study 4

Explore postural stability in
older adults £ NP using
wavelet analysis, sample
entropy & dynamic tests

Mean age 71.4 +5.1

Study 5

Differences in characteristics
related to postural control
deficits in older adults £ NP

Mean age 69.5 £ 4.9

Study 6

Associations between
impairments related to NP &
postural control

Mean age 69.5 + 4.9
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2.3 Experimental procedures

Justification of the experimental procedures and measures in studies 1, 2 and 3 are
contained in each chapter. More detailed justification of procedures and measures for
studies 4, 5 and 6 are provided below, with further details provided in each chapter.

For all studies 4-6, a phone interview was conducted to determine if potential
participants met the eligibility criteria for study inclusion. Questions pertaining to their
vestibular function were specifically asked to ascertain (as best as possible) that participants
did not have any existing vestibular or neurological dysfunction that may affect their

performance during postural control tests.

For studies 5 and 6, eligible participants were given a choice whether to perform the
testing in the laboratory at the University of Queensland or at their residence and an
appointment was made if they fulfilled all the inclusion and exclusion criteria. Potential
participants were informed that the duration of the testing would take 1-1.5 hours longer if
the research was performed at their residence because of the added time required to set up
and pack up the equipment. If testing was performed outside the laboratory, all equipment
was transported in the car of the investigator (JQ). For accountability and safety purposes,
at least one supervisor was informed when testing was performed outside of the laboratory.
Testing was performed mainly by one investigator (JQ) and only sometimes assisted by a

physiotherapy student (when available).

Prior to the testing, in order to reduce time spent on the day of the testing,
guestionnaires (Appendix 9) were posted out to the participants one week before the testing
date and participants were asked to fill up the questionnaires close to the testing date.
Clarification was made (if necessary) on the day of testing regarding the participant’s

understanding of the questionnaires and their responses.

The order of testing was determined in order to limit the effects of fatigue, pain and or

dizziness on the previous testing and was performed as follows:

e Subjective interview

e Standing posture- digital photograph and measurement of spinal curves
e Standing balance- eyes open followed by eyes closed

e Ankle ROM testing

e Sensory testing — filament followed by vibration

¢ Melbourne Edge test

e Joint position error test
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e Big toe strength testing

e Dynamic Gait Index

e DVA

e HIT

e Neck muscle endurance tests
e Dix Hallpike test

e Cervical ROM

2.4 Sample size calculation

Studies 1 and 4 were exploratory studies and therefore we were unsure of the
potential size of the effect, therefore a sample size of 20 per group was chosen. A sample
size of 20 is common in laboratory studies of validity and reliability (Clark, Ross A et al.,
2012; Koumantakis et al., 2002; Mariani et al., 2010). In study 4, a sample size of 20 per
group was chosen as it has previously been sufficient to demonstrate differences in postural
control between people with and without neck pain (Poole et al 2008). For studies 2 & 3,
The sample size of 30 was selected because it provided an estimated power greater than
90%, based on the aim to detect a desired reliability of ICC=0.9 and a minimally acceptable
reliability of 0.7 with an alpha level of 0.05 (1-tailed).

In study 5, the a priori sample size calculation based on two-tailed hypothesis using
Cohen’s d 0.5, alpha 0.05 was 64 per group (ie 128 in total). Nevertheless, our sample of
35 in the NP and 49 in the control groups (84 in total) were unfortunately below the targeted
sample size. This was because it was very challenging recruiting older adults that fulfilled
all of the inclusion and exclusion criteria ie with sufficient levels of neck pain and disability
associated with their idiopathic NP but also minimal other co-morbidities. This explains why
we were close to being able to meet the target for healthy controls but not the NP group. We
had to exclude many who had NP of traumatic origin and those with significant co-
morbidities because of their potential influence on postural control. We also had to exclude
several participants (12) that did not quite meet the criteria of both NDI of 210% and a VAS
of at least 2/10.In study 6, an a priori sample size estimate of 70 subjects was calculated
based on conservative estimates using Cohen’s f2 method of effect size determination
(f>=0.2) and a maximum of 5 predictor variables to achieve 80% power. Noteworthy, multiple
regression models with a minimum of 10-15 observations per predictor variable has been
shown to reveal stable estimates (Babyak, 2004). In light of this evidence, multivariate
regression models in Tables 8-4 and 8-5 consisted of mostly 3 variables (one model had 4
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variables) for sample size of 35 (NP group) and 49 (control group) respectively. In the
moderation analysis in Table 8-6, there was a maximum of 8 predictor variables for a sample
size of 84. As it turns out, our a priori sample size calculation was conservative and therefore

we think that the sample size obtained for the purpose of this study was mostly sufficient.

2.5 Statistics

All statistical procedures were performed using IBM SPSS Statistics for Windows,
version 21.0 & 22.0 and Stata version 11 and 13. P<0.05 significance level was assumed
across all studies. The details of the statistical analysis are described in each study.

2.6 Ethical Considerations

The studies conducted in this thesis were all approved by the Medical Research
Ethics Committee of the University of Queensland (Appendix 6). Prior to the study,
participants were given an information sheet that outlined the details of the study. The
investigator verbally explained the purpose of the study, their right of withdrawal and
possible risks and benefits associated with the study. Participants provided written informed
consent to participate in any study.

In studies 1-3 there were minimal risks associated with these studies as they were
performed on healthy young adults. Disrobing and exposing the back was required in study
2. In the process, female participants were required to unhook their bra. In order to respect
the participant’s privacy, female participants were given a choice to wear a gown if they felt
uncomfortable having their back exposed. In study 3 and study 6 participants were informed
that there was a potential risk of muscle soreness of the hallux flexor and the intrinsic
muscles of the foot post maximal voluntary contraction as well as neck extensor and flexor
muscles following the endurance test. Participants were monitored for any discomfort felt
during and after the testing procedure, and testing would cease if participants demonstrated
any signs of discomfort. No participants reported any muscle soreness in this study. In
studies 5 and 6, there was a potential that participants could lose their balance. A
physiotherapist with postgraduate qualifications (the candidate) stood beside every
participant at all times. Further, there was a risk that participants could feel temporary
dizziness after the sensorimotor measures. The order of testing was manipulated to perform
these tests last and adequate rests were given if required. In studies 4-6, in people with NP
there was a risk of aggravating the symptoms associated with their NP. To overcome this
sufficient rest was given in between tests, the examiner closely monitored their symptoms
during testing and test procedures were ceased if participants expressed discomfort that

was beyond their usual pain scores during an active episode. In all studies, to ensure
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confidentiality, information obtained were stored with multiple measures, de-identification

performed during data management and secure storage was enforced.
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Chapter 3 is adapted from the following publication
(Appendix 1 URL Link to Published Paper)

Quek J, Brauer SG, Treleaven J, Pua YH, Mentiplay B, Clark RA
“Validity and intra-rater reliability of an Android phone application to measure cervical
range-of-motion”

Journal of Neuroengineering and Rehabilitation 2014; 11(1), 65

32



Chapter 3: Study 1 Validity and intra-rater reliability of an Android

phone application to measure cervical range-of-motion

Cervical spine ROM assessment is important in the management of cervical spine
disorders. ROM asymmetry of the cervical spine has been shown to be associated with
reduced postural sway. However, the objective evaluation of cervical range-of-motion is
often limited by the affordability, accessibility and ease of use of available equipment. Given
the widespread use and advances in technology, the smart phone has great potential for
use in research and clinical purposes. This study examines the validity and intra-rater
reliability of a newly developed Android phone application to measure cervical range-of-

motion.

3.1 Introduction

Cervical range-of-motion (ROM) assessment forms an integral part of physiotherapy
evaluation in people with NP by quantifying an important physical impairment (Dall’Alba et
al., 2001) and providing potentially useful diagnostic data (O'Leary, 2008). In this regard, the
cervical range-of-motion device (CROM) (Fletcher & Bandy, 2008; Rheault et al., 1992) and
single inclinometer are considered the most appropriate clinical measurement instruments.
However, the CROM is relatively expensive (US$395) and cumbersome, and the
inclinometer although more affordable, has been reported to have inconsistent and inferior
validity for cervical lateral-flexion and rotation measurements (Bush et al., 2000; Hole et al.,
1995). Advances in smart phone sensor technology have resulted in inexpensive ROM
measurement tools with clinical and research potential. Specifically, the smart phone uses
an embedded-accelerometer and a magnetometer to detect motion using gravity and the
earth’s magnetic field respectively. To our knowledge, only one published study
(Tousignant-Laflamme et al., 2013) has examined the validity and reliability of the
smartphone to measure cervical ROM. Although that study reported some promising
findings, it did possess limitations including: a) the criterion reference used (i.e. CROM) did
not allow for concurrent testing of the phone, and lacked the sensitivity and precision of a
multi-camera three-dimensional motion analysis (3DMA) system, which may have
negatively influenced the mostly moderate validity findings; b) no reported effort was made
to ensure that movement was well-controlled and along the intended axis of head
movement; and c) the examiner was not blinded to the results obtained from the phone and
the CROM device, hence error due to reporting bias cannot be ruled out. This may potentially
overestimate the validity results. Therefore the purpose of this study was to investigate the
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concurrent validity and test-retest reliability of an Android smart phone to assess cervical
ROM. Our study extends prior research by (i) verifying the validity of the smart phone by
concurrently assessing with a 3DMA system, the gold-standard for capturing motion analysis
(Goodvin et al., 2006), (ii) adding a spirit-level type indicator to the phone application to
ensure a pure axis of movement (Quek et al., 2012) and (iii) examiner blinding to the results.

We hypothesize that the phone will be valid and reliable.
3.2 Methods

3.2.1 Subjects

Twenty-one healthy individuals between 19 to 59 years (mean age: 31 + 9.1 years,
height: 172.7 + 8.9 cm, weight: 68.5 + 11.2 kg, male: 11) with no reported NP participated.
Sixteen participants returned 1-7 days later to assess intra-rater reliability. All participants
provided informed consent as outlined by the institution’s Human Research Ethics

Committee and all procedures were conducted according to the Declaration of Helsinki.

3.2.2 Procedures

Three reflective markers were located on the following anatomical landmarks:
anterior to the tragus bilaterally and on the glabella (Figure 3-1) for 3DMA analysis. Markers
were tracked using VICON Nexus V1.7.1 and a 9-camera VICON MX motion analysis
system (VICON, UK). The angle of the head in the three planes was referenced to the
laboratory axis, and normalized to the starting neutral position, and was deemed our
benchmark reference kinematic data.

All measures were performed with the subject seated in the same high-back padded
chair. To ensure minimal contribution from the thoracic spine, the participant was securely
strapped across the shoulders to the chair using an inelastic belt (Figure 3-1:Mulligan
Mobilization Belt). An Android 4.0 phone (Samsung Galaxy S3, GT-19300T) was fitted to a
phone cover that was mounted to a piece of hard cardboard affixed to a helmet (Figure 3-
1). The helmet was then fastened securely on the patient’s head using an internal adjustable
head strap fixed within the helmet. This phone contains a LSM330DLC inertial monitoring
unit combining tri-axial accelerometer and gyroscope sensors, and an AKM8975 tri-axial

magnetometer.
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Phone fixed on helmet

Reflective Markers

Magnetic yoke

Inelastic belt

\
Figure 3-1. Experimental setup

This picture shows the starting position of the participant and the equipment set up.

The following cervical-spine ROM limit measurements were obtained in the same
order in all subjects: (i) flexion, (ii) extension, (iii) right-lateral-flexion, (iv) left-lateral-flexion,
(v) right-rotation and (vi) left-rotation. The flexion/extension, lateral flexion/extension and
rotation axes were measured using the pitch, roll and azimuth angles respectively. Given
that cervical rotation values are based on the magnetometer within the phone and the
outcome may be influenced by the surrounding magnetic fields, a magnetic yoke was placed
around the subject’s neck in an attempt to address this problem. This replicates the use of
the CROM, which also uses magnetic fields to determine angles and requires the use of a
magnetic yoke.

The participant was instructed to perform each test actively, with manual guidance
provided by the examiner to ensure that the movement was along the pure axis of alignment
if necessary. Specifically, the examiner determined the end of ROM when a firm resistance
was felt. No pain was reported by any subject during the procedure. Three consecutive trials
using concurrent measurements from the VICON and the phone were obtained for each
movement. The mean value of the three measurements for the first testing day was used to
calculate validity, and an inter-day comparison of these mean values was performed to

determine intra-rater reliability.
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All subjects were assessed by the same examiner (the thesis author) who has 12
years of clinical musculoskeletal physiotherapy experience. Noteworthy, because it is
difficult for the examiner to visually detect when the subject deviates away from the pure
movement plane, one of the advantages of this phone application over previous applications
(Tousignant-Laflamme et al., 2013) was that it included a visual representation of a circular
spirit device (Figures 3-2A and 3-2B). This enabled the examiner to guide subjects along
the desired plane of movement using the real-time visual feedback. This program sampled
data at 100Hz using a custom program designed by co-author RC using MIT App Inventor.
The standard angle data parsed from the angle calculation performed within the
Smartphones operating system was used, indicating that our results are likely to be
applicable regardless of the software program used. Two separate examiners were
assigned to each device (phone and 3DMA), hence they were blinded to the results of the

other device.

A B

'~ | START/STOP Data Collection '~ | START/STOP Data Collection
24514 | -0.662¢ -28.10( 24417 | 2.5552° -28.71¢
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-0.72676 Roll -28.68714 -0.72676 Roll -27.34072
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Azimuth Pitch Roll Azimuth Pitch Roll
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'_<>— Copyright 2013 Ross Clark ._<>_ Copyright 2013 Ross Clark

Figure 3-2 Comparison of lateral flexion assessment techniques.
(A) Right lateral flexion in a single axis. Note that the red dot is aligned with the horizontal
line. (B) Right lateral flexion with some cervical flexion. Note that the red dot is not aligned

with the horizontal line.
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3.3 Statistical Analysis

3.3.1 Validity

Validity was determined from Spearman’s correlation and intra-class correlation
coefficient (ICC) in combination with assessment of systematic bias. Bland and Altman plots
were constructed to determine the 95% limits of agreement (LoA) between the 3DMA and
phone measures (Bland & Altman, 1986; Bland & Altman, 1999). Ordinary least products
(OLP) regression, which accounts for error in both devices, was used to determine fixed and
proportional biases (Ludbrook, 2002). All calculations were performed as described
previously (Ludbrook, 1997).

3.3.2 Reliability

Intra-rater reliability was determined using intra-class coefficients (ICC [3,3]), and
OLP regression to quantify the relationship between sequential measurements for both
instruments. ICC was calculated in a 2-way analysis of variance based on absolute
agreement. Point estimates of the ICC values >0.75 were considered excellent, 0.4-0.75
modest or <0.4 poor (Fleiss, 1986). To estimate measurement error, standard error of
measurement (SEM), LOA, and minimal detectable change (MDC) were calculated.

Statistical analyses were completed using PASW software V21.
3.4 Results

3.4.1 Validity

The phone demonstrated excellent concurrent validity for flexion, extension, and
lateral flexion ROM based on Spearman’s p-values >0.84 and ICC values >0.90, but only
modest validity results for left-rotation (ICC =0.53, Spearman’s p =0.52) and right-rotation
(ICC =0.53) (Table 3-1). Furthermore, for right- and left-rotation, both proportional and fixed
biases were observed (see Table 3.1 and Figures 3-3 for the OLP and LOA plots).

3.4.2 Intra-rater reliability

Intra-rater reliability is presented in Tables 3-2 & 3-3. Excellent intra-rater reliability
results were observed for both phone and 3DMA measurements in cervical flexion,
extension and right- and left-lateral flexion (ICC=0.82-0.90), but results were poor for the
phone in right- and left-rotation (ICC=0.05-0.33), whilst the 3DMA showed modest intra-rater
reliability (ICC=0.64-0.77). Percentage error values for the phone ranged from 7-40% and
6-9% for 3DMA (Tables 3-2 & 3-3). LOA plots are presented in the Figures 3-4 & 3-5.
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Table 3-1 Validity of the phone compared to 3DMA using 3 repetitions of each cervical movement

Phone 3DMA ICC Spearman 95% CI Average Width % Prop Fixed

(Mean * (Mean * (3,3) ’sp* Systematic  of 95% Errorf  Bias® Bias®

SD) SD) Bias (ClI) LoA
Flexion 520+8.7 499+8.8 0.98 0.991 0.30 to 0.996 None 2.3 2 N N
Extension 79.3+80 804+99 092 0.83 0.80to 0.97 None 9.6 6 N N
Right Lateral Flexion* 45.0+7.3 43.0x7.0 0.96 0.93 0.71t0 0.99 None 4.6 5 N N
Left Lateral Flexion 488+88 47.8+80 095 0.92 0.891t0 0.98 None 7.1 7 N N
Right Rotation 57.1+9.7 709+x7.2 053 081 -0.13t0 0.85 -33.7+0.31 9.6 8 Y Y
Left Rotation 65.3+15.1 71.4+58 053 0.52 -0.60 to 0.80 -71.2+0.95 18.6 14 Y Y

SD = standard deviation; 3DMA = three dimensional motion analysis; ICC = intra-class coefficients; Cl = confidence interval; LoA = limits of agreement; Prop Bias =
proportional bias; N = no; Y = yes

*All correlations were p<0.001 except Left Rotation (p= 0.02).

¥Based on n = 20 as markers on one subject were missing.

T9% Error = 0.5*Width of 95% LOA/[(Meanphone+Meanvicon)/2].

€ Proportional and fixed bias were determined from ordinary least products analysis.
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Table 3-2 Intra-rater reliability of the phone

Phone D1 Phone D2 ICC 95% ClI Sys Widthof % Prop Fixed SEM MDC LOA2SD

(Mean * (Mean * (3,3) Bias 95% LoA Errort Bias® Bias® (mean diff

SD) SD) +2.1*SDdiff)
Flexion 51.3+x79 549+75 0.864 0.38-096 N 9.1 9 N N 3.1 9.2 -12.84t0 5.48
Extension* 79.0x76 80.8+£7.03 0.821 0.49-094 N 11.8 N N 5.0 11.9 -13.671t010.3
Right Lateral Flexion 43.5+6.7 449+7.0 0.903 0.73-0.97 N 8.3 N N 2.8 8.3 -9.73 10 6.95
Left Lateral Flexion 491+88 51274 0846 0.57-095 N 11.8 12 N N 4.1 12.2 -14.20to 10.16
Right Rotation 50.0+x17.1 70.5+22.7 0331 -0.34-0.73 N 48.2 40 N N 164 48.7 -70.791t029.81
Left Rotation 64.3+£16.3 69.8+£156 0.046 -1.7-0.67 N 46.8 35 N N 15.8 46,9 -52.381t041.36

SD = standard deviation; ICC = intra-class coefficients; Cl = confidence interval; Sys Bias = systematic bias; LoA = limits of

agreement; Prop Bias = proportional bias; N = no; Y = yes; SEM = standard error of measurement; MDC = minimal detectable
change; diff = difference

¥Based on n=15 as one subject’s thoracic spine was not well stabilized.

% Error= 0.5*Width of 95% LOA/[(Meanphone+Meanvicon)/2]
€ Proportional and fixed bias were determined from ordinary least products analysis.

SEM= V\WMS

MDC=SEM X 2.1 X \2

WMS= Mean Square Error term from ANOVA
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Table 3-3 Reliability of the 3DMA (n = 16)

Phone D1 Phone D2 ICC 95 % ClI Sys Widthof % Prop Fixed SEM MDC LOA 2SD (mean
. o  RincE RiacE
(SI\/IIDe)an + (Mean £ SD) (3,3) Bias 95 % LoA Error’ Bias® Bias diff +2.1*SDdiff)
Flexion 489+7.7 519+69 0.88 0.54-0.96 8.7 3.0 891 -14.771t08.90

3.4 10.1 -12.69to 7.56
2.3 6.83 —-8.01to 5.51
2.8 8.32 -8.57t07.89
3.6 10.69 -14.45106.81
3.8 11.29 -14.35108.03

N 9
Extension¥ 79.1+99 816+9.2 0.88 067096 N 10.0 6
Right Lateral Flexion 41.7 £6.7 429+6.9 0.94 0.82-0.98 N 6.8 8
Left Lateral Flexion 46.7+7.6 47.1+6.6 0.92 0.78-0.97 N 8.0 9
Right Rotation 68.8+51 727+59 0.64 -0.010-0.88 N 104 7
Left Rotation 70.2+6.7 73.4+6.7 0.77 0.32-0.92 N 11.2 8

z zZz Zz2 Z2 Z2 Z
Zz Zz2 Z2 Z2 Z2 Z

SD = standard deviation; ICC = intra-class coefficients; Cl = confidence interval; Sys Bias = systematic bias; LoA = limits of agreement; Prop Bias = proportional bias; N = no; Y
=yes; SEM = standard error of measurement; MDC = minimal detectable change; diff = difference.

¥Based on n = 15 as one subject’s thoracic spine could not be effectively stabilized using the experimental technique utilized.

1% Error = 0.5*Width of 95 % LOA/[(MeanPhone + MeanVicon)/2].

€ Proportional and fixed bias were determined from ordinary least products analysis.

SEM=\WMS

MDC=SEM X 2.1 X \2

WMS= Mean Square Error term from ANOVA
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Figures 3-3 Validity assessment using OLP plots for measurements with proportional bias
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Figures 3-4 Regression-based Bland Altman Plots with proportional bias (Validity)
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Figures 3-5 Standard Bland Altman Plots (Validity)
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Right Lateral Flexion
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Figures 3-6 Standard Bland Altman Plots (Reliability of Phone)

10

Flexion

ULOA=5.5

38 43

Score Difference between days (Day 1 - Day 2)(°)
&

20

15

48 53 58
Average Score obtained on both days (°)

Extension

LLOA=-12.9

63 68

ULOA=10.3

10 ...................................................................................................................

-10

-15

67 72

Score Difference between days (Day 1- Day 2)(°)

ULOA= Upper Limits of Agreement
LLOA= Lower Limits of Agreement

77 82
Average Score obtained on both days (°)

LLOA=-13.7

87

45



Right Lateral Flexion
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Figures 3-7 Standard Bland Altman Plots (Reliability of 3DMA)
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3.5 Discussion

This study demonstrates that an Android phone can be a valid and reliable tool to

measure ROM of cervical flexion, extension and lateral-flexion but not cervical rotation,
consistent with previous results (Tousignant-Laflamme et al., 2013). Cervical rotation results
cannot be seen as valid and reliable as, although the rotation measurements from the phone
showed moderate validity values (ICC=0.53), the reliability results were poor. Possible
reasons for these results are that, in the position tested, both sagittal and frontal
measurements rely on the gravity-dependent accelerometers within the phone but the
movements in the transverse plane are detected by the magnetometer, which can be
adversely affected by any surrounding magnetic fields. This includes equipment such as
computers, speakers and some automatic doors, which were all present in the laboratory
and may have caused the error observed in this axis. We attempted to overcome this issue
using the magnet supplied with the CROM, however our results were still invalid in this axis.
This is clinically relevant because strong magnetic fields are likely to be present in many
clinical settings and thus rotation ROM assessment using devices that rely on data from the
magnetometer cannot be recommended (i.e. rotation in sitting).
Potential reasons for the greater ICC values in the present study compared to previous work
(Tousignant-Laflamme et al., 2013) are the concurrent measurements and the addition of
the spirit level indicator to improve the accuracy of measurement. The latter is especially
important because the cervical-spine is a multi-joint structure and susceptible to coupled
movements. Furthermore, we minimized measurement errors by standard fixation of the
phone on a helmet, compared to the phone being held by hand on the participant’s head in
the previous study (Tousignant-Laflamme et al., 2013). This also implies that the phone
ought to be mounted on a helmet when it is being used in the clinical setting, and may be
considered a limitation of this study. Furthermore, we found that when measuring cervical
extension, the combined weight of the helmet and the phone tended to cause the helmet to
slip. The examiner overcame this problem by providing adequate support to ensure that the
helmet was firmly fixed on the head during the movement.

This study has several other limitations. (i) We did not assess inter-rater reliability
and this may potentially limit the applicability of our findings in clinical settings between
observers. (ii) We did not include a rigorous warm-up regime to ensure consistent inter-day
readiness to perform the movements. While this is unlikely to affect the concurrent validity
data (i.e. an increase in range of motion intra-session would be detected by both devices if
they are comparable), it may have negatively affected our reliability results. (iii) As a

preliminary step to assess the validity and reliability of the Android phone application, all
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participants were healthy, therefore the results need to be replicated in populations of
interest, such as those with NP. (iv) The reliability data of the 3DMA system for the rotation
axis was not particularly good, and it is not possible to determine whether this is due to intra-
day subject variation (which would provide justification for the poor phone reliability results)
or equipment-related measurement error (which would not have affected the phone reliability
values). It could be possible that there were differences in what was being measured
between devices, as the phone was placed on the centre of the top of the head and the
reflective markers were on the tragus and glabella. Given the large differences between
results between rotation and the other planes, and the fact that it is measured using a
magnometer, we expect that this is the primary reason, but investigation using the phone
without environmental magnetic influences would be a potential future study.

In summary, this study aimed to establish the validity and intra-rater reliability of an
Android phone application to measure cervical-spine ROM and found that cervical flexion,
extension and lateral-flexion measurements are both valid and reliable in sitting and may be
used in the clinical setting. In contrast, cervical rotation measurements in sitting are neither
valid nor reliable likely due to magnetic field interference. We suggest further study to
determine whether the phone is valid to measure cervical-rotation in supine, which would
use the accelerometer derived angles and is therefore likely to provide more consistent
results. This limitation is likely to impact any movement that involves rotation (such as the
flexion-rotation test for the upper cervical spine in supine) so evaluation of any combined

movement involving rotation is not likely to be accurate.
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Chapter 4 is adapted from the following publication
(Appendix 2 URL Link to Published Paper)

Quek J, Brauer SG, Treleaven J, Clark RA
“The concurrent validity and intra-rater reliability of the Microsoft Kinect™ to measure
thoracic kyphosis”
Journal of Rehabilitation Research 2017; 40 (3), 279-284
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Chapter 4: Study 2 The concurrent validity and intra-rater reliability of

the Microsoft Kinect to measure thoracic kyphosis.

Thoracic kyphosis is often associated with poor postural control and cervical spine
impairments. However, it is not routinely evaluated in the clinical setting possibly due to
barriers to the accessibility and affordability of available valid and reliable equipment. This
study examined the validity and reliability of the Microsoft Kinect to measure thoracic
kyphosis, with the hope of overcoming these barriers.

4.1 Introduction

Increased kyphosis is associated with diminished physical performance, impaired
respiratory function and increased mortality (Di Bari et al., 2004; Kado et al., 2009; Sinaki,
Mehrsheed et al., 2005). Further, thoracic kyphosis is closely linked with cervical spine
impairments in patients suffering from NP (Cleland et al., 2007; Lau et al., 2010; Quek et al.,
2012). Interestingly, studies demonstrated positive clinical outcomes following thoracic
spine manipulation and mobilization in patients with cervical spine dysfunction (Cleland et
al.,, 2007; Lau et al., 2011). However, its objective measurement is rarely undertaken
clinically (Perriman et al., 2012), potentially because the assessment devices are time-
consuming, costly and cumbersome and are unable to provide instant feedback. Currently
available tools are limited, and there is no present tool that fits the criteria of possessing high
levels of both validity and reliability as well as being affordable and clinically useful by
providing instant feedback and being easy to use. The Flexicurve demonstrated one of the
strongest levels of evidence for validity and reliability (Barrett et al., 2014; Tran et al., 2016)
and is affordable and easy to use, which is why it is a recommended clinical tool of choice
(Barrett et al., 2014; Greendale et al., 2011). However, data processing using the Flexicurve
method is time-consuming and tedious and does not provide instant feedback. Given the
advances of the Microsoft Kinect™ and its potential uses for research and clinical practice
(Clark et al., 2013), this study investigated the concurrent validity and intr-rater reliability of

the Kinect™ to measure thoracic kyphosis and overcome these barriers to implementation.

4.3 Methods

Thirty-three healthy individuals between 21 and 64 years (mean age: 31 + 11.0 years,
Height: 170.2 £ 8.2cm, Weight: 64.2 + 12.0kg, Male: 17) with no active neck or back pain
participated. Twenty-nine returned within 1-7 days to be re-examined for intra-rater reliability
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(12% dropout rate). The sample size was selected because it provided an estimated power
greater than 90%, based on the aim to detect a desired reliability of ICC=0.9 and a minimally
acceptable reliability of 0.7 with an alpha level of 0.05 (1-tailed). All participants provided
informed consent as outlined by the institution’s Human Research Ethics Committee and all

procedures were conducted according to the Declaration of Helsinki.

4.3.1 Procedures

Participants were instructed to stand “as straight as possible”, with their exposed
spine facing a Microsoft Xbox 360 Kinect™ interfaced to a laptop computer using the
Microsoft Software Development Kit (SDK), Redmond, Washington, United States of
America. The Kinect™ was positioned approximately 82 cm above the ground, at 1.8cm
away from the participant. Prior to testing, the Kinect™ was calibrated using a previously
described technique (Mentiplay et al., 2013). Spinous processes of C7, T12 and S2 were
manually palpated by the examiner using previously described techniques (Ernst et al.,
2013; McGaugh et al., 2007). The position of T12 was further confirmed by palpating the
spinous processes from C7 to T12 and palpating upwards from S2. C7, T12 and S2 were
then marked with a 1cm diameter paper sticker. Subsequently, the mouldable Flexicurve
was placed over the spinous processes to conform to the sagittal curve of the spine. Next,
the Flexicurve was marked at C7, T12 and S2 (Figure 4-1a) and then carefully placed on a
stable surface. A digital image of the Flexicurve was captured using a 16.1 megapixel digital
camera (Sony DSC-W630) as previously described (Quek et al., 2012). Each Flexicurve
measurement was followed immediately by a Kinect™ measurement (within 5 seconds).
This consisted of recording 5 consecutive frames of depth and image data from the Kinect™
sensors using the technique outlined in Mentiplay et al. (2013). The protocol described in
standing was then repeated in sitting. In both positions, 3 measurements were obtained from
both the Flexicurve and the Kinect™ and the average was calculated.

55



Fig. 4-1a Fig. 4-1b Fig. 4-1c

Cc7 c7

L T12
\

Crossover

Flexicurve

S2

Figure 4-1. Implementation of the Flexicurve and calculation of the anatomical indexes.

The Flexicurve is a flexible ruler that conforms to the shape of the spine (A). The Flexicurve is marked accordingly
at C7, T12 and S2. The Kyphosis Index is then calculated using the formula A/B * 100 (B), and the Kyphosis Angle
is calculated using the formula E/F * 100 (C). Length of B = C7 to crossover. Length of F = C7 to T12.
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Figure 4-2 Example data from the Kinect system

The depth (right side of the image) and image (not shown) sensor data were recorded and averaged over
consecutive frames to create a 3D anatomical representation of the person’s back. By aligning two cursors with
the S2 and C7 the system was able to automatically calculate the indexes described in Figure 4-1.
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4.4 Data Analysis

4.4.1 Kinect™

Prior to analysis the Kinect™ depth data was filtered temporally and spatially by
averaging the depth position at each individual pixel across the 5 consecutive frames, then
implementing a 3x3 pixel median filter to these averaged depth data respectively. This
technique has been used in previous research to reduce the noise inherent in the Kinect™
data (Mentiplay et al., 2013). This 2D representation of depth from the camera was then
aligned with the image data, and combined with the camera’s field of view specifications and
the pixel position vertically and horizontally to identify the position of the pixel in 3D space
using the protocols included in the SDK. Using this procedure we placed cursors on each of
the visible stickers representing the anatomical landmarks, allowing us to obtain the position
in 3D space of the C7, T12 and S2, which was needed to perform our analysis. This is

presented in Figure 4-2.

4.4.2 Flexicurve

The kyphosis index and kyphosis angle were calculated as described previously, and
shown in Figure 4-1b & 4-1c (Quek et al., 2012; Seidi et al., 2014). All participants were
assessed by the same examiner (JQ) who has 13 years of clinical musculoskeletal

physiotherapy experience.

4.5 Statistical Analysis

Intra-class correlation coefficient (ICC) in combination with assessment of systematic
bias were used to determine validity. Bland and Altman plots were constructed to determine
the 95% limits of agreement (LoA) between the Flexicurve and Kinect™ measures (Bland &
Altman, 1986; Bland & Altman, 1999). Fixed and proportional biases were determined from
ordinary least products (OLP) regression. All calculations were performed as previously
described (Ludbrook, 1997). Intra-rater reliability was determined from ICC [3,3], and OLP
regression quantified the relationship between sequential measurements for both devices.
Two-way analysis of variance based on absolute agreement was used to calculate ICC. ICC
values of >0.75 were considered excellent, 0.4-0.75 modest or <0.4 poor (Fleiss, 1986).
Measurement error was estimated using standard error of measurement (SEM), LOA, and
minimal detectable change (MDC). Statistical analyses were completed using IBM SPSS
Statistics for Windows, Version 22.0. Armonk, NY: IBM Corp.
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4.6 Results

4.6.1 Validity
The Kinect™ demonstrated excellent concurrent validity (ICC= 0.76-0.82) based on
ICC values >0.75. (see Table 4-1 and 4-3 for LOA plots).

4.6.2 Reliability

Intra-rater reliability results are presented in Table 4-2. Excellent results were
observed for both methods in standing and sitting (ICC= 0.81-0.98 see Table 4-2). LOA plots
are presented in 4-4 and 4-5.
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Table 4-1: Kinect vs Flexicurve Validity (n=33)

Kinect Flexicurve ICC 95% ClI Sys 95% % Prop Fixed
(3,3) Bias LoA Errort Bias? Bias?
Width
Standing Thoracic Kyphosis Index 9.77+2.4 9.07+2.2 0.77 0.53t00.89 None 19 10 N N
Standing Thoracic Kyphosis Angle 9.86+2.4  9.12+2.1 0.76 0.51t00.88 None 1.9 10 N N
Sitting Thoracic Kyphosis Index 855+20 7.80+2.1 0.82 0.591t00.92 None 15 9 N N
Sitting Thoracic Kyphosis Angle 9.00+1.9 8.10+1.9 0.79 0.48t00.90 None 1.5 9 N N

Results for the Kinect and Flexicurve are reported as Mean = SD
1% Error= 0.5*Width of 95% LOA/[(MeanKinect+MeanFlexicurve)/2]
ICC=Intra-class correlation coefficient; Sys Bias= Systematic Bias; Prop Bias= Proportional Bias

dProp and fixed bias were determined from ordinary least products analysis.

N=No

SEM=VWMS

MDC=SEM X 1.96 X \2

WMS= Mean Square Error term from ANOVA
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Table 4-2: Intra-rater reliability of the Kinect (n=29)

Day 1 Day 2 ICC 95% CI SEM MDC Sys 95% % Prop Fixed
(3,3) Bias LoA Errort Bias? Bias?
Width

Kinect
Standing Thoracic Kyphosis Index 9.78+24 9.84+25 098 0.95t00.99 053 1.5 None 1.4 7 N N
Standing Thoracic Kyphosis Angle 9.86+24 9.79+25 096 0.92t00.98 0.69 1.9 None 1.9 10 N N
Sitting Thoracic Kyphosis Index 855+20 814+17 081 0.60to091 1.01 2.8 None 2.8 17 N N
Sitting Thoracic Kyphosis Angle 9.00+21 867%x18 081 0.60to0.91 1.07 3.0 None 2.9 17 N N
Flexicurve
Standing Thoracic Kyphosis Index 9.12+2.1 894+19 0.83 0.63t00.92 1.11 3.1 None 3.0 17 N N
Standing Thoracic Kyphosis Angle 7.80x2.1 7.73+18 0.83 0.63t00.92 099 2.7 None 2.7 18 N N
Sitting Thoracic Kyphosis Index 810+£19 796+20 0.86 0.73t00.94 092 2.6 None 2.5 16 N N
Sitting Thoracic Kyphosis Angle 9.07+22 868%x22 085 0.69t00.93 1.09 3.0 None 3.0 17 N N

1% Error= 0.5*Width of 95% LOA/[(MeanKinect+MeanFlexicurve)/2]

ICC=Intra-class correlation coefficient; SEM= Standard error of measurement; MDC= Minimum detectable change;
Sys Bias= Systematic Bias; Prop Bias= Proportional Bias

dProp and fixed bias were determined from ordinary least products analysis.

N=No
SEM=VWMS
MDC=SEM X 1.96 X V2

WMS= Mean Square Error term from ANOVA
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Figures 4-3 Standard Bland Altman LOA Plots (Validity)
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Figures 4-4 Standard Bland Altman LOA Plots (Reliability of the Kinect)
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Figures 4-5 Standard Bland Altman LOA Plots (Reliability of the Flexicurve)
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4.7 Discussion

The results of this study demonstrate that the Kinect™ is both valid (ICC= 0.76-0.82)
and reliable for measuring thoracic kyphosis in standing and sitting positions in healthy
adults. These promising results provide new avenues and opportunities for both researchers
and clinicians to measure thoracic kyphosis accurately and efficiently. We propose that the
Kinect™ has advantages over the use of the Flexicurve and may potentially overcome some
barriers of previous measuring tools to facilitate the routine measurement of thoracic
kyphosis.

The most significant advantage of the Kinect™ over the Flexicurve is that the image
obtained by the Kinect™ can be processed within seconds with almost instant results. This
is in contrast to the Flexicurve, which requires the user to download the image file to the
computer where a program (eg. Image J) (Schneider et al., 2012) is used to process the
image to obtain the relevant data. Therefore, given the overall ease-of-use and excellent
accuracy, we anticipate that the Kinect™ has the potential to boost the frequency and
confidence of use in the clinical setting. Noteworthy, customised software is needed for data
collection and plans are now being considered to make the software publicly available.

However the Kinect is not without disadvantages. A minor disadvantage of the
Kinect™ over the Flexicurve is that it is more costly, however, it remains affordable and
readily accessible (US $150) for many potential users. Although the Kinect™ is portable and
assessment may be performed anywhere, the Kinect™ requires calibration, which takes
about 5-10 minutes to complete. Moreover the Kinect needs a power supply and this may
be a problem in some homes depending on the home set up. Therefore, it may not be
suitable for clinicians who are required to travel (e.g. home therapy) but would be ideal for
an outpatient clinic setting. In order to reduce the time needed for repeated calibration, we

recommend a designated area for assessment.

4.8 Limitations

The major limitations of our study are that we did not compare the Kinect™ to the
gold standard of radiological images, and that we used a healthy population. Although the
flexicurve has been used in large epidemiological studies to measure kyphosis in older
adults (Kado et al., 2009), we acknowledge that compared to radiological images and 3D-
motion analysis, the flexicurve is inferior. Future research should consider validating the
Kinect™ against radiological images in older adults or patients who have spinal pain or

deformities.
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4.9 Conclusion

In conclusion, the Kinect™ is comparable to the Flexicurve and is valid and reliable
to measure thoracic kyphosis. Given that the Kinect™ is widely accessible and has
advantages of ease-of-use over the Flexicurve, the Kinect™ has the potential to facilitate
the routine evaluation of thoracic kyphosis, thereby enhancing evidence-based clinical

practice.

69



Chapter 5 is adapted from the following publication
(Appendix 3 URL Link to Published Paper)

Quek J, Treleaven J, Brauer SG, O’Leary S, Clark RA
“Intra-rater reliability of hallux flexor strength measures using the Nintendo Wii Balance
Board”.

Journal of foot and ankle research. 2015; 81:48.
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Chapter 5: Study 3 Intra-rater reliability of hallux flexor strength
measures using the Nintendo Wii Balance Board

Hallux flexor strength has been shown to be an independent predictor of postural
control in older adults but there are limited tools available that accurately measures this
group of muscles. This study assessed the intra-rater reliability of a newly developed

Nintendo Wii Balance Board application to measure hallux flexor strength.

5.1 Introduction/Background

Hallux flexor muscle strength is a significant determinant of balance and functional
ability in older adults (Spink et al., 2011) and an independent predictor of falls in this
population (Mickle, K. J. et al., 2009). Whilst hallux flexor strength is mainly contributed by
flexor hallucis longus and flexor hallucis brevis (FHB) muscles, attention is drawn towards
FHB because it is one of the intrinsic foot muscles that is thought to be essential for the
stability of the longitudinal foot arch (Soysa et al., 2012). As such training hallux flexor
strength has been shown to improve balance (Kobayashi et al., 2001) and potentially reduce
falls in the elderly. However, assessment of intrinsic muscles of the foot with respect to the
prevention of falls is largely neglected in clinical and research settings (McKeon et al., 2014).
This is unfortunate as falls in older adults are prevalent (Hausdorff et al., 2001) and present
a substantial health problem for society (Lajoie & Gallagher, 2004).

One of the challenges encountered by researchers and clinicians is the difficulty in
selectively measuring the strength of intrinsic foot muscles. Previous methods to measure
the strength of the intrinsic foot muscles such as the paper grip test (Menz et al., 2006a),
plantar pressure sensors (Menz et al., 2006b), and various dynamometry methods (Kwon
et al.,, 2009; Senda et al., 1999; Spink et al., 2010; Unger & Wooden, 2000) are of
guestionable validity due to the difficulty in separating intrinsic and extrinsic foot muscle
activity during testing (Soysa et al., 2012). It has been suggested that these methods may
promote flexion of the interphalangeal joint during strength tests, a movement that is thought
to result from extrinsic foot muscle activity (Garth JR & Miller, 1989). In a review article,
Soysa and colleagues (2012) have recommended the use of hand-held dynamometry (HHD)
to measure toe flexor strength as it permits concurrent metatarsophalangeal (MTP) joint
flexion and interphalangeal joint extension and thus minimises the contribution of the

extrinsic muscles. However, previous study using the HHD did not report any efforts in
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stabilising the foot or toe to minimise the extrinsic foot muscles contribution (Spink et al.,
2009), thereby questioning the validity of their methodology.

A potentially useful tool which could replicate a HHD assessment of hallux flexor
muscle strength is the Nintendo Wii Balance Board (NWBB). The NWBB contains four
individual strain-gauge type load cells and is a reliable measurement tool to assess balance
(Clark et al., 2010) and other weightbearing parameters such as asymmetry (Clark et al.,
2010; Clark et al., 2011). Using the NWBB to assess hallux flexor muscle strength is
therefore particularly appealing, because if it is shown to be valid it could be used as a
centrepiece tool for assessment of multiple components of balance and falls risk. The
purpose of this study is to evaluate the use of the NWBB when combined with a purpose
built platform for the measurement of hallux flexion strength. Specifically, we assessed the
intra-rater reliability of hallux flexor strength measurements using this new method. We
hypothesised that this method will provide reproducible measurements of hallux flexion
strength as the NWBB/platform configuration minimises extraneous foot movement, thereby
improving selectivity of the intrinsic foot muscles (Garth JR & Miller, 1989).

5.2 Methods

5.2.1 Participants

Thirty healthy individuals between 22 to 68 years (mean age: 34.9 + 12.9 years,
height: 170.4 + 10.5 cm, weight: 69.3 £ 15.3 kg, female= 15) were recruited by convenience
sampling. The examiner visually inspected the foot and ankle to ensure that the participants
did not have any foot deformities. Participants reported that they did not have any acute foot
or ankle injuries over the past three months that may affect the consistency of their maximal
performance. All participants gave informed consent as outlined by the institution’s Human
Research Committee and all procedures were conducted according to the Declaration of

Helsinki.

5.2.2 Equipment

For the purpose of this study a NWBB was turned upside down and one of its four
load cells was utilised for all measurement procedures (Figure 5-1). The NWBB was
interfaced via Bluetooth with a customized software program on a Windows computer, and
the force data (in kg) was derived using the internally stored calibration information unique
to each NWBB. To improve the accuracy of these data, the value derived from the load cell
used in the measurement of force was re-calibrated in the testing position. This consisted of

applying a range of known loads (0.1-20 kg) to the load cell. A regression equation
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evaluating the relationship between expected force and that obtained from the NWBB load
cell exceeded R? = 0.999, demonstrating the accuracy of the equipment consistent with a
previous study (Clark et al., 2010).

To ensure accurate positioning of the hallux onto the load cell, and to minimise the
influence of the extrinsic muscles of the foot (ankle plantarflexors and flexor hallucis longus)
and the 2" to 4™ toes, a purpose-built wooden platform was constructed and positioned
under the NWBB. As shown in Figure 5-2 this permitted the tested foot to be positioned such
that the proximal metatarsophalangeal joint of the big toe was at the edge of the platform,
and a Velcro strap was used to secure the anterior section of the foot onto the platform. To
prevent the heel from lifting adhesive Velcro tape was applied under the participant’s heel
and fixed onto Velcro fastened to the platform, and the participants thigh was additionally
strapped to the platform with a non-elastic belt (Figure 5-1). Excessive adduction moments
from the big toe were minimized by a toe separator made of smooth plastic that was
positioned between the first and second toes and fastened to the platform (Figure 5-2).
Finally, a circular wooden block of 2.8 cm in diameter was placed over the NWBB load cell
to ensure the application point of the load cell was level with the platform and therefore the

hallux positioned in its anatomic neutral position for testing.

5.2.3 Procedure

To assess intra-rater reliability all participants attended two measurement sessions
spaced 1-7 days apart. All procedures on both days were identical and supervised by the
same physiotherapist (JQ) who has postgraduate qualifications and 13 years of clinical
experience in the musculoskeletal field. Participants were seated on a firm chair positioned
on the wooden platform (See Figure 5-1). The sitting position was standardised using high
density foam mats if required, (0O to 4 mats, 1.2 cm in depth each) and positioned on the
chair to ensure 90 degrees of hip and knee flexion (Soma et al., 2014). The dominant foot
was then positioned accurately on the platform and the other foot also rested on the platform.

Participants were given one warm-up trial where they were instructed to apply 50%
of their perceived maximal effort. Participants then performed a minimum of three trials at
maximal effort with a 1-minute rest period between trials to minimize muscle fatigue.
Participants were blinded to the results throughout the testing procedure. Standardised
instructions were given throughout testing to; (i) keep the heel planted on the platform, (ii)
avoid leaning backwards or forwards at the trunk (iii) avoid flexion at the interphalangeal
joint of the big toe and (iv) apply a vertical downward force at the interphalangeal joint of the

big toe. To minimize movement from the foot, a Velcro strap was firmly secured across the
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foot and fixed onto the platform between the first metatarsophalangeal joint to the middle of
the arch (see Figure 5-2).

To prevent the heel from lifting, besides giving standard instructions, the heel was
fixed using a strap placed over the knee. This was also assisted by the fact that the Velcro
under the heel would make a sound if the participant raised the heel (indicating use of the
calf muscles) during testing. The examiner was alerted to this incorrect manoeuvre by the
sound of the Velcro that held the heel to the platform separating. In the event of this occurring
the trial would be discarded and repeated. Testing was ceased when three consistent
measures were obtained (no greater than 20% difference in measures) or a maximum of 6
trials had been performed. The average of three consistent measures was calculated.
Strength was measured in kilograms.
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Figure 5-2 Close up image of the position of the foot on the platform

The foot is secured with Velcro and the position of the sensor placed
under the interphalangeal joint of the big toe.
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5.2.4 Sample Size

We determined the sample size of 30 participants using the method proposed by
Walter et al s(1998). This was calculated based on a minimum acceptable reliability of 0.70
and an expected ICC value of 0.90 in a test-retest (k=2) design, with alpha level (1-tailed)
of 0.05 and power of 95%.

5.3 Statistical analyses

Visual inspection for bias and heteroscedasticity was performed by examining a
generated Bland-Altman plot for the difference between the scores obtained on both days
against their means. Intra-rater reliability was calculated using intra-class coefficients (ICC
[3,3]) and Ordinary Least Product (OLP) regression analysis. To calculate ICC, two-way
analysis of variance based on absolute agreement was performed. ICC values of >0.75 were
considered excellent, 0.40 to 0.75 modest or <0.40 poor (Fleiss, 1986). Next, systematic
biases (proportional and fixed biases) were determined using OLP regression analysis
(Ludbrook, 2002). To estimate measurement error, standard error of measurement (SEM),
95% limits of agreement (LoA), and minimal detectable change (MDC) calculations were

performed.

5.4 Results

The results are presented in Table 5-1. This new method of hallux flexor strength
measurement demonstrated excellent intra-rater reliability (ICC=0.982, 95% CIl= 0.96 to
0.99) with percentage error of 12% and no presence of systematic bias and no evidence of

heteroscedasticity. The LOA plot is presented in Figure 5-3.
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Figure 5-3 Agreement analysis of measurements between days by Bland Altman plot
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Table 5-1. Mean strength recordings (x SD) and reliability coefficients for hallux flexor muscle strength measurement

Wii Board Day  Wii Board Day ICC Spearman’ 95% CI Systematic ~ Width of 95% % SEM MDC Prop Fixed
1 (Mean £ SD) 2 (Mean % SD) (3,3) S p* Bias (CI) LoA Errorf Bias¢ Bias
Toe 8.12 + 3.86 8.28 + 3.80 0.982 0.933 0.96 to 0.99 None 2.01 12 0.5 14 No No
Strength
(kg)

SD = standard deviation; ICC = intra-class coefficients; LoA = limits of agreement; SEM = standard error of measurement; MDC = minimal detectable change; €Prop Bias=
Proportional Bias, Cl= Confidence Interval

1% Error= 0.5*Width of 95% LOA/[(MeanDay1+MeanDay2)/2]*100

*All correlations were p<0.001

dProp and fixed bias were determined from ordinary least products analysis.

SEM= SDN\(1-ICC)

MDC=SEM X 1.96 X \2

WMS= Mean Square Error term from ANOVA
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5.4 Discussion

In this study a new method of measuring hallux flexion strength with an emphasis to
selectively measure flexor hallucis brevis (an intrinsic foot muscle) strength using the NWBB
was described and intra-rater reliability of this method was investigated. The findings
suggest this new method reliably measures hallux flexion strength (ICC=0.982). Moreover
the method is inexpensive and straight-forward to set up and therefore has application for
research and clinical settings. Furthermore, the NWBB has other useful applications such
as for balance assessment (Clark et al., 2010) and rehabilitation (Gil-Gomez et al., 2011),
and therefore has diverse clinical and research utility.

To address issues of previous studies (Soysa et al., 2012) the method described in
this study attempted to minimise compensatory strategies from the trunk and ankle, as well
as extrinsic muscles of the foot, from confounding accurate measurement of the intrinsic
foot muscle strength. Specifically we attempted to minimise extrinsic foot muscle activity by
localising toe flexion at the MTP joint and extension at the interphalangeal joint (Soysa et
al., 2012). This resulted in force being applied to the load cell under the interphalangeal joint.
Strength trials were subsequently ceased and discarded if toe curling was observed.
Performing the test in this manner is proposed to optimise selective activity of the FHB, an
intrinsic foot muscle, with minimal contribution from the extrinsic foot muscles (Garth JR &
Miller, 1989), although future electromyographic studies are required to validate this
proposition.

From a clinical perspective this new method permits an accurate and selective
measure of flexor hallucis brevis muscle performance, and could have positive implications
for clinical assessment and rehabilitation. This is particularly relevant in light of evidence
suggesting that improved intrinsic foot muscle strength is associated with improved dynamic
support of the medial longitudinal arch and balance (Mulligan & Cook, 2013). From a
statistical perspective, it is useful to note that the percentage error of 12% would suggest
that any differences observed in flexor hallux strength following an intervention must exceed

12% in order to indicate that a real change has occurred.

5.5 Limitations

This study has some limitations. Firstly we did not assess the inter-rater reliability of
the method which potentially limits the applicability between observers. Secondly, although
all effort was taken to ensure that participants did not use compensatory strategies by using

appropriate physical restraints and standardised instructions, it was not possible to know if
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the experimental set-up was able to separate the extrinsic and intrinsic foot muscle activity,
which will need to be investigated in future studies. Similarly, while we attempted to minimise
adduction of the big toe by using a smooth plastic separator between the first and second
toes, it was not possible to separate the influence of toe adduction moments during

measurements.

5.6 Future Considerations

Given that the purpose of this study was to test the reliability of within-subject
measures across 2 time-points, we did not need to include variables such as foot arch height
and length, the size of interphalangeal joint prominence, the length of the first MTP shaft
and the range of motion of MTP joint. However these are important when comparing
between subjects, and should be considered in future studies.

5.7 Conclusions

Despite the growing evidence of the importance of maintaining hallux flexion strength
for optimal gait and balance in older adults (Misu et al., 2014; Spink et al., 2011), it remains
poorly addressed in rehabilitation (McKeon et al., 2014). The results of this study
demonstrate that hallux flexion strength can be reliably assessed using a NWBB application.
Given that hallux flexion strength may be an indicator of intrinsic foot muscle performance,
this method utilising the NWBB is of great potential for future research and clinical
application. Potentially this method may also have application for other foot conditions

requiring accurate measurement of hallux flexion strength.
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Chapter 6 is adapted from the following publication
(Appendix 4 URL Link to Published Paper)

Quek J, Brauer SG, Clark R, Treleaven J

“‘New insights into neck pain-related postural control using measures of signal frequency
and complexity in older adults”

Gait and Posture 2014; 39(4), 1069-1073.
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Chapter 6: Study 4 New insights into neck pain-related postural control

using measures of signal frequency and complexity in older adults

The mechanisms underlying postural control impairments in NP are not yet well
understood but are important especially in older adults who may have a high risk of falls.
This study aimed to gain new insights to these mechanisms by exploring new analytical
techniques of postural control measures in static standing in older adults with and without
NP.

6.1 Introduction

There is growing evidence to implicate the role of the cervical spine in influencing
postural control, with most studies demonstrating greater postural sway in people with NP
when compared with healthy controls (Ruhe et al., 2011). Given that the neck has extensive
connections with the vestibular, visual and central nervous systems, balance impairments
associated with cervical spine dysfunction are thought to be due to aberrant cervical afferent
input causing a mismatch between this abnormal input and normal information from the
vestibular and visual systems (Treleaven, 2008). Despite these postulations, the
mechanisms underlying NP-related balance impairments remain unclear. Considering that
the prevalence of NP is high in the elderly population — approximately 33% and 40% in men
and women respectively (March et al., 1998), and older adults are at high risk of falls (Tinetti
& Williams, 1998), an in-depth understanding of the mechanisms underlying the effects of
NP on postural stability is warranted.

One issue that limits clear understanding of these underlying balance mechanisms in
NP may be the complexity in interpreting information obtained from standard balance
measures. Previous studies investigating the effects of NP on postural control have mostly
employed traditional measures such as centre-of-pressure (CoP) displacement, velocity and
area (Ruhe et al., 2011). This assumes that CoP displacement is a good proxy for postural
performance and that conventionally, lower CoP sway parameters indicate greater postural
stability (Ruhe et al., 2011). However, this assumption can be challenged, with the argument
that a decrease in sway parameters may also result from an increased-body stiffness that
may be associated with a fear of falling (Carpenter et al., 2001). As such, traditional balance
measures have been criticised for their limitations in detecting context-dependent postural
performance changes because they fail to capture the richness of postural data (Chagdes

et al.,, 2009). Consequently, this demonstrates a need for additional measures to better
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describe postural performance (Lacour et al., 2008). Based on these reasons, studies have
employed analytical approaches such as “rambling and trembling” decomposition of a
stabilogram (Juul-Kristensen et al., 2013; Roéijezon et al., 2011), wavelet analysis and
sample entropy in order to better depict changes in postural stability in NP (Liang et al.,
2014; Madeleine et al., 2011; Quek et al.,, 2013). “Rambling and trembling” represent
dynamic components of CoP. An increase in the slow component in patients with chronic
NP is argued to reflect increased sensory input and processing (Jorgensen et al., 2011). An
increase in the fast component is thought to reflect normal centre-of-mass control in healthy
individuals but the mechanisms underlying whiplash remains unknown(Juul-Kristensen et
al., 2013).

Wavelet transform is an analytical technique which decomposes the postural sway
data into multiple independent frequency bands (Chagdes et al., 2009), where each
frequency band is postulated to represent involvement of a physiological domain.
Specifically, CoP signals in four distinct bandwidths ranging from moderate to ultralow
frequency have been identified (Liang et al., 2014) based on the hypothetical physiological
significance of postural movements associated with muscular proprioception (Lacour et al.,
2008; Paillard et al., 2002), the cerebellar (Paillard et al., 2002), vestibular (Oppenheim et
al., 1999) and visual systems (Chagdes et al., 2009). For instance, a high proportion of
activity in the ultralow (<0.10Hz) and moderate (1.56-6.25Hz) frequency bandwidths have
been associated with increased use of vision (Chagdes et al., 2009) and increased muscular

activity in response to proprioceptive input (Paillard et al., 2002) respectively.

We have performed two recent, neck-related experimental studies using wavelet
analysis. One assessed the effects of neck muscle fatigue on postural control in healthy
subjects, and demonstrated that fatigue significantly increases the energy in the ultralow
and moderate frequency bandwidths of the signal (Liang et al., 2014). The second study
compared postural control between people with NP, with and without asymmetry of cervical
spine range of motion, with the asymmetry group demonstrating standing postural sway
skewed towards ultralow frequencies (<0.10Hz) (Quek et al., 2013). In the context of this
study, the difference in postural control strategy adopted by the asymmetrical group was
potentially due to altered proprioceptive input and processing arising from cervical spine
dysfunction. Consequently, based on the association between ultralow frequency and visual
input, and given that both groups had similar levels of function, we speculated that the
postural strategy adopted by the asymmetrical group was adaptive and that this group may

be relying on the visual system to achieve these compensations. Despite these novel
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findings, and because this study lacked a concurrent control group, clear conclusions could
not be drawn concerning these postural control mechanisms. Our current study extends
prior research by (i) using additional analytical techniques of wavelet analysis and sample
entropy, and (ii) incorporating a control group, to further investigate postural mechanisms in

this population.

Sample entropy uses non-linear time-dependent analysis that can quantify the
complexity or regularity of the CoP signal (Borg & Laxaback, 2010), with higher entropy
suggested to reflect increased complexity and greater efficiency in postural control (Borg &
Laxaback, 2010). Sample entropy has been investigated in a small number (n=11) of
whiplash patients (Madeleine et al., 2011), with a trend towards decreased complexity of
CoP motion during eyes closed standing balance when compared to control participants,
however there remains a paucity of evidence in populations with NP.

Against this background, we aimed to explore possible mechanisms underpinning
impaired standing balance in older adults with NP using wavelet analysis and sample
entropy. We hypothesized that older adults with NP will demonstrate reduced postural
stability compared to healthy controls, wavelet analysis will reveal an increased proportion
of ultralow frequency postural movement, indicating increased visual system dependence
for postural stability, an increased proportion of moderate frequency postural movement,
indicating changes to muscular proprioceptive input, and finally, sample entropy will

demonstrate decreased signal complexity.
6.2 Methods

6.2.1 Participants

This cross-sectional study involved 40 older women with (n=20, age=70.3+4.0 years)
and without (n=20, age=71.4+5.1 years) NP. Participants >65 years reporting chronic NP
for 23 months, and with a neck disability index (NDI) of 210, were recruited from the Brisbane
metropolitan area using convenience sampling. Subjects were excluded if they had a history
of falls, recent orthopaedic surgery, diabetes, neurological or vestibular pathology, visual
impairments not corrected by prescriptive lenses, arthritis that required active management,
acute musculoskeletal injuries, or were taking more than four medications. All participants
provided informed consent as outlined by the Medical Ethics Committee of the University of

Queensland and all procedures were conducted according to the Declaration of Helsinki.
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6.2.2 Questionnaires

Age, weight, number of medications, number of co-morbidities and other
demographic details were obtained. The Neck Disability Index (NDI) (Vernon & Mior, 1991a)
was used to assess the degree of self-reported NP and disability (Vernon, 2008; Vernon &
Mior, 1991a). The NDI has been shown to be a valid and reliable tool consisting of 10
guestions related to an individual’s activities of daily living and recreational activities in those

suffering from NP (Appendix 8).

6.2.3 Standing Balance

Standing balance was assessed using a force platform (400x600mm Kistler 9286A,
Switzerland). Participants were instructed to stand as still as possible while looking straight
ahead, in a standardized position 1.5m away from a wall with arms by their side. Foot
position for comfortable stance was repositioned exactly using a paper trace as described
by Mcllroy and Maki (1997). One trial of 30-seconds was performed with eyes open then
closed in standing. This test duration is sufficient to demonstrate differences between NP
(idiopathic NP and whiplash) and controls (Field et al., 2008). Force platform signals were
analog-to-digital converted at a sampling rate of 100Hz and recorded using a LabVIEW
(National Instruments, U.S.A.) programme and a USB-6008 (National Instruments, U.S.A.)

data acquisition system.

6.2.4 CoP Measures
The CoP measures consisted of:

a) Discrete wavelet transform, a signal processing method that separates the CoP data into
multiple independent signals based on frequency content (see Appendix 9 for technical
details). Specifically, the signal is spilt into four bands: 1) moderate (1.56-6.25Hz), 2) low
(0.39-1.56Hz), 3) very-low (0.10-0.39Hz), and 4) ultralow (<0.10Hz) frequency. These
frequency ranges are believed to capture postural movements associated with the muscular
proprioception (moderate) (Paillard et al., 2002), cerebellar (low) (Paillard et al., 2002),
vestibular (very-low) (Oppenheim et al., 1999), and visual systems (ultralow) (Chagdes et
al., 2009) respectively. Signal bandwidths were separated using a 9-level Symlet-8 wavelet,
with multiresolution analysis used to combine detail levels where necessary. In order to
better represent the spectral content of the data, we took into account inter-individual
variability by expressing the CoP velocity of each frequency band as a percentage of the

overall CoP velocity.
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b) Sample entropy, a measure of the complexity of the CoP signal. Specifically, higher
sample entropy values are indicative of greater signal complexity (Borg & Laxaback, 2010).
The increment (i.e. instantaneous velocity) data were analysed using the input parameters
m=3 and R=0.30 to remove the long-term correlations in the signal and improve robustness
to sampling rate and noise (Ramdani et al., 2009). Data were analysed using a custom
program combining LabVIEW (National Instruments, U.S.A.) and Matlab (Mathworks,
U.S.A.) code for sample entropy freely available at physionet.org.

This study focused on CoP signals in the anterior-posterior (AP) direction because
previous studies have shown that postural sway in the AP direction was more sensitive than

the medio-lateral direction in detecting NP-related balance deficits (Ruhe et al., 2011).

6.2.5 Secondary balance measures

Two performance-based clinical balance measures were also included: (i) the Timed
Up and Go (TUG) (Viccaro et al., 2011) and (ii) the Dynamic Gait Index (DGI) (Herman et
al., 2009). TUG test evaluates functional mobility skills has been shown to be a sensitive
and specific measure for identifying older adults who are at risk of falls (Shumway-Cook et
al., 2000). TUG time of 212.6 is associated with a higher risk of future falls (Kojima et al.,
2015). The DGI test assesses one’s ability to modify gait in response to changing task
demands and has demonstrated excellent inter-rater and test-retest reliability (Shumway-
Cook, Anne et al., 1997). A score of £19/24 indicates a higher risk of falls (Shumway-Cook,
A. et al., 1997).

6.3 Statistical Analyses

Descriptive statistics characterized the study population and their clinical
characteristics. Wilcoxon-Mann-Whitney or Welch-t test was used to compare the
continuous data between groups as the data did not fulfil the assumptions of normality. In
sensitivity analyses, potential confounding factors of age and number of medications were
accounted for by comparing the 2 groups on the CoP measures using multiple regression
analysis. All statistical analyses were completed using PASW software, version 21.

Statistical significance was determined at the 2-sided 0.05 level.

6.4 Results

Table 6-1 compares the demographic and clinical variables for the two groups. Older
adults with NP showed greater use of medications (p = 0.015), slower walking speed during
the TUG test (p < 0.001) and poorer scores on the DGI (p = 0.008). By design, NDI levels
were significantly higher in the NP group than healthy controls (p < 0.001). As indicated in
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Table 6-2, the wavelet-derived percentage velocity signal in CoP measures represented by
the very-low frequency bandwidth (0.10-0.39Hz) was 27% and 54% greater in the eyes open
and closed conditions respectively in the NP group when compared to the healthy controls
(Figure 6-1). In contrast, the percentage velocity signal in CoP measures represented by the
moderate frequency bandwidth (1.56-6.25Hz) in the NP group was 7% and 17% lower in
eyes open and closed conditions respectively than that of the healthy controls (Figure 6-1).
These observed between-group differences persisted after adjustment for age and number
of medications taken (Table 6-2). There were no significant differences between groups in
the ultralow and low frequency bandwidths. Noteworthy, when the wavelet results were
compared between groups using absolute values, there were no differences across all
frequencies. When sample entropy measures were compared, there was a trend towards
decreased complexity in the NP group compared to the healthy controls in the eyes closed

condition (p = 0.051), but no differences with eyes open (Table 6-2).
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Figure 6-1. Each group within each condition is represented by a vertical (100%) stacked
column showing the proportion of individual component of each frequency band. EO: Eyes
open, EC: Eyes closed.
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Table 6-1 Characteristics and comparison of Neck Pain and Healthy subjects

Clinical characteristics NP (n = 20) Healthy (n = 20) p-Value
Age (mean, SD) years 70.80+x4.1 71.40+5.1 0.429
Weight (mean, SD) kg 66.27 £ 11.9 67.70 £ 10.1 0.769
NDI (mean, SD), (%) 23.60 + 10.2 3.00+£35 0.000
Number of co-morbidities, n (%)

0 0 (0) 1 (5) 0.112

1 1(5) 6 (30)

=2 19 (95) 13 (65)
Medication, n (%)

2 (10) 6 (30) 0.015

1-2 7 (35) 10 (50)

23 11 (55) 4 (20)
DGI (mean, SD) 18.70 £ 1.7 21.35+2.0 <0.001 (<0.001%)
TUG (mean, SD) 874115 7.70+£1.1 0.008 (0.0327)

NDI: Neck Disability Index
DGI: Dynamic Gait Index
TUG: Timed Up & Go

*Adjusted P values for age and number of medications using multiple regression analysis
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Table 6-2 Comparison of CoP measures between Neck Pain Subjects and Healthy Controls

Eyes Open p-Value 'sd\J/l;leid Eyes Closed p-Value s‘d\J/l;ithd
Neck Pain Healthy Neck Pain Healthy
AP Axis
Velocity (cm/s) 423+1.2 467+17 0.440 0.411 5.57+2.0 6.36+2.8 0.411 0.410
SD (cm) 255+1.3 2.33+0.9 0.536 0.759 3.30+19 230+11 0.049**  0.113
Wavelet (%)
<0.10 Hz (%) t 6.46+6.0¥ 444+18 0.164 0.583 5.63+35 3.48+1.7 0.021 0.059
0.10-0.39 Hz (%) 21.48+5.3 16.98+4.5 0.006** 0.039** 2095+7.1 13.61+3.4 0.000*** 0.000***
0.39-1.56 Hz (%)T 35.28+7.2 36.82+4.2 0.413 0.303 36.91+6.2 3865+6.1 0.376 0.675
1.56-6.25 Hz (%)t 38.79+7.3 41.75+5.8 0.023** 0.039** 36.51+6.6 44.25+8.2 0.002*** (0.012*
Wavelet (absolute)
<0.10 Hz (%) 0.33+£0.1 0.48+0.4 0.138 0.729 0.34+£0.22 0.55+040 0.052 0.138
0.10-0.39 Hz (%) 1.31+0.5 1.62+0.6 0.099 0.155 1.32+046 2.08+1.22 0.016 0.251
0.39-1.56 Hz (% 2.96+1.2 275+1.2 0.588 0.276 407+195 3.76+1.65 0.597 0.536
1.56-6.25Hz (%) 3.31+1.3 2.69+0.7 0.066 0.217 4.66 +2.3 353+14 0.069 0.271
Sample Entropy 1.72+0.1 1.73+0.1 0.485 0.347 166 +0.1 1.73+0.1 0.051 0.117

Values are mean + standard deviation
*Adjusted P values for age and number of medications using multiple regression analysis.
TFrequency band measures are expressed as percentages.
CoP: Center of pressure, SD: standard deviation, AP: anteroposterior.
EO: Eyes open, EC: Eyes closed.
¥High standard deviation due to 2 outliers. Results remained insignificant between groups even if outliers were removed.

#1<0.05
*p<0.01
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6.5 Discussion

In this exploratory cross-sectional study, wavelet analysis showed that the very-low
frequency content was significantly higher and the moderate frequency lower in the NP
group than in the healthy controls under both visual conditions. Furthermore, sample entropy
results showed trends towards decreased complexity in the NP group compared to the
healthy controls, but this did not reach statistical significance. Older adults with NP
demonstrated worse scores on performance-based balance measures (TUG and DGI) than
the healthy controls, confirming that balance deficits did exist in this population. Noteworthy,
the mean DGI scores of <19 revealed an increased fall risk in older adults with NP as
compared to healthy controls (Shumway-Cook, A. et al., 1997). This is a clinically important
and relevant finding and highlights the importance of developing a clear understanding of

NP-related balance deficits, a topic that has received scant attention to date.

The results of our study however, did not support our hypothesis. No differences were
observed in the ultralow frequency between groups, indicating comparable visual system
reliance for postural stability and the proportion of signals in the moderate frequency
bandwidth did not increase. Instead, the NP group demonstrated a greater percentage of
CoP signal in the very-low (0.10-0.39Hz) and lower percentage of CoP signal in the
moderate (1.56-6.25Hz) frequency bandwidth compared to controls in standing with eyes
open and closed. There is indirect evidence to indicate that the very-low and moderate
frequency bands may be associated with the vestibular (Oppenheim et al., 1999) and
muscular proprioceptive systems respectively (Golomer & Dupui, 2000), with a greater
proportion of CoP signal in each frequency band suggesting greater reliance on the

respective systems.

We infer two possible interpretations of these findings. First, because older adults
with NP demonstrate a diminished ability to recruit the muscular proprioceptive system
compared to healthy controls (Treleaven, 2008), they rely more on the vestibular system for
postural stability. This finding is consistent with expectations that reweighting of sensory
input occurs to maintain postural stability (Peterka & Loughlin, 2004). Specifically, in the
context of this study, because older adults with NP were not successful in recruiting vision
for compensation, the central nervous system re-weighs available sensory information to
recruit the vestibular system for balance to a greater degree than healthy controls. Second,
the increased sway signal in the very-low frequency band may reflect the characteristic of
an exploratory behaviour of the postural control system. Specifically, NP individuals may be

deliberately increasing sway in the very-low frequency, in order to “get the vestibular system
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up and running” (Roerdink et al., 2011). This concept is not new, as previous authors have
suggested that increased postural sway is an exploratory strategy used by the CNS to gain
essential sensory information from the environment in both healthy subjects and older adults
with NP (Carpenter et al., 2010; Quek et al., 2013).

The results of our study were not consistent with that of Liang et al (Liang et al.,
2014). In that study, young asymptomatic adults with neck muscle fatigue increased in
moderate and ultralow frequency signals when compared with that pre-fatigue, whereas our
study demonstrated a reduced proportion of moderate frequency signal and no difference in
ultralow frequency signal in older adults with NP when compared with controls. This
discrepancy was not related to differences in numerical details as there were no differences
between groups when our wavelet analysis results were expressed in absolute values.
Given that our sample size was small, in order to account for inter-subject variability, we
believe that expressing our data in percentages may be a better representation of relative
contribution of systems to postural control. Noteworthy, our study involved older adults with
NP whereas Liang et al. (2014) used young asymptomatic adults. Future research should
include the two methods to permit comparison with past literature and to determine which

method of analysis would enhance understanding of mechanisms in postural control.

When we reviewed the literature on sample entropy measures specifically in the NP
population, we found only one study, and consistent with our results, this study also showed
no differences in sample entropy between whiplash and healthy control participants
(Madeleine et al., 2011). Despite the paucity of research, we speculate that sample entropy
may not be a straightforward measure of postural control because of potential ambiguity in
its’ interpretation. Specifically, high entropy may indicate increased complexity and hence
signs of a healthy vigilant system, or it may be interpreted as an ineffective attentive control
of balance (Borg & Laxaback, 2010). Consequently, our study results bring into question the
usefulness of sample entropy as a meaningful measure of postural control in the NP

population.

Wavelet analysis in older adults with NP has been previously used in the study this
data is based on (Poole et al., 2008), however it is important to note that a markedly different
method of analysis was employed between studies. Because in the previous study (Mcllroy
& Maki, 1997) the authors analysed the energy in the signal as a whole (similar to the
traditional COP analysis measure of root-mean-square), this method did not offer additional

insights to postural mechanisms when compared with traditional balance measures. In
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contrast, this current and our previous study (Quek et al., 2013) have investigated postural
control mechanisms in people with idiopathic NP using a distinct frequency band breakdown
method of wavelet analysis based on the hypothesised movement velocity associated with

the independent sensory inputs which regulate postural control.

6.6 Implications

Our study has several implications. First, our study not only confirms the negative
impact neck dysfunction has on postural stability, but also supports the theory that the CNS
is highly plastic and adaptable and is able to compensate for the lack of one system by
relying more strongly on information from the remaining intact subsystems (Walston et al.,
2006). Second, the results suggests that older adults with NP may have a reduced ability to
recruit the muscular proprioception system and an increased reliance on the vestibular
system, thus therapists may need to be mindful of this especially in older adults with NP with
known vestibular problems. Third, our study reveals that wavelet-based frequency analysis

may provide new insights into postural mechanisms.

6.7 Limitations

Our study has limitations. First, as a preliminary step toward understanding the
underlying postural control mechanisms in older adults with cervical spine dysfunction, we
adopted a cross-sectional approach. As a result, a causal link between cervical spine
dysfunction and postural impairments could not be definitively inferred. Second, even though
we inferred from wavelet analysis that the use of muscular proprioceptive system was
proportionally reduced compared to controls, we were not able to identify whether the
proprioceptive deficits arose from the neck or lower limb musculature or both. Future studies
are warranted to determine this. Thirdly, we used an advanced, non-stationary technigue
(discrete, multi-resolution wavelet transform based filter) to separate the signal. This
provides many benefits, including reduced leakage between signal bands and improved
stop-band attenuation which means the true signal can be reconstructed. This is very difficult
to achieve using a Butterworth filter. However, this uses the cascading filter banks
technique, which essentially halves the upper frequency threshold for each subsequent bank
to produce its pass-band signals. Consequently, the upper and lower pass-band thresholds
are defined by a combination of the sampling rate and the level of the filter bank, which
explains why all of our upper and lower thresholds are a division of the sampling rate of
100Hz. While this may not allow the precision of setting the thresholds to a specific desired
frequency, we believe that the combination of improved signal separation compared to other

methods and the limited knowledge of the exact frequencies in which the distinct
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mechanisms of balance occurs, makes this technique sound. However, this results in the
limitation that we cannot directly compare our findings to other studies. Fourthly, the
frequency widths chosen are unlikely to be strictly limited to a discrete system, and overlap
between the signal frequencies and the system they represent may occur. This must be
taken into account when interpreting the data. Next, although we took into account the
number of impairments in this study, the severity of these impairments was difficult to
guantify and analyze given the small sample size. Future studies with larger cohorts may
consider including the severity of impairments and their influence on postural control in older
adults with NP. Lastly, the type of medication was not specified in this study and may have

the potential to influence postural control and ought to be considered in future studies.

6.8 Conclusion

In summary, this study confirmed that older adults with NP demonstrate balance
deficits and may be at higher risk of falls. Our findings suggest that, because older adults
with NP demonstrate a diminished ability to recruit the muscular proprioceptive system, the
CNS reweighs sensory information to recruit the vestibular system to maintain postural
stability. Finally, our results advocate the use of wavelet analysis to examine postural

mechanisms in people with NP.
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(Appendix 5 URL Link to Published Paper)

Quek J, Treleaven J, Clark RA, Brauer SG
“Towards understanding factors underpinning postural instability in older adults with neck

pain”
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Chapter 7: Study 5 An exploratory study examining factors
underpinning postural instability in older adults with neck pain

As a preliminary step towards elucidating the basic mechanisms of postural control
deficits in NP, this study compared the level of physical activity, lower limb, vestibular and
visual function between older adults with and without NP. Wavelet analysis was also
employed as a consequence of initial exploratory research in study 1 (chapter 2), to further

evaluate the usefulness of this method to give insights to postural control mechanisms.

7.1 Introduction

The cervical spine plays a critical role in sensorimotor function. Abundant
mechanoreceptors found in the muscles of the cervical spine are important in integrating
multisensory afferent input from the vestibular, visual, proprioceptive and central nervous
systems (Treleaven, 2008). Individuals with NP have demonstrated sensorimotor
disturbances, amongst which is the negative impact of NP on postural stability (Treleaven,
2008). Of greater relevance is that older adults with NP have demonstrated poor dynamic
postural stability which places them at a higher risk of falls (Quek et al., 2014). Given the
potential serious consequences of falls and the burden it imposes on public health (Hartholt
et al., 2011), this highlights the need for a comprehensive assessment to inform intervention
for this population. Unfortunately, there is limited understanding of the fundamental
mechanisms underlying this phenomenon of NP-related postural control deficits.

Because of the multi-sensory complex nature of postural control, it is important to
explore whether other factors that might negatively impact on postural stability such as
physical activity levels, lower limb sensory and motor function, and vestibular and visual
function are different in older adults with and without NP. First, level of physical-activity has
been negatively associated with onset of NP (Sitthipornvorakul et al., 2015). This finding
lends support to the biological plausibility that lower levels of physical activity may be
associated with poorer lower limb function such as reduced strength and flexibility (DiPietro,
2001) and consequently contribute to a decrease in postural stability in older adults with NP.
Hence, it is important to determine if lower limb function is any different between individuals
with and without NP. In particular, big toe flexor strength (Mickle, K. J. et al., 2009), range-
of-motion (Mecagni et al., 2000), light touch sensation (Lord & Ward, 1994) and vibration
sense at the ankle (Bergin et al., 1995) have been closely associated with postural stability
in older adults. Second, a disruption in the dynamics between the intimately blended

systems involved in sensorimotor control could be expected in older adults with NP
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(Treleaven, 2008). This is because there is potential for not only cervical proprioception to
be diminished but also a progressive decline in vestibular, visual and central nervous system
function with ageing. Moreover, vestibular dysfunction and specific to vision, deficits in visual
contrast sensitivity, have been associated with increased falls risk

(Herdman et al., 2000; Lord et al., 1991a). Consequently, this supports the need to
explore vestibular and visual function in older adults with NP.

As a preliminary step towards understanding the mechanisms which contribute to the
development of postural control deficits in older adults with NP, in addition to clinically
relevant balance measures and standard centre-of-pressure (CoP) measures of postural
control, we will also use analytical techniques of wavelet analysis. This is a technique that
decomposes the postural sway data into multiple independent frequency distinct bandwidths
where each bandwidth has been hypothesised to potentially be identified with physiological
significance of postural movements associated with muscular proprioception (1.56-6.25 Hz)
(Paillard et al., 2002), cerebellar (0.39-1.56 Hz) (Paillard et al., 2002), vestibular (0.10-0.39
Hz) (Oppenheim et al., 1999) and visual (<0.10 Hz) (Chagdes et al., 2009) systems.

Given the aforementioned background, in this cross-sectional, exploratory study, we
sought to understand the mechanisms underlying NP-related postural control deficits in
older adults with and without NP by (i) comparing several features that might relate to
impaired postural stability but not directly related to the cervical spine to determine their
influence, including level of physical-activity, lower limb, vestibular and visual function, as
well as (ii) employing the use of wavelet analysis of standing balance. We hypothesized that
there will be differences between groups in the level of physical-activity, lower limb,
vestibular and visual function and that wavelet analysis will demonstrate changes in

frequency measures in the NP group.
7.2 Methods

7.2.1 Participants

This cross-sectional study involved 84 older adults with (n=35, age 69.6 + 6.3 years)
and without (n=49, age 69.5 + 4.9) idiopathic NP. Participants aged 60 years and older were
recruited using convenience sampling. Participants were given an option of location of
testing; either at the research laboratory or at their residence. Participants were included in
the NP group if they reported chronic NP for 23 months, neck disability index (NDI) of 210%
and (worst) neck-related pain intensity of 22/10 measured on the numeric rating scale and
measured over the past 24 hours. Subjects were excluded if they had visual impairment not

corrected by prescriptive lenses, trauma-induced NP such as whiplash injury, orthopaedic
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surgery of the lower limb within the past year, diabetes, uncontrolled cardiorespiratory
problems, known ongoing neurological or vestibular pathology, arthritis that requires active
management and any acute musculoskeletal injuries. All participants provided informed
consent as outlined by the Medical Ethics Committee of the University of Queensland and
all procedures were conducted according to the Declaration of Helsinki. All procedures were
supervised by the same physiotherapist (JQ) who has postgraduate qualifications and 15

years of clinical experience.

7.2.2 Questionnaires

Age, gender, co-morbidities (including musculoskeletal, heart, kidney and liver
conditions and any psychological conditions such as depression), body mass index (BMI)
and medication intake were included in demographic data. Activities-Specific Balance
(ABC) scale was used to assess falls-related self-efficacy (Myers et al., 1998) and the level
of physical activity of a typical week in the past 12 months was documented using a self-
reported questionnaire (Leijon, 2002). This short questionnaire provides a general indication
of overall activity levels and has previously been used in people with NP (Peolsson et al.,
2007). Self-reported neck disability was measured using the Neck Disability Index (NDI)
(Vernon, 2008; Vernon & Mior, 1991b) and the intensity of NP or NP pain measured on a
11-point numeric rating scale (NRS) (Jensen et al.,, 1999). Self-perceived handicap
associated with dizziness was evaluated using the Dizziness Handicap Inventory
(DHI)(Jacobson & Newman, 1990). Given that previous research found a significantly higher
fear of falls in subjects who experienced a fall in the prior three months compared to those
who did not fall (Li et al., 2003), and a high fear of fall has been associated with reduced
postural control (Maki et al., 1991), we obtained a fall history for participants who sustained
a fall within 3 months prior to data collection.

7.2.3 Lower limb function

Ankle range-of-motion was determined using a standard goniometer. Sensory testing
using light touch and vibration sense were tested at the lateral malleolus of the participant’s
dominant foot using the Semmes-Weinstein Monofilaments (Aesthesio, San Jose, CA, USA)
and a tuning fork (128 Hz) respectively. It is noted that current tools used to detect peripheral
neuropathy have poor standardization of measurement which limit its use in clinical practice
(Gelber et al., 1995; Kanji et al., 2010; Van Deursen et al., 2001). The sensation tests used
in this study are by no means used for diagnostic purposes (as we excluded individuals with

peripheral neuropathy during the screening process at recruitment), but to track the trend of
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sensation specifically in light touch and vibration perception between older adults with and
without NP.

Light touch was assessed in a descending order of the monofilaments and the final
detectable monofilament was then confirmed by applying the monofilaments in an ascending
order (Lord et al., 1991b). The monofilament was then recorded and converted to a logarithm
scale for data analysis. If there was an inconsistency in results, the tests were repeated until
a consistent result was obtained.

Vibration perception was measured as the duration of time from the moment the
tuning fork contacted the foot to the point when the participant could no longer perceive the
decreasing vibration stimulus (Hilz et al., 1998). The tuning fork has high specificity of 93.7-
95.3% and moderate sensitivity of 55.8-62.5% in diabetic adults (Arshad & Alvi, 2016;
Jayaprakash et al., 2011) compared to the gold standard of the neuro-esthesiometer which
has higher sensitivity (61-80%) (Davis et al., 1997; Nelson et al., 2006) but lower specificity
of 64-76%.

Amongst all lower limb muscles, we selected toe flexor strength because toe flexor
strength has been shown to be an independent predictor of falls in older adults, over and
above other known risk factors such as age, gender, fall risk score and strength of bigger
muscle groups such as the quadriceps muscle (Mickle, Karen J et al., 2009). Toe flexor
strength was measured using the Nintendo Wii balance board (NWBB)(Figure 7-1), using a
set up demonstrated to be valid and reliable (Quek et al., 2015) and described in detail in
Study 3. Torque produced from a maximal contraction was calculated, with the average of

three trials used in the statistical analysis.
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Figure 7-1. Experimental set-up with the NWBB

The NWBB is placed upside down on the wooden platform and the foot was secured using Velcro straps.
Sticky Velcro was applied under the heel to prevent the heel from lifting off. The foot was positioned in such a
way that the proximal metatarsophalangeal joint was at the edge of the platform and the sensor was placed
under the interphalangeal joint of the big toe. Test trials where compensatory strategies were observed, such
as toe curling and excessive trunk movements, were deemed invalid and repeated.

7.2.4 Vestibular function tests

To screen for subjects with vestibular hypofunction, we performed a clinical Dynamic
Visual Acuity (DVA) test with a Snellen chart and the head impulse test (HIT). The protocol
for both vestibular tests have been documented in previous studies (Dannenbaum et al.,
2009; Schubert et al., 2004). To assess for active benign paroxysmal positional vertigo
(BPPV), we performed the Dix-Hallpike manoeuvre to test for posterior semicircular canal
BPPV, which is the most common form of BPPV. In all tests, the presence of saccades was

determined by visual inspection.

7.2.5 Visual contrast sensitivity

Visual contrast sensitivity was evaluated using the Melbourne Edge Test (MET)
(Australian Vision Charts, Forest Hill, Australia), with previous reports documenting excellent
test-retest reliability (Haymes & Chen, 2004).
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7.2.6 Balance

Dynamic balance was evaluated using the Dynamic Gait Index (DGI), a common
clinical performance tool also used as a measure of fall risk, specifically obtaining a score
of 19 or less out of a possible 24 is indicative of having a higher risk of falls (Shumway-Cook,
A. et al.,, 1997). Static standing balance was evaluated using the Wii Balance Board
(Nintendo, Kyoto, Japan) in a protocol previously validated against a laboratory force plate
(Clark et al., 2010). Participants were instructed to stand “as still as possible” on the Wii
Board in their habitual standing posture with arms by their side, feet hip-width apart, in their
usual toe-out angle, looking straight ahead at a dot positioned at eye level on a plain
background, approximately 1 meter away. For the balance testing performed at the
participant’s residence, the balance board was placed on a flat and even hard surface. To
ensure the same feet placement for repeated trials, feet positions were traced. Two valid
trials of 30-second duration of eyes open and closed were performed. Participants were
given a rest if required in between trials. Center-of-pressure (CoP) displacement was used
as a measure of postural sway (Winter, D. A., 1995). Standard measures of CoP amplitude
(cm), velocity (path length divided by test time: cm/s) and SD (cm) were calculated on the
anteroposterior (AP) axes. The zero position for CoP was set as the CoP position at the
commencement of data collection during the trial. In addition, a Symlet-8 discrete wavelet
transform was used to process the CoP data on the AP axis, separating the signal into four
frequency bands as per previous study protocol (Quek et al., 2014): (1) moderate (1.56—
6.25 Hz), (2) low (0.39-1.56 Hz), (3) very-low (0.10-0.39 Hz), and (4) ultralow (<0.10 Hz)
frequencies. These bands were then individually analysed to obtain CoP velocity (cm/s) in
each frequency range. This method, including how it was implemented and why the Symlet-
8 was chosen, is described in detail by Clark et al (Clark et al., 2014) (see Appendix 9 for

technical details).

7.3 Statistical Analysis

We used descriptive analyses to compare demographic and clinical characteristics
between participants with and without NP. Wilcoxon-Mann-Whitney or Welch-t tests were
used to compare the continuous data between groups. Fisher's Exact, Chi square or linear
by linear tests was used to test for differences in proportions as the data did not fulfil the
assumptions of normality. In order to adjust for other potential confounding variables
(number of co-morbidities, BMI and fall history) regression analysis was performed. All
statistical calculations were performed using the STATA version 11.0 statistical software.

Statistical significance was defined as p values of <0.05.
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7.4 Results

Table 7-1 compares the demographic and clinical characteristics for the NP group
and healthy controls. The level of physical-activity, lower limb motor and sensory function,
vestibular function and visual contrast sensitivity were similar in both groups (p>0.05). Older
adults with NP obtained poorer scores in the ABC scale (p=0.01), lower DGI scores (p=0.02)
and higher scores in the DHI (p<0.01). By design, older adults in the NP group showed
significantly higher neck disability compared to healthy controls (p<0.001). Number of co-
morbidities and BMI showed trends towards group differences and thus were included as
co-variates in the regression analysis (p=0.06, Table 7-1).

When standard measures of postural control were compared between groups (Table
7-2) the NP group exhibited greater CoP velocity (overall and in the AP axis) in both eyes
open and closed conditions as well as greater CoP amplitude and SD of path length in the
AP direction in the eyes open condition. The results for wavelet transform are presented as
absolute and percentages values (Table 7-2). In absolute terms, the NP group demonstrated
significantly higher CoP velocity measures only in the moderate (1.56-6.25 Hz) and low
(0.39-1.56 Hz) frequency bandwidths in both eyes open and closed conditions (p<0.05). All
COP differences persisted after adjustment for number of co-morbidities and BMI. When the
CoP data was analysed in percentages, there were no significant differences between

groups across all frequency bandwidths (Table 7-2).
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Table 7-1 Characteristics and comparison of Neck Pain and Healthy subjects

(mean and standard deviation (SD) unless otherwise stated).

Clinical characteristics NP (n = 35) Healthy (n = 49) p-Value
Age, years 69.6 (6.3) 69.4 (4.7) 0.92
Female Gender, n (%) 22 (63) 30 (61) 0.88
Body Mass Index 24.0 (3.9) 25.4 (3.9) 0.06
NDI (/100) 20.82 (7.14) 1.18 (1.63) <0.001
NRS (Worst) 4.03 (2.0) 0(0) <0.001
ABC (/100) 91.25 (8.47) 95.57 (5.02) 0.01
DHI (/100) 8.69 (10.15) 2.32 (6.59) 0.002
Employment

Full-time paid work, n (%) 4 (11.4) 3(6)

Part-time or casual paid work, n (%) 4 (11.4) 7 (14) 0.57

Retired, n (%) 27 (77.2) 39 (80)
Number of co-morbidities, n (%)

0 5(14) 10 (20)

1 7 (20) 17 (35) 0.06

22 23 (66) 22 (45)
Medication, n (%)

0-3 29 (83) 44 (90) 035

4-6 6 (17) 5 (10) '
Physical Activity, n(%)

1 (no activity) 0 (0) 1(2)

2 (very little activity) 4 (12) 12 (24)

3 (soft activities at least once/week) 19 (54) 20 (41) 0.34

4 (hard activities or competitions 12 (34) 16 (33)
regularly)
Visual Contrast Sensitivity (/24) 19.83 (1.84) 20.06 (1.67) 0.73
Lower Limb function

Ankle ROM

Inversion, degrees 31.85 (6.63) 31.31 (7.82) 0.88
Eversion, degrees 16.47 (7.20) 16.98 (7.36) 0.71

Sensation, logarithmic scale 1.88 (2.06) 1.54 (1.48) 0.35

Vibration sense, seconds 14.95 (5.66) 14.55 (4.29) 0.88

Big Toe torque, N-m 16.87 (16.3) 17.42 (12.94) 0.60
Vestibular function

DVA 2.65 (1.63) 2.71 (1.54) 0.77

HIT- positive test, n (%) 30 (86) 45 (92) 0.63

Dix-Hallpike- positive test, n (%) 5(14) 4 (8) 0.80
Place of testing

Laboratory 24 (67) 32 (65) 0.82

Home 11 (31) 17 (35) '
Fall history 3 months prior, n (%) 2 (6) 3(6) 0.94
DGI (mean, SD), (/24) 20.26 (2.98) 21.49 (1.98) 0.02**
DGl scores <19 15 (43) 10 (20) 0.03*

NDI: Neck Disability Index

NRS: Numeric Rating Scale

DGI: Dynamic Gait Index

ABC: Activities-specific Balance Confidence
DHI: Dizziness Handicap Inventory

DVA: Dynamic Visual Acuity

HIT: Head Impulse Test

*P-value after adjusting for body mass index and number of co-morbidities using logistic regression.
**P-value after adjusting for body mass index and number of co-morbidities using ANCOVA.
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Table 7-2. Comparison of CoP measures between Neck Pain Subjects (n=35) and Healthy Controls (n=49)
Eyes Open . , Eyes Closed o )
CoP measures Neck Pain Healthy P-Value Cohen’s d Neck Pain Healthy P-Value Cohen’s d
Standard measures
Overall Velocity (cm/s) 0.97 £ 0.36 0.80+£0.18 0.007*** 0.60 1.37£0.61 1.13+0.29 0.018** 0.50
AP Axis
Velocity (cm/s) 0.81+£0.34 0.64 £ 0.17 0.006*** 0.63 1.19+0.57 0.97 £ 0.27 0.015* 0.49
Amplitude (cm) 1.97 £ 0.67 1.68 £ 0.46 0.007*** 0.50 2.48 +0.75 2.35+0.56 0.098 0.20
SD Path length (cm) 0.41+£0.17 0.35+0.11 0.007*** 0.42 0.50 £ 0.17 0.48 £0.13 0.254 0.13
Wavelet Analysis (Absolute)
<0.10 Hz (cm/s) 0.065 £ 0.03 0.059 + 0.03 0.146 0.2 0.075 +£0.04 0.077 £0.04 0.549 0.05
0.10-0.39 Hz (cm/s) 0.20 £ 0.07 0.18 £ 0.05 0.141 0.33 0.31+£0.10 0.29 £ 0.08 0.137 0.22
0.39-1.56 Hz (cm/s) 0.55+0.24 0.45+£0.13 0.008*** 0.52 0.80 £ 0.38 0.67 £0.20 0.009*** 0.42
1.56-6.25 Hz (cm/s) 0.54 £ 0.28 0.40+£0.13 0.013** 0.64 0.82 £0.48 0.62 £ 0.22 0.021** 0.54
Wavelet Analysis (%)
<0.10 Hz 0.052 £ 0.02 0.054 £ 0.02 0.66 0.10 0.041 £ 0.02 0.047 £0.02 0.19 0.30
0.10-0.39 Hz 0.16 £ 0.05 0.17 £ 0.05 0.48 0.20 0.17 £ 0.06 0.18 £ 0.04 0.32 0.20
0.39-1.56 Hz 0.40 £ 0.05 0.41 £ 0.05 0.36 0.20 0.4 £0.06 0.4 +£0.04 0.35 0.00
1.56-6.25 Hz 0.39 + 0.07 0.36 + 0.05 0.10 0.49 0.39 + 0.07 0.37 £0.06 0.10 0.31

Values are mean * standard deviation
“P values after adjusting for body mass index (BMI) and number of co-morbidities using multiple regression.
CoP: Center of pressure, SD: standard deviation, AP: anteroposterior.
EO: Eyes open, EC: Eyes closed.

#p<0.05
*n<0.01
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7.5 Discussion

In this exploratory cross-sectional study, we compared various physical function tests
and characteristics in older adults with and without NP. Contrary to our hypothesis, there
were no significant differences in the levels of reported physical activity, big toe strength,
ankle range-of-motion, lower limb light touch and vibration sense, vestibular function and
visual contrast sensitivity. In addition, the NP group had lower balance confidence on the
ABC scale (p=0.01) and greater dizziness handicap based on the DHI (p<0.01) compared
to healthy controls. As expected, older adults with NP had poorer dynamic postural stability
and swayed more during quiet stance compared to healthy controls. Further, wavelet
analysis in absolute terms revealed that the NP group showed higher velocity CoP signal in
the moderate and low frequencies in both eyes open and closed conditions.

Consistent with previous studies (Quek et al., 2014; Uthaikhup et al., 2012), the
results of this study showed that older adults with NP demonstrated reduced postural
stability compared to those without NP. The lack of significant differences in lower limb,
vestibular or visual function and also physical activity suggest that the cause of postural
instability observed in the NP group may be due to NP and directly-related impairments.
This could manifest via altered cervical afferent input to the sensorimotor system (Treleaven,
2008).

Noteworthy, DGI scores of 19 or less have previously been shown to indicate
increased fall risk in older adults (Shumway-Cook, A. et al., 1997). When we dichotomized
the DGI scores to more than 19 (low fall risk) or 19 or less (high fall risk), we found that the
NP group had twice the proportion of older adults in the group with higher fall risk compared
to healthy controls, supporting previous assertions that older adults with NP are at a higher
risk of falls (Quek et al., 2014). It is not surprising then that older adults with NP scored lower
on the ABC scale, consistent with a previous study (Uthaikhup et al., 2012), indicating that
this group of older adults demonstrate reduced balance confidence compared to older adults
without NP. Our results reveal high scores (>90) on the ABC scale in both groups, and
suggest that both groups demonstrate high balance confidence. Nevertheless, the
significant differences between groups may be an early marker of decline in balance
confidence in older adults with NP, and may suggest that strategies to improve balance
confidence are needed to prevent future falls.

The results of the wavelet analysis showed that CoP velocity in the moderate and low
frequency bandwidths was higher in the NP group compared to the healthy controls in both

eyes open and eyes closed conditions. The higher velocity of the moderate frequency CoP
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signal found in the NP group in this study is consistent with that found post neck muscle
fatigue in young healthy controls (Liang et al., 2014). We agree with Liang et al (Liang et al.,
2014) that increased weighting of the lower limb proprioceptive input to maintain the centre
of gravity within the support base to compensate for cervical proprioceptive deficits is a
possible explanation for these findings. This could take the form of increased stiffness of the
lower limb and pelvis joints to decrease the time delay of proprioceptive feedback (Peterka,
2002). This proposition is further supported by the current study where older adults with NP
did not demonstrate lower limb sensory or motor deficits. As for significant differences in
the low frequency band (0.39-1.56 Hz) found in the current study, this may be due to a
potential frequency band overlap. Previous authors have suggested signals of greater than
1 Hz are associated with proprioception input. Thus it is highly plausible that the moderate
frequency range (1.56-6.25 Hz) used in this study may overlap with that of the bandwidth
below, i.e. the low frequency (0.39-1.56 Hz) (Diener, H. C. et al., 1984). A less likely
alternative may be that sensory reweighting was in place with an increase in cerebellar
activity to improve postural stability (Paillard et al., 2002) in NP elders compared to healthy
controls. However this speculation has weak evidence and can only be verified by further
research.

On the other hand, our study results on wavelet analysis were not consistent with our
previous study comparing postural control in older adults with and without NP (Quek et al.,
2014). In the previous study, older adults with NP demonstrated a decrease in the proportion
of CoP signal in the moderate frequency bandwidth and an increase in the very-low
frequency bandwidth (0.10-0.39 Hz) compared with the control group. In that study, data
was expressed in percentages to account for inter-subject variability. No significant
differences were found between groups when comparing CoP measure in percentages. The
use of a percentage is essentially converting the data into a ratio between the different
bands, which has numerous flaws including obtaining the same value if the sway in each
band goes up proportionately. A potential issue with this is that the majority of the signal
occurs in the higher frequency bands, with little occurring in the lower frequency bands, and
therefore a ratio method may mask the true findings if small but important changes are
occurring in the lower frequency bands. Given the exploratory nature of our studies, it is
unclear at this stage how best to divide the frequency bands and what each frequency band
may represent. Further, the discrepancy between the results in study 4 and this study could
potentially be due to the different postural control strategies employed by the older adults.
In study 4, 95% of NP elders versus 65% in the control group reported more than 2 co-

morbidities compared to 66% in the NP group versus 45% in the control group in the current
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study. This difference may be due to fact that the method of calculation of comorbidities was
different between both studies. It may also be possible that a greater percentage of elders
in study 4 had more/worse lower limb deficits (in addition to reduced cervical spine
proprioception), resulting in a lower proportion of velocity measures in the moderate
frequency bandwidth in study 4. Participants may therefore have had to rely more on the
vestibular system. However, more research is warranted if wavelet is to be used further for
mechanistic purposes.

There were no differences between people with and without NP across a number of
other measures including lower limb function (ankle ROM, big toe strength, tactile sensitivity
and vibration sensation of the ankle), physical activity, vestibular and visual function. While
this indicates that these factors may not be different between these groups, there is still a
need to investigate other factors or use other measurement tools. For example, physical
activity is often measured with accelerometers (Colley et al., 2011) and there are several
longer questionnaires that have been validated in older adults (Washburn et al., 1993) and
may be more sensitive to other aspects of physical activity not examined in this study, such
as time spent in higher intensity physical activity, types of activities performed or avoided,
or the pattern of activity accumulation. Similarly, a selection of measures of potential factors
to influence postural control was chosen based on past literature, however for
completeness, investigation of other measures (e.g. strength of other lower limb muscles or
other visual functions such as acuity) should be performed, to conclusively indicate that
there is no relationship between these constructs (e.g. of lower limb strength) with NP in
older adults. In addition, vestibular testing was performed using visual inspection only to
rate the presence of saccades, and the use of eye tracking and head velocity transducers
would improve the accuracy of testing. The scores of both groups in the DHI (NP: 8.7/100,
controls: 2.32/100) were well below that that reported for mild handicap (16-34/100), thus
the high number of positive HIT findings need verification with objective measures. It should
be noted that dizziness reported in the DHI could have been the result of complex
interactions between the vestibular, visual, cervical spine and central processing of all these

afferent inputs. This is discussed in section 8.7.1.7.

7.6 Limitations

The results of this study must be interpreted in the light of our study limitations. First,
whilst the vestibular tests selected were clinically relevant, they may lack the precision that
is required to detect subtle deficits in eye movement, and may increase the likelihood of

under reporting vestibular impairments. Nevertheless, subjects with obvious vestibular
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pathology were excluded from the study. Second, given the way the DHI was structured, it
may be possible that the questions may have been misinterpreted to represent neck problem
and not dizziness, resulting in over reporting of the level of handicap in participants with NP.
However, DHI scores were not high and reflected mild disability as expected. Third, in order
to increase the generalizability of the population, data collection was performed both in the
laboratory or the participants’ home. We were not able to consistently recreate the exact
testing environment and this may affect the individual’s performance. Performing balance
tests in different environments may affect scores due to factors such as noise, visual input
and deformation or non-levelness of the flooring. However, there were no group differences
in the location of research testing (Table 7-1) and there were no statistical significant
differences (p>0.05) in postural control measures between home and laboratory locations
within each group. As a result, we believe that our findings are not biased with respect to
this limitation. Fourth, we used the English version of a Swedish questionnaire to document
the level of physical activity and this has not been validated. Further, future studies ought to
include more details in physical activity measures in older adults with NP. Fifth, the physical
function of the lower limb did not take into account the function of bigger joints such as the
hip and knee joints and muscles such quadriceps and future studies may consider testing
the physical function of the hip and knee. Lastly, even though we obtained data for a history
of falls, we could not include the variable as a covariate in the analysis because the numbers

were small.

7.7 Conclusion

In conclusion, the results of our study indicate that NP-related postural control deficits
in older adults may not be associated with the level of physical-activity, lower limb motor and
sensory function, vestibular function and visual contrast sensitivity. The changes in postural
activity are most likely due to NP and associated musculoskeletal impairments altering
cervical proprioceptive input to the sensorimotor control system. Wavelet analysis suggests
that in an attempt to compensate for the deficits in neck proprioception, sensory reweighting
was in place to engage lower limb proprioception. Given that older adults with NP had
reduced balance confidence, poorer dynamic balance and a higher fall risk compared to
healthy controls, future research is warranted to determine the underlying mechanisms

underpinning NP-related postural control dysfunction.
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Chapter 8: Study 6 The influence of neck pain on postural control in
older adults

Previous research has suggested that cervical spine impairments may contribute to the
postural control deficits observed in individuals with NP. As the next step towards
understanding the mechanisms underpinning postural control deficits in older adults with
NP, this study examined the factors that may potentially be associated with static and

dynamic postural control in older adults with and without NP.

8.1 Introduction

Although evidence is accumulating to implicate the role of the cervical spine in
influencing postural control, little is known about the mechanisms underpinning postural
control deficits in individuals with NP. Previous cross-sectional studies have shown
increased postural sway in static standing (Silva & Cruz, 2012) and decreased dynamic
postural control (Quek et al., 2014) in older adults with NP compared with healthy controls.
Importantly, empirical evidence suggests that older adults with NP may have higher risk of
falls than those without cervical spine related symptoms (Kendall et al., 2016; Quek et al.,
2014). Having a greater understanding of the factors contributing to postural control deficits
in older adults with cervical spine dysfunction is important to developing management
strategies to improve postural control and potentially reducing falls risk.

In chapter 6 we compared physical factors in older adults with and without NP and
suggested that postural control deficits observed in older adults with NP are not due to
differences in lower limb, vestibular and visual function compared to healthy controls. This
supports the theories of altered cervical input to the postural control system as the primary
contributor to these deficits (Treleaven, 2008), although altered biomechanics is also a

consideration.

8.2 Altered cervical afferent input

Given that the cervical spine has high percentages of muscle spindles and extensive
connections with the vestibular and central nervous systems, abnormal cervical afferent
input may disrupt the integration of proprioceptive information and potentially affect standing
postural control (Quek et al., 2013). Experimentally, neck muscle vibration, that is thought
to stimulate muscle spindle afferents, resulted in increased postural sway in healthy older
adults (Patel et al., 2009). Organically, altered cervical input can be due to several causes

including pain (Treleaven, 2011), altered proprioception (Williams et al., 2017), muscle
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fatigue (Liang et al., 2014) and asymmetry of range of motion (Quek et al., 2013). It is
postulated that postural control changes may be a consequence of a mismatch between
afferent signals from the altered cervical input and normal information from the vestibular,
visual and central nervous systems (Treleaven, 2008). The following section details these
various factors that may contribute to altered cervical afferent input and subsequent

alterations to postural stability in those with NP.

8.2.1 Pain

Although studies have demonstrated associations between NP and increased
postural sway (Treleaven, 2011), the presence of NP is not consistently associated with
postural control disturbances (Pleguezuelos Cobo et al., 2009; Ruhe et al., 2011). Several
mechanisms such as central modulation as well as subcortical and cortical reorganization
of the somatosensory system has been postulated to explain the way in which pain may
influence cervical input and possibly postural control (Tinazzi et al., 2000). Given that the
presence of NP may potentially influence postural stability, assessing its severity may

provide important insight into postural control mechanisms.

8.2.3 Proprioception

Joint position error (JPE) is the most commonly used measure of cervical
proprioception and has been shown to a) be impaired in those with NP (de Vries et al.,
2015), and b) contribute to postural control deficits in 14 adults with non-specific NP
(Roijezon et al., 2008). Relatedly, previous studies have suggested that the neck torsion test
is able to bias afferent input towards the cervical spine by moving the body on a stationary
head (Chen & Treleaven, 2013). Accordingly, the effect of neck torsion on postural control
has been demonstrated in patients with idiopathic NP (Williams et al., 2017) and in those
with whiplash injury (Yu et al., 2011). However, to date no study has investigated the

relationship between JPE and postural stability in older adults.

8.2.4 Range of motion asymmetry

A previous study has demonstrated that older adults with NP and upper cervical spine
rotation range-of-motion asymmetry was associated with increased sway compared older
adults with NP but without upper cervical spine asymmetry (Quek et al., 2013). The
asymmetry was reasoned to alter proprioceptive input, leading to postural control changes.

8.2.5 Muscle fatigue
The influence of neck muscle fatigue on static postural control in young healthy
subjects (Liang et al., 2014) and in adults with NP (Cheng et al., 2015) has been established
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in previous studies, but no studies have been identified examining older adults with
idiopathic NP. Ageing associated with progressive decline of general systems may place the
older adult with NP at a greater proprioceptive disadvantage. Hence reduced neck muscle
endurance could potentially contribute to postural instability in older adults with cervical

spine dysfunction.

8.3 Biomechanical factors

Given the biomechanical link between cervicothoracic spinal alignment and neck
function (Quek et al., 2012), it is biologically plausible that older adults with NP may modify
their spinal posture in response to pain and deficits in proprioception and this may in turn
influence postural stability. Relatedly, lumbar lordosis has been found to be associated with
postural instability in older adults with osteoporosis (Ishikawa et al., 2009). Even though the
spine is typically categorized as three regions: cervical, thoracic and lumbar spine, each
region should not be considered in isolation from each other. Therefore, it is possible that
craniovertebral angle, or commonly known as forward head posture (FHP), thoracic
kyphosis and lumbar lordosis may be important dimensions to take into consideration when
assessing postural control in NP.

Thus, it is highly possible that these postural control deficits are due to cervical spine
impairments but no studies have been done to comprehensively examine these
associations. This study aimed to identify which of the above potential contributors most
significantly influence postural control in older adults with NP in this cross-sectional,
exploratory study. Further, healthy controls were included to also evaluate the moderating
effects of NP on cervical spine impairments associated with postural instability. As part of
the exploratory nature of this study, we also included the use of discrete wavelet transform
to gain further insights into the mechanisms underlying NP induced postural control
impairments. We hypothesized that proprioceptive deficits in the cervical spine as
differentially expressed by various outcome measures such as joint position error,
asymmetry, cervical muscle fatigue and/or altered biomechanics will be associated with
reduced postural control in older adults with NP, and that wavelet analysis will reveal some
new insights into postural instability in people with NP.

8.4 Methods

8.4.1 Participants
The study sample comprised 84 community-dwelling older adults with (mean age =

69.6 = 6.3 years) and without (mean age = 69.4 £ 4.7 years) idiopathic NP living in
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Queensland, Australia. Elders aged 60 years and older were recruited using convenience
sampling. Participants were included in the study if they reported chronic NP for 23 months,
neck disability index (NDI) of 210% (Vernon & Mior, 1991a) and a neck-related pain intensity
of 22/10 measured on the numeric rating scale (Jensen et al., 1999). To minimize the
influence of potential confounders, subjects were excluded if they had a history of falls of
less than three months, visual deficits that were not corrected by prescriptive lenses, NP of
traumatic origin such as whiplash injury, recent orthopaedic surgery, diabetes, uncontrolled
cardiorespiratory problems, known ongoing neurological or vestibular pathology, arthritis
that required active management and any acute musculoskeletal injuries. All participants
provided informed consent as outlined by the Medical Ethics Committee of the University of
Queensland and all procedures were conducted according to the Declaration of Helsinki. All
procedures were supervised by the same physiotherapist (JQ) who has postgraduate

gualifications and 15 years of clinical experience.

8.4.2 Self-reported Questionnaires (Appendix 8)

Given the exploratory nature of this study, in addition to age, gender, body mass, co-
morbidities and medication intake, we also included in our measurements, (i) self-reported
neck disability, measured using the Neck Disability Index (NDI) (Vernon, 2008; Vernon &
Mior, 1991a), (ii) falls-related self-efficacy, assessed by the Activities-Specific Balance
Confidence (ABC) scale (Myers et al., 1998), (iii) intensity of NP or neck-related pain
measured on a 11-point numeric rating scale (Jensen et al., 1999), (iv) self-perceived
handicap associated with dizziness, evaluated using the Dizziness Handicap Inventory
(DHI)(Jacobson & Newman, 1990), fear of movement assessed using the Pictorial fear of
activity scale for the cervical spine (PFActS-C) (Turk et al., 2008) and the (v) level of physical
activity (Leijon, 2002).

8.4.3 NP-related impairments

8.4.3.1 Cervical Joint Position Error

In order to reduce the influence of the vestibular afferents and to isolate neck
afferents, the joint position error test with neck torsion was used in this study to measure
cervical spine proprioception (Chen & Treleaven, 2013). The laser sensor was fixed on the
centre of the sternum of each participant using a sticky tape. Participants were instructed to
sit on foam that was placed on a standardised chair positioned 90 cm away from the chart.
With vision occluded and head in neutral and stationary throughout the procedure,

participants were asked to focus on the neutral resting trunk position for a few seconds, and
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then actively rotate the trunk as far as possible, and finally returning to trunk neutral as
accurately as possible. If required, the examiner gently held the participant’s head to ensure
that the head remained still. The participants verbally indicated when they thought they
returned to the original starting position and the difference between the starting and end
position was recorded in cm and then converted to degrees (Chen & Treleaven, 2013).
Figure 8-1 shows the chart used in this experiment with the angles labelled. Before
commencing the next repetition, the examiner passively repositioned the head/trunk to the
centre of the target. No feedback or verbal cues were given. All participants were given at
least one test trial to ensure that they understood the instructions of the procedure. Joint
position error measurements were calculated from the laser sensor position indicated on the
chart (see figure 8-1). Six trials of each direction (right and left trunk rotation) were completed

and the average of the six scores was used in the analysis.
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Figure 8-1 Chart indicating the joint position error labelled in degrees.
The position on which the laser light lands is recorded as the joint position error of the trial.
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8.4.3.2 Cervical Range-of-Motion Asymmetry

Range-of-motion (ROM) of the cervical spine was measured using the CROM device
(Performance Attainment Associates, St. Paul, MN), which has established validity and
reliability (Capuano-Pucci et al., 1991; Hall et al., 2008; Tousignant et al., 2000; Tousignant
et al., 2002). Specifically, active-assisted cervical rotation range-of-motion was performed
with participants seated fastened on a chair using a belt (Mulligan Mobilization Belt) and
passive upper cervical rotation ROM was measured using a previously established protocol
(Quek et al., 2012). For upper cervical rotation ROM, the examiner determined the limit of
ROM when a firm resistance was felt or when pain was first perceived. Three measurements
were obtained for each movement direction (right rotation, left rotation, upper cervical
rotation right and left) and the average of the three was recorded and the absolute difference
between sides for both cervical rotation and upper cervical rotation were used for data
analysis. The CROM was used in this study instead of the smart phone because rotation

ROM measurements demonstrated poor validity and reliability (chapter 3).

8.4.3.3 Cervical muscle endurance

The muscle endurance tests used for both the cervical spine flexor and extensor
muscles were adapted from previous study (see details below) and both tests have
demonstrated good to excellent reliability (ICC=0.88 to 0.93) (Edmondston et al., 2008).
Before the commencement of each test, participants were given a “trial test” in order to
ensure that they understood the test procedures. For both cervical flexor and extensor
endurance measurements, the time to fatigue was recorded and rating of perceived exertion

as well as a discomfort score (0-10) was documented.

8.4.3.3.1 Cervical flexors

The cervical flexor muscle endurance test was performed with subjects lying supine
on the plinth. The examiner guided the participant’s cervical spine into slight upper cervical
flexion and instructed the participant to lift the head just above the plinth and to maintain this
position for as long as possible. The test was terminated if the subject was unable to

maintain their standardized position or when they chose to stop the test due to exhaustion.
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8.4.3.3.2 Cervical extensors

To test the endurance of the cervical extensors, participants were positioned in prone
lying with arms by the side and their heads over the end of the plinth. In order to stabilise
the upper thoracic spine, an inelastic belt (Mulligan belt) was secured between T4-T6. A
band with weight attached (3kg for males and 2 kg for females) was placed around the
participant’s head. The participant’s head and neck were positioned in neutral and the test
started when the weight was applied. Instructions were given to hold this position for as long
as possible. The test was terminated when the participant was no longer able to maintain
this position due to discomfort or fatigue. Even though an inclinometer was used to detect a
drop in head position as used in previous study (Edmondston et al., 2008), we found that
the inclinometer was not useful to detect a drop in head-height in the absence of a cervical
sagittal flexion ie. during a cervical protraction, which was the common position adopted
when the muscles were fatigued. Consequently, we resorted to visual estimation and gave
verbal feedback to participants to re-position their head when they deviated from the neutral
position. The test would be terminated when participants were not able to maintain a neutral

head and neck posture.

8.4.3.4 Forward Head Posture (FHP)

FHP was assessed using a previously described method (Quek et al., 2012). We
guantified FHP by measuring the craniovertebral angle from a digitized, lateral-view
photograph of the subject (see figure 8-1). Specifically, CVA was calculated from the angle
between the line connecting the tragus of the ear to C7 and the horizontal line passing
through C7 using the software Image J (Schneider et al., 2012). Noteworthy, to minimize
image distortion, we placed a spirit level on the top of the camera to ensure that the camera
was perpendicular to the horizontal. Previous studies have demonstrated good test-retest
reliability (0.88-0.98) for FHP measurements (Brunton et al., 2003; Raine & Twomey, 1997).

Greater craniovertebral angle indicates less forward head posture.
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Figure 8-2 Craniovertebral angle is defined as the acute angle subtended by the lines AB & BC.

8.4.3.5 Thoracic Kyphosis, Lumbar Lordosis

In study 4 (chapter 5), the Microsoft Kinect demonstrated excellent validity and intra-
rater reliability to measure thoracic kyphosis in standing and in sitting. Given the advantages
of the Microsoft Kinect (overall ease of use, quick data processing time and ability to produce
almost instant results), it would have been useful for this study for the researcher. However,
calibration of the Microsoft Kinect is necessary whenever the position of the device is
altered, adding to the length of the total data collection time. Moreover the Kinect needs a
power supply and this may be a problem in some homes depending on the home set up.
Given that we had to perform data collection in participants’ home, and bearing in mind the
possibility of participant fatigue, we decided to use the flexicurve instead. Furthermore, the
flexicurve is able to obtain both thoracic and lumbar lordosis measurements at the same
time whereas the preliminary data shows that the Microsoft Kinect is not reliable to measure
lumbar lordosis (not reported). Hence, thoracic kyphosis and lumbar lordosis were assessed
using the flexicurve method, a well-established technique that is freely accessible (Quek et
al., 2012; Rajabi et al., 2008). Moreover, the validity and reliability of the measurements
obtained from the flexicurve has been established in previous studies (Arnold et al., 2000;
Greendale et al., 2011; Hart & Rose, 1986; Rajabi et al., 2008; Seidi et al., 2009).
Participants were instructed to stand in their usual posture whilst the examiner placed the
flexicurve over the spinous processes of the spine from C7 to S2. The shape of the flexicurve
was conformed to the curvature of the spine. The flexicurve was then carefully placed on

the table and a digital image of the flexicurve imprint was captured using a 7.2 megapixels
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digital camera (Sony DSC-W110). Next, the kyphosis and lordosis index were processed

using Image J (Schneider et al., 2012), as described in Figure 4-1.

8.4.4 Vestibular function

Known vestibular dysfunction was an exclusion criteria, however, given that
vestibular function may play an important role in postural stability in older adults with NP
(Quek et al., 2014), we included 3 clinical vestibular tests to screen for (subclinical) vestibular
hypofunction and included them as potential covariates - dynamic visual acuity test using
the Snellen Chart (Dannenbaum et al., 2009), head impulse test (Schubert et al., 2004) and
the Dix-Hallpike to assess posterior benign paroxysmal positional vertigo (Fife, 2009). In this
study, we defined a positive response to Dix-Hallpike test as the presence of nystagmus
and/or symptoms such as dizziness or nausea. To clarify, because we did not use
specialised equipment such as the Frenzel goggles for testing, we were unable to objectively
determine the direction and quality of nystagmus. Hence, we conservatively recorded the
presence of any nystagmus, regardless of direction and fatigability, as positive and negative

if none was visually detected.

8.4.5 Standing Balance

Static standing balance was assessed using the Wii Balance Board (Nintendo, Kyoto,
Japan), a portable and accessible balance board which has been previously validated
against a laboratory force plate (Clark et al., 2010) and described in studies 1 and 5.
Participants were asked to stand “as still as possible” on the Wii Balance Board in their
habitual standing posture with arms by their side, feet positioned hip-width apart, in their
usual toe-out angle, eyes looking straight ahead at a dot positioned at eye level on a plain
background, approximately 1-meter away. Feet positions were traced so as to standardize
feet placement for repeated trials. Two valid trials of 30-second duration were performed for
both eyes open and eyes closed conditions. CoP velocity and amplitude of the
anteroposterior (AP) axes were obtained as measures of postural sway. Further, discrete
wavelet transform was used to process the CoP data, separating the signal into four
frequency bands as previously reported in our study protocol (Quek et al., 2014): (1)
moderate (1.56—6.25 Hz), (2) low (0.39-1.56 Hz), (3) very-low (0.10-0.39 Hz), and (4)
ultralow (<0.10 Hz) frequencies (see Appendix 9 for technical details). Moderate and low
frequency bands were selected to be the focus of the wavelet analysis because our previous
study (Chapter 6) showed differences in CoP frequency measures only in these two
frequency bandwidths between older adults with and without NP. Lastly, Dynamic Gait Index

(DGI) was used to measure dynamic balance and is a common clinical performance tool to
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measure fall risk. Scores range from 0-24 with larger scores indicating less impairment, and

a score of <19 indicative of a higher fall risk (Shumway-Cook, A. et al., 1997)

8.5 Statistical Analysis

A series of separate univariate linear regression models were constructed within each
group to examine each independent variable with static and dynamic postural control
measures, and wavelet CoP frequency measures as the dependent variables. Based on the
results of the univariate analysis, variables with p<0.05 were used in separate multivariable
regression models to evaluate the associations of the various variables with the postural
control measures respectively, adjusting for age. To avoid model overload, stepwise
regression as well as backward elimination of variables with p<0.1 were used within each
group. We used robust regression to account for potential outliers or heteroscedasticity
(Verardi & Croux, 2009). Analysis of residuals of the regression model was employed to
examine the distribution of the residuals and when required, appropriate data transformation
was applied. Additionally multicollinearity was assessed using the variance inflation factor
(Katz, 2006) showing that there was no evidence of multicollinearity. Subsequently,
moderation analysis was employed to determine the moderating effects of NP on the
variables that emerged as significant predictors in the individual multivariate stepwise
regression models. All statistical calculations were performed using STATA version 13.0

statistical software. Statistical significance was defined as p values of <0.05.

8.6 Results

Table 8-1 shows demographic and clinical characteristics of the study participants.
Table 8-2 & 8-3 show the results of univariate analysis and the variables that were
statistically significant with the respective postural control measures. After adjusting for age,
multivariable linear regression results within the NP group indicate that forward head posture
and a positive response to the Dix-Hallpike test were consistently and positively associated
with both CoP path velocity (P<0.05) and amplitude (P<0.05) (Table 8-4). Higher age and
physical activity were covariates that were positively associated with path velocity. These
models explained 36% (with amplitude as the dependent variable) to 62% (with path velocity
as the dependent variable) of the variability of static postural control in NP. For the
regression model with DGI as the dependent variable, dizziness handicap, PFActS-C scores
and age were significantly associated with DGI (P<0.05). This model explained 52% of the
variability of dynamic postural control in NP. Table 8-5 shows the results of the multivariate
regression models within the control group, subsequently used in the moderation analysis.

In order to assess the moderating effects of NP on the factors influencing postural control,
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the interaction terms (NP X CVA), (NP X Dix-Hallpike), (NP X PA), (NP X Age) and (NP X
DHI) were added respectively to the final multiple regression models. Figures 8-(1-4) plot
the conditional effect of NP on path velocity across the values of each predictor variable.
The results of moderation analysis showed that NP moderated the relationships between
the 4 variables and path velocity (Table 8-6): CVA (B= -0.031, p=.013) and a positive Dix-
Hallpike test (3= 0.46, p=.022), age (3= 0.035, p=.021) and the level of physical activity (=
0.26, p=.017).

In terms of the wavelet analysis results, multivariable linear regression results within the NP
group indicated that a positive Dix-Hallpike test, age and the level of physical activity were
associated with the CoP velocity in the moderate frequency range (1.56-6.25 Hz) and
craniovertebral angle and a positive Dix-Hallpike test were associated with the CoP velocity

in the low frequency range (0.39-1.56 Hz).
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Table 8-1. Characteristics and comparison of all participants with and without neck pain

(mean and standard deviation (SD) unless otherwise stated)

Clinical characteristics NP (n = 35) Healthy (n=49) P-Value
Age, years 69.6, range 60-88 (6.3) 69.4, range 61-82 (4.7) 0.92
Female Gender, n (%) 22 (63) 30 (61) 0.88
Height, cm 166.6 (7.6) 166.8 (8.5) 0.94
Weight, kg 66.9 (13.4) 70.9 (13.8) 0.13
Employment

Full-time paid work, n (%) 4(11.4) 3 (6) 0.57

Part-time or casual paid work, n (%) 4 (11.4) 7 (14)

Retired, n (%) 27 (77.2) 39 (80)
NDI (/100) 20.8 (7.1) 1.18 (1.63) <0.001
NRS (Worst) 4.0 (2.0) 0 (0) <0.001
ABC (/100) 91.3 (8.5) 95.57 (5.02) 0.01
DHI (/100) 8.7 (10.2) 2.32 (6.59) 0.002
Number of co-morbidities, n (%)

0 5 (14) 10 (20)

1 7 (20) 17 (35) 0.055

22 23 (65) 22 (45)
Medication, n (%)

0-3 29 (83) 44 (90) 0.24

4-6 6 (17) 5 (10)
Physical Activity, n(%)

1 (no activity) 0 (0) 1(2)

2 (very little activity) 4(12) 12 (24) 0.34

3 (soft activities at least once/week) 19 (54) 20 (41)

4 (hard activities/competitions regularly) 12 (34) 16 (33)
Place of testing

Laboratory 24 (69) 32 (65) 0.82

Home 11 (31) 17 (35)
PFACctS-C (fear avoidance) 35.8 (51.8) NA NA
Craniovertebral angle 45.1 (6.8) 41.6 (7.6) 0.055
Kyphosis index 13.0 (3.5) 13.6 (3.5) 0.45
Lordosis angle 10.6 (3.5) 10.3 (3.6) 0.39
Joint position sense right 3.6 (1.8) 3.1(1.1) 0.12
Joint position sense left 3.3(1.8) 2.7 (1.1) 0.10
Joint Position Sense total 3.4 (1.4) 2.9 (0.9 0.045
Endurance Neck Flexors (sec) 59.7 (53.8) 60.0 (48.7) 0.65
Endurance Neck Extensors (sec) 180.0 (174.2) 241.1(178.9) 0.052
Rate of Perceived Exertion Flexors 6.2 (1.7) 6.1(2.4) 0.89
Rate of Perceived Exertion Extensors 5.9 (2.0) 4.8 (2.1) 0.006
Discomfort Flexors (/10) 5.7 (2.1) 4.9 (2.3) 0.13
Discomfort Extensors (/10) 5.9 (2.0) 4.3 (2.0) 0.005
Dix-Hallpike(%)

Negative 30 (86) 45 (92) 0.80

Positive 5(14) 4 (8)
DVA 2.7 (1.6) 2.7 (1.5) 0.77
HIT

No 21 (60) 26 (53) 0.63

Yes 14 (40) 23 (47)
Cervical Rotation ROM (%) 119.3 (19.9) 118.2 (17.5) 0.57
Upper Cervical Rotation ROM (°) 53.8 (14.7) 55.3 (11.4) 0.78
Cervical Rotation ROM difference (°) 7.2 (6.2) 6.0 (4.8) 0.43
Upper Cervical Rotation ROM difference (°) 5.2 (3.8) 4.4 (3.8) 0.30
DGI (mean, SD), (/24) 20.3 (3.0) 21.49 (2.0) 0.024
AP Path velocity 1.19 (0.6) 0.97 (0.3) 0.015
AP amplitude 2.48 (0.8) 2.35 (0.6) 0.098

NDI: Neck Disability Index, NRS: Numeric Rating Scale, ABC: Activities-specific Balance Confidence, DHI: Dizziness

Handicap Inventory, PFActS-C: Pictorial Fear of Activity Scale- Cervical, DVA: Dynamic Visual Acuity, HIT: Head

Impulse Test, DGI: Dynamic Gait Index, AP: Antero-posterior
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Figure 8-3:
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Figure 8-5 Interaction of neck pain and age predicting path velocity.
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Table 8-2. Univariate regression analysis of variables on Path Velocity, Amplitude and

Dynamic Gait Index (DGI) within the neck pain group (n=35).

Path velocity as DV Amplitude as DV DGl as DV

Coefficient B P-Value Coefficient B P-Value Coefficient P-Value
Age 0.06 0.006 0.04 0.07 -0.18 0.023
Height 0.026 0.044
Physical 0.33 0.031
Activity
CVA -0.05 0.022 -0.05 0.008
Dix-Hallpike 0.63 0.021 0.8 0.026
NDI 0.036 0.046 -0.17 0.017
ABC 0.16 0.006
DHI -0.14 0.004
PFActS-C -0.03 0.001

ABC: Activities-specific Balance Confidence
CVA: Craniovertebral angle

DHI: Dizziness Handicap Inventory
DV: Dependent variable

NDI: Neck Disability Index
PFActS-C: Pictorial Fear of Activity Scale- Cervical

Table 8-3. Univariate regression analysis of variables on Path Velocity, Amplitude and

Dynamic Gait Index (DGI) within the healthy controls (n=49).

Path velocity as DV Amplitude as DV DGl as DV
Coefficient B P-Value Coefficient 8 P-Value Coefficient 8 P-Value

Age 0.006 0.50 0.0002 0.99 -0.045 0.46
Height 0.017 <0.001 0.02 0.031 0.06 0.097
Weight 0.011 <0.001 0.017 0.002 0.008 0.70
Gender 0.23 0.003 0.31 0.06 1.09 0.059
ABC 0.012 0.13 0.24 0.14 0.13 0.025
Dix-Hallpike -0.03 0.85 0.32 0.27 -2.44 0.017
Flexors 0.002 0.005 0.002 0.21 0.007 0.26
endurance

ABC: Activities of Balance Confidence

DV: Dependent variable
DGI: Dynamic Gait index
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Table 8-4. Multiple regression analysis of association between path velocity (DV), amplitude

(DV), dynamic gait index (DV) and independent predictors within the NP group (n=35).

Regression SE Of. 5
coefficient Regrgsslon P Value 95% CI R
coefficient
Path velocity
Age 0.028 0.011 0.019 0.005 to 0.05
CVA -0.03 0.008 0.003 -0.044 to -0.010
Physical Activity 0.20 0.096 0.043 0.007 to 0.400
Dix-Hallpike 0.62 0.14 <0.001 0.342 to 0.905 0.62
Amplitude
Age -0.010 0.016 0.55 -0.04 t0 0.02
CVA -0.06 0.014 <0.001 -0.09 to -0.03
Dix-Hallpike 0.90 0.23 <0.001 0.44 to 1.36 0.41
DGI
Age -0.14 0.05 0.014 -0.25t0 0.03
PFActS-C -0.026 0.011 0.025 -0.05 to -0.003
DHI -0.10 0.042 0.019 -0.19t0 -0.018 0.52

CVA: Craniovertebral angle

DHI: Dizziness Handicap Inventory

DV: Dependent variable

PFActS-C: Pictorial Fear of Activity Scale- Cervical

Table 8-5. Multiple regression analysis of association between path velocity (DV), amplitude
(DV), dynamic gait index (DV) and independent predictors within the healthy controls

(n=49).
Regression SE of
cogfficient Regression P Value 95% ClI R?
coefficient

Path velocity
Age 0.011 0.007 0.145 -0.004 to 0.025
Weight 0.010 0.002 <0.001 0.006 to 0.014
Flexors 0.001 0.0005 0.031 0.0001 to 0.002 0.37
Amplitude
Age 0.01 0.018 0.57 -0.026 to 0.046
Weight 0.018 0.006 0.004 0.006 to 0.030 0.19
DGI
Age -0.07 0.042 0.10 -0.15t0 0.014
ABC 0.13 0.053 0.016 0.027 to 0.24
Dix-Hallpike -2.67 1.10 0.019 -4.87 to -0.46 0.27

ABC: Activities of Balance Confidence
DV: Dependent variable
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Table 8-6. Multiple regression analysis of association between path velocity (DV), and

independent predictors with neck pain and controls (n=84).

. SE of
Path velocity as DV Regrggsmn Regression P Value 95% CI R?
coefficient o
coefficient
Model 1
NP X CVA -0.031 0.012 0.013 -0.055 to -0.007
Age 0.023 0.007 0.002 0.008 to 0.038
CVA 0.005 0.003 0.202 -0.002 to 0.013
Physical Activity 0.018 0.050 0.73 -0.088 to 0.125
Dix-Hallpike 0.292 0.114 0.012 0.066 to 0.518
NP 1.62 0.59 0.008 0.440t0 2.80
Weight 0.009 0.003 0.004 0.003 to 0.0149
Flexors 0.0007 0.0007 0.286 -0.0006 to 0.002 0.50
Model 2
NP X Hallpike 0.462 0.198 0.022 0.067 to 0.857
Age 0.026 0.009 0.005 0.008 to 0.044
CVA -0.004 0.005 0.428 -0.015 to 0.006
Physical Activity 0.077 0.055 0.166 -0.033t0 0.186
Dix-Hallpike 0.032 0.103 0.752 -0.172t0 0.234
NP 0.196 0.096 0.044 0.006 to 0.387
Weight 0.011 0.003 0.005 0.008 to 0.044
Flexors 0.0004 0.0007 0.005 0.008 to 0.044 0.47
Model 3
NP X Age 0.035 0.015 0.021 0.005 to 0.065
Age 0.010 0.008 0.205 -0.006 to 0.026
CVA -0.002 0.005 0.736 -0.012 to 0.008
Physical Activity 0.056 0.052 0.281 -0.047 t0 0.159
Dix-Hallpike 0.214 0.114 0.006 -0.013 t0 0.441
NP 0.241 0.085 0.006 0.073t0 0.410
Weight 0.010 0.003 <0.001 0.005 to 0.015
Flexors 0.0006 0.0006 0.331 -0.0006 to 0.002 0.49
Model 4
NP X Physical Activity 0.265 0.109 0.017 0.048 to 0.482
Age 0.028 0.008 0.001 0.013to0 0.044
CVA 0.0003 0.005 0.948 -0.009 to 0.010
Physical Activity -0.016 0.055 0.770 -0.125 to 0.093
Dix-Hallpike 0.323 0.119 0.008 0.086 to 0.560
NP -0.612 0.347 0.082 -1.303 to 0.079
Weight 0.010 0.003 0.001 0.004 to 0.016
Flexors 0.0007 0.0007 0.310 -0.0007 to 0.002 0.48

CVA: Craniovertebral angle
DV: Dependent variable
NP= Neck Pain
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8.7 Discussion

This study explored the associations between cervical spine impairments with static
and dynamic postural control measures in older adults with and without idiopathic NP.
Stepwise multivariate regression analysis demonstrated that greater forward head posture
and a positive Dix-Hallpike test, greater age and physical activity are associated with
increase postural sway (p<0.05) and higher dizziness handicap, fear avoidance (Pfacts) and
greater age are associated with reduced dynamic postural control (p<0.05) in the NP group.
Further, moderation analysis revealed that NP significantly moderated the relationship
between path velocity and 4 variables- forward head posture, a positive Dix-Hallpike test,
age and physical activity.

Reviewing the literature, we were unable to find any studies that comprehensively
investigated the factors associated with postural control in older adults with idiopathic NP.
Our study revealed that, amongst all the cervical impairments considered, only FHP was
associated with static postural control. Interestingly, moderation analysis results
demonstrated that NP moderated the relationship between FHP and static balance. In other
words, this relationship exists only in the presence of NP and did not hold true for the healthy
controls. Further, a similar pattern of results was observed for three covariates: a positive
Dix-hallpike test, age and physical activity. In this sample of older adults, a positive response
to the Dix-hallpike test, being older and being more active were significant predictors of
increased CoP velocity in static standing with eyes closed in the NP group but not in the
healthy group. Our results suggest that altered postural control in older adults with NP is not
merely a matter of identifying specific local cervical spine impairments. Rather these
changes may be a complex function of delicate interplay between afferent and efferent

mechanisms.

8.7.1 Static postural control

8.7.1.1 Forward head posture

It is biologically plausible that assuming a greater forward head posture may affect the
postural alignment by displacing the body’s centre of mass anteriorly and consequently
imposing a perturbing influence on postural sway. However, this biomechanical factor
cannot adequately explain the effect of forward head posture on static postural control
because this relationship did not exist in the healthy controls. Importantly, there were also
no statistically significant differences in forward head posture values between NP and

control groups (p>0.05). This result is consistent with that of Silva et al. (2009) who found
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no statistical differences in forward head posture between non-traumatic NP and healthy
controls in adults (age range 51-68 years). Our study provides circumstantial evidence of
the link between head posture and postural control and it may explain why previous research
failed to find any effect of FHP on static postural control in healthy controls (Silva & Johnson,
2013), because our results indicate that NP moderated this relationship. On the other hand,
another study performed in healthy computer workers demonstrated significant associations
between forward head posture and static and dynamic balance as measured by the
NeuroCom (Kang et al., 2012). This study unfortunately measured the craniovertebral angle
of the participant in sitting after 2 hours of computer work (which reflects dynamic control of
spinal posture) as opposed to the current study, where craniovertebral angle was measured
in standing and therefore their results may not accurately represent the true physiological

responses of the effect of forward head posture on postural sway in standing.

8.7.1.2 Kyphosis and Lordosis

On the other hand, thoracic kyphosis and lumbar lordosis did not demonstrate any
association with both static and dynamic postural control. Contrasting our results with
studies that found increased kyphosis was associated with greater postural sway and
dynamic balance measures (Katzman et al., 2011; Lynn et al., 1997), it may be reasonable
to speculate that the degree of kyphosis in this group of adults was not severe enough to
significantly influence postural control. However, our results is consistent with previous
studies which found that thoracic kyphosis is not associated with postural control impairment
(Eum et al., 2013; Greig et al., 2007). Another possible explanation may be that the effect
of spinal curvature on postural control may be more complicated than initially envisaged.
Previous EMG studies revealed that the level of muscle activity of the extensor back muscles
was different depending on the combinations of thoracolumbar and lumbar curves (Claus et
al., 2009), and lumbar extensor muscle fatigue has been associated with postural sway
(Davidson et al., 2004). Rather than merely focusing on individual segments of the spine,
future research may need to explore the complex interaction between spinal segments on
postural control.

One may question why FHP, not thoracic kyphosis influenced postural control in NP?
Theoretically, FHP may have a greater potential to alter cervical spine proprioception than
thoracic kyphosis. Although our study results did not demonstrate any differences between
NP and controls in JPE in cervical rotation, we did not measure JPE in the sagittal plane (ie.
cervical flexion and extension). It may be possible that the JPE is altered in the sagittal plane

affecting postural sway in standing. Alternatively, it may be plausible that poorer endurance
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of the neck extensor muscles in NP mediated the relationship between FHP and postural
sway. Our results demonstrated that the NP group had a trend towards a lower neck
extensor muscle endurance compared to the controls (180 sec in NP, 241 sec in controls,
p=0.052) and previous research has demonstrated the effect of neck muscle fatigue on
postural control. As mentioned, in chapter 8 (study 6), it may be possible that this study was
limited by the mild to moderate nature of NP and therefore unable to demonstrate direct
effects of neck muscle endurance on postural control but may have an indirect influence on
postural sway via FHP. Future research should consider evaluating the mediating effects of
JPE in the sagittal plane and muscle fatigue on FHP and postural control and recruiting

subjects with greater pain and disability.

8.7.1.3 Joint position error and neck muscle fatigue

Contrary to our hypothesis, cervical spine impairments of joint position error and neck
muscle fatigue were not associated with any postural control measures (p>0.05). Whilst
overall altered JPE is seen to be consistently associated with NP (Cheng et al., 2010;
Kristjansson et al., 2003; Sa & Silva, 2017), this is not always demonstrated (de Vries et al.,
2015; Grip et al., 2007; Sjolander et al., 2008; Uthaikhup et al., 2012). Given that the
threshold for abnormal joint position error is known to be 4.5° (Revel et al., 1991), the mean
values in the current study (2.7°-3.4°) suggest that JPE was not a significant finding in most
participants. Although we had no previous study with the same population of older adults
with idiopathic NP to compare with, joint position error of the cervical spine in patients with
whiplash was also not highly correlated with reduced postural control (Treleaven et al.,
2003). It may be possible that the measurement of conscious proprioception of JPE is not
relevant for unconscious measures such as balance (Rdijezon et al., 2015). An alternative
explanation for the lack of significant findings in JPE in older adults in the NP group may be
that the levels of pain and disability reported in this group were not high enough to elicit
deficits in proprioception in the cervical spine. Although deficits in JPE generally exist in
idiopathic NP, there are some inconsistencies reported in the literature showing some
studies demonstrate positive findings but some don’t (de Vries et al., 2015; Stanton et al.,
2016). Nevertheless, we think that the JPE measures used in this study is sufficient to detect
differences between idiopathic NP and control groups (Chen & Treleaven, 2013). Table 8-1
shows that there are statistical differences between groups (p=0.045) but this difference
may not be clinically significant for the reasons stated above.

Likewise, cervical spine flexor and extensor muscle endurance were not associated

with postural control, contrary to our expectations. Interestingly, both neck flexor and
129



extensor muscle endurance did not differ significantly between older adults with and without
NP in this study. Our study was consistent with previous studies which did not find any
significant differences in neck flexor (Wirth et al., 2014) and extensor (Edmondston et al.,
2011) muscle endurance between those with and without NP. This is in contrast to other
studies who found that adults with NP demonstrated reduced neck flexor (Martins et al.,
2017) and extensor endurance (Lee et al., 2005) in people with NP compared to healthy
controls. It is unclear why there are discrepancies in the literature. Some authors have
suggested that the large variability of test performance may influence the results
(Edmondston et al., 2011). It may also be possible that our sample of older adults could be
subjected to participation bias. Given that endurance tests are highly influenced by the level
of motivation of the individual (Moreau et al., 2001), it may be possible that our sample
population included older adults who were more motivated compared to the general
population with NP. Similar to JPE, these tests of muscle fatigue were perhaps not a specific
measure of proprioception and further research may consider using vibration of targeted
cervical muscles (Beinert et al., 2015) to stimulate the muscle spindles of the cervical spine
or electromyography (Stapley et al., 2006) to determine the effects of altered proprioception
and postural control in older adults with idiopathic NP. In addition, it may also be possible
that the lack of group differences in neck muscle endurance tests was due to the mild to
moderate nature of pain and disability in the NP group.

From a methodological perspective, we selected the population of idiopathic NP and
excluded those with trauma such as whiplash so as to limit the influence of trauma related
vestibular deficits on postural control. However, in this group of idiopathic NP, impairments
are less and not always identified. As such, it is likely that this group of older adults with
idiopathic NP did not demonstrate great deficits in postural control, perhaps due to the
stringent recruitment criteria applied. Thus it was difficult to find clear associations between

impairments and postural control measures.

8.7.1.4 Dix-Hallpike

Regarding the association between a positive Dix-Hallpike test and standing postural
sway in older adults with NP, we were surprised at this finding because these older adults
with NP had a positive response to Dix-Hallpike test did not report any a current history of
BPPV or neurological diseases, nor did they exhibit any symptoms of dizziness that affected
their daily function. Interestingly this association was only true for the NP group, despite a
similar number of subjects in the healthy control group having a positive response to the

Dix-Hallpike test. Itis unclear at this stage whether the criteria used in our study for a positive
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response to the Dix-Hallpike ie any positional nystagmus (regardless of the direction or
fatigue) and/or symptoms evoked, indicates an early manifestation of disease onset via
disruption of central pathways (Macdonald et al., 2017) or peripheral vestibular hypofunction
(Buttner et al., 1999). Even though there is no literature to support or refute our findings,
this is an interesting discovery that may contribute to the understanding of the mechanisms
underpinning NP-related postural control deficits. Noteworthy, we acknowledge that
because our findings were based on a very small number of subjects with positive Dix-
Hallpike test (5 in NP group and 4 in the control group), it is difficult to make conclusive

inferences and clearly points to further research in this area.

8.7.1.5 Age

Similarly, age was only a significant predictor of static postural sway in the presence
of NP but not in the control group in our study sample. The results of our study is consistent
with the experimental evidence of Patel et al (2010) where the authors found a significant
change in movement coordination patterns in older adults when vibrating the neck muscles
but no change was observed in the young adults. The authors interpreted these findings to
indicate that postural control was more challenging for the older adult as compared to the
young adult during disturbance of the neck proprioceptors. Accordingly, these findings may
explain why age had a significant effect on postural control only in the presence of NP and
not in the control group. In contrast, previous study comparing postural control in older adults
with and without NP did not show significant differences in age between the 2 groups (Poole
et al., 2008). However, this study did not comprehensively examine the associations of
multiple variables of postural control in individuals with and without NP and therefore cannot

be directly compared with the results of our study.

8.7.1.6 Physical Activity

Our results indicate that the level of physical activity was positively associated with
postural sway in static standing. This was counter-intuitive as a previous study has shown
that sedentary older adults had increased postural sway compared to active older adults,
(Prioli et al., 2005) and we thought that people with NP would either show no difference in
physical activity levels compared to healthy adults (as per study 7) or reduced levels. In our
analysis, we detected 2 outliers that skewed the data and the association between CoP
velocity and the level of physical activity became insignificant when these 2 outliers were
removed. Perhaps this unexpected finding is a consequence of participation bias and may

not truly reflect the association between the level of physical activity and postural sway in
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the general population of older adults with NP. On the other hand, it is possible that the
magnitude of postural sway may not a good reflection of postural control. Previous study
has suggested that an increase in postural sway may be an exploratory strategy used by
the CNS to gain information about the environment, rather than a manifestation of impaired

postural control (Carpenter et al., 2010).

8.7.1.7 Mechanisms underpinning postural control deficits in neck pain

An intriguing question that remains unsolved is the underlying mechanisms
underpinning postural control deficits in older adults with NP. Bringing all the results
together, it is conceivable that a likely explanation for our findings is that NP induced postural
deficits are not just a result of specific cervical spine impairments at a peripheral level but a
sensorimotor mismatch in the integration of sensory inputs (Treleaven, 2008). It may be
possible that sensory integration at the central level is compromised as a result of
deterioration of proprioceptive input from the cervical spine. This is biologically plausible
given the intricate anatomical central and reflex connections the cervical spine afferents
have with the vestibular, visual and central nervous systems (Treleaven, 2008). Specifically,
it has been suggested that damaged cervical joint receptors in the upper cervical spine
results in abnormal afferent input to the vestibular nuclei of the brainstem, and potentially a
cause of cervicogenic dizziness (Ryan & Cope, 1955).

Although there is currently no research available (to our knowledge) to support this
postulation, a recent neuro imaging study demonstrated an indirect link between decreased
integrity of the superior cerebellar peduncle and proprioceptive sensory data processing in
individuals with low back pain (Pijnenburg et al., 2014). In this study, the authors showed
that compared to healthy controls, individuals with chronic low back pain had significantly
reduced integrity of the superior cerebellar peduncle, and this was associated with an
increased standing CoP postural sway post vibration to the triceps surae muscles. The
results imply an increased reliance on ankle muscle proprioceptive signals and therefore a
weaker proprioceptive weighting capacity. As such, it is possible that individuals with NP
may have proprioceptive deficits as a result of peripheral and central changes.
Consequently, any compromise to the efficiency of the other elements involved in the
postural control system such as subclinical vestibular hypofunction or subclinical central
degradation, increased age or a change in head posture may result in increased postural
sway. However, future research with a focus on neuro-imaging in NP and postural control

deficits is warranted to confirm this proposition.
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Another suggested theory to explain NP-related postural control changes include a
neurovascular hypothesis where the degenerative changes in the cervical spine could cause
mechanical irritation of the sympathetic plexus surrounding the vertebral arteries, in turn
producing reflexive vasoconstriction in the vertebrobasilar system resulting in symptoms of
disequilibrium (Barré, 1926). However, these theories remain to be proven and point to a
need for more research to be done to understand the mechanisms underpinning NP related
postural control deficits.

8.7.2 Dynamic postural control

As previously stated, dizziness, fear avoidance and greater age in older adults with
NP were associated with reduced dynamic balance. These findings are important as it
implies that older adults with NP who demonstrate dizziness and high fear avoidance may
be at a higher risk of falls. Our study results are analogous to previous findings which
showed that suffering from neck or back pain and anxiety were significant mediators of the
relationship between dizziness and falls (Menant et al., 2013). It is possible that dizziness
experienced by the older adults with NP in this study may be due to sensory conflicts
between the cervical spine and vestibular afferents (Hikosaka & Maeda, 1973) which in turn
increased their fear of movement. Further, previous study showed that the efficiency of
postural regulation diminishes with age (Maitre & Paillard, 2017). Our study provides a basis
for future interventional studies to determine whether addressing the anxiety of the fear of
neck movements and treating the cervical spine dysfunction will improve dynamic postural
control and potentially reduce the risk of falls. Noteworthy, dizziness is a symptom often
related to NP (Magnusson & Malmstrom, 2016) and treatment directed at musculoskeletal

deficits may be needed to help reduce dizziness (Malmstrom et al., 2007).

8.7.3 Wavelet analysis

When considering results of the wavelet analysis, consistent with the opinion of
Maitre et al. (2013) (Maitre & Paillard, 2017), age was positively associated with the CoP
velocity within the moderate frequency. However, it is difficult to meaningfully interpret the
rest of the results of the wavelet analysis as our results did not give clarity or give further
insights to the complex mechanisms that underlie postural control deficits in NP. It may be
possible that wavelet analysis may not be an effective means to enhance our understanding

of postural control mechanisms in the NP population studied here.
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8.8 Implications

Our study results have several important clinical and research implications. Firstly,
given that testing for BPPV is currently not a routine practice in the management of NP,
especially when patients do not complain of ongoing symptoms, therapists may want to
consider testing for BPPV in older adults with NP. This would be particularly important
especially for those who have known vestibular problems. More research is needed to better
understand how a positive Dix-hallpike test in asymptomatic BPPV influences postural
control in older adults with NP. Secondly, interventional studies are also needed to
determine if addressing forward head posture in older adults with NP and treatment of
vestibular hypofunction will improve postural control. Thirdly, given the results of the study,
therapists ought to be alerted when NP patients present with some form of dizziness, have
signs of the fear of movement and are advanced in age as these patients may be at risk of
reduced dynamic balance and hence be predisposed to falls. Fourthly, given the complex
nature of postural instability in older adults with NP, the findings of this study raise the
guestion of whether specific postural control exercises may be needed to address altered
postural control in older adults with NP (Beinert & Taube, 2013). Lastly, an important
implication of this study is the potential role the central nervous system plays in influencing
postural control in older adults with NP and points to the need for neuro-imaging research
to be done.

8.9 Limitations

The findings of this study need to be interpreted in the context of its limitations. First,
this study is cross-sectional in nature and therefore cannot infer causation. Second, even
though the vestibular tests selected were clinically relevant, they did not have the precision
that is required to detect subtle deficits in eye movement and may result in under reporting
of vestibular impairments. Third, because we chose to use very strict criteria to recruit older
adults with NP and excluded those with other significant physical issues such as other
musculoskeletal disorders and vestibular dysfunction, the distribution of the patients in our
study may not reflect the general population of older adults who potentially may demonstrate
multiple concurrent comorbidities. Fourth, the physical activity questionnaire used in this
study has not been validated in older adults with NP and might not be sufficiently sensitive
to reflect different physical activity levels of these older adults. Future studies ought to
include more details in validated physical activity measures in older adults with NP. Lastly,

as an exploratory study, our results demonstrated a modest number of participants that were
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tested positive in Dix-hallpike: 5 in the NP group, and 4 in the control group. Future studies

might consider replicating the study in larger sample size.

8.9 Conclusion

In conclusion, this study identified the factors associated with static and dynamic
postural control in older adults with NP. The results showed that greater forward head
posture angles, testing positive on the Dix-hallpike manoeuvre, being of advanced age and
higher levels of physical activity are associated with greater postural sway in static standing.
Further, greater dizziness disability, fear of movement and age are associated with poor
dynamic postural control. Our study suggests that the mechanisms underpinning postural
control deficits in NP are complex and provides a basis for future studies to explore the role
of the central nervous system and its integration of somatosensory input in maintaining

postural stability in older adults with NP.
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Chapter 9: Summary and implications of findings, future research

directions and conclusions

The overall objectives of this thesis were to i) explore new measurement tools and
technique related to cervical spine impairments and postural control that may be potentially
useful in research and in the clinical setting (studies 1 to 3) and ii) to better understand the
mechanisms underpinning NP-related postural control deficits in older adults (studies 4 to
6). This chapter aims to bring together the work of this thesis and to integrate the findings to
a broader context.

9.1 Brief summary of the findings of each study

Study 1 (chapter 3) investigated the validity and reliability of an Android smart phone
to measure cervical spine range-of-motion in sitting in healthy adults. The results
demonstrated that an Android phone is valid and reliable to measure cervical range-of-
motion for the sagittal plane (ie. flexion and extension) and the coronal plane (ie. lateral
flexion) but not the transverse plane (ie. rotation). This study implies that an Android phone
may not be useful to measure cervical range-of-motion in both clinical and research
purposes where movements involving rotation in sitting are required.

Study 2 (chapter 4) assessed the validity and reliability of the Microsoft Kinect for
measuring thoracic kyphosis. The findings show that the Microsoft Kinect is valid and reliable
to measure thoracic kyphosis. Given the ease of use and relative affordability, the Microsoft
Kinect may have the potential to facilitate the routine evaluation of thoracic kyphosis in the
clinical setting. Future research may consider developing advanced software programs to
improve the speed of calibration and faster processing time to help facilitate the ease of use
and speed of obtaining thoracic kyphosis measurements for clinical use.

Study 3 (chapter 5) examined the intra-rater reliability of the Nintendo Wii Balance
Board to measure hallux flexor muscle strength. The results of the study demonstrate that
this new method reliably measures hallux flexor strength and has the potential to be useful
in the context of research and clinical practice. This study demonstrates that there is great
potential for the Nintendo Wii Balance Board to be used in a wider scope, and calls for future
studies to explore strength testing in other muscle groups.

Study 4 (chapter 6) explored possible mechanisms of standing postural control using

novel analytical techniques of time-frequency (wavelet analysis) and complexity (sample
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entropy) in older adults with and without NP. This study highlighted the potential use of
wavelet analysis to reveal new insights into postural control mechanisms. Specifically, the
results showed an increased sway signal within the very low frequency band (0.1 to 0.39
Hz) and a decrease in sway signal within the moderate frequency band (1.56 to 6.25 Hz) in
older adults with NP compared to healthy controls. Given the physiological associations of
the centre-of-pressure signal movements of the very low and moderate frequencies with the
vestibular system and muscular proprioceptive input respectively, it is postulated that
because older adults with NP demonstrated a diminished ability to recruit the proprioceptive
system compared to the healthy controls, they recruited the vestibular system for postural
stability. On the other hand, sample entropy results did not allow for meaningful conclusions
to be made.

Study 5 (chapter 7) sought to understand the mechanisms underlying postural control
deficits associated with NP by comparing visual, vestibular and lower limb function as well
as the level of physical activity between older adults with and without NP. This study also
explored the use of wavelet analysis to gain further insights into these mechanisms. The
findings reveal that there were no differences in visual, vestibular and lower limb function
and the level of physical activity in older adults with NP compared to the healthy controls.
The results of this study suggest that postural control changes in NP are likely due to altered
cervical proprioceptive input to the sensorimotor system and its associations with the
cervical spine. Wavelet analysis demonstrated sensory reweighting but further research
needs to be done to better define the physiological significance of the CoP signal content
within the frequency bands.

Study 6 (chapter 8) identified the factors associated with static and dynamic postural
control in older adults with NP. The findings of the study demonstrated that greater forward
head posture angles, exhibiting a positive response on Dix-hallpike manoeuvre, being of
advanced age and higher levels of physical activity are associated with greater postural
sway in static standing. In addition, greater dizziness disability, fear of movement and age
are associated with poor dynamic postural control. The results of this study suggest that the
mechanisms underpinning postural control deficits in NP are complex. Moreover, it
highlights a need for future studies to explore the role of the central nervous system and its

integration of somatosensory input in maintaining postural stability in older adults with NP.
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9.2 Implications of this thesis for the use of commercially-available technology in
assessment in research and clinical practice

Performing accurate and reliable objective measurements in the research and clinical
settings are often limited by the availability and accessibility of resources and measurement
tools. This thesis explored the validity and/or reliability of three new methods to measure
impairments associated with cervical spine and postural control that are not routinely
assessed objectively because of reasons such as practicality, cost and accessibility.
Specifically, the Android phone application was developed to measure cervical range-of-
motion, the Nintendo Wii Balance Board application was developed to measure the hallux

flexor strength and the Microsoft Kinect was assessed to measure thoracic kyphosis.

9.2.1 The Android phone application

The results of study 1 showed that the Android phone is only valid and reliable to
measure cervical range-of-motion in the sagittal (ie. flexion and extension) and coronal
planes (ie. lateral flexion) but not in the transverse plane (ie. rotation) in sitting. It is
interesting to note the reliability of the 3DMA was not particularly good for rotation range-of-
motion measurements. As mentioned in study 1, it was not possible to determine whether
the poor reliability results of the 3DMA were due to intra-day subject variation or equipment-
related measurement error. If it was the former reason, it would explain the poor reliability
results for the phone. If it was the latter, the phone reliability results would not be affected,
Given that the results of our study is consistent with that of the previous study (Tousignant-
Laflamme et al., 2013), which also demonstrated poor reliability results for cervical rotation
range-of-motion using the iphone, it is highly likely that the poor reliability results for cervical
rotation measurements are influenced by magnetic field interference. Therefore, it may not
be a useful tool for therapists and researchers for cervical range-of-motion evaluation since
rotation range-of-motion forms a significant part of the assessment in cervical spine
disorders. Alternatively, the Android phone may be useful if cervical rotation ROM testing is
done in supine, since cervical rotation ROM measurement performed in this position does
not depend on the magnetometer. However, the supine position may not be functional.
Therefore, it is because of this reason that we did not use the Android phone to assess the
cervical range-of-motion in studies 5 & 6. However this application may be useful for some
situations, particularly where rotation measurement in sitting is not crucial. Future studies
are warranted to determine if the Android phone is valid and reliable to measure cervical

rotation ROM in the supine position.
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Practically, we made minor modifications to a bicycle helmet in testing to affix the
phone firmly. This could be easily done in clinical practice. We also used a customised APP
to measure range of motion. While this was accurate and simple to use, it is not readily
available to all therapists. The development of technology needs to be accompanied by a
translation plan to permit clinicians to access and use the latest versions of data collection

programs.

9.2.2 Nintendo Wii Balance Board

The Nintendo Wii Balance Board application reliably measures hallux flexor strength
and shows great potential for future research and clinical use. Moreover, the Nintendo Wii
Balance Board application is inexpensive and straightforward to set up. Consequently, the
Nintendo Wii Balance Board was used in studies 5 & 6. However, one criticism of testing
the big toe strength with the subject in sitting is that this position may not be directly
applicable to standing postural control. The sitting position was selected as part of the setup
using the NWBB because the setup allowed minimisation of compensatory strategies from
the ankle and the trunk, which would not be possible to detect if the test was performed in
standing. Moreover, toe flexor muscle strength tests performed in a non-weightbearing
position in another study was sufficient to demonstrate that the ability to generate force from
the hallux and second toe flexor muscles was associated with the incidence of falls in the
elderly (Mickle, K. J. et al., 2009).

More studies need to be completed using the Nintendo Wii Balance Board application
on populations with balance and foot problems. Furthermore, given that the Nintendo Wii
Balance Board is accurate and reliable using embedded load cells to measure force output,
this study serves as a platform for future studies to explore strength testing in other body
parts.

Practically, to be reliable, we constructed a customised frame linked to the chair and
the Nintendo Wii Board to ensure repeatable isolated movements that minimised the ability
to compensate with other muscle groups. This would need to be constructed or replicated
in a similar manner by therapists to ensure similar levels of repeatability. Noteworthy, the
customised software is freely available -- http://www.rehabtools.org/strength.html and the

time taken for strength measurement including the set up takes no more than 10 minutes.

9.2.3 Microsoft Kinect
Lastly, compared to the flexicurve, the Microsoft Kinect is valid and reliable to
measure thoracic kyphosis. The flexicurve is cheaper than the Kinect, is portable and easy

to use. However, obtaining the results is not instant like the Kinect and a substantial greater
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amount of time and effort is needed to process the data for the flexicurve compared to the
Kinect. Given its relative affordability and ease of use, the Microsoft Kinect may enhance
the routine evaluation of thoracic kyphosis, especially important in the older population.
Please see table 9.1 for the comparison between flexicurve and the Microsoft Kinect. This
study forms the basis for future study to consider assessing the validity of the Microsoft
Kinect against the gold standard of radiological images. Even though the findings of this
study support the use of the Microsoft Kinect to measure thoracic kyphosis in studies 5 & 6,
we decided to use the flexicurve instead for good reasons. The Kinect would have been
ideal if data collection was contained within the laboratory as it would not require repeated
calibration as long as the position of the Kinect did not change. However, due to the nature
of the research, data collection also involved going to participant's homes which we
anticipated would significantly add to the total length of research testing time, hence
increasing the risk of fatigue for the participant. Moreover the Kinect needs a power supply
and this may be a problem in some homes depending on the home set up. Therefore, all
things considered, we decided not to use the Kinect for study 6. Nevertheless, given the
advantages of immediate availability of results, easy access and storage of the data
electronically and the potential for remote distance assessment, incorporating technology

into physiotherapy practice may enhance clinical practice.

Table 9-1 Comparison between the Flexicurve and the Kinect

Flexicurve Kinect
Portability Light and portable Portable but more bulky
compared to flexicurve
Affordability Extremely affordable US$15 Fairly affordable US$150
Power source needed No Yes
Calibration needed No Yes, 5 minutes
Processing time Significantly greater than Very minimum, 30 seconds

Kinect, 20 minutes
Software needed No Yes
Overall ease of use Fair Very good

9.2.4 Limitations
A major limitation of these studies that explored technology is that only healthy

participants were examined, hence restricting the generalizability of the results.

140



Consequently, future studies ought to consider replicating the studies in older adults with
NP and other populations of interest.

It must also be noted that the systems used as part of this thesis will not be around
forever. The Nintendo Wii Balance Board is becoming harder to purchase new, and does
not appear to be in the future plans of Nintendo. The Microsoft Kinect is now considered a
failure from a sales standpoint and smartphones evolve every year. However, even if these
systems become obsolete in the near future the findings of this thesis indicate that there

may be a role for low cost technology in the assessment of NP-related physical function.

9.3 Implications for understanding mechanisms underpinning postural control
deficits in older adults with NP

Static and dynamic postural control deficits are consistently more pronounced in older
adults with NP when compared to healthy controls (studies 4 and 5). This implied alteration
in postural control associated with NP is complex and cannot be explained simply by
examining the differences in function or impairments between older adults with and without
NP (study 5). Rather, the findings of studies 5 & 6 suggest that altered postural control may
not be a result of a single variable but more likely an interaction of multiple factors.
Furthermore, these postural control deficits may not be viewed merely from a peripheral or
spinal perspective but should also be considered from a supra-spinal perspective. However,
no neuro-imaging research has been done in this area and future studies are required to
validate these postulations.

It is not possible to establish if postural control deficits were a consequence of the
multiple factors identified in study 6 or that these factors such as our criteria used for a
positive response to Dix-hallpike test, forward head posture or dizziness were present prior
to the changes in postural control. Further investigations including longitudinal studies are

warranted.

9.4 Implications of this thesis for the use of wavelet analysis

It is unclear which method of calculation and the exact frequency band ranges most
accurately reflects the physiological reality of systems representation in postural control.
Study 4 used proportions and study 5 incorporated both proportions and absolute values.
The results of study 4 demonstrated a lower proportion of moderate frequency content (1.56
to 6.25Hz) in the CoP signal and a higher proportion in the very low frequency band (0.1 to

0.39 Hz) in older adults with NP compared to the healthy controls. Noteworthy, the use of a
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percentage is essentially converting the data into a ratio between the different bands, which
has numerous flaws including obtaining the same value if the sway in each band goes up
proportionately. A potential issue with this is that the majority of the signal occurs in the
higher frequency bands, with little occurring in the lower frequency bands, and therefore a
ratio method may mask the true findings if small but important changes are occurring in the
lower frequency bands.

On the other hand, study 5 showed a higher CoP velocity signal in the moderate
frequency (1.56 to 6.25 Hz) and lower in the low frequency band (0.39 to 1.56 Hz). It is
important to note that the methods of calculation are different in studies 4 and 5 for the
reasons stated above. However, when we analysed our results using proportion in study 5
(same method used in study 4), we did not obtain consistent results with that of study 4.
Further, even though various authors have suggested physiological links that the CoP
signals in the lower frequencies are associated with visual (Chagdes et al., 2009) and
vestibular (Oppenheim et al., 1999) activities and that the higher frequencies are associated
with the muscular proprioceptive (Lacour et al., 2008; Paillard et al., 2002) and central
nervous system (Paillard et al., 2002) activities, apart from the ultralow frequency (<0.1 Hz)
(Chagdes et al., 2009) there is currently no definitive empirical evidence that exists to
validate these assertions. Given the paucity of evidence and the inconsistent results in
studies 4 and 5, it may be premature at this stage to propose firm conclusions regarding the
usefulness of wavelet analysis in revealing mechanistic insights into postural control in this

population. More research clearly needs to be done.

9.5 Clinical implications for older adults with NP

Current treatments of NP in older adults do not focus on the assessment and
management of postural control. These studies suggest that older adults with NP
demonstrate altered postural control in standing with eyes open (studies 4 & 5), reduced
dynamic balance ability as measured with the clinical balance tests of the TUG and the DGI
(studies 4 & 5) and lower balance confidence (study 5) compared to healthy controls. The
average DGI performance in both studies for people with NP was at a level that placed these
adults at risk of falling. As such we would recommend that clinicians consider adding the
DGl to their assessment routine for people with NP, particularly if they are concerned about
possible postural instability or an increased risk of falls in their patient.

We suggest that Dix-hallpike manoeuvre form part of the cervical spine assessment
even in the absence of any symptoms of dizziness. A positive response to the test

(nystagmus regardless of direction or pattern in addition to symptoms of dizziness or
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nausea) should indicate further assessment. Further, a combination of high fear of
movement and symptoms of dizziness in older adults with NP may call for a need for
individualised fall risk assessment and management.

The results of the thesis imply that craniovertebral angle may be considered as a
predictive measure of postural instability (increased sway) in quiet standing in older adults
with NP. It is notable that many cervical spine impairments were not predictive of reduced
postural control in standing. For a complete assessment, these impairments may be present
in older adults with NP and therefore important to be assessed to ascertain the levels of

ability, but in this study, it was not related to postural control.

9.6 Methodological implications
Although the strengths and limitations of each study have been mentioned within the
respective chapters, this section gives an overview of some important issues that require

consideration.

9.6.1 Selection of participants

All recruitment and data collection was completed by a single assessor (JQ).
Although there are advantages to this approach, specifically removing inter-rater
measurement error, a limitation of this approach is the possibility of bias as the investigator
could not be blinded to group allocation (NP vs healthy controls). A strength of the research
design was that a strict criteria was employed during the recruitment process to eliminate
any potential confounders. In particular, many older adults with significant musculoskeletal
pain such as back and lower limb pain, traumatic NP and vestibular problems were
excluded. As a result, the findings of the thesis may be limited only to relatively healthy older
adults with and without NP and cannot be generalized to the broader population of older

adults or to all older adults with NP.

9.6.2 Sample size and data analysis

In study 5, the a priori sample size calculation based on two-tailed hypothesis using
Cohen’s d = 0.5, alpha = 0.05 was 64 per group. Our sample of 35 in the NP and 49 in the
control groups were unfortunately below the targeted sample size. This was due to a couple
of reasons. First, it was very challenging recruiting older adults with minimal co-morbidities.
Further, we had to exclude many who had NP of traumatic origin and those with significant
co-morbidities because of their potential influence on postural control. We also had to

exclude several participants (12) that did not quite meet the criteria of both NDI of >11% and
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a VAS of at least 2/10. Consequently, a small sample size increases the chance of a type 2
error.

In study 6, an a priori sample size estimate of 70 subjects (in total including NP and
controls) was calculated based on conservative estimates using Cohen’s f2 method of effect
size determination (f2=0.2) and a maximum of 5 predictor variables to achieve 80% power.
Noteworthy, multiple regression models with a minimum of 10-15 observations per predictor
variable has been shown to reveal stable estimates (Babyak, 2004). In light of this evidence,
multivariate regression models in Tables 8-4 and 8-5 consisted of mostly 3 variables (one
model had 4 variables) for sample size of 35 (NP group) and 49 (control group) respectively.
In the moderation analysis in Table 8-6, there was a maximum of 8 predictor variables for a
sample size of 84. As it turns out, our a priori sample size calculation was conservative and
therefore we think that the sample size obtained for the purpose of this study was mostly

sufficient.

9.7 Future research directions

This section highlights a number of design issues that limit the interpretation and the
generalizability of our results. Due to the cross-sectional design of studies 4, 5 and 6, it is
not possible to infer causation of NP on postural control. Longitudinal prospective studies
on the influence of NP and associated impairments are needed to identify the causes and
contributors of postural control deficits in NP.

This thesis provides a first step towards bridging the research to practice (equipment)
gap and understanding the mechanisms underpinning NP induced postural control deficits.
With respect to the application of newly developed technology for both research and clinical
purposes, the Wii Balance Board application proves to be of great potential to be used as
an assessment tool to measure hallux flexor strength (study 3), an important muscle needed
to maintain postural stability in older adults (Mickle, K. J. et al., 2009). This study forms the
basis for more investigations to determine the inter-rater reliability and the ease of use in
the clinical setting. In addition, given that the Microsoft Kinect is shown to be valid and
reliable to measure thoracic kyphosis when compared to the flexicurve (study 4), more
investigation could be performed to validate the Microsoft Kinect against the gold standard
of radiological images as well as the inter-rater reliability to measure thoracic kyphosis. As
indicated earlier, future studies are needed to determine if mobile phones can be used to
accurately measure cervical spine rotation in other positions, as their ready availability could

make them a feasible tool to improve objectivity of clinical measures.
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Studies 4 & 5 provide a basis for future research to identify how best to use wavelet
analysis to facilitate understanding of postural control mechanisms. Specifically, more
research is required to bridge the translational gap between the specific frequency bands
and physiological domains in order to extract clinically meaningful data. Assessing postural
control under conditions where one system must be preferentially used could be a way to
verify the links between the energy in certain frequency bands and systems used in postural
control. For example, future research may consider using vibration to stimulate the muscle
spindles of targeted cervical muscles as it is thought to alter cervical spine proprioception
(Beinert et al., 2015). When this is performed with eyes closed in standing, sensory
information from the proprioceptive and visual systems is attenuated and reweighed to
engage more vestibular input for postural stability.

It can be implied that the mechanisms underlying NP postural control deficits are
complex (studies 5 & 6) and more research needs to be undertaken further to explore the
influence of cervical spine dysfunction on the vestibular system and how this impacts
postural control in older adults. Future research may consider recruiting young and older
adults with NP to further strengthen the preliminary evidence found in this study regarding
the impact of age on postural control in NP. Also, JPE in the sagittal plane and muscle
fatigueability ought to be assessed and the relationship with FHP and postural sway should
be further explored. Whether older adults with NP actually have a greater risk of falling than
their otherwise healthy counterparts is clearly an important issue, but would require high
numbers of participants to be adequately powered.

Clearly, there is a paucity of mechanistic research and more investigations are
required to understand the complex integration of the afferent and efferent mechanisms
involved in the maintenance of postural stability in older adults with NP. Understanding these
mechanisms will help researchers and clinicians to develop management strategies to
improve postural stability and potentially reduce risk of falls. Similar to the suggestion above,
developing studies where participants with NP are forced to use certain systems for postural
control may also assist in understanding the importance of individual systems for postural
control, and thus contribute to an understanding of underpinning mechanisms.

If our findings can be replicated in adequately powered studies, future interventional
studies (e.g. RCTs) could be warranted to determine if improving underlying impairments
such as forward head posture or vestibular function can improve postural sway, and if
reducing dizziness and fear of movement could increase dynamic stability in older adults
with NP. An ultimate study would be to investigate the effect of interventions to reduce the

risk of falls in older adults with NP.
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9.8 Conclusion

In conclusion, this thesis explored the use of newly developed technology to bridge
the research to practice gap and highlights the paucity of research in NP-related postural
control impairments. The results provide evidence to use the Wii Balance Board application
to measure hallux flexor strength, the Microsoft Kinect to measure thoracic kyphosis, and
the Android phone to measure cervical range-of-motion in the sagittal and coronal planes
sitting. In addition, it was found that static and dynamic postural control was altered in older
adults with NP compared to healthy controls. Greater forward head posture angles, a
positive Dix-hallpike test, being advanced in age and higher physical activity levels were
associated with increased static postural sway. Higher dizziness disability, fear of movement
and age were associated with poorer dynamic postural control. Overall, this thesis provides
evidence that the mechanisms underpinning postural control deficits observed in older
adults with NP are complex and highlights the need for extended investigation such as
neuro-imaging research to further understand the potential role the central nervous system
plays in the development and modulation of postural control impairment in this population.
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Appendix 2- URL Link to Study 2
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Appendix 3- URL Link to Study 3
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http://www.sciencedirect.com/science/article/pii/S0966636214000289

Appendix 5- URL Link to Study 5
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Appendix 7- Participant Information Sheet

PARTICIPANT INFORMATION SHEET

TITLE: The Influence of Cervical Spine Dysfunction on Postural Control.

LAY TITLE: The Influence of Neck Pain on Balance

INVESTIGATORS: June Quek
PhD Candidate, Division of Physiotherapy, The University of Queensland
Prof. Sandy Brauer
Division of Physiotherapy, The University of Queensland
Dr. Julia Treleaven
Division of Physiotherapy, The University of Queensland
Dr. Ross Clark
Australian Catholic University, Melbourne

1. Participant selection and purpose of the study

The aim of this study is to investigate how factors related to neck pain influences balance. It will help us
to understand the potential factors associated with balance deficits in individuals with neck pain. The
information gathered will direct further research in this area and ultimately help to guide the management
of this condition. You are invited to participate in this study.

2. Description of study and risks:
If you agree to participate in the study you will be asked to perform several tasks including:

[J Complete a form asking general personal details (e.g. date of birth, occupation, known medical
conditions), information about your neck pain, medications etc.

[J Complete questionnaires related to neck disability, falls, fear of movement, dizziness and physical
activity. These may be mailed to you before the testing session.

Stand on a balance board for 30 seconds with eyes open and eyes closed in comfortable and feet
together foot positions with and without vibration to the calf and neck muscles.
Perform basic walking tasks such as walking a short distance with and without head turns, climb steps
and step over small obstacles.

Read a chart to assess your vision, with and without the examiner moving your head.

Perform head movements while wearing a pair of goggles that have virtual reality games.

Perform neck, trunk and ankle movements in sitting and lying down.

Wear a pair of glasses connected to a computer and align a line to vertical by using a mouse.

Being tested on your ability to feel in your leg using a feather-like and vibration equipment.

Stand while a photo is taken from a side and back view to capture your posture. You will be asked to
expose your back. This will be done in a screened area and you will be given a gown to wear.

Sit on a chair to watch a 10-minute movie clip. At the end of the movie, you will be asked 3 questions
on the movie.

O oogooo o O
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L] Lie on your back with a light weight placed on your forehead. You will be asked to lift your head off
the bed by approximately 1cm and hold this position as long as you can. You will then be asked to lie
facing down, with your head off the bed. A light weight will be placed on the head and you will be
asked to hold the weight as long as you can.

(1 Perform eye movements while the examiner moves your head.

(] Keep your eyes open while the examiner assists you to move from a sitting position to a lying position
while supporting your head. This is one of the tests of vestibular function.

There are minimal risks associated with this study. All tests are non-invasive and tasks are not designed
to cause physical harm. Some participants may experience a small amount of pain or dizziness associated
with their condition and adequate rest periods will be provided to all participants upon request. All tests
will be terminated if participants experience severe pain or discomfort.

This study will last approximately 1.5-2 hours, for one session. The experiment will be conducted either
at your home, at a nearby hall/facility or at Therapies Building (84A) at The University of Queensland,
St Lucia Campus. We cannot and do not guarantee that you will receive any benefits from this study, but
the participant may have a greater appreciation of their balance, visual, vestibular and neck function. No
reimbursement will be provided for participating in this study.

Any information that is obtained in connection with this study and that can be identified with you will
remain confidential and will be disclosed only with your permission or except as required by law. If you
give us permission by signing the consent form, we plan to publish the results in international scientific
journals. In any publication, information will be provided in such a way that you cannot be identified. On
your request, a summary of the overall results and conclusions from the study will be available at the
completion of the study.

Your decision whether or not to participate will not prejudice your future relations with The University
of Queensland and its teaching hospitals. If you decided to participate you are free to withdraw your
consent and to discontinue your participation at any time without prejudice.

This study has been cleared by one of the human ethics committees of The University of Queensland in
accordance with the National Health and Medical Research Council's guidelines. You are of course free
to discuss your participation in this study with project staff at anytime:

June Quek contactable on 0431005641
If you would like to speak to an officer of the University not involved in the study, you may contact the

Ethics Officer on 3365 3924

You will be given a copy of this form to keep. We would like to thank you for considering participating
in the above mentioned study.
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Appendix 8- Participant Consent Form

PARTICIPANT CONSENT FORM

TITLE: The Influence of Cervical Spine Dysfunction on Postural Control.
LAYTITLE: The Influence of Neck Pain on Balance

INVESTIGATORS: June Quek
PhD Candidate, Division of Physiotherapy, The University of Queensland
Prof. Sandy Brauer
Division of Physiotherapy, The University of Queensland
Dr. Julia Treleaven
Division of Physiotherapy, The University of Queensland
Dr. Ross Clark
Australian Catholic University, Melbourne

1. 1, (PLEASE PRINT) hereby consent to take part in the
research project titled: “The Influence of Cervical Spine Dysfunction on Postural Control”.

2. T have read, understood and initialed the Information sheet and have received a copy, which I can
keep. The project, so far as it affects me, has been explained to my satisfaction. I freely consent to my
participation in the project.

3. The procedures have been explained to me, including the anticipated length of time the experiment
will take, the frequency with which the tasks and procedures will be performed, and an indication of
any discomfort or possible risks which may be expected. I understand that I will be asked to do tasks
and/or undergo the procedures (as described in detail in the Information sheet).

4. Although I understand that the purpose of this research is to improve the quality of medical care, I
understand that this is a research project and not a treatment program. My involvement may not be of
any direct benefit to me.

5. Tunderstand that I am free to withdraw from the project at any stage without penalty.

6. The information obtained in this experiment will be treated confidentially as no personal information
or results will be published in a way that the participant’s identity will be identifiable.

Signed: Name: Date:
(Participant)
Signed: Name: Date:
(Investigator)
Signed: Name: Date:
(Witness)
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Appendix 9- Participant Questionnaires

Date:

Name:

Address:

Contact number:

Personal Data and Demographics

Height: cm/feet Weight: kg/lbs

Gender: Male/Female (please circle) Date of

Ethnic Group
O Caucasian O Aboriginal & Torres Strait Islanders
O Asian O Others

What is your employment status?
O In full time paid work

O In part time or casual paid

work

O Not in paid work/retired

Medical History

[ Heart Disease O Diabetes O Liver Disease

3 High Blood Pressure O Ulcer or stomach disease [ Stroke/Neurological
O Anemia or other blood O Kidney disease [ Depression
disease

[ Back pain

O Others (list)

Please list the medication/s you are taking:

Have you experienced any falls over the past 1 year? If yes, how many times and when
was that?
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Physical Activity

1. Select the option that best describes the level of your physical activity in a typical week
during the last 12months such as walking or bicycling to the store or gardening.

A= No everyday activity

B= Activity at some time during the week

C= Activity several times a week

D= Almost daily or daily activity

2. Select the option that best describes the level of exercise done in a typical week during
the last 12months such as sport/open air activity

A= No activity

B= Very little activity

C= “Soft” activities such as walking at least once per week

D= “Hard” Activities such as jogging, swimming, or gymnastics at least once per week

E= “Hard” activities or competitions such as running or ball sports with regularity
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Activities-Specific Balance Confidence (ABC) Scale

For each of the following, please indicate your level of confidence in doing the activity without
losing your balance or becoming unsteady by choosing one of the percentage points on the
scale from 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 you hold on to someone, rate your confidence as if you were using these
supports. If you have any questions about answering any of these items, please ask the
therapist.

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

0% 10 20 30 40 50 60 70 80 90 100%
no completely
confidence 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? %
4. ...reach for a small can off a shelf at eye level? %

5. ...stand on tip toes 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. ...getinto or out of a car? %

10....walk across a parking lot to a 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 of an escalator while you are holding onto a railing? %

15...step onto or off of an escalator while holding onto parcels such that you cannot hold
onto the railing? %

16....walk outside on icy sidewalks? %
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Numeric Rating Scale

The following questions ask you to rate your neck pain on a scale from 0 (no pain) to 10
(worst possible pain). When answering these questions, think only of the pain you are
experiencing in relation to your neck. If you are currently taking pain medications, please
rate the pain according to how you think the neck will feel WITHOUT pain medications.

Select the number that best describes the worst neck (or neck related) pain you felt over the
last 24hrs

0 1 2 3 4 5 6 7 8 9 10

no worst pain
pain possible

Select the number that best describes the least neck (or neck related) pain you felt over the
last 24hrs

0 1 2 3 4 5 6 7 8 9 10

no worst pain
pain possible
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NDI: To be completed by patient

This questionnaire has been designed to give your therapist information as to how your
neck pain has affected your ability to manage in everyday life. Please answer every
guestion by placing a mark on the line that best describes your condition today. We realize
you may feel that two of the statements may describe your condition, but please mark
only the line which most closely describes your current condition.

Pain Intensity
| have no pain at the moment.
The pain is very mild at the moment.
The pain is moderate at the moment.
The pain is fairly severe at the moment.
The pain is very severe at the moment.
The pain is the worst imaginable at the moment.

Personal Care (Washing, Dressing, etc.)
| do not have to change the way | wash and dress myself to avoid pain.
| do not normally change the way | wash or dress myself even though it causes

some pain.

Washing and dressing increases my pain, but | can do it without changing my way of
doing it.

Washing and dressing increases my pain, and | find it necessary to change the way
| do it.

Because of my pain | am partially unable to wash and dress without help.
Because of my pain | am completely unable to wash or dress without help.

Lifting

| can lift heavy weights without increased pain.

| can lift heavy weights but it causes increased pain

Pain prevents me from lifting heavy weights off of the floor, but | can manage if they
are conveniently positioned (ex. on a table, etc.).

Pain prevents me from lifting heavy weights off of the floor, but | can manage light to
medium weights if they are conveniently positioned.

| can lift only very light weights.

| can not lift or carry anything at all.

Reading
| can read as much as | want to with no pain in my neck.
| can read as much as | want to with slight pain in my neck.
| can read as much as | want with moderate pain in my neck.
| can’t read as much as | want because of moderate pain in my neck.
| can hardly read at all because of severe pain in my neck.
| cannot read at all.
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Headache
| have no headache at all.
| have slight headaches which come infrequently.
| have moderate headaches which come infrequently.
| have moderate headaches which come frequently.
| have severe headaches which come frequently.
| have headaches almost all the time.

Concentration

| can concentrate fully when | want to with no difficulty.
| can concentrate fully when | want to with slight difficulty.
| have a fair degree of difficulty in concentrating when | want to.
| have a lot of difficulty in concentrating when | want to.
| have a great deal of difficulty in concentrating when | want to.
| cannot concentrate at all.

| can do as much as | want to.

| can only do my usual work but no more.

| can do most of my usual work, but no more.
| cannot do my usual work.

| can hardly do any work at all.

| can’t do any work at all.

Driving
| can drive my car without any neck pain.
| can drive my car as long as | want with slight pain in my neck.
| can drive my car as long as | want with moderate pain in my neck.
| can’t drive my car as long as | want because of moderate pain in my neck.
| can hardly drive at all because of severe pain in my neck.
| can’t drive my car at all.

Sleeping
| have no trouble sleeping.
My sleep is slightly disturbed (less than 1 hour sleep loss).
My sleep is mildly disturbed (1-2 hour sleep loss).
My sleep is moderately disturbed (2-3 hours sleep loss).
My sleep is greatly disturbed (3-5 hours sleep loss).
My sleep is completely disturbed (5-7 hours sleep loss).

Recreation

| am able to engage in all my recreational activities with no neck pain at all.

| am able to engage in all my recreational activities with some pain in my neck.

| am able to engage in most but not all of my usual recreational activities because of
pain in my neck.

| am able to engage in a few of my usual recreational activities because of pain in
my  neck

| can hardly do any recreational activities because of pain in my neck.

| can’t do any recreational activities at all.
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Dizziness Handicap Inventry
Instructions: The purpose of this scale is to identify difficulties that you may be
experiencing because of your dizziness. Please check “always”, or “no” or “sometimes” to
each question.
Answer each question only as it pertains to your dizziness problem.

Questions Always Sometimes No

P1 | Does looking up increase your problem? ] 1 ]
E2 | Because of your problem, do you feel frustrated? O O O
F3 | Because of your problem, do you restrict your travel for

business or pleasure? O O O
P4 | Does walking down the aisle of a supermarket increase

your problem? 0 [ O
F5 | Because of your problem, do you have difficulty getting

into or out of bed? O O [
F6 | Does your problem significantly restrict your participation

in social activities, such as going out to dinner, going to O O O

movies, dancing or to parties?
F7 | Because of your problem, do you have difficulty reading? ] | ]
F8 | Does performing more ambitious activities like sports,

dancing, and household chores, such as sweeping or O O |

putting dishes away; increase your problem?
E9 | Because of your problem, are you afraid to leave your

home without having someone accompany you? O O O
E10 | Because of your problem, have you been embarrassed in O 0 0

front of others?
P11 | Do quick movements of your head increase your problem? ] 1 ]
F12 | Because of your problem, do you avoid heights? | | ]
P13 | Does turning over in bed increase your problem? O O O
F14 | Because of your problem, is it difficult for you to do

strenuous housework or yard work? O O O
E15 | Because of your problem, are you afraid people may think

that you are intoxicated? O [ O
F16 | Because of your problem, is it difficult for you to go for a O O O

walk by yourself?
P17 | Does walking down a sidewalk increase your problem? ] ] ]
E18 | Because of your problem, is it difficult for you to

concentrate? O u O
F19 | Because of your problem, is it difficult for you to walk

around your house in the dark? O u O
E20 | Because of your problem, are you afraid to stay home

alone? 0 0 N
E21 | Because of your problem, do you feel handicapped? O [l [l
E22 | Has your problem placed stress on your relationship with ] [ [

members of your family or friends?
E23 | Because of your problem, are you depressed? 1 1 ]
F24 | Does your problem interfere with your job or household

responsibilities? [ O [
P25 | Does bending over increase your problem? O O Il
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PFACTS
For each of the following activities please rate out of 10 - how fearful you are of performing

the activity where 0 = no fear at all and 10 = most fearful. Write your answer in the box
underneath the photo.

IH
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Appendix 10 Wavelet analysis details
In studies 4, 5 and 6, we used discrete wavelet transforms. This section details the
technicalities of this method of processing the CoP data and addresses the advantages and
disadvantages of using this method. Essentially, a Symlet-8 discrete wavelet transform was
used to process the CoP data. Specifically, this study focused on the anteroposterior axis.
The CoP signal was separated into four frequency bands as per previous protocol (Liang et
al., 2014): (i) moderate (1.56-6.25 Hz), (ii) low (0.39-1.56 Hz), (iii) very-low (0.10-0.39 Hz),
and (iv) ultralow (<0.10 Hz) frequencies. This method is in contrast with previous studies
(Adkin et al., 2002; Mancini et al., 2012) which separated the data using “stationary” filtering
methods such as infinite impulse response filters (eg. Butterworth). The reasoning for
employing wavelet transforms is manifold, and includes:
1. It provides a true separation of the signal in each bandwidth, in that it can be perfectly
reconstructed from the different signal bands.
2. The discrete wavelet transform does not require a stationary signal for analysis,
unlike methods such as Butterworth passband filtering. While this often only leads to
trivial errors, it does overcome the known issues such as edge effects that the infinite
impulse response filters have on non-stationary data.
3. The shape of many of the wavelet filters was designed to specifically mimic
physiological signals, unlike the often overly curved patterns of Butterworth filter
which is well suited to artificial signals.
However, a limitation of the discrete wavelet transform is that it uses cascading filter banks,
with each band essentially halved (i.e. if the top passband is from 25 to 50 Hz, the next
passband is from 12.5 to 25Hz). The advantage of this method is that by adding multiple
passbands together, we are able to closely, but not perfectly, replicate the passbands
reported in the prior studies. It must also be noted that the passbands reported in the prior
studies are not perfect, as basic filtering theory shows that even though a designated low
pass filter of 1Hz may be applied it will still have issues such as a slow roll off response (i.e.
the signal will still contain a large amount of input from above 1Hz) or a large amount of
passband ripple (i.e. the signal will be artificially inflated around the cut-off frequency). These
factors cannot be overcome easily, particularly with neighbouring passbands being analysed
separately, and therefore a wavelet method was chosen.

Previously members of the research team did examine different wavelet based
methods of analysis and found this technique to effectively discriminate between healthy
control and populations with lower limb pathology (Clark et al., 2014). To further elaborate

on discrete wavelet transform, the figure below from Liang et al (2014) outlines how the
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wavelet method is utilized in this thesis that separates the data into the distinct frequency

bands.
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As can be seen from the FFT traces on the side of each scalogram/spectrogram the wavelet
bands were able to separate the signal into distinct bands of data. While these do not
perfectly attenuate the signal at the exact frequency thresholds set (no filter does without
major compromises being made in factors such as passband ripple that have major impacts
on the results), they are very capable of separating the signal in a way that approximates

these bands, and importantly when reconstructed recreate the exact signal that was present
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before deconstruction. This is seen more clearly in the following graphs where the white
lines represents the deconstructed CoP signal of the specific frequency band, and the red

lines represent the signal when reconstructed (all 4 white lines combined=red line).
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