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Abstract

Factors contributing towards falls in older age during overground walking have been
widely studied. Stepping behaviour, balance and head posture control during stair
negotiation in young adults (YA) and older adults with either lower (LROA) or higher
(HROA) risk of falling during midstair negotiation have not been investigated. The aims
of the thesis were threefold. Firstly, age-related changes in gaze behaviour were
investigated. The main finding was that older adults fixate stair edges for longer than
YA. Secondly, the effect of manipulating visual information on stepping parameters and
balance control was compared between YA, LROA and HROA. For stair ascent,
stepping and balance control was preserved in LROA and HROA and highlighted stair
edges led to increased foot clearance in all groups. For stair descent, HROA
demonstrated smaller foot clearance than LROA and highlighted stair edges improved
balance in LROA and HROA. Thirdly, head posture was studied in YA, LROA and
HROA. Compared to walking, LROA and HROA demonstrated more variable head
posture than YA. Overall the findings suggest that adults use visual and probably
proprioceptive information about stair edge locations to negotiate stairs and HROA
benefited from highlighted stair edges. HROA should be included in future stair

negotiation studies.
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CHAPTER1

General introduction

Older age is accompanied by increased difficulty in executing activities of daily life
(Baltes, et al., 1999) and falls are common in the older age group. Stair negotiation is a
challenging task for older adults (OA) (Hamel & Cavanagh, 2004), and falls on stairs
mainly result from balance difficulties. The main injuries resulting from falls are head
injuries and lower limb fractures (Svanstrom, 1974). It is necessary to understand the
mechanisms underlying stair falls before exploring possible preventative measures.
Age-related factors adversely influencing overground walking ability, resulting in
increased risk of falling, have been studied in much detail (Menz, et al., 2007; Hill et al.,
1999; Lord et al.,, 1996). In addition, there have been intervention studies aimed at
improving balance of OA with a view to reducing fall risk (Pijnappels et al., 2008;
Thompson et al., 2003; Ferri et al., 2003). However, there has been little research
investigating the contributing factors to imbalance during stair negotiation which is the
focus of this thesis. Identifying OA who are at increased risk of falling, but have not yet
experienced a fall is important because tailored activity or exercise programs,
correction of impaired vision and changes in the living environment may help to prevent

falls on stairs.



1.1 Body structures and their function contributing to
increased risk of falling

Falls are a common problem in the older age group- it is known that one third of OA 65
years of age and over experiences at least one fall within a year (Campbell et al.,
1981). The likelihood of a fall increases with increasing age (Campbell et al., 1981;
Sattin et al., 1990) and the admission rate to hospital after a fall on stairs at home
increases sharply after the age of 60 years (Gunatilaka et al., 2004). Resulting
impairments from a fall in an older individual result in high costs for health service
providers (Scuffham, et al., 2003), have a big impact on the affected person and can
even lead to the end of independent living and in extreme cases, death (Gunatilaka et
al., 2004). There are personal and environmental factors contributing to increased risk
of falling, such as reduced lower limb muscle strength and slippery or uneven ground.
This chapter discusses factors contributing to increased fall risk in OA.

The human body declines with increasing age, affecting not only the function of
specific structures, but also limiting the capacity of an OA resulting in an increased risk
of falling. The following sections describe the age-related changes that take place in
the neuromuscular, visual and vestibular systems, their relation to increased fall risk
and possible compensatory strategies that are adopted by the older individual. Age-
related changes to balance ability, changes in gait pattern and fear of falling in the

elderly are also discussed.

1.1.1 Neuromuscular system

There is a strong relationship between muscle strength and balance (Wolfson et al.,
1995), but a loss in skeletal muscle mass with increasing age is inevitable and known
as sarcopenia (Evans, 1995). On the structural level, factors contributing to sarcopenia

are the loss of alpha motor neurons in the spinal cord (Tomlinson & Irving, 1977), the
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loss of muscle fibres (Lexel et al., 1983) and the replacement of muscle tissue with fat
and fibrous tissue (Lexell et al.,, 1988). These structural changes affect the
contractibility of the muscle as characterised by a reduction in muscle contraction
speed, muscle strength (Kubo et al., 2007; Perry et al., 2007) and muscle power (Ferri
et al., 2003). For example, the knee extensor strength decreases by between 24% and
30% in OA within 12 years between 65 and 77 years of age (Frontera et al., 2000)
which, in addition to decreased hip abductor strength, is associated with a reduction in
comfortable and maximum walking speed (Bohannon, 1997). Likewise, ankle
dorsiflexion strength decreases with increasing age (Scott et al., 2007) which can
negatively affect toe clearance during overground walking and stair negotiation.
Age-related muscle weakness contributes to increased fall risk (for review see
Moreland et al., 2004). Hip and knee extensors as well as ankle plantarflexors are the
antigravity muscles in the lower limbs, which means that these muscles are important
for holding the body upright against gravity during standing, walking and stair
negotiation and prevent the body from collapsing. Unstable OA have not only weaker
hip and knee extensors and plantarflexors, but also reduced muscle strength in hip
flexors and ankle dorsiflexors compared to stable OA (Lin & Woollacott, 2005). This
finding is supported by other studies which found weaker dorsiflexors in elderly fallers
compared to OA without previous falls (Skelton et al., 2002; Perry et al., 2007).
Furthermore, older fallers are more variable in the production of eccentric muscle force
in their knee extensors compared to older non-fallers who show similar force
production ability as young adults (YA) (Carville et al., 2007). Knowing that reduced
muscle strength is associated with increased imbalance and fall risk, is it possible to
identify fallers by investigating muscle strength? Pijnappels et al. (2008) induced falls in
OA under safe laboratory conditions and showed that reduced leg press performance,
which involved hip and knee extension in a non weight-bearing position, correlated with

falls. However, the correlation between weak muscle strength and falls result may not
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be transferrable to falls in daily life when environmental factors contributing to falls are
also present.

OA can compensate for reduced muscle strength in the lower limbs by using a
device, such as a walking stick or a handrail to reduce the load on weak legs. However,
muscle strength and power in knee extensors and ankle plantarflexors can be
increased even in OA by physical activity such as resistance training (Ferri et al.,
2003). Improved muscle strength after resistance training has been shown to improve
balance recovery after a trip (Pijnappels et al., 2008) and may therefore reduce the
likelihood of a fall.

Not only muscle strength is important, but also appropriate range of motion in
the lower leg joints is necessary for safe walking and stair negotiation. However there
is conflicting evidence whether passive range of motion at the ankle is affected by age.
Reeves et al. (2008b) did not find age-related differences, but Scott et al. (2007) found
smaller range of ankle motion in OA than in YA. In addition, these authors found
reduced passive range of motion in the 1° metatarsophalangeal joint in OA compared
to YA, which may negatively affect the push-off phase during walking and may be
associated with compensatory movements at knee and hip level during walking. For
example, OA use ankle plantarflexors and knee extensors less and hip extensors more
than YA, resulting in a torque and power redistribution from ankle and knee joints to the
hip joint during walking (DeVita & Hortobagyi, 2000a). Redistributing torques and
power generation within the lower limbs may therefore be a compensation for the loss
of full range of motion and could also contribute to increased risk of falling.

There are also age-related changes in the peripheral nervous system in
addition to the above mentioned structural decline in the central nervous system (CNS)
related to sarcopenia. The nerve conduction velocity reduces (Lauretani et al., 2006),
which negatively affects the timing of muscle contraction and the muscle contraction

speed. Furthermore, a decline in peripheral nerve function in the lower limbs is
4



associated with reduced strength in the lower limbs (Strotmeyer et al., 2009).
Therefore, age-related changes in the peripheral nervous system contribute to
increased fall risk when appropriate reactive muscle activation after a threat to balance

is delayed or resulting power generation to recover balance is insufficient.

In summary, OA experience a loss of muscle mass, strength and power which is
accompanied by slower nerve conduction velocities and probably by reduced range of
motion in the lower limb joints. Every single aspect could contribute to increased fall
risk in the older population and affects each other. For example, reduced muscle mass
and slower nerve conduction velocity lead to inadequate and delayed muscle
contraction and force production within a reduced range of motion. These changes
adversely affect an individual’s ability to recover from a threat to balance when quick

reactive and appropriate muscle activation is necessary.

1.1.2 Vision

Vision is a very important sense in humans for planning and controlling movements
and provides information about the location and movement of objects in space as well
as self-motion. Vision can be divided into central and peripheral vision and this is best
explained by the anatomical structure of the retina which is the light-sensitive cell layer
of the inner surface of the eye. The photoreceptor cells in the retina are the colour-
sensitive cone cells and light-sensitive rod cells (Trepel, 2004). The fovea is the area
with the highest number of cone cells (Curcio et al., 1990; Cubbidge, 2005), the
sharpest visual acuity and slow visual sampling frequency. Foveal vision is also called
central vision and is used for exploring the environment by fixating details in this
environment. In contrast to the fovea, the area around the fovea is characterised by a
lower number of photoreceptor cells and these are predominantly rod cells (Curcio et

al., 1990). These cells work best when the light is dimmed, in twilight or in partial
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darkness. Visual perception from this area is called peripheral vision and is used for
movement perception due to the higher sampling frequency and reduced stimulus
resolution compared to central vision. The visual field of an individual is the area in
which objects can be seen (Cubbidge, 2005) and has been shown to be symmetrical
between eyes of an individual (Brenton et al., 1986). The monocular visual field ranges
between 60° nasally and 100° temporally and between 60° superiorly and 75° inferiorly
(Spector, 1990; Cubbigde, 2005). Partial or complete loss of the visual field indicates
impairments originating from either the anatomical structures of the eye, such as
scotoma following retinal detachment, or from the central nervous system, such as
hemianopia following a stroke (Trepel, 2004; Cubbidge, 2005).

Eye movements include saccades, microsaccades, smooth pursuit, vergence
movements as well as reflexes such as the vestibulo-ocular reflex and the optokinetic
reflex (Kandel et al., 2000). Saccades are extremely fast eye movements of both eyes
in the same direction for the purpose of fixating a detail in the environment. Reported
values of peak eye velocity are approximately 500° / second for 20° eye rotation (Bahill
et al., 1981, Yee et al., 1985). Microsaccades are described as small, involuntary eye
movements with an amplitude of less than 1 degree which usually occur during longer
periods of fixation (Barlow, 1952, Ditchburn & Ginsborg, 1953). Smooth pursuit
movements of the eyes keep a moving object on the fovea (Robinson, 1965). Vergence
movements occur when the eyes fixate an object nearby or further away, resulting in
the eyes rotating toward or away from each other depending on the distance to the
object (Kandel et al., 2000). The vestibulo-ocular reflex stabilises the image of an
object on the retina in the event of head rotation by producing an equally sized eye
rotation in the opposite direction to the head. Like the vestibulo-ocular reflex, the
optokinetic reflex contributes to a stable eye position in space during head rotation by

focussing on a moving object until the eyes reach their maximum movement excursion.



A saccade follows to bring the eyes back to the contralateral side for fixating a new
target in the visual field (Trepel, 2004).

Eye movements can be extremely fast and therefore, eye movements cannot
be easily observed without technical equipment. Modern methods used for tracking and
recording eye movements include an eye tracker, a search coil or electrooculography
(Yee et al., 1985). The eye tracker measures the movement and position of the eye
non-invasively by creating a pupil and corneal reflexion with infrared or near-infrared
light (Wagner & Galiana, 1992). A change in the separation between the pupil and the
corneal reflexion characterises the change of eye position and this can be either
videotaped as a crosshair in the visual scene or further processed as analog data. The
search coil is a contact lens with a coil and is inserted in either one or both eyes
(Robinson, 1963). An electrical current is induced though electromagnetic induction
caused by a magnetic field around the eye. The position of the eye is determined from
the change in the direction and magnitude of this electrical current. Electrooculography
measures the potential difference between two electrodes placed either above and
below or left and right of the eye (Brown et al., 2006). Because there is a constant
voltage difference between the cornea and the backside of the eye ball, movement of
the eye will cause a change in the potential difference which is then recorded and
interpreted as eye movement. It has been shown that recording eye movements with a
search coil gives the most accurate results (Yee et al., 1985, van der Geest & Frens,
2002).

The contribution of visual information to balance has been shown in various
studies comparing balance under normal and altered vision. For example, exclusion of
vision during standing results in increased body sway to the extent that some OA may
lose their balance (Woollacott et al., 1986). Manipulation of visual information during
walking results in a variable gait pattern, particularly when walking with visual

impairments in low light conditions (Helbostad et al., 2009). During locomotion, the
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visual field of a person moves and provides information about movement direction and
speed of objects in the environment and self-motion which is known as optic flow. It
has been shown that walking is guided by optic flow generated by central vision and
optic flow information is used to control steering behaviour (for review see Angelaki &
Hess, 2005) as well as foot clearance during walking (Graci et al., 2009) and obstacle
crossing (Rhea & Rietdyk, 2007; Rietdyk & Rhea, 2006). There is contradicting
evidence whether the use of optic flow information is affected by increasing age. OA
were found to be unable to adjust their heading direction accordingly to changes in
optic flow information (Berard et al., 2009), but other studies found that OA were
equally able to extract optic flow information about walking speed and walking direction
as YA (Chou et al., 2009). The discrepancy in the findings may be explained by the
inclusion of relatively young participants in the older age group in Chou’s et al. study
where the age ranged between 46 t073 years. Participants younger than 65 years may
have masked true age-related differences in this study.

Visual acuity, the ability to detect objects of different sizes, and contrast
sensitivity, the ability to distinguish between object and background, are common visual
assessments. Visual acuity (Gittings & Fozard, 1986; Pitts, 1982) and contrast
sensitivity (Puell et al.,, 2004; Maentyjaervi & Laitinen, 2001) have been shown to
deteriorate with increasing age. This decline may contribute to imbalance in OA and it
was suggested that OA increasingly rely on visual input rather than other sensory
information such as proprioception (Pyykkoe et al., 1990) or vestibular input
(Deshpande & Patla, 2007). This finding is supported by another study which included
the normal older population within a specified area and correlated the best achievable
corrected visual acuity of less than 6/20 to increased fall risk (Kuang et al., 2008). Not
only is the quality of visual information compromised in older age, but there are also
differences in the time period between acquiring visual information and executing a

movement. For example, it has been shown that the time between the downward
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saccade to a step and initiation of the foot lift is significantly prolonged in OA stepping
up one level compared to YA (Di Fabio et al., 2003).

There are various adaptation mechanisms of the eye to respond to changes in
the ambient illumination from light to darkness. Firstly, when the ambient illumination is
reduced, the pupil dilates to increase the amount of light that reaches the retina.
Secondly, the sensitivity of the cone and rod cells increases by neural mechanisms.
This process takes approximately 30 minutes before the rod cells reach their maximum
sensitivity (Dieterle & Gordon, 1956) and is usually investigated from pre-exposure with
bright white light to total darkness (McMurdo & Gaskell, 1991; Dieterle & Gordon,
1956). Age-related decline in adaptation to darkness includes a smaller pupil size
under dimmed light conditions (Winn et al., 1994), reduced sensitivity of rod cells
(Pulos, 1989) and fovea (Coile & Baker, 1992). It has been shown that contrast
sensitivity declines with increasing age and low illumination (Puell et al., 2004). Elderly
fallers with comparable visual acuity present with impaired dark adaptation compared
to non-fallers (McMurdo & Gaskell, 1991).

The effect of manipulating vision on balance has been extensively studied. It
has been shown that experimentally blurring of vision, thereby reducing visual acuity,
affects walking behaviour and leads to specific compensatory mechanisms: When
vision is blurred, stepping time increases (Buckley et al., 2005b; Heasley et al., 2005)
and medio-lateral (m-I) postural stability during single stance phase reduces (Buckley
et al., 2005a) when stepping up or down a single stair. Furthermore, weight-bearing of
the trailing leg is prolonged (Buckley et al., 2005b) and horizontal and vertical foot
clearances are increased (Heasley et al., 2004; Heasley et al., 2005) when vision is
blurred. Impaired balance due to reduced vision may contribute to increased fall risk
and it seems sensible to suggest appropriate treatment of impaired visual acuity to
reduce this risk. However, there is also evidence of increased risk of falling when vision

is corrected. Cumming et al. (2007) found that assessment of visual function and
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appropriate treatment in OA increases the number of falls and fractures resulting from
these falls. The authors found that falls occur most often within the first months after
prescribing new glasses. They argue that individuals need time to adapt to the new
glasses and mainly fall during this adaptation period. In addition, not every type of
glasses appears to be beneficial. For example, it has been shown that multifocal
glasses impair the depth perception within an area close to the feet, resulting in a lack
of accurate visual information about the environment and subsequently increases the
risk of falling, particularly during stair negotiation (Lord et al., 2002). Furthermore, the
use of multifocal glasses has been shown to increase the variability in foot clearance
which also increases the likelihood for trips (Johnson et al., 2007).

How vision is used to guide walking with predefined foot placement and single

step and stair negotiation is discussed in detail in section 1.3.

In summary, the acquisition of visual information about the environment is important to
regulate balance, particularly in OA. The age-related decline of visual function leads to

compensatory strategies during locomotion and stepping, negatively affecting balance.

1.1.3 Proprioception

Proprioception is defined as stationary limb position sense and sense of limb
movement without visual control (Kandel et al., 2000). Receptors conveying information
about movement excursion, speed and direction include muscle spindle receptors, joint
receptors and cutaneous mechanoreceptors. Studies investigating the contribution of
proprioceptive information to balance control and walking use vibration of either the
muscle tendon or muscle belly. Vibrating a tendon or muscle induces discharges of
action potentials in the la afferent fibres of the muscle spindle receptors and is

interpreted by the CNS as an increase in muscle length (Burke et al., 1976). The
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illusion of muscle lengthening results in increased muscle contraction of the vibrated
muscle and therefore changes to the position of a limb or even the whole body.
Depending on the body part of the application of vibration, different changes in the
walking pattern and Centre of Mass (COM) control occur. For example, vibrations
applied to neck and trunk muscles on the left side of the body result in deviation of the
walking trajectory to the right side (Courtine et al., 2006) and vibrations applied
symmetrically to the neck muscles lead to an increase in walking speed (lvanenko et
al., 2000). Vibrations applied to the Achilles tendon during the swing phase result in
increased ankle plantarflexion during swing (Verschueren et al., 2002). Vibrations
applied to the Achilles tendon during the stance phase lead to reduced lateral COM
acceleration and a-p distance between COM and Centre of Pressure (COP) (Sorensen
et al.,, 2002). These examples show that manipulating proprioceptive input leads to
specific changes during walking and imply that accurate proprioceptive input and
processing of this information is important and necessary for normal walking pattern
and balance control. Although there are currently no published studies which
investigate muscle vibration-induced changes to walking pattern during stair
negotiation or investigate proprioception during locomotion in the older population,
there is some evidence for age-related decline in proprioception.

Results from studies investigating age-related changes to proprioception during
isolated joint movements suggest that the perception of angular limb displacement
declines with increasing age more distally than proximally. Actively moving the leg to a
remembered target angle in hip abduction in non-weight-bearing (Pickard et al., 2003)
and knee flexion in weight-bearing (Bullock-Saxton et al., 2001) reveal no differences in
the accuracy of the remembered angles between YA and OA. However, OA are less
accurate in reproducing the targeted knee flexion angle when partially weight-bearing
(Bullock-Saxton et al., 2001) or non weight-bearing (Hurley et al., 1998). There are

larger differences between the young and older age group at the ankle. OA were less
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accurate and more variable in matching foot positions than YA (Meeuwsen et al., 1993)
and OA detected the movement onset at the ankle significantly later than YA (Thelen et
al.,, 1998). However, training appears to improve proprioception at the ankle
(Meeuwsen et al., 1993) and knee joint (Thompson et al., 2003).

It appears that the ankle joints are an important source of proprioceptive
information when a threat to balance occurs during standing. The reactive activation of
the lower leg muscles is known as the ankle strategy (Shumway-Cook & Woollacott,
2001). Inaccurate proprioceptive information about ankle position, delayed detection of
movement onset at the ankle and increased variability of the perceived ankle position
may contribute to increased risk of falling because inaccurate proprioceptive
information leads to inappropriate muscle activation. In addition, wearing shoes can
even further reduce the sense of ankle position (Robbins et al., 1995). During walking
and stair negotiation, increased variability in the perceived ankle position during the
swing phase of the gait cycle may contribute to foot clearance problems, adding to
increased risk of trips and falls in OA. There are currently no published studies that
have investigated the direct relationship between age-related decline in the perception
of the ankle position and movement and foot clearance behaviour during walking or

stair negotiation.

In summary, age-related decline in proprioception appears to occur more distally than
proximally and can explain the incorrect perception of joint position, delayed perception
of movement onset and increased variability of joint position sense at the ankle. In OA,
this may contribute to delayed and inappropriate muscle activation when balance
needs to be recovered and may alter the foot trajectory during locomotion resulting in

decreased and variable foot clearance.
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1.1.4 Vestibular system

The vestibular system is bilaterally located in the inner ear and is involved in postural
control, gaze stabilisation and spatial orientation. The vestibulum detects angular head
acceleration by three semicircular canals and by detecting linear head acceleration by
the otolith organs. Signals from the vestibular system are sent via the nucleus
vestibularis in the brainstem to other brain areas concerned with balance control, gaze
stabilisation and spatial orientation. Postural control and adaptation is generally
achieved by the vestibulospinal reflex which activates extensor (= antigravity) muscles
and inhibits flexor muscles. As mentioned before, the vestibulo-ocular reflex stabilises
an image on the retina in the event of head rotation by producing an equally sized eye
rotation in the opposite direction to the head. Awareness of spatial body orientation is
achieved by projections via the thalamus to the cerebrum.

Age-related decline of the vestibular system is characterised by a decrease in
hair cell and nerve fibre numbers (Rauch et al.,, 2001) leading to inaccurate and
delayed signals conveyed to the CNS. The loss of otolith function with increasing age
has been shown to result in increased m-l sway, particularly in older women (Serrador
et al., 2009) which adds to the difficulty to control lateral movements by appropriate
muscle activation and which in turn is associated with increased fall risk.

Given the central nervous connections with visual and proprioceptive pathways
in the brain, slowly developing vestibular impairments can be compensated for by
these other two senses. Therefore, individuals with vestibular dysfunction may be able

to live their normal daily lives.
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1.1.5 Head posture and stabilisation

Stabilising the head during locomotion is essential to reduce oscillatory movements
resulting from the lower limbs in order to provide a stable reference frame for the eyes,
vestibular system and to control balance (Mazza et al., 2008).

The normal human gait pattern itself supports a stable trunk and head posture.
For example, specific phases and movements within the gait cycle contribute to
minimise vertical trunk and head movements, such as the drop of the contralateral side
of the pelvis during the loading response phase at the knee (Perry, 1992). During
walking, trunk and neck segments attenuate the accelerations from the lower limbs and
pelvis resulting in decreased head acceleration, particularly in the sagittal plane
(Kavanagh et al., 2004). Head stabilisation movements during walking is linked to gait
cycle events (Mulavara et al., 2002; Kavanagh et al., 2004) and the head posture is
stabilised by counteracting vertical head shifting movements with head movements
around the m-I axis (Pozzo et al., 1990).

Compared to overground walking, stair negotiation requires larger ranges of
lower limb movements (Livingston et al., 1991; Andriacchi et al., 1980; Reeves et al.,
2008a) and trunk movements (Krebs et al., 1992). These larger movements may be
more challenging to be attenuated by the trunk than those during overground walking in
order to achieve a stable head posture. Indeed, it has been shown that head posture in
YA was less stable during stair ascent and even less stable during stair descent
compared to walking (Cromwell & Wellmon, 2001). The authors argue that the more
forward titled head posture and increased range of head motion in the sagittal plane
causes the COM of the head to be positioned more anteriorly with respect to the
movement axis, presenting a challenge to muscle activation to control head position.
However, to date there are no studies investigating head stabilisation in OA ascending

and descending stairs.
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A stable head posture during locomotion contributes to dynamic balance (Pozzo
et al.,, 1990) and is crucial for maintaining a stable image of the environment on the
retina. Gaze stabilization is achieved by the vestibulo-ocular reflex and contributes to
normal visual acuity (Crane & Demer, 1997). Visual acuity is dependent on the image
motion across the retina (Demer & Amijadi, 1993) and starts to decline when the
velocity with which images move across the retina exceeds 4 °/s (Grossman et al.,
1989; Crane & Demer, 1997). During walking and running, visual acuity has been
shown to decrease compared to standing, but the vestibulo-occular reflex is mainly
preserved (Grossman et al., 1989). However, head posture control is not only important
for providing a stable reference frame for the visual system, but also for providing non-
visual sensory information which is used by the CNS to align the body segments and to
organise body movement in space. The head is stabilised by the neck muscles and
proprioceptive input from these muscles provides the CNS with information about head
posture in relation to the trunk and the rest of the body. Indeed, manipulating
proprioceptive input to neck muscles has been shown to affect the perceived postural
relationship between head and trunk, leading to adaptations to body orientation and
steering behaviour during quite standing, stepping on the spot and walking. For
example, symmetrically applied neck muscle vibration has been shown to generate the
illusion of a backward trunk lean which results in a forward body sway while standing,
stepping forward when stepping on the spot and increased walking speed while
walking (Ilvanenko et al., 2000). During walking without visual input, unilaterally applied
neck muscle vibration resulted in a deviated walking path towards the non-vibrated side
(Bove et al., 2002; Courtine et al., 2006; Bove et al., 2001). All these findings suggest
that visual, vestibular and proprioceptive information is integrated leading to task-
specific adaptations of body orientation and actions which serve to keep the COM

within the safe limits of the base of support.
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Maintaining a stable head posture during overground walking appears to be
more challenging in OA than in YA. For example, although peak angular head velocity
in OA was smaller than in YA, indicating better head stabilisation than YA, OA
improved their lower leg and trunk stability by reducing the walking speed and cadence
(Cromwell et al., 2002). In addition, OA were shown to adopt different strategies in a-p
trunk and head accelerations compared to YA, aiming to further improve balance
particularly during the balance-challenging single stance phases of the gait cycle
(Kavanagh et al., 2004). Other age-related differences include that OA rely on visual
input to stabilise the head (Cromwell et al., 2002) and that they angle the head further
down than YA (Hirasaki et al., 1993). There are currently no published studies directly
linking head stabilisation ability to fall risk, although OA with previous falls and reported
fear of falling were included in previous studies (Cromwell et al., 2002; Cromwell et al.,

2001).

1.1.6 Changes in balance and gait characteristics

Balance can be defined as the ability of an individual to maintain an upright posture
during sitting, standing and locomotion. Input from visual, vestibular and proprioceptive
systems provide information about posture and movement of the body in space and
result in appropriate muscle activation to keep the COM within the base of support
which is defined by foot placement during standing and walking. As previously
discussed, age-related decline in the sensory systems contributes to impaired balance
and it is therefore not surprising that increased age is associated with increased
imbalance (Lin & Woollacott, 2005). One early indication of balance decline may be the
reaction of OA to a lateral balance threat while standing or walking on a movable
platform (Maki et al., 2000). The authors point out that OA tended to take multiple

steps, made more extra steps and demonstrated more reactive arm movements to
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recover balance and to avoid a fall than YA. OA were also more likely to hit the stance
leg with the swing leg during the attempt to recover balance than YA, requiring further
balance recovery strategies such as more arm movements and grasping a handrail.
These findings support other evidence that the control of m-I body movement during
walking is impaired in OA compared to YA (Dean et al., 2007). Previous research has
shown that OA walk with wider step width and increased step width variability than YA
and that a reduction in these measures can be achieved by external lateral support at
hip level (Dean et al., 2007). Hip abductors stabilise the pelvis throughout the gait cycle
and their strength (or weakness) affects the extent of pelvic obliquity and lateral foot
placement. Furthermore, walking speed in OA has been shown to correlate with hip
abductor strength (Bohannon, 1997). In addition, OA demonstrate smaller lateral
stepping actions when stepping onto laterally shifted targets on the floor is required
(Chapman & Hollands, 2010) which might be due to an underestimation of the distance
between current foot position and target location or due to an age-related reduction in
hip abductor strength. In summary these findings suggest that stepping movements
and the gait pattern in the coronal plane are more difficult to control in older age.
Generally, OA walk more slowly than YA (Menz et al., 2003b; Mazza et al.,
2008) with reduced cadence and stride length (Lord et al., 1996) and with greater
movement variability in parameters such as step length and trunk movements in the
sagittal and transverse planes (Kang & Dingwell, 2008). However, there is also
evidence that movement variability may not be an indicator of stability during walking
and that variability and stability are dependent on walking speed (Li et al., 2005). OA
with fear of falling or with increased fall risk walk slower (Deshpande et al., 2008a;
Reelick et al., 2009), reduce their stride length and show reduced pelvic stability (Menz
et al., 2007) in comparison to OA without fear of falling. However, Maki (1997) argues
that decreased walking speed, stride length and prolonged double support phases may

be adaptations of older individuals with a fear of falling to improve balance and may not
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necessarily be fall risk factors, although he also observed that older individuals with a
fear of falling are more likely to experience a fall within the next year. Prolonged double
support phase and gait asymmetry (Hill et al., 1999) as well as reduced and variable
cadence (Lord et al., 1996) were found to be predictors for future falls. In addition,
increased minimum toe clearance variability adds to increased risk of falling in the older
population (Mills et al., 2008).

Although not strictly a personal factor, the choice of shoe design influences the
balance of an older individual as well. Flat heeled hard shoes were shown to be more
beneficial for balance than shoes with 4.5 cm high heel or shoes with soft sole (Menant
et al., 2008).

A common compensation for impaired balance during walking includes the use
of a walking aid such as a walking stick or walking frame because contact with an
external support has been shown to improve balance (Dickstein & Laufer, 2004).
However, the design of a walking frame should allow the user to make lateral recovery

steps without colliding with the frame (Maki et al., 2008).

1.1.7 Fear of falling

Previous research has identified many factors contributing to increased fall risk in OA
and many OA seem to be aware that normal age-related decline in body structure and
function increases their chances to experience a fall. Fear of falling is subjectively
perceived and can be present in OA who have previously fallen (Murphy & Isaacs,
1982), but also in OA who have not. The percentage of OA who reported fear of falling
ranges between 22% (Wijlhuizen et al., 2007) and 63% (Deshpande et al., 2008b) and
includes healthy and impaired OA of the general population. Fear of falling often results
in a limitation of outdoor activities to prevent a fall (Deshpande et al., 2008b; Wijlhuizen

et al., 2007; Fletcher & Hirdes, 2004; Zijlstra et al., 2007). Reducing activity may result
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in a vicious circle consisting of fear of falling, reduction in activity and subsequent
reduction in muscle strength and balance, which in turn contributes to an increased
fear (Wijlhuizen et al., 2007) and even increased risk of falling. OA with a fear of falling
may not only reduce activities, but also present with changes in walking pattern which
was described in more detail in paragraph 1.1.6.

It is no surprise that OA with a fear of falling try to reduce their fall risk by using
devices to improve balance, such as the handrail during stair ascent and descent
(Tiedemann et al., 2007; Hamel & Cavanagh, 2004) or other support for standing and
walking, particularly after a previous fall (Murphy & Isaacs, 1982).

Studies investigating fear of falling, its relation to other fall risk factors and its
effect on behaviour in OA, need to quantify and measure this fear. Before a
standardised measurement was available, fear of falling was self-reported (Murphy &
Isaacs, 1982). The first attempt to quantify fear of falling was the development of the
Falls Efficacy Scale (Tinetti et al., 1990) which mainly focussed on the confidence to
master a task without falling during indoor activities which contribute to independent
living. A few years later, this scale was further developed into the Modified Falls
Efficacy Scale (Hill et al., 1996) which was extended to include outdoor activities such
as crossing a road and using public transport. Knowing that balance plays a very
important role in fear of falling, Powell and Myers (1995) developed the Activities-
specific Balance Confidence (ABC) scale, which is also used in fall-related studies
(Herman et al., 2009). However, previous studies assessing fear of falling also used a
questionnaire such as the survey of activities and fear of falling in the elderly (Lachman
et al., 1998; Deshpande et al., 2008a) or a single question with rated answers

(Tiedemann et al., 2007; Wijlhuizen et al., 2007; Menz et al., 2007; Zijlstra et al., 2007).
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1.1.8 Summary

Falls are caused by many factors. Age-related changes in muscle architecture and
central and peripheral nervous systems contribute to increased fall risk in the OA by
altering the gait pattern and the ability to recover balance efficiently. OA can even be at
higher risk of falling in the absence of objective falls-related factors, just because of the
subjectively perceived fear of falling. Compensation strategies for age-related decline
include altered movement strategies such as reduced walking speed and the use of

devices to improve function and balance such as glasses and walking frames.

1.2 Environmental factors contributing to increased fall risk

The nature of the complex environment we live and work in contributes towards
increased risk of falling, particularly in OA. This environment is likely to present with
various hazards resulting in threats to balance. During overground walking,
environmental factors contributing to falls have been identified as objects in the travel
path, uneven ground and low lighting (Hill et al., 1999).

Building regulations for public buildings are intended to facilitate the safe
access and use of these places with all facilities for all users (Document M, Department
for Communities and Local Government, 2006). For staircases these regulations also
provide very detailed information about their design and surrounding areas. For
example, stairs in public places must be accompanied by non-slippery, good visible
handrails with a minimum diameter of 4 cm and minimum distance to the wall of 6 cm.
The building regulations specifically refer to individuals with impairments who need to
be considered when building staircases, such as “people who wear callipers or who
have stiffness in hip or knee joints” or “people with weakness on one side or with a
sight impairment” (Department for Communities and Local Government, 2006; p.22,

paragraph 1.31).
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It has been shown that the layout of a staircase affects the number of accidents.
Single flight stairs without landings have a higher number of stair fall incidents than “u”-
shaped staircases with landing (Templer, 1994; Svanstrém, 1974). However, it appears
that the number of steps within a flight of stairs is also important as 70% of falls occur
at the bottom and top three steps (Templer, 1994). Other environmental factors
facilitating trips and falls include poor ambient illumination, loose objects on stairs,

slippery surface or round stair edges and poorly visible stair edges (Templer, 1994).

1.3 Visual guidance during walking and stepping

Vision is used to sample spatial information about the environment and it has been
shown that gaze is normally directed to interesting or important points in the scene
(Masciocchi et al., 2009). There are few studies investigating gaze behaviour or
availability of visual information about the environment during overground walking and
its link to increased fall-risk in the older population. The following sections discuss the
role of central and peripheral vision during walking with predefined foot placement,

during single step negotiation and stair negotiation.

1.3.1 Visual guidance during walking with predefined foot placement

Accurate information about suitable and safe foot placement sites is important when
walking around in an environment presenting with challenges such as kerbs, uneven
ground or obstacles in the pathway. Previous studies investigating visual guidance of
walking under safe conditions in the laboratory included walking with predefined foot
placement (Patla & Vickers, 2003; Hollands & Marple-Horvat, 1996; Hollands & Marple-
Horvat, 2001), walking with changes in walking direction (Hollands et al., 2002),
stepping over obstacles in the pathway (Patla & Greig, 2006) and stepping into multiple

targets (Young & Hollands, 2010; Chapman & Hollands, 2007; Chapman & Hollands,
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2006). Few studies explored gaze behaviour in natural and more complex
environments such as walking in a public building (Vivekanada- Schmidt et al., 2004)
and crossing an intersection (Geruschat et al., 2003). These studies show that visual
information is generally used in a feed-forward manner for either accurate foot
placement or obstacle avoidance. However, the extent to which individuals look ahead
is variable and dependent on the task. For example, when YA are required to place
their feet onto targets in the walking path, they look on average two steps ahead (Patla
& Vickers, 2003). When stepping over an obstacle in the travel path, YA fixate the
hazardous object to plan the swing phase over the obstacle within a few steps before
the obstacle (Patla & Vickers, 1997). A reduction or even denial of visual information
about the obstacle increases the variability in foot clearance and the number of trips
(Patla & Greig, 2006; Rhea & Rietdyk, 2007).

Older age is associated with changes in the visual system (see section 1.1.2)
contributing to changes in gaze behaviour. When OA are asked to step accurately into
a target in the pathway, they turn their gaze sooner towards the target and fixate it for
significantly longer than YA but they are less precise and more variable in their foot
placement than YA (Chapman & Hollands, 2006). These findings suggest that OA need
longer to process visual information and to plan and execute leg and foot movements
accordingly. When OA are allocated to either a lower or higher fall risk group, OA with
higher risk of falling tended to look away earlier from a stepping target on the floor
when presented with multiple stepping targets than OA with a lower risk of falling which

reduces stepping accuracy (Chapman & Hollands, 2007).

1.3.2 Visual guidance during single step and stair negotiation
It is known from overground walking studies that visual information is sampled prior to

movement execution and inaccurate or even absent visual information alters the
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normal stepping pattern and increases the chances of trips or foot placement errors.
Controlling the amount of visual information that an individual can collect is achieved in
two ways: firstly by manipulating the visual input by reducing the visual field, blurring
the vision or occlusion of vision, or secondly by manipulating the environment, such as
the reduction of ambient light levels. Although there are few studies investigating the
effect of ageing and vision on stepping behaviour, these studies compare either the
performance of YA and OA or the performance of OA under normal and manipulated
vision.

When stepping up to a new level, OA take more time than YA. For example, YA
and OA produce a downward saccade prior to foot lift, but OA need then longer to lift
and move the foot than YA (Di Fabio et al., 2003). Furthermore, when vision is blurred,
which impairs visual acuity, OA increase vertical and horizontal foot clearance and
need longer to complete the task than under normal vision (Heasley et al., 2004).
Impaired vision also affects balance, particularly in the m-I direction. It was previously
shown that balance in the coronal plane is negatively affected when vision was blurred
(Buckley et al., 2005a).

During stepping down, vision is probably used to estimate the height of a step
and to prepare foot position for landing. When investigating midstair descent, occlusion
of vision results in stiffer or less cushioned landings with a lack of anticipatory muscle
activation in the ankle plantarflexors (Craik et al., 1982) and delay in the weight transfer
from the trailing to the leading leg when vision was denied compared to normal vision
(Buckley et al., 2007). However, blurring vision appears to be sufficient for affecting
stepping actions. For example, the time used for stepping down increases, the trailing
leg supports the body weight for longer (Buckley et al., 2005b), foot clearance
increases and foot placement is more variable (Simoneau et al., 1991) when vision is
blurred, but not completely denied. In OA, m-| balance and limb stability during the

single stance phase deteriorate when vision is blurred compared to normal vision,
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which also suggest that vision plays an important role for balance during stepping down
(Buckley et al., 2005a). When changing the environment, such as reducing the ambient
light in the laboratory, OA show no changes in foot clearance, but clearance variability
increases (Hamel et al., 2005).

Not only central vision, but also manipulating peripheral visual information
appears to affect stepping behaviour. When occluding visual information from the lower
visual field during descending a single step, knee and ankle angular velocity at initial
contact have been shown to be reduced compared to full vision (Timmis et al., 2009).
This finding suggests a cautious landing strategy, particularly when the height of the
step is not known. Landing control, measured as angular velocity of the ankle and
vertical COM velocity, has been shown to improve by using single vision distance
glasses in comparison to bifocal glasses, which blur the lower visual field (Timmis et
al., 2010).

Before an individual ascents a staircase, it is likely that some estimation about
the “climbability” of the staircase takes place. Climbability means whether a person
perceives the riser height of a stair as being ascendable in a step-over-step manner,
moving the COM forward and up onto the next stair. It was previously shown that the
judgement about the climbability of a staircase depends on the individual’s leg length,
range of hip and knee flexion and stair riser height (Warren, 1984). The author showed
that the ratio of riser height/ leg length should not exceed 0.88 for YA. This constant
has been shown to be valid for all individuals independent of their height, suggesting
that the visual perception of the environment is closely linked to biomechanical limits of
an individual. In a further study it has been shown that not only leg length and joint
flexibility needs to be taken into account when judging stairs on their climbability, but
also the peak plantarflexion moment (Konczak et al., 1992). The authors pointed out
that OA were more accurate in their assessment of the climbability of stairs. In 61% of

OA the perception and physical ability to ascent stairs matched, whereas only 30% of
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YA were so accurate in their estimation. However, 21% of the OA overestimated their
abilities whereas 62% of the YA underestimated their maximum stair climbing
capability. Taken these findings together, they suggest that individuals estimate the
climbability of a staircase on the basis of their biomechanical constraints.

Stair negotiation is characterised by the need to make alternating foot
placements on pre-defined stepping targets. In addition, stair ascent is in essence an
obstacle crossing or avoidance task as both feet usually clear the stair edges in a step-
over-step manner. Although there is some literature describing where and when people
look during overground walking, in 2006, when this PhD started, there were no
published data on where and when individuals look while ascending and descending
stairs. It is clinically important to understand the relation between sampling visual
information and motor behaviour during stair negotiation as falls on stairs occur

frequently, particularly in the older population (Gunatilaka et al., 2004).

1.3.3 Summary

Previous studies, recording gaze behaviour during overground walking, found that
individuals use vision in a feed-forward manner to guide their stepping actions in a
laboratory setting and to navigate in real life. Dependent on the task, YA and OA fixate
objects in the environment within a few steps before stepping onto predefined targets
or avoiding contact with an obstacle in the pathway. Previous research focussed on the
effect of manipulated visual input on stepping errors and changes in kinematic and
temporo-spatial parameters as well as balance during single step and stair negotiation.
To date there is no study directly measuring gaze behaviour during mid stair

negotiation in YA and OA.
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1.4 Biomechanics of stair ascent

Stair ascent is characterised by moving the body against gravity up to the next stair
during mid stance, labelled as “vertical thrust” by Zachazewski et al. (1993). The
following sections describe normal stair ascent in young and healthy adults and
changes to stair ascent in OA. Temporal parameters, specific gait cycle characteristics,
range of motion in the lower limb joints, kinetics, muscle activation and age-related

changes are discussed in more detail below.

1.4.1 Temporal characteristics
Self selected mean stair walking speed in YA is between 0.49 m/s (Protopapadaki et
al.,, 2007) and 0.70 m/s (Livingston et al., 1991) and is therefore slower than
overground walking speed which is around 1.4 m/s (Stacoff et al., 2005; Bohannon,
1997). Self selected cadence during stair ascent ranges between 110 steps/ min
(Livingston et al., 1991) and 120 steps/min (Larsen et al., 2008) and is therefore similar
to overground walking (Winter, 1991).

Compared to overground walking, the stance phase during stair ascent is
slightly prolonged, ranging from 61% (Protopapadaki et al., 2007) to 65% (Zachazewski

et al., 1993) of the gait cycle. The swing phase is shortened accordingly.

1.4.2 Kinematics and kinetics

The required range of motion in hip, knee and ankle joints in the sagittal plane depends
on body height of an individual (Livingston et al., 1991) and stair height. Therefore,
differences between the presented maximum flexion values may not only reflect the
normal range in the young population but also differences in stair height and body
height of study participants. For step heights between 18 cm (Protopapadaki et al.,

2007) and 21cm (Andriacchi et al., 1980), reported values in the literature include mean
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peak hip flexion range from 41° (Andriacchi et al., 1980) to 56° (Livingston et al., 1991)
and mean peak knee flexion range from 73° (Andriacchi et al., 1980) to 102°
(Livingston et al., 1991). Peak hip and knee flexion occur during swing. Maximum ankle
dorsiflexion occurs during loading response and the mean peak ranges between 13°
(Andriacchi et al., 1980) and 24° (Livingston et al., 1991). Peak ankle plantarflexion
occurs in initial swing and reported means range from 24° (Livingston et al., 1991) to
31° (Protopapadaki et al., 2007).

The vertical ground reaction force (GRF) curve during stair ascent has a similar
“M” shape compared to the vertical GRF curve during over ground walking (Stacoff et
al., 2005). The difference to walking is a more pronounced second peak during stair
ascent, relating to push-off at the end of the stance phase (Stacoff et al., 2005;
Protopapadaki et al., 2007).

Peak internal hip and knee extension moments occur during loading response
and beginning of mid stance, whereas the peak internal plantarflexion moment occurs
in preswing (Protopapadaki et al., 2007; Novak & Brouwer, 2010; Andriacchi et al.,
1980; McFadyen & Winter, 1988). Protopapadaki et al. (2007) note that knee and ankle
joint moments reported in the literature are fairly consistent, but reported hip moments
vary at the beginning and end of the stance phase, probably due to a variable trunk
position. A more forward leaning or upright trunk results in a GRF vector either anterior
or posterior of the hip joint affecting the hip joint moment.

Zachazewski et al. (1993) identified a “vertical thrust” during mid stance, when
the body is lifted up to the next stair. This is realised by increased ankle push-off power
of the trailing leg in mid and late stance (Rietdyk, 2006). It is thought that the trailing leg
pushes the body up to the next level more than the leading leg pulling the body up onto
the next stair. A critical point occurs at initial contact of the contralateral leg when the

body weight is transferred to the leading leg. The lateral COM displacement reaches a
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maximum (Zachazewski et al., 1993) and hip, knee and ankle joints are in flexion which

presents a challenge to balance (McFadyen & Winter, 1988).

1.4.3 Muscle activity

During stair ascent, the body is lifted up to the next stair. This is mainly realised by
concentric muscle activity of the hip and knee extensors and ankle plantarflexors
(Protopapadaki et al., 2007) from initial contact to toe-off (Andriacchi et al., 1980). The
biceps femoris muscle becomes active prior to toe-off until peak knee flexion during
mid swing to realise knee flexion and therefore to help with foot clearance. The tibialis
anterior muscle is activated prior to toe-off until mid swing to dorsiflex the ankle and to

help with foot clearance (Andriacchi et al., 1980).

1.4.4 Foot placement and clearance

Foot placement on the stair during stair ascent describes the a-p distance between toe-
cap and stair edge, which indicates whether the whole or only a part of the foot is
placed on the stair. There are no studies investigating foot placement or foot clearance
on the stair during midstair ascent. However, there are data available from single step
studies. During single step ascent, minimum foot clearance is calculated as the
minimum vertical and horizontal distance between toe and stair edge in the sagittal
plane (Heasley et al., 2004) (see also Figure 4.1). In YA, previous studies reported
mean vertical foot clearance of 4.7 cm and horizontal clearance of 6.4 cm (Heasley et

al., 2005).

1.4.5 Age related changes and adaptation to functional loss
Physical factors affecting stair negotiation performance in OA include the decline in

visual acuity, muscle weakness in ankle dorsiflexors as well as knee extensors and
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flexors contributing to reduced walking speed (Tiedemann et al., 2007). Not only
walking speed is reduced in OA in comparison to YA (Lee & Chou, 2007), but also
cadence (Larsen et al., 2008), ranging between 92 steps/min (Reeves et al., 2008a)
and 108 steps/min (Mian et al., 2007a).

OA demonstrate greater hip flexion and adduction throughout stance than YA
followed by moment redistribution between hip and knee joint (Karamanidis &
Arampatzis, 2009). There are few age-related changes in the GRF and moment
distribution during stair ascent. The mean GRF and the 1% peak- relating to loading of
the leading leg- is smaller in OA than in YA (Larsen et al., 2008; Reeves et al., 2009).
OA demonstrated reduced COM-COP separation in the coronal plane to improve
balance during stair ascent (Reeves et al., 2009). When walking at self selected speed,
OA demonstrate increased muscular co-activation throughout stance with greater EMG
activation in knee flexors and extensors and ankle plantarflexors and dorsiflexors than
YA (Larsen et al., 2008). There is evidence that OA pull themselves up to the next stair
by extending the leading leg rather than pushing themselves up with the plantarflexors
of the trailing leg (Rietdyk, 2006), particularly when using handrails (Reeves et al.,
2008a).

It appears that foot clearance is affected by age, at least in single-step studies.
It was found that mean vertical foot clearance was 4.7 cm in YA and slightly reduced to
4.3 cm in OA when stepping up to a new level (Heasley et al., 2005). Horizontal
clearance was measured as 6.4 cm in YA and ranged between 6.7 cm (Heasley et al.,
2005) and 7.9 cm (Heasley et al., 2004) in OA under normal visual conditions. One
could argue that stepping over obstacles while walking requires similar foot clearance
of the leading leg as stepping up one stair. In line with the results from the single-step
studies, foot clearance in object crossing studies has been shown to be unaffected by
older age, when the height of the object was fixed and not scaled to a proportion of the

individual’s leg (Chen et al., 1991; Harley et al., 2009; Lowrey et al., 2007).
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Individuals use handrails during stair negotiation for both reassurance and
balance control or for unloading the lower limbs because of pain or muscle weakness.
OA using the handrail are more likely to present with reduced vision, strength, balance,
more fear of falling (Tiedemann et al., 2007) and less confidence to ascent stairs than
OA not using the handrail (Hamel & Cavanagh, 2004). However, it is likely that
handrails are of limited use to OA in the event of a fall as they are able to only produce

half of the necessary force to avoid a fall by grasping the handrail (Maki et al., 1998).

1.4.6 Handrail use

In public buildings, handrails on a flight of stairs are stipulated (Department for
Communities and Local Government, 2006) and the use of this external support during
stair ascent has been related to less confidence of an older person to ascend stairs
(Hamel & Cavanagh, 2004). Previous studies have shown that light touch at the
handrails led to a redistribution of joint moments. For example, OA using the handrail
demonstrated decreased peak plantarflexion moment of the trailing leg and increased
peak knee extension moment of the leading leg, although redistributing the joint
moments did not improve balance in the sagittal or coronal planes (Reeves et al.,

2008a).

1.5 Biomechanics of stair descent

Stair descent is characterised by the controlled lowering of the body down to the next
stair during mid to terminal stance (Zachazewski et al., 1993). The following sections
describe normal stair descent in YA and changes in performance in OA. Specific gait
cycle characteristics, temporal parameters, range of motion in hip, knee and ankle
joints, kinetics, muscle activation, age-related changes and handrail use are discussed

in more detail below.
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1.5.1 Temporal characteristics

YA were reported to descend stairs with a mean walking speed of 0.56 m/s
(Protopapadaki et al., 2007). Preferred cadence in YA has been documented as being
between 124 (Mian et al., 2007a) and 135 steps/min (Larsen et al., 2008), which is
slightly higher than over ground walking. Cadence and walking speed during stair
descent is also dependent on body height. Livingston et al. (1991) have shown that
shorter individuals descend stairs with higher cadence and velocity than taller
individuals.

The relative stance and swing phase duration during stair descent is similar to
overground walking, but the stance phase ranges from 60% of the gait cycle
(Protopapadaki et al., 2007) to 68% (Zachazewski et al., 1993). Similar to stair ascent,
there are two critical points for balance during the stance phase. The maximum m-I
COM displacement occurs in mid stance and the lowering of the COM occurs during
single stance (Zachazewski et al., 1993). These authors also argued that stair descent
is @ more challenging task for balance because the double support phase is shorter
and the COM-COP separation in the coronal and sagittal planes is larger compared to

stair ascent.

1.5.2 Kinematics and kinetics

Similar to stair ascent, the range of motion in hip, knee and ankle joints in the sagittal
plane depends on the body height of an individual and stair height (Livingston et al.,
1991). Peak hip and knee flexion occur during initial swing. Mean peak hip flexion
ranges between 23° (Protopapadaki et al., 2007; Andriacchi et al., 1980) and 45°
(Livingston et al., 1991) and mean peak knee flexion ranges from 82° (Andriacchi et al.,
1980; Protopapadaki et al., 2007) to 107° (Livingston et al., 1991). Peak dorsiflexion

occurs during pre-swing and is between 21° (Protopapadaki et al., 2007) and 36°
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(Livingston et al., 1991). Ankle plantarflexion is largest during terminal swing when
prepositioning the foot for initial contact and the range is reported between 26°
(Andriacchi et al., 1980) and 40° (Protopapadaki et al., 2007).

The vertical GRF curve during the stance phase during stair descent is “M”-
shaped with a pronounced first peak at around loading response and a significantly
reduced or even absent second peak compared to overground walking (Stacoff et al.,
2005; Hamel et al., 2005). There are two peaks for the internal hip extension moment
and the internal plantarflexion moment at the ankle. The first peak occurs at loading
response and a second peak is present during terminal stance (Novak & Brouwer,
2010; Protopapadaki et al., 2007; Reeves, Spanjaard et al., 2008b). The peak internal
knee extension moment occurs in terminal stance (Novak & Brouwer, 2010;

Protopapadaki et al., 2007).

1.5.3 Muscle activity

As described in the kinematic analysis, the body has to be lowered down to the next
stair. This is mainly achieved by eccentric muscle activity of the antigravity muscles
such as the quadriceps (McFadyen & Winter, 1988) and triceps surae which is pre-
activated to absorb the impact of the body weight during stepping down (Craik et al.,

1982).

1.5.4 Foot placement and clearance

For stair descent there are no data available for step width or step length, neither for
YA nor OA. In contrast to stair ascent, minimum foot clearance during stair descent
was previously calculated as overall minimum distance in the sagittal plane between
heel and stair edge during the swing phase (Simoneau et al., 1991, Hamel et al.,

2005). In YA, minimum foot clearance ranges from 1.8 to 3.8 cm and it appears that
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this value is dependent on the place of measurement: foot clearance is greater during
the transition phases from upper landing to stair and from stair to lower landing

compared to midstair clearance (Hamel et al., 2005).

1.5.5 Age-related changes and adaptation to functional loss

During stair descent, OA walk slower (Lee & Chou, 2007), with reduced cadence
(Reeves et al., 2008a; Mian et al., 2007a) and increased stride time (Mian et al.,
2007b) than YA. Kinematic comparison between YA and OA revealed reduced peak
knee flexion during swing and increased pelvis and hip movements in the coronal and
transverse planes in OA (Mian et al., 2007b). Although ankle and knee joint kinematics
are seemingly unaffected by age, OA descend stairs with higher knee joint moments
relative to their maximum capacity and reduced ankle joint moments compared to YA
(Reeves et al., 2008b). This finding indicates a redistribution of joint moments from the
ankle to the knee in order to descend stairs safely. In addition, OA increase the
stiffness of their legs by co-activating thigh and calf muscles during the stance phase
(Larsen et al., 2008) and OA rely more on their skeletal rather than muscular system
(DeVita & Hortobagyi, 2000). This finding is further supported by EMG studies. In
comparison to YA, OA demonstrate generally increased EMG activity, including
increased muscle co-activation at the thigh during loading of the leading leg and during
stance (Larsen et al., 2008). All these strategies may help OA to lower the body safely
down to the next stair.

Minimum foot clearance is slightly reduced in OA and ranges between 1.5 cm
(Hamel et al., 2005) and 2.8 cm (Simoneau et al., 1991). Nevertheless age-related
changes in foot clearance only include increased variability in OA which may contribute
to increased fall risk (Hamel et al., 2005). Foot placement on the stair, namely the

extent that the toes overlap the stair edge, has previously been studied in older
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women. Simoneau et al. (1991) found that the toe overlaps the stair edge by 0.6 to
1 cm, meaning that the toe-cap is not placed on the run. Interestingly, foot placement

remains unchanged when visual input is impaired by blurring the visual field.

1.5.6 Handrail use

The most obvious change in stair descent performance between YA and OA may be
the use of a handrail. Indeed, the less confident an older person feels about walking
down a staircase the more likely it is that this person will use this external support
(Hamel & Cavanagh, 2004). Previous studies have shown that light touch at the
handrails led to a redistribution of joint moments. For example, when OA use the
handrail, the peak plantarflexion moment increases and the peak knee flexion moment
decreases due to an earlier heel rise compared to unaided stair descent (Reeves et al.,
2008a). Although OA already use a higher proportion of their capacity of ankle joint
moments than YA (Reeves et al., 2008b) and an even higher plantarflexion moment
occurs when using handrails, this strategy improves balance by increasing the base of

support with additional contact points at the handrail (Reeves et al., 2008a).

1.6 Summary and aims of thesis

The human body declines in older age and these physical and functional changes,
such as a reduction in muscle mass, inaccurate and delayed perception of visual,
proprioceptive and vestibular information and variable and inaccurate movement
execution, are related to increased risk of falling. In addition, environmental factors
such as uneven ground or insufficient illumination add to the likelihood of falls.

Previous research focussed on contributing factors to increased fall risk in OA
during walking, such as age-related changes in walking parameters and gaze
behaviour. However, there is no published data regarding where individuals look while
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they ascend or descend stairs. Although it is likely, it is still unknown if older individuals’
gaze behaviour during stair negotiation shows similar changes to those observed
during overground walking. Therefore, one aim of the present thesis is to describe gaze
behaviour during stair negotiation and age-related changes during midstair walking.
This study is presented in Chapter 2.

Stair edges may serve as point of interest in the visual scene and although
many studies have highlighted changes in stepping behaviour in fit OA when vision is
experimentally reduced, it remains unknown how the stepping pattern and balance
control is affected in OA with a higher risk of falling during midstair negotiation in
comparison to OA with lower risk of falling and YA. Therefore, the second aim of the
present thesis is to investigate the effect of manipulating stair edge visibility on
stepping behaviour and balance control as well as age-related changes in these
measures, which are likely to contribute to a higher risk of falling in some OA. In
addition, the relative effects of experimentally manipulating ambient illumination and
stair edge contrast on stepping and balance control is described in YA, OA with lower
risk of falling (LROA) and OA with higher risk of falling (HROA). Chapters 4 and 5
present the studies for stair ascent and descent respectively.

Head stabilisation has been shown to be challenged in OA and to decrease in
YA during stair ascent and descent compared to overground walking. However, OA
demonstrate improved head stabilisation when required to fixate a point straight ahead
during walking. A third aim of the present thesis is to investigate age and fall risk-
related changes as well as and the effect of enhanced stair edge visibility on head
posture and head posture control. The study is presented in Chapter 6.

A general discussion of results and a discussion about differences between

stair ascent and descent are presented in Chapter 7.
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CHAPTER 2

Gaze behaviour of young and older adults during stair

negotiation

2.1 Introduction’

Visual information is important for effective and safe walking on stairs, as evidenced by
the fact that experimentally impairing vision has a detrimental effect on motor
performance during single step and stair negotiation. For example, exclusion or blurring
of sight results in changes to the normal stepping pattern such as increased step
execution time, increased proportion of body weight borne by the stance limb (Craik et
al., 1982; Buckley et al., 2005b), increased imbalance during stepping down (Buckley
et al., 2005a) and changes in foot placement (Simoneau et al., 1991) and foot
clearance (Hamel et al., 2005). Also, the use of optical aids such as multifocal glasses,
that impair depth perception within an area close to the feet, has been shown to clearly
increase the risk of falling during stair negotiation (Lord et al., 2002).

Visual guidance of walking has previously been investigated in experimental
settings such as walking with predefined stepping positions (Patla & Vickers, 2003;
Hollands & Marple-Horvat, 1996; Hollands & Marple-Horvat, 2001), walking with
direction change (Hollands et al., 2002) or stepping into multiple targets (Chapman &
Hollands, 2006b; Chapman & Hollands, 2007), and also in natural environments such

as walking in a public building (Vivekanada-Schmidt et al., 2004) or crossing an

' The data in this chapter have been published in the Journal of Motor Behaviour (2009); 41 (4):
357-365.
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intersection (Geruschat et al., 2003). A common finding from these studies was that
visual information is generally used in a feed-forward manner for movement planning
and execution. For example, during level walking with prescribed stepping targets in
the walking path, YA looked on average two steps ahead (Patla & Vickers, 2003).
There is large variability in the extent to which individuals look ahead which can range
from the next step (e.g. Hollands et al., 1995; Hollands & Marple-Horvat, 2001) to
several steps in advance (e.g. Chapman & Hollands, 2006b; Chapman & Hollands,
2007) depending on the task constraints. However, there is currently no published
study describing where and when people look during the daily activity of stair
negotiation. Understanding the visuomotor control mechanisms underpinning stair
negotiation is clinically important since falls on stairs occur frequently, particularly in
OA, often with severe consequences such as impairments needing expensive
treatment and long term care (Scuffham et al., 2003). If we are to understand the
mechanisms underlying stair falls in OA then there is a clear need to know where and
when individuals look as they negotiate stairs and whether there are age-related
changes in this behaviour.

The experimental approach of monitoring gaze behaviour during walking has
been used to good effect in previous studies of OA which have demonstrated age-
related changes in visual sampling characteristics during precision stepping tasks. For
example, OA have been shown to look sooner to stepping targets in the travel path and
to fixate these targets for longer than YA, suggesting that older individuals might need
more time to plan accurate stepping movements (Chapman & Hollands, 2006b). Other
studies have demonstrated that OA categorized as being at a high-risk of falling
showed a tendency to look away from a stepping target prematurely and that this
apparently mal-adaptive behaviour was associated with a reduction in the accuracy
and precision of stepping movements (Chapman & Hollands, 2006b; Chapman &

Hollands, 2007). Although there is some evidence that OA show altered visual
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behaviour during stepping over obstacles (Di Fabio et al., 2003a) or onto a raised
platform (Di Fabio et al., 2003b), there is no published study describing the temporo-
spatial relationships between gaze and gait or how the ageing process affects
visuomotor control during stair negotiation, involving multiple steps. It is still unknown if
older individuals’ gaze behaviour during stair negotiation shows similar changes to
those observed during overground walking.

The aims of this study were to quantitatively describe where and when
individuals look during stair negotiation and to determine whether there are any age-
related differences in these measures that might contribute to our understanding of the
increased incidence of stair falls in older adult populations. It was hypothesised that 1)
both groups of participants would spend the majority of time looking at future stepping
locations on the stairs, but that 2) OA would look to these locations sooner and fixate

them for longer than YA.

2.2 Methods

2.2.1 Participants

Ten YA (5 females, 5 males, mean age 21.4 years = 2.2) and 10 OA (6 females,
4 males, mean age 70.7 years + 3.1) were recruited from the School of Sport and
Exercise Sciences and the local community. All participants lived independently in the
community and were included if they were able to ascend and descend stairs in a step-
over step manner. All participants were screened for general health by a school-
internal General Health Questionnaire and by self-report by the participant. Participants
reported their confidence in stair negotiation under various conditions by the Stair Self-
Efficacy Questionnaire (SSEQ) (Hamel & Cavanagh, 2004). The Berg Balance Scale
(BBS) (Berg et al., 1989) and the Timed-up-and-go test (TUG test) (Podsiadlo &
Richardson, 1991) were performed to assess balance ability and walking performance.
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These assessments are described in more detail in paragraph 3.2. Visual function
assessment included visual acuity (Snellen eye chart) and contrast sensitivity (Pelli-
Robson contrast sensitivity chart 4K, Metropia Ltd., United Kingdom), both tested at
6 m. Exclusion criteria for this study were musculoskeletal, neurological or vestibular
impairments which affect stair negotiation ability or gaze behaviour, acute or untreated
heart conditions, use of walking devices, a BBS score less than 54 and more than 10 s
needed for the TUG test. Due to technical problems associated with obtaining gaze
data of acceptable quality from participants wearing eye glasses, individuals who
reported that they normally wore glasses during walking were also excluded, however,
there was one person in each age group who wore contact lenses.

Age groups were comparable in their confidence in stair walking (SSEQ score
for YA= 143 £ 19.1, for OA= 139 % 27.2; F115= 0.124 , p=.729) and balance abilities
(BBS score for YA= 56 * 0, for OA= 56 * 0.5; F(4 15= 3.857, p=.065), but OA completed
the TUG test significantly slower (7.4s + 0.8) than YA (5.8s * 0.8); F,15= 19.200,
p<.001). Visual acuity was 6/12 or better for both YA and OA, contrast sensitivity was
significantly better for the YA (F1,15= 16.200, p=.001).

The study was approved by the School’'s Safety and Ethics Subcommittee. All

participants gave informed written consent prior to participation.

2.2.2 Stairs and apparatus

The 12-step staircase used for data collection was located in a quiet area of the
school’s building; the stairway had large windows without shutters. The stair size was
16.1 cm x 27.3 cm (rise x run), resulting in a stair angle of 30.5°. The stairs were
covered with dark grey vinyl floor tiles and 5 cm plastic edge strips of light grey colour.

Handrails were mounted on both sides at a height of 90 cm.
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A head mounted eye tracking system (Model 501, Applied Science Laboratory,
USA) (weight 480g) was used for recording the eye movements (Figure 2.1). A digital
video recorder recorded gaze data and data from a scene camera, attached to the eye
tracker, at a sample rate of 30 Hz. Essential technical equipment was stored in a
backpack (weight 4.1 kg) and carried by the participant. One Force Sensing Resistor™
device (4.5 x 4.5 cm, Interlink Electronics Europe) was attached to each sole of the
footwear in the area of the metatarsal heads Il to IV and connected to a LED light. The
lights were laterally attached to the lower thighs and switched on for the duration of
stance phase of either the left or right leg. A second digital camera (Sony Handycam
DCR-H30) with a sample rate of 30 Hz recorded the stepping characteristics of the

lower limbs in addition to the LED lights.

Figure 2.1: OA with mobile eye-tracker and attached LED light to detect foot contact on the stair
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2.2.3 Experimental procedure

The eye tracker was optimally calibrated for the area two to four steps in front of the
participant and after preparing the backpack, all participants were allowed to walk
around to familiarise themselves with the additional weight.

Each participant completed three trials in each walking direction, starting with
stair ascent. The starting position was 1m in front of the stairs. Participants started
each trial with eyes closed to prevent any early visual exploration of the staircase
environment. When hearing the start signal “go!”, participants opened their eyes and
either ascended or descended the stairs. All participants were asked to walk at their
preferred speed and always to start with the preferred leg. Light handrail use was
allowed, but not encouraged. The participants were told to use the handrail as guide
only and not for “pulling themselves up”. During the trial, the experimenter walked next

to the participant to aid stability in the event the participant needed additional support.

2.2.4 Data preparation and analysis

Gait and gaze data were only analysed for travel over the middle section of the
staircase (Figure 2.2) as non-specific areas of the visual scene (e.g. areas of the floor
or wall) were not amenable to quantitative analysis in the transition phases from

landing to stair and from stair to landing.
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Figure 2.2: Definition of the middle eight stairs section used for data analysis

Walking speed was calculated from the time interval between initial contact with
stair 3 and toe off on stair 10 for ascent and initial contact with stair 10 and toe off on
stair 3 for descent. Cadence (number of steps per minute) was also calculated over this
distance. All gait data were averaged over three trials for each walking direction. The
video data from the eye tracker and video camera were synchronised for each trial by
recording three LED flashes, using the LED light on the right thigh of the participant.
These flashes were simultaneously recorded by the eye tracker and the external digital
video recorder and used post-hoc to align the video data time codes. Every trial was
analysed frame by frame. Trials with more than 30% data loss of eye tracker data were
excluded from further analysis. Loss of data occurred when the eye tracker failed to
maintain a picture of the eye when the participant fixated locations outside the field of
the eye tracker's scene camera or the illumination in the stairway changed due to
sudden sunshine. At least two trials were analysed for each walking direction for each

participant.
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Travel path

Figure 2.3: Stair descent: Picture from the eye tracker's video camera. The cross-hair indicates

that the person is fixating the contrast coloured edge of the stair within the travel path.

The following dependent gaze variables were analysed and further explained
below: (1) total duration for which gaze was directed at the travel path, (2) number of
stairs the participants looked ahead, (3) within-subject variability of number of stairs the
participants looked ahead, (4) time interval between onset of last gaze fixation on a
stair and initial foot contact on that stair, (5) time interval between looking away from a
stair and initial foot contact on that stair and, (6) duration of last gaze fixation of a stair
before stepping onto that stair.

The total duration for which gaze was directed at the travel path was expressed
as a percentage of the time taken to travel the eight stairs under investigation. The
travel path was defined as the area of the staircase within the boundaries represented
by trajectories of the lateral edges of the two feet (Figure 2.3). The number of stairs the
participants looked ahead is presented as frequency analysis. The within-subject

variability of number of stairs the participants looked ahead was calculated as the
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average standard deviation of number of stairs looked ahead during each trial and for
each walking direction. Gaze fixation was defined as continuance of gaze at one
location in the scenery for at least 66 ms (two video frames) following precedents from
Tatler et al. (2006), Terao et al. (2002) and Geruschat et al. (2003). Very few fixations
of 66 ms (9.6% of all fixations) were found. Participants were considered to look one
stair ahead when they fixated a stair prior to the start of the swing phase towards that
stair (Patla & Vickers, 2003). Gaze fixations starting during the swing phase towards a
fixated stair were considered as fixations of zero stairs ahead. For example, a person
standing on stair 2 while looking to stair 7 would need to complete four steps from stair
2 to the stairs 4, 5, 6 and 7 resulting in a gaze fixation four stairs ahead, without

counting the ongoing swing phase towards stair 3 as a complete step (Figure 2.4).
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Figure 2.4: Raw data from one typical trial of one young and one older adult during stair ascent
(a,c) and descent (b,d). Gaze fixation locations are shown in relation to the stance phases on
the stairs. The magnified section shows the person standing on stair 2 while looking to stair 7,

resulting in looking four stairs ahead. Different slopes correspond to different walking speeds.

SPSS 15.0 for Windows was used for statistical analysis. Gait and gaze data
were analysed using a mixed 2 (age group: YA and OA) x 2 (walking direction: stair
ascent and stair descent) ANOVA. A correlation was performed to assess the
relationship between gaze behaviour and walking speed. An ANCOVA with walking
speed as covariate was calculated when walking speed has been shown to be
correlated with gaze behaviour. A level of a=.05 was considered to be significant, and

only significant results are reported.
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2.3 Results

A total of 29 trials for OA and 27 trials for YA were analysed for both walking directions.
Figure 2.4 presents the raw data from one trial of one young and one older adult during
stair ascent and descent. Gaze fixation locations are shown in relation to the stance
phases on the stairs. During stair ascent, one trip occurred in an OA; one YA and four
OA used the handrail occasionally. During stair descent, no trips occurred; one YA and
five OA used the handrail occasionally. The light use of handrails did not produce any
significant differences in walking or gaze behaviour; therefore data from handrail users

and non-users in each group were analysed together.

2.3.1 Gait characteristics

The results of the ANOVA indicated that OA walked significantly slower during both
ascent and descent and with a significantly lower cadence than YA. All participants
walked faster with higher cadence during stair descent. Single stance phases were
prolonged in the OA in both walking directions, whereas no differences between age
groups were found for the double support phase. Mean values and the results of

statistical analyses for the gait data are shown in Table 2.1.
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Table 2.1: Mean (SD) for gait data and gaze behaviour for YA and OA during stair ascent and

descent

Stair ascent

Stair descent

Young Old Young Old
Walking speed (m/s) 0.59 (0.05)** 0.47 (0.07) 0.67 (0.08)** 0.50 (0.07)
Cadence (steps per min) 112 (10)** 90 (14) 127 (15)** 96 (14)
Single stance phase (s) 0.45 (0.06)** 0.56 (0.10) 0.38 (0.04)** 0.54 (0.09)
Double stance phase (s) 0.08 (0.02) 0.11 (0.02) 0.09 (0.03) 0.09 (0.03)
Gaze directed at travel path (% of
o 75.4 (14.9) 90.7 (7.9) 86.2 (10.3) 91.3 (10.7)
walking time)
Looks ahead (number of stairs) 3.5(0.8) 3(0.7) 4 (1.2) 3.4(1.7)
Within-subject variability (number
] o 0.92 (0.24)** 0.58 (0.14) 1.68 (0.56) 1.25(0.79)
of stairs participants looked ahead)
Time between last gaze fixation
1.81 (0.40) 2.17 (0.55) 1.40 (0.35) 1.79 (0.68)
and initial contact on the stair (s)
Time between looking away from
o ] 1.55 (0.43) 1.72 (0.54) 1.18 (0.35) 1.48 (0.72)
and initial contact on the stair (s)
Duration of last gaze fixation (s) 0.30 (0.05)* 0.49(0.10)+ 0.25(0.04)** 0.35(0.08)

* p< .05, ** p< .01 for differences between age groups within one walking direction

+ p< .05, for influence of walking speed

2.3.2 Characteristics of gaze behaviour

There was a main effect of age group on the amount of time participants’ gaze was

directed toward the travel path, showing that older participants spent significantly more

time looking within this region than YA (F 1= 6.012, p=.025, n®=.250). OA directed

their gaze toward the travel path for 90% of walking time in both walking directions,
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whereas YA spent 75% (stair ascent) and 86% (stair descent) of their walking time
looking at features lying along their future travel path (Table 2.1). Gaze was directed
most commonly toward the high-contrast strip on the edges of the stairs (Figure 2.3).
Figure 2.5 depicts the frequency distribution of the number of stairs participants
looked ahead during stair ascent and descent. All participants looked most frequently
three stairs ahead (YA: 29%, OA: 44%) during ascent. OA rarely looked more than four
stairs ahead, whereas the frequency of gaze fixation locations is more widely
distributed in the young group. During stair descent the distribution of the number of
stairs the participants looked ahead was even in all participants, indicating similar gaze
behaviour in both age groups. YA fixated most frequently four (21%) and two (17%)
stairs ahead, whereas OA looked most frequently two (22%) and four (17%) stairs
ahead. There was a significant correlation between walking speed and extent of
looking ahead for the YA during stair ascent (rg= 0.650, p<.05, R? = .422), but no
significant correlation was found for descent or for the OA in either walking directions.
There was significantly less within-subject variability in the extent to which older
participants looked ahead compared to YA (F4 5= 5.665, p=.029, n®=.239). The extent
of looks ahead varied between 0.58 stairs (stair ascent) and 1.25 stairs (stair descent)
in OA and between 0.92 (stair ascent) and 1.68 (stair descent) in YA (see Table 2.1).
Both age groups were more variable in their gaze pattern during stair descent
(F1.18= 20.835, p<.001, n2:.536) than ascent. There was no significant correlation
between walking speed and variability in the extent to which the participants looked

ahead.

48



Stair ascent Stair descent

40 4 40 4

mmmm Young adults
—— Older adults
30 1 30 1 Out Outside of

B‘?-

£

©

o

c

L]

5

2 scene camera

o

4 20 4 20

)

&

2 10 4 10 4

=3

& I I I]

-

0- o

0 1 2 3 4 5 6 7 out 01234567 893101 out
Number of stairs one looks ahead Number of stairs one looks ahead

Figure 2.5: Number of gaze fixations in % for the middle eight stairs section during stair ascent

and descent for young and older participants.

2.3.3 Relationship between gaze fixation and stepping

There were significant main effects of walking direction on the time interval between
last gaze fixation of and initial foot contact with a stair (F11s= 16.461, p=.001, n?=.478)
and on the time interval between looking away from a stair and foot landing on that
stair (F,18= 8.289, p=.01, n22.316). This indicates that all participants looked later
towards stairs during stair descent than during ascent, and that all participants looked
away earlier from the stairs during stair ascent (Figure 2.6). OA did not look
significantly sooner at the stairs than YA.

There were significant main effects of age (F 1= 29.673, p<.001, r]2=.622) and
walking direction (F 1= 22.020, p<.001, n22.550) on the duration of last gaze fixation
on a stair before stepping onto that stair, showing that OA fixated the stairs longer than
YA and both age groups fixated the stairs for a shorter time during stair descent
(Figure 2.6). A significant correlation between walking speed and the duration of the
last gaze fixation was found for OA during stair ascent (rg= -0.772, p<.01, R?=.579),
but not during stair descent nor for the YA irrespective of walking direction. Although

walking speed influenced the duration of the last gaze fixation (F 1= 14.971, p=.001,
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n?=.468), age remained a significant factor (F1,18= 5.684, p=.029, n?=.251) using

ANCOVA with walking speed as a covariate.

Gaze fixation Looking away Initial contact
onset from stair on stair
Stair ascent === —Jx
— |
* %
Stair descent —1*
|
mmm Young adults -2 -1.5 -1 -0.5 0
Older adults Time (s)

Figure 2.6: Temporal relationships between gaze and stepping behaviour in young and OA.
Only the gaze fixation duration is significantly different between age groups and walking

directions, * p< .05, ** p< .01

2.4 Discussion

This is the first study to directly measure gaze behaviour during stair negotiation in a
natural environment on a real multiple-stair staircase. The study provides novel
information about which environmental features individuals look at during stair
negotiation and when individuals look at these features with respect to the timing of
stepping movements. The study provides further novel information by comparing data
obtained from YA and OA. The information provided is crucial to the understanding of
how vision is used to control stair negotiation and adds to the understanding of age-

related changes in this control which may contribute to stair falls in OA.
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2.41 Where do individuals look during stair walking?

The main finding of this study is that all participants spent the majority of their walking
time visually fixating aspects of the stairs which represent future stepping locations
(around 90% during stair descent and around 75 — 90% for stair ascent; see Table 2.1).
This result confirms the first hypothesis and is consistent with the results of previous
studies suggesting that visual information of the stair properties are crucial for safe stair
negotiation (Craik et al., 1982; Lord et al., 2002; Simoneau et al., 1991; Hamel et al.,
2005). Even if individuals are able to negotiate the stairs by using an internalized
representation of their dimensions based on experience or by reliance on
somatosensory input, vision nevertheless is clearly preferred during stair negotiation.
This is easily demonstrated by carrying an empty box up and down stairs. The loss of
ones lower visual field during stair negotiation is unnerving and usually results in
altered walking behaviour (e.g. turning sideways to restore vision of the stairs).

In the present study, on average, all participants looked three stairs ahead
during stair ascent and either two or four stairs ahead during stair descent (OA and YA
respectively). Walking speed only correlated with the extent to which YA looked ahead
during stair ascent; the higher the walking speed the further they looked ahead. These
results are consistent with the notion that central vision is used in a feed-forward
manner to guide stair walking and similar to the strategy used for walking on stepping
targets over flat terrain (Hollands et al. 1995, Patla & Vickers 2003). Analysis of video
data also indicated that all participants spent most of the time looking at points on the
stairs lying along their future travel path represented by a projected area within the
trajectories of the lateral edges of the feet (see Figure 2.3). A strategy whereby
participants made clear alternating left and right saccades to future foot landing
positions was only occasionally seen. Two older participants used this strategy in a

total of five trials during ascent and two trials during descent. Two young participants

51



showed these saccades in a total of two trials during descent. Furthermore, in both
walking directions participants’ gaze was directed towards the contrast strips on the
edges of the stairs. In combination these results suggest that participants were
collecting visual information about the anterior-posterior (a-p) location of step edges
rather than identifying m-l position on the steps for future foot placement. This is
perhaps not surprising since stair negotiation places far more restraints on foot

placements in the a-p direction (stair run) than in m-I direction (stair width).

2.4.2 Differences between gaze characteristics during stair ascent and

descent
During stair descent, all adults fixated a stair later and looked away from it later prior to
stepping onto it than during stair ascent (see Table 2.1). This suggests that, during stair
descent, more up-to-date visual information about stair properties is needed to guide
stepping movements and is consistent with the notion that stair descent poses a
greater challenge to dynamic postural stability than stair ascent (Mian et al., 2007b).
This increased challenge presumably explains why falls occur more frequently during

stair descent (Svanstrém, 1974).

2.4.3 Age-related differences in gaze behaviour during stair negotiation

It was previously shown that OA fixated a stepping target sooner (Chapman &
Hollands, 2006b; Di Fabio et al., 2003a) and for longer than YA during walking
(Chapman & Hollands, 2006b). The present results showed that similar trends are
observable during stair negotiation although only the longer gaze fixation time reached
statistical significance. Walking speed can only partially explain the longer fixation time
in OA during stair ascent. Although OA walked slower and therefore had more time to

look around than YA, they did not use this additional time to fixate other environmental
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features such as the handrail. In contrast to stair ascent, walking speed had no effect
on gaze fixation time during stair descent in either age group. This suggests that OA
need more time fixating the stairs in order to process visual information describing stair
locations in order to generate an accurate stepping movement. It is noteworthy that the
duration of final fixation on a target prior to movement initiation has been demonstrated
to be an important predictor of movement accuracy in many different sporting contexts
ranging from golf swings, to basketball free throws (Vickers, 2007). The term “quiet
eye” was coined by Vickers (1996) to describe this phenomenon, and the concept has
been used effectively in coaching scenarios to successfully improve sporting
achievement (Vickers, 2007). The “quiet eye” literature suggests that the gaze strategy
adopted by OA during our task may be appropriate for optimizing stepping accuracy.
Although it is conceivable that biomechanical differences between the groups of
participants could influence head posture (e.g. neck flexibility which determines head
range of motion) during stair negotiation, it is hard to see how this would constrain gaze
behaviour. If OA did have reduced range of head motion, then they could still
independently move their eyes to fixate the stairs (the eyes have a vertical range over
+/- 45°). Even, if participants were unable or unwilling to move their eyes independently
from their head during stair negotiation then reduced neck flexibility would make it more
difficult for OA to look down. When walking down stairs the OA looked down by the
same extent as YA and during ascent they looked down to a greater extent. Therefore,
it is proposed that the age-related differences in gaze behaviour represent differences

in visual control rather than biomechanical constraints.

2.4.4 Role of vision in maintaining balance during stair negotiation
Individuals looked ahead by a fairly consistent extent during stair negotiation, as

demonstrated by the small within subject variability in this measure. The strategy of
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maintaining a constant gaze angle with respect to the support surface has previously
been described in human participants walking on stepping targets (Patla & Vickers,
2003) and over obstacles (Patla & Vickers, 1997) and also in cats walking down a
cluttered alley (Fowler & Sherk, 2003). However it is important to note that these
papers describe behaviour in which participants do not continually fixate environmental
features at a relatively constant distance ahead but rather “park” their eyes in orbit so
that gaze is shifted by the forward progression of walking. This gaze strategy was
never observed in the current study; participants were always fixating environmental
features (predominantly the stair edges). Nevertheless, maintaining a relatively
constant angle between gaze and staircase may be advantageous to participants by
simplifying the extraction of pertinent information from retinal flow fields for maintaining
heading and guiding posture. For example, looking a consistent distance ahead in the
direction of travel will serve to minimize the extent of rotary and linear components of
optic flow arising from compensatory eye movements. Interestingly, OA showed
significantly less variability than the YA in the extent to which they looked ahead. It is
possible that OA were more reliant on visual information to guide balance during stair
negotiation and therefore direct their gaze in a way that better facilitates the extraction

of optic flow from the visual scene.

245 Limitations

Although this study has provided important novel information pertaining to visual
sampling strategies used during stair negotiation, it has some obvious limitations. The
study investigated how vision is used to guide stair negotiation in fit and healthy YA
and OA in a natural environment outside of laboratory-controlled conditions. Studies of
more frail OA would likely show greater age differences in gaze and stepping behaviour

in line with those documented in previous walking studies (Chapman & Hollands,
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2006a; Chapman & Hollands, 2007). However, frail OA can only be investigated in a
controlled lab-based environment where appropriate safety precautions can be
implemented. The aim was to analyse gaze data collected in a natural environment in
order to gain insight into the visual cues that are normally sampled from the real world
during stair negotiation and this a has been clearly achieved. Another limitation of the
study is the temporal resolution of the measurements of gaze behaviour. The mobile
eye tracking system only has a sampling frequency of 30 Hz which limits the analysis
of eye movement characteristics to duration of gaze fixations with a resolution of
33 ms. A higher resolution system would be required to detect saccade onsets more
precisely and to reveal more subtle age-related changes to oculomotor characteristics,
such as saccade excursions. Finally, the eye tracking equipment including the
backpack represented an additional weight that may have changed the stepping
behaviour even in fit and healthy OA. Walking speed and cadence were slightly lower
in this group, whereas gait data in the young group were comparable with those from

other studies (Mian et al., 2007a; Lee & Chou, 2007; Larsen et al., 2008).

2.5 Summary and conclusion

The findings clearly show that central visual information describing stair locations is an
important source of information for both YA and OA walking up and down stairs. Both
age groups fixated future stepping locations within the travel path on average three
stairs ahead in both walking directions. Therefore it is important that vision within this
area is as good as possible to minimise the risk of a trip or fall, particularly for OA. In
both walking directions, OA fixated the stairs for longer than YA. Furthermore, OA were
less variable in the extent they looked ahead during ascent. These findings lend
support to the suggestion that OA require more time to process visual information

describing a step and transform it into an appropriate stepping movement. Given the
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finding that stair edges are predominantly fixated, the following study will investigate
the differences in gaze behaviour between YA and OA with lower or higher risk of

falling and the effect of stair edge visibility on stepping parameters and balance control.
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CHAPTER 3

General methods

This chapter summarises the general methods used in the following three experimental

chapters.

3.1 Participants

Eight YA (7 females, mean age 26.0 years + 4.0), seven OA with lower risk of falling
(LROA) (6 females, mean age 72.1 years = 3.8) and eight OA with higher risk of falling
(HROA) (7 females, mean age 79.3 years + 6.4) were included in the studies. All
participants were living independently in the community at the time the study was
conducted. YA were recruited within the university and OA were recruited using either
an existing in-house database of participants or through visits to local community
groups. The general inclusion criterion was that all participants were able to ascend
and descend stairs in a step-over step manner, resulting in one foot contact per stair.
General exclusion criteria for the studies were musculoskeletal, neurological or
vestibular impairments, acute or untreated heart conditions and the use of walking
devices during stair negotiation. YA were selected to match for gender and height
distribution (£ 4 cm) in the older participants.

The studies were approved by the School's Safety and Ethics Subcommittee and

all participants gave informed written consent prior to participation.
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3.2 Tests and assessments

All participants underwent a screening for exclusion criteria, vision, balance ability, fear
of falling and confidence in stair negotiation prior to data collection. The falls history
included falls in the previous 12 months.

Musculoskeletal, neurological and vestibular impairments were assessed by a
school-internal General Health Questionnaire (Appendix A) and by self-report by the
participant.

Visual function assessment included visual acuity (Snellen eye chart) and
contrast sensitivity (Pelli- Robson contrast sensitivity chart 4K, Metropia Ltd., United
Kingdom). Participants were included for data collection when their visual acuity of
normal or corrected to normal vision was 6/12 or better.

Balance was assessed by the Berg Balance Scale (BBS) (Berg et al., 1989)
(Appendix B). This scale is a 14-item assessment with active balance tasks such as
standing with eyes closed, turning around and standing on one leg. Possible scores are
0 to 56 and the maximum score of 56 signifies no balance impairment. The BBS has
been shown to be highly sensitive and specific to identify community-dwelling OA at
higher risk of falling (Shumway-Cook et al., 1997).

Fear of falling was assessed by the Modified Falls Efficacy Scale (MFES) (Hill
et al., 1996) (Appendix C). This scale is a 14-item assessment on how confident
participants feel to do activities without falling such as getting dressed, walking inside
the house or crossing roads. Possible scores are 0 to 140 and the maximum score of
140 indicates full confidence in doing the task in question without falling.

Confidence in stair negotiation was assessed by the Stair Self-Efficacy
Questionnaire (SSEQ) (Hamel & Cavanagh, 2004) (Appendix D). The questionnaire is
an 8-item assessment on how confident participants feel to negotiate stairs without

losing balance under different circumstances such as using stairs without handrail or
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using stairs outside their home. The answers are divided into walking up and walking
down stairs. Possible scores are 0 to 160 and the maximum score of 160 indicates full
confidence. The reliability of this questionnaire has been reported to be good (Hamel &

Cavanagh, 2004).

3.3 Participants’ characteristic and assignment of OA to fall
risk groups

Details of the participants’ characteristics are presented in Table 3.1 and group
differences were calculated by using an ANOVA for age, height, weight, MFES and
SSEQ scores and contrast sensitivity. The Kruskal-Wallis test was used for calculating
group differences in the BBS score and a post-hoc Mann-Whitney test with Bonferroni
corrected a- level (p< .017) was used to calculate the difference between the LROA
and HROA group. There were no significant differences in height and weight between
groups, but LROA were younger than HROA (p=.032). Reported falls were none in the
YA, one in the LROA and two in the HROA group. HROA demonstrated reduced
balance abilities, indicated by lower BBS scores than LROA (p=.010) and YA (p=.001).
HROA reported less confidence in stair negotiation than LROA (p=.008) and YA
(p=.002) as indicated by the SSEQ score. Vision was corrected with glasses in one YA,
two LROA and two HROA. Three YA wore contact lenses during data collection.
Contrast sensitivity was comparable in all groups, ranging from 1.65 to 1.95 log
contrast in both OA groups and from 1.95 to 2.1 log contrast in the YA.

OA were assigned to the fall risk group on the basis of their combined
assessment scores in BBS, MFES, SSEQ. The scores from each assessment were
ranked and the individual’s sum of all ranks was used to separate the older participants
into two groups with the lowest and highest combined scores from these assessments.

Since impaired balance and subjectively perceived fear of falling contribute to a
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restriction of activities (Zijistra et al., 2007; Deshpande et al., 2008a), lead to a decline
in lower limb function (Deshpande et al., 2008b) and are associated with increased fall
risk (Lin & Woollacott, 2005) it is believed that grouping participants in this manner
resulted in two groups representing older individuals with a comparatively higher and

lower risk of falling.

Table 3.1: Participants’ characteristics in mean (SD)

YA LROA HROA
Age (years) 26.0 (4.0) *+ 72.1(3.8) § 79.3 (6.4)
Height (m) 1.63 (0.08) 1.62 (0.09) 1.60 (0.10)
Weight (kg) 60.4 (8.9) 56.6 (8.0) 63.4 (17.2)
Stair self-efficacy
151 (8) + 145 (4) § 98 (39)
score (max. 160)
Modified falls efficacy
139.4 (1.8) 138.8 (2.3) 119.3 (23.2)
score (max. 140)
Berg Balance Scale
56.0 (0) + 55.6 (0.5) § 52.7 (2.2)
score (max. 56)
Contrast sensitivity
1.99 (0.07) 1.88 (0.14) 1.84 (0.14)

(log contrast)

* sig. difference (p< .05) between YA and LROA, + sig. difference (p< .05) between YA and
HROA, § sig. difference (p< .05) between LROA and HROA

3.4 Details about technical equipment and experimental
conditions

The 5-step wooden staircase used in studies presented in Chapters 4, 5 and 6 was

80 cm wide with a stair size of 17 cm x 27 cm (rise x run), resulting in a stair angle of

32°. The chosen stair dimensions conform to the UK Building Regulations for

institutional and assembly stairs (Document K, Department for Communities and Local

Government, 2006). The upper landing was 1.50 m long. Handrails were mounted on
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both sides at the height of 85 cm. To change the contrast between tread and edge of
the stair, the stair edges could be covered with a 3 cm wide smooth aluminium edge
strip of black colour. The location of the stair edges in space was identified by attaching
markers to the aluminium edge strip and marker positions were captured prior to data
collection for each participant.

A 13 camera 3D motion capture system (Vicon MX; consisting of eight MX3
cameras with a resolution of 0.3 megapixels and five MX40 cameras with a resolution
of 4 megapixels) recorded movement data at a sample rate of 250 Hz. A schematic of
camera placement is shown in Figure 3.1. The camera volume covered a volume of
approximately 6.00 x 1.50 x 2.85 m (length x width x height) to ensure that all markers
were seen at all times and was consistent between participants. The camera system
was calibrated statically by using the Static calibration frame and dynamically by using
the 3-marker calibration wand. The calibration for each data collection resulted in
camera residuals of <1 mm for each camera, suggesting a very high accuracy of the

camera system and marker reconstruction.
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Figure 3.1: A schematic of the placement of all 13 cameras in the laboratory with respect to the

stair case. The desk with the collection computer was located in the left lower corner. The door

to the laboratory is seen in the left upper corner.

A complete PluglinGait marker set (Oxford Metrics, Ltd.) of markers with 14 mm
diameter was attached to the participant’s head, trunk, legs, feet, arms and wrists and
was extended by four additional markers on the shoes (area of metatarsal heads | and
V) (Figure 3.2). The toe marker was attached to the top of the shoe which will result in
an overestimation of the foot clearance for the toe during stair ascent and for the heel
during stair descent, since both markers need to be placed at the same height. This
effect was taken into account when interpreting the data. To reduce movement
artefacts, the markers were placed directly onto the skin where possible (wrists, arms,
C7, clavicula) or onto tight fitting clothes or shoes (leg and foot markers) or onto the

shirt fixated to the skin with doublesided tape (T12, pelvis). Head markers were fixated
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onto a cap (Figure 3.2). Participants wore their usual foot wear, including trainers in
young participants, casual shoes in male participants and boat shoes in female
participants. Marker placement and attachment should not adversely affect positional
outcome measures such as foot clearance and foot placement on the stair, but may
affect the accuracy of the COM acceleration as some markers were not directly

attached to the skin, introducing movement artefacts due to movement of the clothes.

Figure 3.2: (A) Experimental set-up with lights switched on and low stair edge contrast. A young

adult with reflective markers ascending stairs is shown. (B) Experimental set-up with high stair
edge contrast. Data were analysed on stairs 3 and 4 for stair ascent and on stairs 3 and 2 for
stair descent as these stairs did not interfere with the transition between landings and stair in

either walking direction.

Ambient illumination in the laboratory was calculated by measuring the mean
reflected light from four calibrated grey papers (corresponding to 3%, 18%, 45% and
90% reflectance) placed at the upper landing of the staircase. The luminance meter
(Konica Minolta LS-100) measured the reflected light from these papers under “lights
on” and “lights dimmed” conditions. The ambient illumination was then calculated using
the equation: ambient illumination= reflected light/ reflectance of the calibrated grey
paper and resulted in 200 lux for the “lights on” and 1 lux for the “lights dimmed”

condition. The objective contrast between staircase and contrast strips could not be
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measured because the experimental equipment (staircase and light shield) had been
recycled. It is noted that ambient illumination levels would affect the perceived contrast
between stair run and stair edge. With lights on, the contrast would be perceived as
higher and may therefore present a clearer visual cue for the participant about the stair
edge location than with lights dimmed. In addition, contrast sensitivity and visual acuity
in participants would deteriorate as shown in previous studies, particularly in the older

participants (Jackson & Owsley., 2000; Haegerstrom-Portnoy et al., 1997, Pitts, 1982).

3.5 Experimental design and protocol

All participants ascended and descended the stairs 20 times at their preferred walking
speed. Participants rested for five minutes after every ten trials (5 trials ascending
stairs, 5 trials descending stairs) to exclude fatigue effects. Two visual conditions were
manipulated simultaneously 1) ambient illumination in the laboratory (“lights dimmed”: 1
lux and “lights on”: 220 lux) and 2) contrast of the stair edges (low contrast: without
edge strip, high contrast: with black edge strip) (Figure 3.2). The trials were grouped in
blocks of five accordingly to the illumination condition. Before data collection started,
participants were given approximately three minutes for adapting to the new
illumination condition in the laboratory. The order of blocks and the contrast conditions
within blocks were randomised between participants by using the randomisation
function in Excel. Each participant completed five trials in each condition and each
walking direction. For both walking directions, starting position was two steps in front of
the stairs, starting with the left leg. The instructions given to participants for the stair
ascent trials were: “Please walk up the stairs and stop at the end of the upper landing.
Start walking with the left leg.”. The instructions given to the participant for the stair
descent trials were: “Please walk down the stairs and keep walking until you hear me

say ‘stop’. Start walking with the left leg.”. The experimenter said “stop” after the
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participant went unknowingly past a small marker on the floor which was approximately
3 steps after stepping down from the staircase. Furthermore, the participant was told
that light touch on the handrail was allowed but he or she should not use the handrail to
pull himself or herself up or lean onto the handrail while descending the stairs. During
the trial the experimenter walked next to the staircase to provide stability in the event

the participant needed additional support.

3.6 Data processing and analysis

After data collection, all markers in all trials were labelled manually and the 3D
positional data (x, y and z coordinates) of each marker were exported from Vicon
Workstation (version 4.6) to .csv files. The full body PluginGait model was used for the
COM calculation in Vicon Workstation, which bases the COM calculation on the inertial
properties of body segments reported by Winter (1990). The 3D positional COM data
were exported to .csv files. The head pitch angles were also calculated in Vicon
Workstation and also exported to .csv files. All raw data were imported to Matlab
R2007a Student version (Simulink) for further processing with the help of custom-made
Matlab codes. All raw kinematic data were filtered with a dual pass 4" order
Butterworth filter with a low-pass cut-off frequency of 10 Hz as this filter maximally
reduces the frequency response gain in the pass-band below the cut-off frequency
(Butterworth, 1930). The filter was applied in Matlab as a standard method for noise
reduction in the kinematic data. The selection of 10 Hz as cut-off frequency was based
on the rationale that any motor performance based on long-latency processes greater
than 100 ms would be unaffected by the filter. Furthermore, this cut-off frequency
resulted in the most accurate detection of the point in time (x 1 frame, resulting in an
accuracy of events within £ 0.004 s) for vertical and horizontal foot clearance as well as

initial contact of the foot on the stairs as validated by playing back all stair walking trials
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for one older participant in Vicon Workstation. Gait events such as initial contact,
vertical and horizontal foot clearance were detected in Matlab and the x, y and z
coordinates were extracted and copied into Excel before calculating the outcome
measures (see Chapters 4, 5 and 6). Walking speed in both walking directions was
calculated with the help of the T12 marker travelling between the stair edge of stair 2
and the stair edge of stair 4. The marker therefore travelled 2 stair runs in the
horizontal direction (stairs 2 and 3) and 2 stair rises in the vertical direction (stairs 3
and 4). The resulting travelled distance was therefore calculated with the equation
distance travelled = V ((2x stair run)? + (2x stair rise)’ ) and equalled ~63.8 cm. The
time the T12 marker needed between crossing stair edge 2 and stair edge 4 was
calculated with the help of the number of frames the T12 marker needed to move this
distance and the 250 Hz sampling frequency of the Vicon system. The equation speed
= distance/ time was then used to calculate the walking speed.

SPSS 15.0 for Windows was used for statistical analysis. A level of a=.05 was
considered to be statistically significant. A mixed 3 (group: YA, LROA, HROA) x 2
(light: lights dimmed, lights on) x 2 (contrast: low contrast, high contrast) ANCOVA was
calculated for the dependent variables described in each chapter and included average
stair walking speed as the covariate. Pairwise comparisons between groups and post
hoc calculated paired t-tests for interactions were calculated. The reported p- values
for the paired t-tests are Bonferroni corrected probabilities (p< .017). Each walking
direction was analysed separately because biomechanics are different between stair
ascent and descent (see paragraphs 1.4 and 1.5).

Unless indicated otherwise, all data are presented as mean + SD.

66



CHAPTER 4

Stepping characteristics and Centre of Mass control
during stair ascent: effects of age, fall risk and visual

factors

One important finding from the Chapter 2 was that YA and OA do not randomly fixate
parts of the staircase while ascending and descending stairs, but predominantly direct
their gaze towards the stair edge. One possible interpretation of this behaviour is that
central vision is used to collect spatial information about the stairs which is used to aid
planning of foot placement and maintenance of balance. Another finding was that OA
tend to fixate a stair for longer than YA before stepping onto it which may indicate that
OA need more time to process visual information about stair properties during stair
negotiation. Although the stair edge appears to be an important visual cue during stair
negotiation, the effect of stair edge visibility on walking behaviour remains unknown,
particularly in OA with higher risk of falling. The studies presented in Chapters 4 and 5
investigate age-related changes to foot placement, posture and balance during stair
ascent and descent that are likely to contribute to a higher risk of falling in some OA
and how these effects are modulated by ambient illumination levels and stair edge
contrast characteristics. Because stair ascent and stair descent are biomechanically
two different tasks, data collected during stair ascent and descent are analysed and
discussed separately. A general discussion about similarities and differences between

the two walking tasks follows in Chapter 7.
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4.1 Introduction

Although the maijority of falls on stairs happen during stair descent one quarter of all
stair falls occur during stair ascent (Svanstrom, 1974). Loss of balance during stair
ascent primarily occurs due to individuals catching their toes on the stair edge and
positioning their foot inaccurately on the stairs (Templer, 1994). The author also
reported that injuries following from forward falls mostly affect the upper limbs, probably
because of the reflexive arm use to avoid head contact with the stair. Therefore it is
likely that visual detection of stair edges and locations for safe foot placement is
essential for safe stair ascent.

Given the finding that catching the foot on the stair is a major cause of falls
during stair ascent (Templer, 1994), it is surprising that there have not been previous
studies investigating toe-clearance during this task. However, stair ascent can be
regarded as an obstacle crossing or avoidance task as both feet typically clear the stair
edges in a step-over-step manner and there have been several studies investigating
the effect of age on toe clearance of the leading foot while crossing objects placed in
the travel path. However, the results depended on the height of objects used in these
studies. For example, when object height was scaled to a specific proportion of the
individual’s leg length, OA demonstrated more leading toe clearance than YA (Lu et al.,
2006; Yen et al., 2009). In contrast, when object height was fixed for everybody, no
age-related differences were found (Chen et al., 1991; Harley et al., 2009; Lowrey et
al., 2007). When stepping onto raised surfaces, OA cleared the edge with the leading
leg with less distance than YA (Lythgo et al., 2007; McFadyen & Prince, 2002), but
during stepping up a single step, OA cleared the stair edge horizontally and vertically
with the same distance as YA (Heasley et al., 2005).

Balance control during obstacle crossing, when the height of the object was

scaled to a proportion of the individual’s leg length, was found to be different in OA
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compared to YA. In the direction of travel, COM range of motion and COM-COP
separation were decreased in OA compared to YA, suggesting that OA located their
COM further back and loaded the trailing leg more than YA (Hahn & Chou, 2004). For
stair ascent, the evidence is equivocal: While Lee and Chou (2007) did not find
differences in dynamic balance between YA and OA in the coronal plane during stair
ascent, Reeves et al. (2009) found that OA demonstrated a smaller m-l COM-COP
separation than YA suggesting that OA use a more cautious strategy for maintaining
lateral balance. The different results might be explained by the calculation of different
parameters describing balance, such as the m-I COM-COP inclination angle and m-I|
COM-COP separation (Reeves et al., 2009).

Altering the availability of visual information describing the object height has an
effect on walking and stepping behaviour during object crossing tasks. For example, in
YA occlusion of the lower visual field led to increased vertical leading foot clearance
(Rietdyk & Rhea, 2006; Patla, Davies & Niechwiej, 2004) and increased variability in
this measure compared to normal vision (Rhea & Rietdyk, 2007). During a single step
up, blurring the vision of OA resulted in longer stepping time, increased vertical and
horizontal toe clearance and reduced m-I excursion of the COP (Heasley et al., 2004;
Heasley et al., 2005).

There is little evidence about the effect of manipulating ambient light levels or
highlighting features of objects in the travel path on stepping patterns. One study
investigating multiple object avoidance tasks, including walking around an object,
stepping over and ducking under an object, did not analyse foot clearance, but did
show that step length while crossing the object decreased when ambient illumination
was dimmed and that step velocity decreased when the contrast between obstacle and
floor was high (Lowrey et al., 2007).

Previous studies have investigated age-related differences between YA and OA

in stepping behaviour during obstacle crossing tasks and single stair ascent. It remains
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unknown how the stepping pattern is affected by older age during multiple stair ascent.
In addition, there is equivocal evidence for age-related deterioration of m-l balance
control during stair ascent (Lee & Chou, 2007, Reeves et al., 2009) and OA with
increased risk of falling have not been included in previous studies. Therefore, the main
aims of the present study were: 1) to characterise age-related changes to stepping
behaviour and balance control during stair ascent and 2) to identify differences in
stepping behaviour and balance control between LROA and HROA. A secondary aim
was to investigate the relative effects of experimentally manipulating ambient
illumination and stair edge contrast on stepping and balance control in YA, LROA and
HROA. Previous obstacle crossing studies (Chen et al., 1991; Harley et al., 2009) and
the single stair ascent study (Heasley et al., 2005) found no differences in foot
clearance between YA and OA. Lowrey et al. (2007) studied older participants similar
to the age of the HROA in the present study and also found no differences in foot
clearance. Based on these findings it is hypothesised that LROA and HROA ascending
stairs will show no differences in foot clearances. Because of the increased step width
variability in OA during walking (Dean et al., 2007) and m-| foot placement errors when
accurate foot placement is required (Chapman & Hollands, 2010), it is hypothesised
that LROA and HROA will show more variability in step width than YA, which may be
more pronounced when vision is manipulated by reduced ambient illumination levels

and low stair edge contrast.

4.2 Methods and data analysis
Participant selection and inclusion, stairs, equipment and experimental protocol were

described in detail in Chapter 3.
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Measures of spatial parameters for stepping behaviour included: (1) vertical and (2)
horizontal foot clearances, (3) step width and (4) step length. Foot clearances were
calculated as the vertical and the horizontal distance between toe marker and stair
edge in the sagittal plane during the swing phase (Heasley et al., 2004) (Figure 4.1).
Step width was calculated as the m-| distance between left and right ankle markers at
initial contact on the stairs. Step length was calculated as the a-p distance between left
and right ankle markers.

Balance during overground walking is typically described by the spatial
relationship between COM and COP at any given point in the gait cycle (Winter, 1995)
and has also previously been used in stair negotiation studies (Mian et al., 2007a;
Reeves et al., 2008a). However, COP data for one gait cycle can only be collected with
two independently working force plates embedded into the staircase. Because this
technical equipment was not available, COM acceleration was chosen as gross
indication of balance control. COM position mainly depends on trunk posture as this is
the largest and heaviest single segment of the human body (Winter, 2005) and the
control of COM position during locomotion is realised by appropriate intermuscluar
coordination of agonistic and antagonistic muscles of the trunk, pelvis and hips.
Measurements of balance control included (4) a-p distance between COM position and
ankle marker position of the leading leg and (5) a-p, m-I and vertical COM acceleration

at initial contact on the stairs.
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Figure 4.1: Definition of vertical (1) and horizontal (2) foot clearance during the swing phase for

stair ascent

Mean values and intra-subject variability of the dependent variables were used
to analyse mean and variability differences between groups. One standard deviation
calculated from 5 trials in each condition for each participant was used as the measure
for variability. It is acknowledged that there are other variability measures obtainable
such as between subject variability within one group. However, the idea was to look at
how variable the dependent variables in each participant are and whether there are
differences in the within-subject variability between groups. It was thought that
calculating the within-subject variability is important because a very variable movement
pattern suggests underlying difficulties in the sensorimotor control of movement and is
likely to contribute to an increased likelihood to trip and fall (e.g. vertical and horizontal
foot clearance) or loss of balance (e.g. COM acceleration measures).

Because stepping movements and balance control differ between midstair
walking and transition phases from lower landing to stair and stair to upper landing
(Lee & Chou, 2007), stairs 3 and 4 were used for data analysis for stair ascent (Figure

3.1, B).
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Since four out of eight HROA occasionally used the handrail and handrail use
was previously shown to improve balance (Reeves et al., 2008a; Dickstein & Laufer,
2004), the COM data were further explored for differences between handrail users and
non-users in the HROA group. COM data were averaged across visual conditions and

analysed by a multivariate ANOVA.

4.3 Results

There was no significant difference in the preferred walking speed for stair ascent
between age groups (p>.097; YA: 0.72 m/s = 0.07, LROA: 0.63 m/s = 0.09, HROA:

0.62 m/s £ 0.12).

4.3.1 Effect of walking speed

The ANCOVA revealed that walking speed significantly contributed to the variance in
step length (F, 20= 4.810, p=.041, n®=.202) and a-p distance between COM and ankle
of the leading leg (Fo, 20= 4.428, p=.049, n°=.189). Walking speed also made a
significant contribution to the variance in COM acceleration variability in a-p direction
(F2, 20= 10.771, p=.004, r]2=.362), m-l direction (F, 20)= 13.587, p=.002, r]2=.417) and

vertical direction (F g, 20)= 4.944, p=.039, n2:.206).

4.3.2 Group differences in stepping characteristics and COM control
The results for stepping characteristics and COM control for all groups are presented in
Table 4.1. There were no statistically significant group differences in vertical and
horizontal foot clearances, step width or step length between all three groups.

There was a main effect of group for variability in COM acceleration in a-p
(F2, 20= 7.009, p=.005, n?=.425) and m-l directions (F2, 20= 4.443, p=.026, n®=.319).

Pair-wise comparisons indicated that in YA the a-p COM acceleration was less variable
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than in LROA (p=.015) and HROA (p=.008). Pair-wise comparisons also revealed that

YA were less variable in m-l COM acceleration than HROA (p=.033).
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Table 4.1: Mean (SD) and mean intra-subject variability (SD) for spatial stepping characteristics

and COM acceleration during stair ascent across conditions.

YA LROA HROA

Vertical foot clearance (cm)

Mean 8.8 (3.0) 8.3 (2.7) 8.1(2.4)

Variability 0.6 (0.2) 0.9 (0.5) 0.6 (0.2)
Horizontal foot clearance (cm)

Mean 5.3 (1.6) 49 (1.5) 5.5 (2.0)

Variability 1.9 (0.5) 3.2(1.7) 2.2(0.8)
Step width (cm)

Mean 19.3 (2.1) 18.0 (1.6) 16.2 (3.4)

Variability 1.7 (0.6) 2.0 (0.6) 2.2 (0.8)
Step length (cm)

Mean 25.9 (0.9) 27.0 (1.1) 27.0 (1.4)

Variability " 1.6 (0.7) 1.6 (0.7) 1.3(0.4)
A-p distance between COM and ankle (cm)

Mean % 0.6 (2.3) -0.7 (3.4) 0.2 (2.7)

Variability 1.2 (0.4) 1.5(0.6) 1.1(0.4)

COM acceleration in a-p direction (mlsz)
Mean -0.06 (0.39) 0.18 (0.40) 0.21 (0.72)
Variability " 0.48 (0.16)*+  0.75(0.34) 0.76 (0.46)

COM acceleration in m-I direction (m/s?)
Mean .0.06 (0.12)  0.02 (0.23) -0.1(0.28)
Variability ™ 0.33(0.10)+  042(0.27)  0.44(0.25)

COM acceleration in vertical direction (mlsz)
Mean 3.06 (1.89) 2.31 (1.75) 1.52 (2.23)
Variability " 1.53 (1.06) 1.26 (0.94) 1.07 (0.53)

* significant difference (p< .05) between YA and LROA, + significant difference (p< .05) between
YA and HROA, " significant effect of walking speed (p< .05)
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4.3.3 Effect of altering ambient light levels

The data for all visual conditions are presented in Table 4.2. The main effect of light for
walking speed was significant (F¢, 20= 17.245, p<.001, n?=.463), indicating that all
participants walked slower when lights were dimmed. There was an interaction
between light and group for the a-p distance between COM and ankle of the leading
leg (F, 20= 5.281, p=.015, n?=.357). Post hoc t-tests revealed that LROA moved the
COM more anteriorly (lights on: -0.9 + 3.3 cm, lights dimmed: -0.4 + 3.5 cm, tg= -
3.430, p=.002) and HROA positioned the COM further back, but not behind the ankle
(lights on: 0.4 + 2.6 cm, lights dimmed: 0 + 2.9 cm, t»= 3.104, p=.007), when lights
were dimmed compared to lights on (Figure 4.2). There was a main effect of light for
COM acceleration variability in m-I direction (F 2, 20= 9.153, p=.007, n®=.325), showing

reduced variability when lights were dimmed.
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Figure 4.2: When lights were dimmed, LROA located the COM further in front of the ankle
(p=.002) and HROA located the COM behind the ankle (p=.007) compared to lights on. YA keep

the COM in front of the ankle, irrespective of ambient illumination. Positive values indicate COM

a-p distance between COM and ankle (cm)

YA LROA HROA

y
“e=s O

Age and fall risk groups

location (e) in front of the ankle of the leading leg (A), negative values indicate COM location

behind the ankle (B). Data represent mean + standard error

4.3.4 Effect of stair edge contrast

There was an interaction between group and contrast for horizontal foot clearance
(F(2, 20= 4.632, p=.023 ,r]2=.328). Post-hoc t-test showed that only YA increased the
horizontal foot clearance when stair edge contrast was high (high contrast:
5.7 £ 1.6 cm, low contrast: 5.0 + 1.5 cm, t7)=5.864, p=.001) (Figure 4.3). There was a
main effect of contrast for vertical foot clearance (F, 2= 5.855, p=.026, n’= .236),

showing that high stair edge contrast led to larger clearance in all groups.

77



Vertical clearance Horizontal clearance
10 A ]
—e— high contrast
—O0— |low contrast

6: % i

[--]
L

Foot clearance (cm)

YA LROA HROA YA LROA HROA

Age and fall risk groups

Figure 4.3: All participants increased the vertical foot clearance when stair edge contrast was
high. YA significantly reduced the horizontal clearance with low stair edge contrast (p=.001).

Data represent mean + standard error.

There was a main effect for contrast for horizontal foot clearance variability
(F2, 20= 6.530, p=.019, n?=.256), showing that variability was reduced when stair edge

contrast was low.

4.3.5 Additional analysis of the effect of handrail use on COM

acceleration
Multivariate analysis revealed that handrail use in HROA did not affect COM and its
variability in any direction (p>.187). Likewise, handrail use did not affect mean or

variability of a-p COM position with respect to the leading leg (p>.174).
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Table 4.2: For stair ascent, data and results are presented as mean (SD) for all visual

conditions across groups.

Stair edge contrast Ambient light
high low bright dimmed

Walking speed (m/s)

Mean 0.66 (0.11) 0.66 (0.10)  0.67 (0.11)*  0.65(0.10)

Variability 0.46 (0.28) 0.38 (0.21) 0.46 (0.28) 0.38 (0.21)
Vertical foot clearance (cm)

Mean 8.7 (2.5)* 8.2 (2.8) 8.3 (2.5) 8.6 (2.9)

Variability 0.7 (0.4) 0.7 (0.3) 0.7 (0.4) 0.7 (0.2)
Horizontal foot clearance (cm)

Mean 5.2 (1.6) 52(1.9) 51(1.7) 5.4 (1.8)

Variability 2.4 (1.3)* 2.3(1.5) 2.5(1.5) 2.3(0.8)
Step width (cm)

Mean 17.8 (2.8) 17.9 (2.8) 18.0 (2.8) 17.7 (2.8)

Variability 2.0 (0.8) 2.0 (0.6) 1.9 (0.7) 2.1 (0.7)
Step length (cm)

Mean 26.5 (1.3) 26.7 (1.2) 26.7 (1.3) 26.5(1.3)

Variability 1.5 (0.6) 1.5 (0.6) 1.4 (0.6) 1.6 (0.6)
A-p distance between COM and ankle (cm)

Mean 0.2 (2.9) 0.0 (2.8) 0.1(2.8) 0.0 (2.8)

Variability 1.3 (0.6) 1.2 (0.5) 1.2 (0.5) 1.3 (0.6)
COM acceleration in a-p direction (mlsz)

Mean 0.11 (0.48) 0.10 (0.59) 0.10 (0.51) 0.11 (0.57)

Variability 0.67 (0.37) 0.65 (0.37) 0.66 (0.36) 0.66 (0.38)
COM acceleration in m-I direction (m/s?)

Mean -0.06 (0.22) -0.04 (0.23) -0.04 (0.19) -0.06 (0.25)

Variability 0.40 (0.20) 0.40 (0.24) 0.41(0.25)* 0.38(0.19)
COM acceleration in vertical direction (mlsz)

Mean 2.16 (2.06) 2.43 (2.08) 2.13 (2.20) 2.46 (1.92)

Variability 1.42 (0.97) 1.16 (0.76) 1.36 (1.0) 1.22 (0.75)

* significant difference within one visual condition (p< .05)
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4.4 Discussion

4.4.1 Differences between age groups in stepping behaviour and COM

control
It was predicted that OA would ascend stairs with the same foot clearances, but more
variable step width than YA. Interestingly and only partially in line with the hypothesis,
the present study found that YA, LROA and even HROA demonstrated almost identical
mean values for vertical and horizontal foot clearances as well as similar mean step
length and step width when ascending a flight of stairs at preferred speed. It was
previously shown that fit OA demonstrate the same foot clearance as YA during single
step ascent (Heasley et al., 2005) and this finding can now be extended to LROA and
HROA during mid-stair walking. Heasley et al. (2004) calculated the vertical and
horizontal foot clearance by creating a virtual marker at the shoe tip sole and this
position would provide the true minimum distance between shoe tip and stair edge.
When comparing the present results of the vertical and horizontal foot clearance with
data reported by Heasley et al. (2004 & 2005), it appears that LROA and HROA
cleared the stair edges with similar vertical but much less horizontal distance when
taking the thickness of the shoe and sole of ~4 cm into account. The smaller horizontal
distance between foot and stair edge in the present study may be explained by the
calculation of the foot clearances over the two middle stairs of a staircase, whereas
Heasley et al. (2004 & 2005) positioned their participants at half a foot length in front of
the single step, which may contribute to larger horizontal foot clearance. The finding
that step width, step length and the variability in these measures is also comparable
between groups leads to two inferences: Firstly, the base of support for COM
movements remained unaffected by age and fall risk. Secondly, foot prepositioning
during the terminal swing phase and foot placement on the stair were also unchanged

by age and fall risk. During overground walking, one age-related change is a reduction
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in stride length (Winter, 1991; Lord et al., 1996). Because of the restricted foot
placement possibilities on the stairs, resulting in similar foot placement patterns across
groups, it is likely that age-related decline in muscle strength and power generation is
counteracted by other means in order for OA to ascend stairs safely. For example,
ascending OA have been shown to shift the power generation from the knee to the
ankle of the trailing leg compared to YA (Reeves et al., 2009).

Even when walking speed was taken into account, LROA and HROA were
found to demonstrate greater variability of COM acceleration in a-p direction than YA
which might be a result of a variable trunk position in the sagittal plane across trials.
The present study also found that HROA were more variable in m-I COM acceleration
than YA. This finding supports the idea of impaired m-l movement control in older age
during locomotion (Mian et al., 2007b; Chapman & Hollands, 2010; Dean et al., 2007;
Maki et al., 2000). Reduced control of m-l balance variability could be due to age-
related weaker hip abductors which normally facilitate a stable pelvis in the coronal
plane during stance and therefore limit lateral pelvic movements and compensatory
movements of the trunk. Indeed, OA have been previously shown to ascend stairs with
increased hip adduction during stance, combined with increased inversion at the ankle
compared to YA (Karamanidis & Arampatzis, 2009). This may contribute to an unstable

lower body with increased m- COM acceleration variability during stair ascent.

4.4.2 Fall risk-related differences in stepping behaviour and balance

control
The present findings did not reveal differences in stepping behaviour or balance control
between LROA and HROA. The similarity in mean values and variability measures

suggest that ascending stairs is performed in a similar manner by LROA and HROA.
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4.4.3 Effect of manipulating ambient light levels

The results indicated that walking speed decreased in all groups but foot clearance and
stepping parameters remained unaffected by dimming the lights. It is possible that
slower walking speed facilitated the acquisition and processing of proprioceptive
information about stair height and depth, collected by the participant during ascending
the first two stairs, resulting in unchanged foot clearance patterns irrespective of
ambient illumination levels.

Although the absolute differences between the illumination conditions were not
large, the results of the COM position with respect to the leading leg were somewhat
surprising. On average at initial contact on the stair, YA kept the COM in front of the
ankle irrespective of ambient illumination. LROA ascended stairs with the COM located
behind the ankle but moved the COM by 0.5 cm anteriorly when illumination was
reduced and HROA positioned the COM 0.4 cm in front of the ankle but moved it back
to ankle level when lights were dimmed (Figure 4.2). It has been shown in other
overground walking studies that the pelvis follows the trunk in OA whereas in YA the
trunk follows the pelvis (McGibbon & Krebs, 2001), indicating a more flexed trunk
posture in OA while walking, affecting the a-p COM position. Although LROA clearly
displayed riskier balance behaviour than HROA by placing the COM behind the ankle
during full illumination, they also demonstrated a sensible strategy by positioning the
COM more anteriorly when illumination was reduced, possibly to reduce the risk of a
backward and downward fall. The result that HROA demonstrated an anteriorly
positioned COM might also be explained by the occasional use of the handrail in
comparison to LROA. There is no reasonable explanation why HROA located the COM
further back when lights were dimmed. However, it is conceivable that a reduction in
light levels alters the ability to use vision for balance regulation and other non-visual

information, such as proprioceptive information from the neck muscles, may be used to

82



regulate the body orientation in space with respect to the staircase. Furthermore, this
proprioceptive information may be less accurate in HROA.

It was predicted that variability in step width would increase when illumination
was reduced. The present finding showed that step width variability was unaffected by
ambient illumination, suggesting a stable base of support for the COM movement.
Indeed, when lights were dimmed, control of lateral balance was better as evidenced

by a reduction in the variability of m-l COM acceleration in all participants.

4.4.4 Effect of manipulating stair edge contrast

The UK Building Regulations stipulate the use of highlighted stair edges in public
places to help staircase users with foot placement (Document M, Department for
Communities and Local Government, 2006). In Chapter 2 it has been shown that stair
edges were predominantly fixated during stair ascent and proposed that high stair edge
contrast may act as visual cue for gaze fixation. Therefore, it was predicted that foot
clearances would increase as a compensation strategy when stair edge contrast was
low and the exact position of the stair edge may not have been detected easily.
However, the present findings of increased vertical foot clearance in all groups and
increased horizontal foot clearance in YA indicate that highlighted stair edges may
have acted as visual cue for an object to be avoided. This result is in contrast to
Heasley et al. (2004) who found increased vertical and horizontal clearances in OA
when the vision was impaired. It is conceivable that there are different underlying
mechanisms. For example, impairing vision reduces the confidence to ascend stairs,
whereas highlighted stair edges increase the awareness of the stair edge location.
Therefore, it could be that foot clearance does not only increase when visual
information about stair edge position is less reliable but increases also when stair

edges are clearly marked and attract attention. The present findings support the idea
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that highlighted stair edges act as point of interest in the visual scene and may be used
to regulate vertical and horizontal foot clearances, particularly in the YA.

COM measures were unaffected by stair edge contrast, suggesting that stair
edge contrast may not be the visual cue leading to improved balance control in any of
the groups. It could also be that balance may not be a primary problem during stair
ascent. Insufficient foot clearance, resulting in slips and trips, may act as trigger for falls
rather than instability itself. Therefore, it might be interesting to study recovery

strategies in YA and OA after tripping during stair ascent.

4.4.5 Effect of handrail use on COM control

Only participants from the HROA group used the handrail, which is in line with previous
observations (Hamel & Cavanagh, 2004) and suggests that the handrail is used
primarily to aid balance during stair ascent (Reeves et al.,, 2008a). The finding that
handrail use in HROA changed neither COM acceleration in any direction, nor COM
position in relation to the leading leg, and nor the variability in these measures, might
be explained by the very small group size (four participants in each group). In addition,
HROA may still be able to control their COM acceleration while ascending stairs. In
fact, it has previously been shown that handrail use in OA does not result in significant
improvements in coronal plane balance measurements but leads to safer stair ascent
by redistributing the power generation from the ankle plantarflexors of the trailing leg to
the knee extensor muscles of the leading leg (Reeves et al., 2008a). The present
finding that handrail use did not affect m-| COM acceleration variability indicates that
external support did not improve balance control in the coronal plane and is therefore

consistent with the findings of Reeves et al. (2008a).
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4.5 Conclusion

In summary, the present findings provide evidence that differences in balance control,
the ability to clear stair edges and position the feet accurately on the stairs during stair
ascent is insufficient to explain the increased fall risk in the OA groups. A reduction in
ambient illumination levels led to slower walking speed and improved m-l balance
control and highlighted stair edges appear to have acted as visual cue to increase the
vertical foot clearance in both YA and OA. However, foot placement and balance
control remained unaffected by stair edge contrast. Handrail use was only
demonstrated in the HROA group, but this external support did not affect the balance

measures during stair ascent.
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CHAPTER 5

Stepping characteristics and Centre of Mass control
during stair descent: effects of age, fall risk and visual

factors

5.1 Introduction?

One third of OA 65 years of age and over experiences at least one fall within a year
(Campbell et al., 1981) and the likelihood to fall increases with increasing age (Sattin et
al., 1990). Falls while descending stairs are particularly dangerous and often result in
head injuries and lower limb injuries including fractures (Svanstrom, 1974). The costs
of falls-related injuries to both the individual and health services are extremely high
(Scuffham et al., 2003). Depending on the acquired injury, a fall can even result in the
end of independent living of the faller or even death. Therefore it is important to
elucidate the mechanisms underlying stair falls before exploring possible and
appropriate interventions for their prevention.

Older age is associated with increased movement variability during both
overground and stair walking which may contribute to an increased risk of falling. For
example, OA demonstrate more variability in foot placement (Chapman & Hollands,
2006), step length (Kang & Dingwell, 2008) and step width (Thies et al., 2005) during
walking than YA.

During stair descent variability in minimum foot clearance (i.e. the distance

between heel and stair edge) is increased (Hamel et al., 2005) and unnecessary lower

% The data in this chapter have been published in Gait & Posture (2011); 34 (2): 279-284.
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limb movements in the frontal and transverse planes are present in OA compared to
YA (Mian et al., 2007b). However, balance control in the sagittal and coronal planes
remains unaffected in fit OA (Mian et al., 2007a; Lee & Chou, 2007; Reeves et al.,
2008b). Characteristics of stepping patterns and balance control in fallers or OA with a
higher risk of falling remain unknown because the selection of older participants for
single step and stair negotiation studies have hitherto only included very healthy OA
(Simoneau et al., 1991; Mian et al., 2007a; Larsen et al., 2008; Heasley et al., 2004) or
OA without a history of falling (Buckley et al., 2005a; Buckley et al., 2005b; Hortobagyi
& DeVita, 2000; Heasley et al., 2005).

Catching the foot on the stair edge and misplacement of the foot on the stair are
the main causes of falls during stair descent (Templer, 1994). Therefore it is likely that
visual detection of stair edges and locations for safe foot placement are crucial for safe
stair negotiation. In Chapter 2, it has been shown that YA and OA during stair
negotiation spend the majority of time fixating aspects of the stair, which suggests that
stair edges are points of interest. It was also shown that OA fixate stairs for longer and
are less variable in the extent they look ahead than YA. Altering the visually available
information about stairs affects the walking behaviour of YA and OA. For example,
experimentally blurring the vision in OA results in prolonged step execution time and
larger amount of body weight borne by the trailing leg (Buckley et al., 2005b). Blurring
vision also increases the foot clearance, although high or low stair edge contrast has
little effect on this measure (Simoneau et al., 1991).

The effect of manipulating ambient light levels on stepping patterns varies
between young and old age groups. During stair descent, YA clearly increase their foot
clearance when lights are dimmed whereas OA show no change in mean foot
clearance but demonstrate increased variability in this measure (Hamel et al., 2005). In
addition to appropriate visual information about the staircase, sufficient muscle strength

is needed for safe stair descent. Even OA with mild balance impairments have lower
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hip and knee extensor strength and weaker hip and knee flexors than stable OA (Lin &
Woollacott, 2005), which is likely to affect the stability of the stance leg and the foot
trajectory during the swing phase.

Although many studies have highlighted age-related differences between YA
and fit OA in stepping behaviour when vision is experimentally reduced, it remains
unknown how the stepping pattern and balance control changes in OA with a higher
risk of falling under manipulated visual conditions. Therefore, the main aim of the
present study was to characterise age-related changes to stepping behaviour and
balance control during stair descent that are likely to contribute to a higher risk of falling
in OA. The secondary aim was to investigate the relative effects of experimentally
manipulating ambient illumination and stair edge contrast on stepping and balance
control and to describe the differences in these effects between YA, LROA and HROA.
Because of the association between impaired balance and reduced muscle strength
(Lin & Woollacott, 2005) and the affected stepping pattern under manipulated visual
conditions (Hamel et al., 2005; Simoneau et al., 1991) it is hypothesised that HROA
show smaller foot clearances and more variability in step width and balance control
than LROA and YA, particularly with reduced ambient illumination levels and low stair

edge contrast (Hamel et al., 2005; Simoneau et al., 1991).

5.2 Methods and data analysis

Participant selection and inclusion, stairs and equipment and experimental protocol
were described in detail in Chapter 3.

Measures of spatial parameters for stepping behaviour included: (1) vertical and (2)
horizontal foot clearances, (3) step width and (4) step length. Foot clearances were
calculated as the vertical and the horizontal distance between heel marker and stair

edge in the sagittal plane during the swing phase (Figure 5.1). Step width was
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calculated as the m-I distance between left and right ankle markers at initial contact on
the stairs. Step length was calculated as the a-p distance between left and right ankle
markers. Measurements of balance control included (5) a-p distance between COM
position and ankle marker position of the leading leg and (6) a-p, m-l and vertical COM
acceleration at initial contact on the stairs.

Group mean values and intra-subject variability of the dependent variables were
used to analyse mean and variability differences between groups. One standard
deviation calculated from 5 trials in each condition for each participant was used as the
measure for variability. Because stepping movements and balance control (Lee &
Chou, 2007) differ between midstair walking and transition phases from upper landing
to stair and stair to lower landing, stairs 3 and 2 were used for data analysis for stair
descent (Figure 3.1, B). Data analysis for vertical and horizontal foot clearances during
stair descent included only five LROA as the position of the heel markers in two
participants were lost due to technical problems.

Age and fall-risk related differences in the foot overlap over the stair edge was
also explored and calculated as the perpendicular distance between the toe-heel
marker vector and stair edge and this value was normalised on foot length.

Since four out of eight HROA occasionally used the handrail and external
support was previously shown to improve balance (Reeves et al., 2008a; Dickstein &
Laufer, 2004), the COM data were further explored for differences between handrail
users and non-users in the HROA group. COM data were averaged across conditions

and analysed by a multivariate ANOVA.
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Figure 5.1: Definition of vertical (1) and horizontal (2) foot clearance during the swing phase for

stair descent

5.3 Results
There was a main effect of group for walking speed (F, 20= 8.737, p=.002, n’=.466),
showing that LROA (0.62 m/s + 0.10, p=.017) and HROA (0.58 m/s = 0.10, p=.002)

descended the stairs slower than YA (0.81 m/sx 0.10).

5.3.1 Effect of walking speed

The results of ANCOVA revealed that walking speed significantly contributed to
explaining the variance in COM acceleration in a-p direction (F, 20= 8.919, p=.008,
r]2:.319) and COM acceleration variability in a-p direction (F, 20= 12.757, p=.002,

n?=.402).

5.3.2 Group differences in stepping characteristics and COM control

The results for stepping characteristics and COM control for all groups are presented in
Table 5.1. There was a main effect of group for vertical (Fg1= 11.050, p=.001,
n’=.554) and horizontal (F1s= 13.983, p<.001, n’=.622) foot clearance. Pair-wise
comparisons indicated that LROA demonstrated a significantly larger vertical foot

clearance than HROA (p=.001) and that HROA cleared the stair edge with significantly
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smaller horizontal distance than LROA (p<.001) and YA (p=.007) (Figure 5.2). There
was a significant main effect of group on step width variability (F,20= 5.564, p=.013,
n?=.369). Pair-wise comparisons showed that YA had smaller step width variability than
LROA (p=.018) and HROA (p=.021). A main effect of group was found for COM
acceleration variability in a-p (F20= 4.073, p=.034, n®=.300) and m-l direction
(F2.20= 4.592, p=.024, n?=.326); pairwise comparison indicated that HROA showed

more variability in a-p (p=.031) and m-I COM acceleration than YA (p=.021).
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Table 5.1: Mean (SD) and mean intra-subject variability (SD) for spatial stepping characteristics

and COM acceleration during stair descent across conditions.

YA LROA HROA

Vertical foot clearance (cm)

Mean 7.3 (1.5) 9.1(1.5§ 5.6 (1.1)

Variability 0.93 (0.3) 1.22 (0.4) 1.23 (0.6)
Horizontal foot clearance (cm)

Mean 7.6 (1.0) + 8.0(0.7) § 5.6 (0.7)

Variability 0.94 (0.1) 1.23(0.2) 1.1(0.2)
Step width (cm)

Mean 19.7 (2.0) 18.0 (2.3) 18.4 (4.4)

Variability 1.56 (0.3) * + 2.35(0.8) 2.31(0.7)
Step length (cm)

Mean 27.5(1.0) 27.2(1.1) 27.4 (0.9)

Variability 1.34 (0.4) 1.10 (0.2) 1.18 (0.2)

A-p distance between COM and ankle (cm)

Mean 2.8(1.9) 2.4 (2.3) 21(1.3)

Variability 1.1 (0.3) 0.9 (0.2) 1.0 (0.3)
COM acceleration in a-p direction (mlsz)

Mean " 1.50 (0.68) 1.37 (0.54) 1.33 (1.00)

Variability " 0.68 (0.22) + 0.64 (0.32) 0.76 (0.48)

COM acceleration in m-I direction (m/s?)
Mean 0.09(0.13)  -0.14(0.36)  0.12 (0.31)
Variability 0.31(0.11)+  043(0.22)  0.50 (0.27)

COM acceleration in vertical direction (mlsz)
Mean - 0.51 (1.58) 0.31 (0.54) - 0.52 (0.92)
Variability 0.87 (0.51) 0.66 (0.43) 0.61 (0.27)

* sig. difference (p< .05) between YA and LROA, + sig. difference (p< .05) between YA and
HROA, § sig. difference (p< .05) between LROA and HROA, W sig. effect of walking speed
(p< .05)
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5.3.3 Effect of altering ambient light levels

Table 5.2 shows the data for all visual conditions across groups. There was a main
effect of light for walking speed (F320= 14.313, p=.001, n®=.417), indicating that
walking speed was reduced when lights were dimmed (lights on: 0.68 + 0.16 m/s, lights
dimmed: 0.66 + 0.15 m/s). There was an interaction between light and group for step
length (F2.20= 7.110, p=.005, n’=.428). Pair-wise comparison indicated that HROA
demonstrated decreased step length (lights on: 27.5 + 0.8 cm, lights dimmed:
27.1 £ 1.0 cm, p=.006) and YA increased step length (lights on: 27.3 £ 1.0 cm, lights

dimmed: 27.8 £ 1.0 cm, p=.002) when lights were dimmed.

5.3.4 Effect of stair edge contrast

There was a main effect of contrast for walking speed (F2,20= 4.923, p=.038, n®=.198),
indicating that walking speed was reduced when stair edges were highlighted. There
was an interaction between contrast and group for horizontal foot clearance
(F(2,18= 4.558, p=.026, n2=.349). When stair edge contrast was low, YA demonstrated a
significant decrease in horizontal foot clearance compared to high stair edge contrast
(high contrast: 7.9 + 2.9 cm, low contrast: 7.4 £ 4.2 cm, tz= 2.901, p=.011) (Figure

5.2).
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YA LROA HROA YA LROA HROA
Fall risk and age groups

Figure 5.2: HROA cleared the stair edges with less vertical distance than LROA (p=.001).
Horizontal foot clearance was significantly smaller in HROA than in LROA (p<.001) and YA
(p=.007). When stair edge contrast was low, YA reduced horizontal foot clearance (p=.011).

Data represent mean + standard error.

The interaction between contrast and group was significant for vertical COM
acceleration variability (F20= 3.895, p=.038, n2=.291). Post-hoc analysis showed that
HROA varied the COM acceleration downwards more when stair edge contrast was
low (high contrast: 0.51 + 0.24 m/s®, low contrast: 0.71 % 0.23 m/s?, t;= -2.986, p=.009)

(Figure 5.3).
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COM variability in vertical direction (m/s?)

Age and fall risk group

Figure 5.3: HROA showed significantly reduced COM acceleration variability in the vertical
direction when stair edge contrast was high (p=.009), whereas COM acceleration in YA was not

affected by stair edge contrast. Data represent mean + standard error.

There was a significant interaction between contrast and group for a-p distance
between COM and ankle of the leading leg (F20= 7.895, p=.003, n2=.454). Post-hoc
analysis indicated that LROA demonstrated significantly larger a-p distance between
COM and ankle when contrast was high (high contrast: 2.6 + 2.3 cm, low contrast:
2.2+ 2.2 cm, tg= 2.722, p=.017) (Figure 5.4). There was a main effect of contrast for
the a-p distance between COM and ankle (F20= 14.097, p=.001, n2=.426), indicating

that all participants located the COM further back when stair edge contrast was low.
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Figure 5.4: All groups demonstrated more posteriorly positioned COM with respect to the ankle
of the leading leg when stair edge contrast was high. This effect was only statistically significant

in LROA. Data represent mean + standard error.

5.3.5 Additional analysis of foot position relative to the stair edge and the

effect of handrail use on COM acceleration
There were no significant differences between participant groups in the mean measure
how much their toes overlap the stair edges (F g, 20= 0.062, p=.940, r]2:.006).

HROA using the handrail showed reduced vertical COM acceleration
(F(12=8.417, p=.027, n2=.584) than HROA not using the handrail (handrail use: -1.2

0.36 m/s?, non-use: 0.15 + 0.85 m/s?).
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Table 5.2: For stair descent, data are presented as mean (SD) for all visual conditions across

groups.
Stair edge contrast Ambient light
high low bright dimmed

Walking speed (m/s)

Mean 0.66 (0.15)* 0.68 (0.15)  0.68 (0.16)*  0.66 (0.15)

Variability 0.42 (0.24) 0.48 (0.25) 0.49 (0.29) 0.42 (0.19)
Vertical foot clearance (cm)

Mean 74(1.9) 6.8 (2.0) 7.1(1.8) 7.1(2.1)

Variability 1.2 (0.7) 1.0 (0.5) 1.2 (0.7) 1.1 (0.5)
Horizontal foot clearance (cm)

Mean 7.1(1.3) 6.8 (1.5) 7.0 (1.3) 7.0(1.4)

Variability 1.1 (0.3) 1.1(0.3) 1.1 (0.3) 1.1(0.3)
Step width (cm)

Mean 18.7 (3.2) 18.7 (3.2) 18.8 (3.3) 18.7 (3.0)

Variability 2.1(0.8) 2.0(0.9) 2.0(0.8) 2.1(0.8)
Step length (cm)

Mean 27.3(1.0) 27.5(0.9) 27.5(0.9) 27.4 (0.9)

Variability 1.2 (0.5) 1.2 (0.4) 1.2 (0.5) 1.3(0.4)
A-p distance between COM and ankle (cm)

Mean 2.6 (1.8)* 23(1.9) 2.3(1.8) 26(1.9)

Variability 1.0 (0.4) 1.0 (0.4) 1.0 (0.4) 1.0 (0.4)
COM acceleration in a-p direction (mlsz)

Mean 1.36 (0.82) 1.44 (0.72) 1.41 (0.74) 1.39 (0.81)

Variability 0.69 (0.34) 0.70 (0.32) 0.73 (0.41) 0.67 (0.31)
COM acceleration in m-I direction (m/s?)

Mean 0.04 (0.32) 0.02 (0.29) 0.06 (0.34) 0.00 (0.27)

Variability 0.41 (0.24) 0.42 (0.22) 0.42 (0.25) 0.40 (0.20)
COM acceleration in vertical direction (mlsz)

Mean -0.28 (1.23) -0.25(1.12)  -0.33(1.28) -0.20 (0.11)

Variability 0.71 (0.46) 0.72 (0.39) 0.73 (0.48) 0.70 (0.37)

* significant difference within one visual condition (p< .05)
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5.4 Discussion

This is the first study to describe differences in the effects of manipulating both ambient
light levels and stair edge contrast on stepping and balance characteristics between YA
and OA. Another novel aspect of this study is the inclusion of OA with mild balance

impairments and reduced stair walking confidence.

5.4.1 Differences between age groups in stepping behaviour and COM

control
Interestingly, LROA showed the largest mean vertical foot clearance of all groups,
possibly as a precaution to avoid a trip or fall during stair descent. However, the results
are, as expected, in line with previous studies showing no statistically significant
differences in mean foot clearance behaviour in LROA compared to YA (Hamel et al.,
2005). These authors calculated the foot clearance as minimum distance between
shoe sole and stair edge during the swing phase without distinguishing between
vertical and horizontal clearance. The foot clearance results of the present study in
LROA would be similar to those reported in OA by Hamel et al. when taking the
thickness of the shoe and the sole into account. Foot clearances in YA in the present
study appear smaller than those reported by Hamel et al.. When the distance between
toe marker and shoe sole is considered, HROA descend stairs with alarmingly little foot
clearance. Step width variability was significantly increased in both OA groups
compared to YA. This finding is line with previous walking studies (Grabiner et al.,
2001; Owings & Grabiner, 2004) and suggests that OA exhibit a similar variable
stepping pattern during stair descent. A variable step width contributes to a variable
base of support for the COM movement which may add to the difficulty to control
balance in OA. Indeed, the present findings showed that m-I COM acceleration

variability was significantly greater in HROA than in YA. Variable step width and
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variable m-| balance control add to the notion that movement control in the coronal
plane deteriorates with increasing age, resulting in larger hip and pelvis ranges of
motion (Mian et al., 2007b) and lateral foot placement errors (Chapman & Hollands,
2010) contributing to instability and increased likelihood of falling (Maki et al., 2000).
Another finding was the increased a-p COM acceleration variability in HROA compared
to YA. At initial contact, the COM is lowered down to the next stair while displaced
anteriorly (Zachazewski et al., 1993). The present findings suggest that HROA were
less able to control the a-p and m-I acceleration of the COM simultaneously than YA.

This clearly increases the risk of a stair fall.

5.4.2 Fall risk-related differences in stepping behaviour

In line with the hypothesis, HROA demonstrated significantly less vertical and
horizontal foot clearances than LROA. This behaviour may increase the risk of HROA
to catch their heels on the stair edge during the swing phase and therefore increases
the likelihood of a trip and subsequent fall. It has previously been reported that OA
demonstrate greater stance leg extension and compensatory lower leg stiffness than
YA (DeVita & Hortobagyi, 2000b). In addition, not only do elderly fallers demonstrate
reduced concentric and eccentric muscle strength in knee and ankle joints (Perry et al.,
2007), lower limb muscle strength is already significantly reduced in OA with very mild
balance impairments (Lin & Woollacott, 2005). Although not tested, it is likely that
reduced muscle strength, i.e. the hip extensors and knee extensors, in HROA could
explain the resulting foot trajectory during swing leading to smaller foot clearances than

in LROA.
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5.4.3 Effect of manipulating ambient light levels

Although all participants walked slower when ambient lighting was reduced, ambient
illumination levels appeared to have little effect on stepping behaviour. When lights
were dimmed, step length decreased in HROA, suggesting that these individuals either
adopted a safer stepping pattern to avoid overstepping or underestimated the stair
edge location. On the contrary, step length increased in YA when lights were dimmed,
which could be caused by an overestimation of the stair edge location as previously
shown for close targets in darkness (Crane & Demer, 1997). It could be argued that
reduced step length under dimmed lights might be a better strategy than increasing the
step length, but step length should not be reduced too much as this increases the
likelihood of foot placement problems on the stair run. Step width and its variability did
not change in YA and OA with changing illumination levels, a finding which is
consistent with that of other walking studies (Thies et al., 2005). Interestingly,
manipulating ambient illumination levels had no effect on vertical or horizontal foot
clearances and their variability in any of the groups. Unaffected foot clearance is
consistent with the findings of Hamel et al. (2005) but, unlike these authors, increased

variability in this measure in OA was not observed in the present study.

5.4.4 Effect of manipulating stair edge contrast
Walking speed decreased when the stair edge contrast was high. A possible
explanation is that although the attachment of the black edge strip to the stairs was
perfectly flat and safe, the participants walked slower and more cautiously because
they did not want to trip over the attached edge strip.

It was expected that increased stair edge contrast would lead to a safer and
more stable gait pattern characterised by less variable foot placement and reduced

stepping and COM movement variability. However, foot placement on the stairs was
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unaffected by stair edge contrast in all age groups. Instead, the results suggest that
highlighted stair edges result in differences in the measures of posture and balance in
all groups: YA increased the horizontal foot clearance, which remained unchanged in
the OA, confirming previous findings (Simoneau et al., 1991). LROA positioned the
COM more posteriorly to the anterior limit of the base of support, which can be
considered to be a sensible strategy to reduce the likelihood of anterior falls. HROA
demonstrated a reduced variability in the vertical COM acceleration, which suggests a
more consistent and controlled lowering of the COM to the next stair. The finding that
increased stair edge contrast improves posture and balance rather than stepping
characteristics suggests that improved visual description of stair edges may provide
richer optic flow that is primarily used to regulate balance. This is in contrast to
previous walking (Graci et al.,, 2009) and obstacle crossing (Rhea & Rietdyk, 2007;
Rietdyk & Rhea, 2006) studies where a reduction, not an increase, of peripheral optic
flow information leads to increased foot clearance and step length to avoid tripping.
Fixating a specific point in space at a consistent distance ahead in the direction of
travel has been shown to help OA to increase head stabilisation (Cromwell et al.,
2002). The previous finding that particularly OA tended to look a relatively constant
number of steps ahead when descending stairs (Chapter 2) may help to provide a

constant optic flow to facilitate balance.

5.4.5 Effect of handrail use on COM control in HROA

As during stair ascent, only participants from the HROA group used the handrail while
descending stairs. This is in line with previous observations (Hamel & Cavanagh, 2004)
and suggests the notion that the handrail is primarily used to aid balance during stair
descent (Reeves et al., 2008a). The finding that handrail use resulted in reduced

vertical COM acceleration suggests that these individuals loaded their upper limbs,
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possibly in addition to increased stiffness in the lower limbs (DeVita & Hortobagyi,
2000b) to resist the downward displacement of the COM in order to make it more
controllable. Because of the handrail use the overall HROA group mean for vertical
COM acceleration becomes similar to that of YA, also indicating improved vertical
stability in HROA. However, m-I COM control remained unaffected in contrast to

improved m-| stability with light touch during walking (Dickstein & Laufer, 2004).

5.5 Conclusion

The findings show that HROA descended stairs with significantly smaller foot
clearances than LROA which may increase the likelihood of a trip or fall. Improving the
stair edge visibility increases the horizontal foot clearance in YA and leads to
adjustments to balance control in OA that result in greater stability. However, a
reduction of ambient light had no effect on foot clearance or balance control. Handrail

use is beneficial for HROA as it helps to control balance in the vertical direction.
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CHAPTER 6

Head posture during stair ascent and descent and the

effect of age, fall-risk and visual factors

The previous chapters have investigated how manipulating stair edge visibility affects
stepping behaviour and balance control in YA and OA with either a lower or higher risk
of falling. Apart from general age-related differences in m-I balance control it was found
that highlighted stair edges increased foot clearance during stair ascent and improved
stability during stair descent, particularly in OA. These findings suggest that increased
visual input might help to improve balance during stair descent in OA. However,
previous research has shown that non-visual information also contributes to balance
during locomotion. For example, head stability declines with reduced availability or
quality of vision, particularly in OA (Cromwell et al., 2002) and a stable head posture is
necessary for maintaining balance (Pozzo et al., 1990). Furthermore, neck muscles
have been shown to provide proprioceptive information about head posture in relation
to the trunk (lvanenko et al., 2000), and it has also been shown that this non-visual
information is used by the CNS for aligning the body with aspects in the environment to
help with balance control during locomotion (Courtine et al., 2003; Bove et al., 2001).
Therefore the next chapter presents an investigation into the effects of manipulating
ambient illumination and stair edge contrast on head posture and head posture control

in YA, LROA and HROA.
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6.1 Introduction

Stair negotiation has different biomechanical requirements and poses a greater
challenge to the balance control systems of the CNS than overground walking. For
example, range of motion in hip, knee and ankle joints in the sagittal plane is larger
during stair negotiation (Livingston et al., 1991; Andriacchi et al., 1980; Protopapadaki
et al., 2007) than during overground walking. The vertical COM displacement, which
depends on the stair height, is significantly greater and the forward trunk lean during
stair ascent has been shown to be twice as large compared to overground walking
(Krebs et al., 1992). The GRF curve for stair ascent and descent in the sagittal plane
differs significantly from that during overground walking (Stacoff et al., 2005;
Protopapadaki et al., 2007) and is associated with different force distribution and power
generation patterns around hip, knee and ankle joints (Novak & Brouwer, 2010;
Protopapadaki et al., 2007).

There is evidence that a stable head posture is beneficial to the balance control
systems by providing a stable reference frame for the visual and vestibular systems
(Menz et al., 2003a; Pozzo et al., 1990) and reliable proprioceptive information about
body alignment in space (Ilvanenko et al., 1999; lvanenko et al., 2000). Given the larger
range of lower limb movements and different trunk posture during stair negotiation
versus overground walking, maintaining a stable head posture may be more
challenging during stair negotiation than during overground walking. Indeed, in YA
head stabilisation has been shown to decrease from walking overground to stair ascent
and to decrease even further during stair descent compared to overground walking and
stair ascent (Cromwell & Wellmon, 2001).

A stable head posture during locomotion helps to maintain a stable image of the
environment on the retina. Maintaining a stable image on the retina is achieved by the

vestibulo-ocular reflex and contributes to normal visual acuity (Crane & Demer, 1997).
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Visual acuity is adversely affected by the image motion across the retina (Demer &
Amijadi, 1993) and starts to deteriorate when image velocity exceeds 4 °/s (Grossman
et al., 1989; Crane & Demer, 1997). During walking and running, visual acuity has been
shown to decrease compared to standing, but the vestibulo-occular reflex is mainly
preserved. Saccades during voluntary head rotations, presumably while standing,
occur more frequently compared to walking in place and running in place, which means
that the insufficient vestibulo-occular reflex needed to be complemented (Grossman et
al., 1989). Therefore, a stable head posture is important for providing a stable platform
for sampling accurate visual information about features in the environment. The
importance of visual information in controlling head posture is evidenced by the finding
that reducing vision has been shown to have an effect on head posture. For example, it
has been shown that individuals tilt the head further down when walking in darkness
(Pozzo et al., 1990), when walking with eyes closed (Hirasaki et al., 1993), or when the
lower visual field is occluded (Marigold & Patla, 2008b) than when walking with normal
vision.

Head posture control is not only important for providing a stable reference
frame for the visual system, but has also been implicated as important in providing non-
visual sensory information that is useful for alignment of the body segment. The head is
stabilised by the neck muscles and therefore neck muscle proprioception is likely to
provide the CNS with important information regarding head posture and stability.
Indeed, manipulating proprioceptive input to neck muscles has been shown to affect
the perceived postural relationship between head and trunk, leading to adaptations to
body orientation and steering behaviour during locomotion. For example, during
walking with normal visual and vestibular input, symmetrically applied neck muscle
vibration has been shown to generate the illusion of a backward trunk lean leading to
an increase in walking speed (lvanenko et al., 2000). During walking without visual

input, unilaterally applied neck muscle vibration resulted in a deviated walking path
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towards the non-vibrated side (Bove et al., 2002; Courtine G et al., 2006; Bove et al.,
2001). These findings suggest that visual, vestibular and proprioceptive information is
integrated leading to task-specific adaptations of body orientation which serve to keep
the COM within the safe limits of the base of support.

During overground walking, the trunk is not a passive structure carrying the
neck and head, but acts as a dampener of a-p and m-I accelerations (Menz et al.,
2003a) which would otherwise radiate to the head and lead to less controlled head
posture and more head movement. Indeed, trunk and neck segments have been
shown to attenuate the accelerations from the lower limbs and pelvis resulting in
decreased head acceleration, particularly in the sagittal plane (Kavanagh et al., 2004).
Head stabilisation is achieved by counteracting vertical head movements in the sagittal
plane with head movements around a m-I movement axis (Pozzo et al., 1990). Fit OA
have been shown to demonstrate good head stability during overground walking which
has been attributed to OA reducing the movements from the lower limbs by walking
slower with less cadence (Cromwell et al., 2002) and by tighter coupling of the head
and trunk movements than YA (Kavanagh, Barrett & Morrison, 2005). It has also been
shown that OA adopt different strategies in a-p trunk and head accelerations than YA,
aiming to support balance during the single stance phases of the gait cycle (Kavanagh
et al., 2004). However, previous literature has also highlighted some age-related
differences in stabilising the head posture. For example, although the general pattern
of acceleration attenuation from pelvis to shoulder and from shoulder to head remained
preserved in older age, OA were less able to use the neck segment to dampen the
accelerations compared to YA, leading to increased head acceleration (Mazza et al.,
2008). Other age-related differences during walking are evidenced by the findings that
OA are able to stabilise their head as well as YA when fixating a point in space straight
ahead (Cromwell et al., 2002) and that OA tend to angle the head further down than YA

(Hirasaki et al., 1993). However, age-related changes to head posture and stabilisation
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during stair negotiation, particularly in OA with impaired balance, have not yet been
studied. It also remains unknown whether improvement of visual input, e.g. by
enhancing the visibility of stair edges, affects head posture and stabilisation during stair
negotiation.

The present study aimed to investigate sagittal head posture in OA with either
lower or higher risk of falling during stair ascent and descent. A second aim was to
investigate the effect of manipulating visual input on head posture control. Based on
the results of previous walking studies (Cromwell et al., 2002) it was hypothesised that,
in the sagittal plane, (1) OA would demonstrate a similar range of head movement and
movement velocity as YA, but increased variability in head posture. Previously it has
been shown that the head is tilted further down when vision is denied (Pozzo et al.,
1990, Hirasaki et al., 1993) or reduced (Marigold & Patla, 2008b) and it is therefore
hypothesised that all participants would orientate their head further down when ambient
illumination is significantly reduced in the laboratory. It is also hypothesised that in YA,
LROA and HROA high stair edge contrast would lead to a more stable head posture
with reduced head movement range and angular head velocity and reduced variability
because it has been previously shown that OA stabilise their head as well as YA when

fixating a specific point in space (Cromwell et al., 2002).

6.2 Method and data analysis

Participant characteristic, stairs and apparatus, experimental design and protocol, data

preparation and statistical analysis are described in Chapter 3.

Outcome measures were (1) angular excursion, calculated as difference between
maximum and minimum head pitch angle, (2) mean head pitch angle, (3) head pitch

angle variability, (4) mean angular head velocity (5) angular head velocity variability
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and (6) peak angular head velocity. Variability measurements were calculated as one
standard deviation of the head pitch angle and angular head velocity over one gait
cycle and averaged per condition. All variables were analysed within one gait cycle. For
stair ascent, the analysed gait cycle began with initial contact on stair 2 (0% of gait
cycle) and finished with initial contact of the same leg on stair 4 (100% of gait cycle.
For descent, the gait cycle started with initial contact on stair 4 (0% of gait cycle) and
ended with initial contact of the same leg on stair 2 (100% of gait cycle).

The head pitch angle was calculated as the angle between spontaneously
adopted head posture during standing while looking straight ahead (=0°) and tilted
head posture during stair negotiation (Figure 6.1). Negative head angle values describe

a downward tilted head.

Figure 6.1: Head angles (a) in the sagittal plane were calculated with reference to

spontaneously adopted head posture during standing.

6.3 Results

Table 6.1 presents the data of all outcome measures for stair ascent and Table 6.2

presents the data for stair descent for each group across conditions.
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Table 6.1: Head data are presented as mean (SD) for all groups across conditions for stair

ascent.
YA LROA HROA
8.9 5.7 6.7
Angular excursion (°)
(2.9)* (1.5) (2.1)
-19.1 -20.5 -25.1
Mean head pitch angle (°)
(12.0) (11.4) (12.2)
Head bitch | iability () 2.6 1.7 2.0
ead pitch angle variabili
P g y 1.0)* (0.5) (0.8)
1.5 -1.1 -1.2
Mean angular head velocity (°/s)
(4.2) (2.7) (2.5)
17.7 141 14.5
Angular head velocity variability (°/s)
(3.2) (4.4) (3.3)
35.7 294 29.7
Peak angular head velocity (°/s)
(6.8) (15.2) (8.7)

* sig. difference (p< .05) between YA and LROA, + sig. difference (p< .05) between YA and
HROA, § sig. difference (p< .05) between LROA and HROA

Table 6.2: Head data are presented as mean (SD) for all groups across conditions for stair

descent.
YA LROA HROA
8.7 4.3 6.2
Angular excursion (°)
(3.8)* (0.8) (1.3)
-28.2 -33.6 -38.8
Mean head pitch angle (°)
(11.9) (10.7) (16.0)
Head bitch | iability (% 2.5 1.2 1.7
ead pitch angle variabili
P g y (1.2)* (0.2) (0.4)
5.0 0.6 1.3
Mean angular head velocity (°/s)
(6.9) (1.3) (1.3)
W 224 14.0 17.6
Angular head velocity variability (°/s)
(6.2) (2.7) (3.4)
W 45.4 27.7 36.0
Peak angular head velocity (°/s)
(15.1) (7.1) (7.3)

* sig. difference (p< .05) between YA and LROA, + sig. difference (p< .05) between YA and
HROA, § sig. difference (p< .05) between LROA and HROA, ¥ sig. effect of walking speed
(p< .05)
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6.3.1 Effect of walking speed
For stair ascent, the results of the ANCOVA revealed that walking speed did not
significantly contribute to the variance in any of the outcome measures.

For stair descent, the results of the ANCOVA revealed that walking speed
significantly contributed to the variance in angular head velocity variability
(F(2.20= 9.606, p=.006 r]2= .336) and peak angular head velocity (F20=5.275, p=.033,

n?=.217).

6.3.2 Effect of age group and fall risk

For stair ascent, there was a significant main effect of age on angular head excursion
(F(2.20=4.637, p=.023, n°=.328) and head pitch variability (F(2.20=4.525, p=.025,
n?=.323), indicating that LROA moved their head within less range in the sagittal plane
(p=.022) and with less variability (p=.023) than YA.

For stair descent, there was a significant main effect of group on angular
excursion (F@20=4.715, p=.022, r]2:.332) and head angle variability (F20=6.780,
p=.006, n?=.416), indicating that LROA moved their head with less range (p=.021) and
were less variable in head posture (p=.006) than YA. The main effect of group on head
velocity variability was significant (Fp20=3.814, p=.040 n’=.286), but pairwise
comparisons did not reveal differences between groups (p>.071).

Figure 6.2 shows the mean head pitch angle for stair ascent and descent for all
groups. Although statistically not significant, during stair ascent HROA tended to angle
their head further down than YA and LROA. During stair descent, HROA and LROA
tended to tilt the head further down than YA (Figure 6.2). Furthermore, all groups

tended to angle the head further down during stair descent compared to ascent.
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Figure 6.2: Mean head pitch angle during one gait cycle stair ascent (black lines) and stair

descent (grey lines) for YA, LROA and HROA across conditions.

The mean head velocity profiles for one gait cycle are shown in Figure 6.3.
During stair descent the range of head angle velocity was larger than during ascent.
Also, the velocity profile was very variable in mid stance, whereas during descent, the
velocity profile within one gait cycle was roughly the same for all groups with positive

peaks in early and late stance and negative peaks in mid stance and early swing.
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Figure 6.3: Mean angular head velocity for all groups across conditions for stair ascent (A) and
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o

descent (B). Positive values represent head velocity while the head is angled upwards and

negative values represent head velocity while the head is tilted downwards.

6.3.3 Effect of ambient illumination and stair edge contrast
For stair ascent and descent, manipulating the ambient illumination and the stair edge
contrast did not significantly affect any outcome variables (F(20<2.461, p>.132,

n? <.116) (Tables 6.3 and 6.4).

112



Table 6.3: Head data are presented as mean (SD) for all visual conditions across groups for

stair ascent.

Stair edge contrast Ambient light
high low bright dimmed
7.1 7.2 7.1 7.1
Angular excursion (°)
(2.4) (2.8) (2.7) (2.6)
-21.8 -21.4 -22.0 -21.2
Mean head pitch angle (°)
(11.8) (12.3) (11.6) (12.5)
2.1 2.2 2.1 2.1
Head pitch angle variability (°)
(0.7) (1.0 (0.9) (0.9)
Mean angular head velocity -0.01 -0.41 0.21 -0.64
(°ls) (3.7) (3.3) (3.6) (3.3)
Angular head velocity 15.5 15.5 15.6 15.4
variability (°/s) (3.7) (4.1) (4.2) (3.7)
Peak angular head velocity 31.5 31.9 32.7 30.7
(°ls) (8.2) (13.1) (13.0) (8.3)

Table 6.4: Head data are presented as mean (SD) for all visual conditions across groups for

stair descent.

Stair edge contrast Ambient light
high low bright dimmed
6.5 6.5 6.4 6.5
Angular excursion (°)
(3.2) (2.8) (2.9) (3.0)
-33.6 -33.5 -33.8 -33.2
Mean head pitch angle (°)
(13.6) (14.1) (13.7) (13.9)
1.8 1.8 1.8 1.8
Head pitch angle variability (°)
(1.0) (0.8) (0.9) (1.0)
Mean angular head velocity 2.3 24 2.3 24
(°ls) (4.5) (4.7) (4.7) (4.5)
Angular head velocity 18.3 18.0 18.2 18.1
variability (°/s) (5.8) (5.3) (5.6) (5.6)
Peak angular head velocity 37.3 36.1 36.6 36.8
(°Is) (13.5) (12.1) (14.0) (11.5)
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6.4 Discussion

This is the first study to investigate age-related differences in head posture during stair
ascent and descent. A further new aspect is the inclusion of OA with mild balance

impairments and less confidence to negotiate stairs.

6.4.1 Effect of age group and fall risk
It was hypothesised that OA would demonstrate similar range of head movement and
movement velocity as YA, but increased variability in head posture. Contrary to the
hypothesis, the findings show that LROA ascended and descended stairs with a
significantly less variable head posture than YA.

During stair ascent, both the angular excursion and the head pitch variability in
LROA were significantly smaller than in YA. This finding indicates that LROA moved
their head within a smaller range and with less variability than YA, suggesting a more
rigorous control of head posture than YA. A possible explanation for this behaviour
could be that LROA guided their gaze towards the staircase whereas YA looked
around, moving the head as well. This hypothesis is consistent with the findings from
the study in Chapter 2, whereby YA were found to ascend stairs with more variability in
how far they looked ahead than the OA group, which would be comparable with the
LROA group of the present study. Furthermore, there was a trend for OA, particularly
HROA, to angle their head further down than YA (Figure 6.2). It is likely that
participants positioned the head to facilitate the acquisition of visual information about
the staircase. It has been shown that eye movements precede head movements and
the amplitude of the head movement is smaller than that of the eyes (Delreux et al.,
1991). Therefore, the findings of the present study suggest that all participants guided
their gaze towards the stairs and that HROA looked less far ahead than LROA and

LROA looked less far ahead than YA.
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A smaller peak angular head velocity indicates better head stabilisation
(Cromwell et al., 2002). During stair ascent, the peak angular head velocity in LROA
and HROA was very similar to that previously reported for OA during overground
walking, while OA did not demonstrate other gait adaptations to increase lower body
stability, such as slower walking speed than YA (Cromwell et al., 2002). Comparable
walking speed and peak angular head velocity would suggest that, in OA, the head
posture was as efficiently stabilised during stair ascent as during overground walking.
In contrast, peak angular head velocity in ascending YA was clearly reduced compared
to previous results during overground walking (Cromwell et al., 2002) which indicates
that YA ascended stairs with more control of their head posture compared to
overground walking. Taking the results from OA and YA together, the findings suggests
that, compared to overground walking, the head posture required increased
stabilisation during stair ascent and OA were less able to do so. In addition, the angular
excursion in YA was greater than in LROA, but smaller than previously reported
(Cromwell & Wellmon, 2001). The finding that YA moved their head within a larger
range but with reduced peak angular head velocity and OA moved their head within a
smaller range but with comparatively larger peak velocity also supports the notion that
OA have a reduced ability to stabilise the head and that maintaining a stable head
posture during stair ascent is more challenging than during overground walking. During
stair descent, both the angular excursion and head angle variability in YA were also
significantly larger than in LROA. Again, in combination, these findings indicate that
LROA moved their head within a smaller range and with less variability than YA,
suggesting a better head posture control than YA. As observed during stair ascent,
there was a trend for LROA and HROA to angle the head further down than YA while
descending stairs (Figure 6.2). YA and LROA angled their head down by approximately
30° which roughly equals the staircase angle of 32°. Given the stair dimensions, the

average height of the participants and the mean head pitch angle, it is unlikely that any
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of the groups had looked at the stairs during the investigated gait cycle. It is
conceivable that- on average- YA and LROA aligned their head with the staircase
angle to provide the CNS with additional proprioceptive information about the amount
of decline and therefore stair location in relation to the body and possibly feet. It has
been previously shown that aligning the head with aspects in the scene provides the
CNS with a spatial reference frame which is used to adjust and coordinate body
movements. This has been shown for locomotor tasks such as turning (Hollands et al.,
2001; Hollands et al., 2004), walking around a corner (Grasso et al., 1998) and
stepping on the spot (Reed-Jones et al., 2009a; Reed-Jones et al., 2009b). Therefore,
it is proposed that the downward tilted head posture during stair descent may not only
be used to provide visual information about stepping locations, but may help with
providing additional information about body posture in space with respect to the
staircase that can then be translated into appropriate stepping actions and balance
control.

It has previously been suggested that OA walk slower than YA to aid head
stability during walking (Cromwell et al., 2002) and that YA select their preferred
walking speed to maintain optimal head stability and adapt cadence and step length to
surface challenges for this purpose (Menz et al., 2003a). The present findings are in
line with the results of these previous studies and showed that LROA and HROA
descended stairs significantly slower than YA (Paragraph 5.3). In addition, walking
speed partially explained the variance in angular head velocity variability and peak
angular head velocity. The mean values for peak angular head velocity were slightly
lower in YA and LROA and slightly higher in HROA compared to other overground
walking studies (Cromwell et al., 2002). This result implies that YA and LROA
maintained a stable head posture during stair descent, which is comparable to that
during overground walking and that LROA may benefit from slower walking speed to

improve head stabilisation. In contrast, HROA descended the stairs with the slowest
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walking speed and tended to exhibit larger peak angular head velocity compared to the
results from Cromwell’s et al. (2002) walking study. Given the present result that
walking speed explained part of the variance in peak angular head velocity, this would
imply that, during stair descent, HROA are less able to maintain a stable head posture

than YA and LROA.

6.4.2 Effect of ambient illumination and stair edge contrast

Based on previous findings (Pozzo et al.,, 1990; Hirasaki et al., 1993; Pozzo et al.,
1991), it was hypothesised that participants would angle their head further down when
lights were dimmed compared to lights on. It was further hypothesised that improved
visual input by highlighted stair edges would aid a stable head posture with reduced
head movement range and angular head velocity and reduced variability. The findings
showed that neither illumination nor stair edge contrast affected any of the outcome
measures.

For stair ascent and descent, the findings showed that ambient illumination and
stair edge contrast had no effect on head posture or head movement velocity
measures. It has been previously shown that OA were able to stabilise the head to the
same extent as YA when fixating a target while walking (Cromwell et al., 2002).
However, the finding that none of the participants demonstrated reduced variability of
head posture or movement when stair edge contrast was high suggests that a more
stable head posture during stair negotiation may not be facilitated with visual cues only.
It may be that OA require explicit instructions on where to fixate their gaze while
ascending or descending stairs in order to increase head posture stability. Another
explanation for unchanged head posture and head movement velocity measures when

manipulating the stair edge contrast would be that non-visual sensory information

117



about stair properties and body alignment in space are sufficient or more important for

negotiating stairs within reasonable limits of safety than highlighted stair edges.

6.5 Summary and conclusion

The present findings show that LROA may ascend stairs with better head movement
control than YA as indicated by smaller angular head excursion and head pitch angle
variability. However, when comparing head stabilisation in YA and OA with that
reported in previous overground walking studies (Cromwell et al., 2002), YA
demonstrated a more stable head posture during stair ascent than during overground
walking whereas LROA and HROA did not demonstrate a similarly increased
stabilisation of head posture as YA. During stair descent, YA and LROA tended to
orientate the head downwards, roughly in alignment with the staircase angle. Given the
stair dimensions and the position of the analysed gait cycle on the stair, the adopted
head posture suggests that proprioceptive information about the body in relation to the
staircase is collected rather than visual information about stair edge locations.
However, the findings also indicated that HROA were less able to maintain a stable
head posture during stair descent, which may contribute to increased risk of falling. A
reduction in ambient illumination did not result in a more tilted head and high visibility of
stair edges did not improve head posture or head posture control, suggesting that
other, non-visual, sensory information are used to adapt body alignment and stepping

actions during stair negotiation.
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CHAPTER 7

General discussion

Specific age-related changes have been previously shown during overground walking,
but given the increasing number of falls on stairs in OA, it is important to study
behavioural changes in older age during stair negotiation before considering and
implementing interventions to reduce fall risk in this population. As described in the
introduction (Chapter 1), the aim of the present thesis was to investigate gaze and
stepping behaviour, balance control and head posture during stair negotiation. The new
aspects of these studies were firstly, to provide data and to compare age-related
differences in gaze behaviour during stair negotiation and secondly, to study stepping
behaviour, balance and head posture control in YA and OA with lower or higher risk of

falling under manipulated visual information.

7.1 Summary of findings of the experimental chapters

The first study (Chapter 2) aimed to provide data about gaze behaviour during midstair
negotiation and to investigate age-related differences. The findings clearly showed that
stair location in the visual scene is important information for ascending and descending
stair users. The results showed that YA and OA direct their gaze towards the stairs and
look on average three steps ahead in both walking directions. Furthermore, OA fixated
the stairs for longer than YA in both walking directions and OA were less variable in the

extent they looked ahead during ascent than YA. These findings lend support to the
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suggestion that OA require more time to process visual information describing a step

and transform it into an appropriate stepping movement.

The aim of the second and third studies (Chapters 4 and 5) was to investigate the
effect of manipulated visual information about the staircase on stepping behaviour and
balance control during stair ascent in YA and OA with either lower or higher risk of
falling. As stair ascent and stair descent are biomechanically two different tasks,
analysis and discussion of the results were carried out separately.

For stair ascent, the findings indicated that the ability to clear stair edges, to
place the feet on the stairs and to control balance is unaffected in OA with mild balance
impairments and reduced confidence to negotiate stairs. A reduction in ambient
illumination levels led to slower walking speed and increased lateral balance control.
Highlighted stair edges appeared to have acted as visual cue to increase the vertical
foot clearance in YA, LROA and HROA. However, foot placement on the stair and
balance control remained unaffected by stair edge contrast. Handrail use was only
observed in HROA, but this external support did not affect balance during stair ascent.

For stair descent, the findings showed that HROA descend stairs with
significantly smaller vertical and horizontal foot clearance than LROA which might
increase the likelihood of a trip or fall. Highlighting the stair edges led to an increase in
horizontal foot clearance in YA and to adjustments to balance control in LROA and
HROA that resulted in greater stability. However, a reduction of ambient light had no
effect on foot clearance or balance control. Handrail use assisted HROA to control

balance in the vertical direction.

The aim of the fourth study (Chapter 6) was to investigate age- and fall risk-related
differences in sagittal head posture control during stair negotiation and whether

improved stair edge visibility facilitates a more stable head posture, particularly in the
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OA. The present findings showed that LROA are less variable in their head posture
better than YA in both walking directions. Compared to overground walking, head
posture control in HROA ascending and descending stairs is affected, which may
contribute to increased risk of falling. Changes to ambient illumination or stair edge

contrast did not affect head posture or head posture control.

7.2 Similarities and differences between stair ascent and
descent on gaze behaviour, stepping characteristics,
balance and head posture control

As mentioned before, stair ascent and stair descent are two different activities and

main differences are the COM movement and muscle activity. During stair ascent the

COM is moved up to the next stair during the “vertical thrust” phase and during stair

descent it is lowered down to the next stair in a controlled manner during mid and late

stance (Zachazewski et al., 1993). Muscle activity of hip and knee extensor muscles
and ankle plantarflexors is concentric during stair ascent and eccentric during stair
descent. Analysis of gaze behaviour, stepping characteristics, balance and head
posture control has shown some similarities but also differences between both walking

directions which are discussed in more detail in the following sections.

7.21 Age-related changes in gaze behaviour and head posture control

YA and OA directed their gaze towards the stairs and looked on average three steps
ahead during stair ascent and looked on average slightly further ahead during stair
descent. These findings were recently replicated by two studies, testing YA during
midstair negotiation (den Otter & Mouton, 2009; Miyasike-Dasilva et al., 2011).
Directing the gaze towards future stepping locations implies that central vision is used

to guide foot placement on the stairs in both walking directions. It has been shown in
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obstacle crossing studies that peripheral cues about object location, while vision of the
legs was obstructed, lead to foot clearance of the leading and trailing leg similar to full
vision, suggesting that peripheral cues about object location were interpreted with
respect to the head rather than feet (Rietdyk & Rhea, 2006). The present findings
showed differences in head posture alignment for both stair walking directions. During
stair ascent, the head was angled down between 19° and 25°, which is less than the
staircase angle of 32° and more than during overground walking (Pozzo et al., 1990;
Cromwell & Wellmon, 2001). On one hand, it might be difficult to ascend stairs without
collecting visual information when the head is tilted down since the staircase is
unintentionally in view. On the other hand, it could be that the head is aligned to
optimise sampling visual information from the lower visual field to aid stair ascent as
previously shown for walking over uneven ground (Marigold & Patla, 2008a) and during
obstacle avoidance tasks (Marigold et al., 2007). During stair descent the head was
angled down on average by 28° (YA) and 33° (LROA) which roughly equals the
staircase angle of 32°. Given previous findings that head posture provides the CNS
with non-visual information about the spatial relationship between aspects in the
environment and the body in order to organise whole-body movements (Rietdyk &
Rhea, 2006; Grasso et al., 1998; Reed-Jones et al., 2009b), it is proposed that YA and
LROA integrate central visual and proprioceptive information about stair edge location
to plan and execute appropriate stepping actions and to control balance during stair
descent. The importance of non-visual information is also supported by the finding that
gaze behaviour between transition phases and midstair walking is unchanged
(Miyasike-Dasilva et al., 2011), although it would be reasonable to suggest that the
transition from stair to floor requires more visual on-line control of foot placement,
particularly when an increase in walking speed and stride length was observed (Lee &
Chou, 2007). However, Lee & Chou (2007) have also shown that step width decreases

and lateral balance control reduces during the transition from stair to lower landing,
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which could be the cost for maintaining the midstair gaze behaviour pattern. But it is
also possible that head posture gives adequate information about foot placement
locations to master the transition phase, although head posture has not yet been
directly measured during the transition between stair and lower landing. In contrast to
YA and LROA, HROA angled the head down by 38° while descending stairs, which is
more than the staircase angle of 32°. It is proposed that, during stair descent, central
visual information might be more important for this older adult group than peripheral
vision or proprioceptive information about stair location with respect to the head derived
from the head posture.

Overall, the mean head angles in YA were found to be comparable with those
reported for YA during stair negotiation by Cromwell & Wellmon (2001). Like the results
from these authors, the head in the present study was tilted further down during stair
descent than during stair ascent not only for YA but also for LROA and HROA. Given
the age-related decline in the sensory systems along with reduced musculoskeletal
properties and reduced confidence in stair walking, the present findings of head
posture control in LROA and HROA add to the notion that stair descent is a highly

challenging task (Zachazewski et al., 1993; McFadyen & Winter, 1988).

7.2.2 Differences between participant groups in stepping behaviour and

balance control
In both walking directions, YA were significantly less variable in the COM acceleration
in the sagittal and coronal planes than HROA whereas LROA demonstrated
comparable m-l COM acceleration variability to YA. The finding that LROA
demonstrated good m-l balance in both walking directions is in line with previous
walking (Dean et al., 2007; Chapman & Hollands, 2010) and stair walking studies (Mian

et al.,, 2007a; Lee & Chou, 2007), as these studies found no differences in balance
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control between YA and fit OA who would be comparable with the LROA group in the
present study. However, the finding that COM acceleration in the m-I direction is more
variable in HROA than in YA points to deteriorating lateral balance with increasing age
which needs to be actively controlled as previously shown for walking (Bauby & Kuo,
2000). Increased m-I COM variability could be attributed to reduced muscle strength in
e.g. hip abductors and peroneus muscles and inaccurate sensory feedback from
proprioceptors. The present studies have shown that impaired m-l balance can be
found in frail and less confident OA who were also slightly older than LROA. Mian et al.
studied two different groups of fit OA for two separate studies investigating age-related
differences in kinematics and COM control during stair descent and found increased
pelvis and hip movements in the coronal plane (Mian et al., 2007b), but no age-related
effect of m-I COM control (Mian et al., 2007a). In the light of the second study, the
authors explain the presence of increased range of pelvis and hip movements in the
first mentioned study with underlying sensorimotor impairment which is not associated
with increased age and conclude that m-l balance control during stair descent is
preserved in healthy OA. However, one could also argue that increased range of pelvis
and hip movements are adaptations of fit OA to keep the lateral COM displacement
under control to the same extent as YA. Therefore it would be useful to include frail OA
in stair negotiation studies to learn more about changes in kinematics and balance
control with increased age and increasing risk of falling.

Only during stair descent, step width was more variable in LROA and HROA
than in YA. This finding also adds to the above mentioned impairment in OA to control
lateral movements. Eccentric muscle activity has been shown to be challenging for
older fallers and non-fallers (Carville et al., 2007) and during stair descent, knee
extensor muscles of the stance leg need to lower the full body mass down to the next
stair when foot placement on the stair is prepared at the same time. The challenge to

control balance in all three directions with only one leg in contact with the stair and
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prepositioning of the swing foot for initial contact may be the reason for variable step
width. Although controlling the step width is important, step length is far more
restrained by the dimension of the stair run. However, it appears that overall all groups
were similarly able to control foot placement in the a-p direction in both walking

directions.

7.2.3 Differences between OA with lower and higher risk of falling
One important finding of the present study was that vertical and horizontal foot
clearances were the same in LROA and HROA during stair ascent, but HROA
demonstrated significantly less clearance than LROA while they descended stairs. This
finding indicates that the ability to ascend stairs with sufficient foot clearance was
preserved in HROA, but descending stairs increased the chance of catching the heel
on the stair edge with potentially serious consequences in this OA group. Reduced
clearance during stair descent could also be explained by the greater challenge of
simultaneously controlling the COM movement in three directions (a-p, m-l and
vertical), by the swing trajectory of the leading leg because of muscle weakness in the
lower limbs (Frontera et al., 2000; Scott et al., 2007; Lin & Woollacott, 2005) and by
impaired eccentric activation of the knee extensor muscles (Carville et al., 2007).

On first sight, the allocation of OA to the fall risk groups seems to be a limitation
in the study design, since HROA were slightly older than LROA and displayed very mild
active balance impairments. The aim was to assign participants to fall risk groups on
the basis of an active balance assessment (BBS) and their reported fear of falling
(MFES, SSEQ) because, as discussed in more detail in paragraph 1.1, impaired
balance is only one factor among many contributing to increased fall risk. Given the
findings in the present study, it can be concluded that OA with relatively mild balance

impairments but reduced confidence to negotiate stairs already displayed specific
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changes in stepping behaviour and COM control which may be accessible to

intervention.

7.2.4 Effect of manipulating ambient illumination on stepping parameters,

balance and head posture control
A reduction in ambient illumination led to reduced walking speed in both walking
directions. This finding is consistent with previous walking studies (Kesler et al., 2005)
and studies requiring accurate foot placement during walking under low light conditions
(Alexander et al., 2005). Slower walking speed during reduced ambient illumination
may be a good strategy to increase foot placement accuracy during stair negotiation,
particularly in the restricted a-p direction. However, the findings suggest a constant foot
placement pattern but challenged balance control in LROA and HROA during stair
ascent and well controlled balance but affected foot placement on the stairs in HROA
and YA during stair descent when illumination was reduced. It could be argued that
there are different priorities with respect to foot placement behaviour and balance
between both walking directions, which might be related to possible resulting problems
when a fall occurs. For example, during stair descent, the base of support for COM
movement becomes larger in HROA because they demonstrated an increase in step
length when illumination was reduced compared to normal ambient illumination. A
larger base of support in the a-p requires is beneficial for balance control in this
direction, resulting in the observed unchanged COM behaviour between the two
illumination conditions. It might be that a stair user during stair descent prioritises
balance control over foot placement because he can anticipate how far down he would
fall if a forward fall occurred.

Some studies have shown that eyes adapt well in situations when ambient

ilumination changes (McMurdo & Gaskell, 1991; Dieterle & Gordon, 1956). However,
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these studies measured adaptation after initial exposure to bright white light followed
by total darkness (McMurdo & Gaskell, 1991; Dieterle & Gordon, 1956). These
conditions differ to those used in the presented studies under which participants
required a few minutes of adaptation time when laboratory lights were turned from their
maximum brightness of 220 lux to a minimum brightness of 1 lux. However, the fact
that manipulating illumination only had an effect on one measure of older adult
performance (step length during stair descent) suggests that there was little difference
between participant groups in the extent to which they adapted to the different lighting
conditions. Furthermore, no significant interactions between light and contrast
conditions were found for any of the outcome measures. This indicates that altering
light and contrast conditions in combination did not affect stepping behaviour, balance
or head posture control during stair ascent or descent.

During stair ascent and descent, average head posture remained unaffected by
changes in ambient illumination, contrary to previous studies (Pozzo et al., 1990). The
most likely explanation for the difference in results is that, in the present study, the light
in the laboratory was only dimmed, still allowing the sampling of visual information
whereas Pozzo et al. investigated locomotion in “darkness”, without specifying how
“darkness” was achieved. However, in line with Pozzo et al., head posture control was
found to be unaffected by illumination and other sensory input, such as proprioceptive

information originating from neck muscles or vestibular information, may be employed.

7.2.5 Effect of manipulating stair edge contrast on stepping parameters,

balance and head posture control
During stair ascent and descent, highlighted stair edges significantly changed the foot
clearance pattern, although these changes were only consistent in the YA. They

significantly increased the horizontal clearance in both walking directions when stair
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edges were highlighted, whereas high stair edge contrast facilitated increased vertical
clearance in both OA groups while ascending stairs. It appears that high stair edge
contrast acted as visual cue mainly for YA in both walking directions. The finding, that
foot clearance in OA is unaffected by highly visible stair edges during stair descent, is
consistent with previous studies (Simoneau et al., 1991).

Changes in stair edge contrast exclusively affected foot clearance during stair
ascent and mainly posture and balance measures during stair descent in all groups.
The finding that balance during stair descent was particularly improved in HROA under
good stair edge visibility conditions suggests firstly, that stair edges are points of
interest and high stair edge contrast may provide richer optic flow that is primarily used
to regulate balance and secondly, that HROA may rely more on visual input to regulate
balance than LROA or YA. However, the finding that highlighted stair edges led to
increased foot clearances during stair ascent and increased horizontal foot clearance in
YA is in contrast to previous walking (Graci et al., 2009) and obstacle crossing (Rietdyk
& Rhea, 2006; Rhea & Rietdyk, 2007) studies where a reduction, not an increase, of
peripheral optic flow information led to increased foot clearance and step length to
avoid tripping. However, fixating a specific point in space at a consistent distance
ahead in the direction of travel has been shown to help OA to increase head
stabilisation similar to that of YA (Cromwell et al., 2002) which is considered to be
important for maintaining balance. The finding from Chapter 2 that particularly OA
tended to look a relatively constant number of steps ahead when descending stairs
may help to provide constant optic flow information which helps to facilitate balance in
OA.

Highlighted stair edges did not affect head posture control in either walking
direction. It could be that highlighted stair edges may have a more local effect such as
on foot clearance, rather than a generalised effect on whole-body orientation and

balance.
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7.2.6 Effect of handrail use on balance control in HROA

In the present study, only HROA used the handrail and exploration of the handrail data
revealed that handrail use had almost no effect on balance measures in either walking
direction. Only vertical COM acceleration was reduced when these individuals
descended the stairs. This finding underlines the previously discussed challenge of
controlled lowering of the COM, particularly in HROA. Although the effect of light touch
is plane-specific (Dickstein & Laufer, 2004), it is surprising that handrail use in the
present study had no effect on lateral balance which was previously shown by these
authors. That handrail use did not affect lateral balance could well be due to the very
small subject number in each group. Therefore, the result should be interpreted with
caution and future studies investigating the effect of handrail use in HROA should
include more participants. Furthermore, it is not sufficient to investigate the effect of
handrail use on a-p and m-l balance as before (Reeves et al., 2008a), but also to

analyse the characteristics of vertical COM displacement with handrail use.

7.3 Limitations

The allocation of OA to fall risk groups could be seen as possible limitation of these
studies. It is acknowledged that there is no gold standard on how to identify OA with
increased risk of falling because of the large number of fall risk factors and possible
assessments. Furthermore there is no consensus among researchers- some prefer to
allocate OA to fall risk groups based on the number of previous falls within a specified
time period and others prefer to allocate OA to fall risk groups based on cut-off points
in assessments. Allocating OA to fall risk groups on the basis of a specific cut-off point
obviously implies that a reliable cut-off point was identified in earlier studies. Based on
previously identified factors contributing to increased risk of falling, the idea was to
allocate older participants to fall risk groups based on a valid active balance
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assessment (BBS) and their reported fear of falling (MFES) and confidence to
negotiate stairs (SSEQ) which appeared to be relevant to and sufficient for the aims of
the undertaken studies. Furthermore, it was intended that the fall risk assessment
could be completed in a time-efficient manner because of the duration of the following
data collection. Another aspect is that, although travel arrangements were made for
older participants, these studies relied on OA willing to travel to the laboratory for data
collection. But as previously shown, OA with fear of falling (Zijlstra et al., 2007;
Deshpande et al., 2008a) and previous falls (Fletcher & Hirdes, 2004) reduce their
outdoor activities and it may well be that OA with fear of falling and/ or more severe
balance impairments have not volunteered to participate in these studies. However,
even OA with very mild active balance impairments were shown to have significant
deterioration in muscle strength (Lin & Woollacott, 2005) and the results from the
presented studies suggest that stair negotiation behaviour is affected in OA with even
mildly affected balance and reduced confidence to negotiate stairs.

Another limitation of these studies may be the lack of muscle strength testing
which may have been beneficial for explaining some results such as differences
between LROA and HROA in foot clearance. Again, it was intended that the duration of
data collection would not be excessive, particularly not for OA. In future studies it might
be worth including strength testing for relevant muscle groups to get an idea about how
stair negotiation performance in otherwise healthy LROA and HROA is affected by
sarcopenia.

The effect of handrail use in HROA should be interpreted with some caution as
the group size was very small (four participants using and four participants not using
the handrail). Furthermore, there was no objective measurement of how much force
participants applied to the handrail. For example, light touch for guidance had no effect
on a-p COM acceleration, but one would have expected that a-p COM acceleration

during stair ascent would be greater with handrail use if handrail users draw on this
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external support to pull themselves up. In addition, m-I COM acceleration variability
during stair descent might be reduced with handrail use. Some research has been
conducted into measuring applied forces while grasping the handrail after balance
perturbation during stair negotiation, but participants included only YA (Maki et al.,
1998). Other studies included OA without the need to hold on to the handrail (Reeves
et al., 2008a) or without objectively measuring performance changes (Hamel &
Cavanagh, 2004).

The simultaneous recording of eye movements and 3D motion data during stair
negotiation in YA, LROA and HROA would have been beneficial for integrating and
interpreting the results of head posture control in relation to gaze behaviour. Both the
portable eye tracker and the Vicon motion capture system track movements with
infrared light, resulting in interference of the Vicon system with data acquisition from
the eye tracker simply because of the necessary positioning of the equipment in the
laboratory: the motion capture cameras had to be angled down from a certain height to
capture the position of head markers. The infrared light sent by the cameras would
have been reflected on a specific part of the eye tracker, which should only reflect the
infrared light coming from the eye tracker. Therefore, other equipment may be used
together for eye movement and 3D motion capture recordings.

Furthermore, data from additional overground walking trials would have been
given information about head posture control during overground walking which could
have been directly compared with the head posture data during stair negotiation in the
same participants without using results from other publications for comparison. As
pointed out before, the duration of data collection was already quite time-consuming
and a second session for data collection was thought to be not feasible due to the

already mentioned recruitment circumstances.
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7.4 Directions for further research

Based on the findings and limitations of the presented studies, the following section
describes directions for further research which may help to extend the knowledge

about functional changes in older age and their underlying mechanisms.

Falls on stairs most often occur within the first and last three steps of a flight of stairs
(Templer, 1994). Therefore, it would be useful to investigate gaze behaviour during
these transition phases, which has been studied very recently, but for YA only
(Miyasike-Dasilva et al., 2011). Furthermore, it would be useful to investigate gaze
behaviour and balance not only on stairs, but also during the transition onto vertical
and horizontal escalators, because of the high incidence of falls in OA using escalators
(Steele, O'Neil, Huisingh & Smith, 2010).

When characterising age-related differences in balance control during stair
negotiation, previous studies have used descriptions of the relationship between COM
and COP for describing a-p and m-l balance (Reeves et al., 2009; Reeves et al.,
2008b; Lee & Chou, 2007). Only one previous study included the characteristics of
vertical COM movement (Mian et al., 2007a). Given the finding that only 10% of fallers
on stairs fell sideways, but 50% fell forward and 40% fell backward (Svanstrom, 1974),
it is reasonable to assume that controlling the COM movement in the vertical direction
is as important as controlling the COM in the sagittal and coronal planes. Therefore,
analysis of the vertical COM movement should be included in future studies. OA with
less confidence to negotiate stairs are more likely to use a handrail while ascending or
descending a flight of stairs (Hamel & Cavanagh, 2004). One limitation of the
presented studies was the small number of participants in HROA using the handrail.
Therefore, future studies investigating the effect of handrail use on balance control and

recovery strategies after tripping should include a larger sample size. Cromwell et al.
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(2002) have shown that OA are able to stabilize the head to the same extend as YA
when they fixate a target in the direction of travel. It might be worth investigating how
stepping behaviour and balance control change in HROA when they are told to fixate
the stair edges while ascending or descending a flight of stair, because this intervention
would be an efficient strategy to reduce their risk of falling on stairs.

The studies in this thesis have shown that visual information during stair
negotiation is used and that manipulation of visual information results in adaptations in
stepping behaviour and balance control in YA and OA. In addition, there was some
support for the idea that head posture may provide proprioceptive information about
body posture in space with respect to the staircase which may help to control stepping
actions and balance. However, individuals may not only use central or peripheral vision
during stair negotiation to guide foot placement but also proprioceptive information
about body posture in space in relation to the staircase. In order to gain more insight in
the processes of how the CNS controls balance during stair negotiation, the interaction
between visual and proprioceptive information should be studied. Anecdotal experience
suggests that obstruction of the visual field leads to realignment of body and head
posture to allow an- at least partially- unobstructed view of the stairs. For example,
when carrying a large box or a tray down the stairs, individuals tend to move the
carried object out of the visual field by rotating the upper trunk or by lifting up the object
(if it is not too heavy or too difficult to balance). The question remains how the CNS
weights visual and proprioceptive information and if this process is the same for stair
ascent and descent. Furthermore, manipulating the proprioceptive information from the
neck muscles by vibrating them during stair negotiation would give valuable information
about the role of head posture and its effect on body alignment in space when the body
is not only moved forward, but also either upward or downward. Furthermore, it would

be useful to collect eye and head movement data as well as balance measures

133



simultaneously to enhance the knowledge about how visual and non-visual information
are integrated to control balance during stair negotiation.

One limitation of the studies presented in Chapters 4 and 5 was the lack of
muscle strength testing. Given the lack of studies linking muscle strength to stair
negotiation performance, further research into this subject is needed as it was
previously shown that resistance training improves muscle strength (Ferri et al., 2003;
Thompson et al., 2003) which is associated with improved performance during obstacle
avoidance (Lamoureux et al., 2003) and increased ankle power generation after
tripping (Pijnappels et al., 2008). Even if non-frail OA were shown not to reduce
kinematic differences between OA and YA after 12 months exercise training (Mian et
al., 2007b), it might be worth including HROA in future intervention studies because
these individuals are in need of reducing their fall risk. In addition, more task-specific
exercises such as eccentric muscle work for the lower limb muscles to improve balance
and to increase foot clearance during stair descent should be included in future
intervention studies. Furthermore, this thesis has added evidence to the knowledge
that OA have difficulties to control lateral stepping movements and balance during stair
negotiation. Therefore, muscle groups controlling these movements should be included
in strength assessments and training, e.g. hip abductor muscles and ankle pronator

muscles.

7.5 Conclusion

The undertaken studies provided evidence that YA and OA direct their gaze towards
stair edges when ascending and descending the middle part of a staircase.
Furthermore, OA fixated the stairs longer before stepping onto them and tended to
fixate stairs with less variability than YA. OA with relatively mild active balance

impairments and reduced stair walking confidence displayed specific changes in
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stepping behaviour and COM control during stair negotiation compared to OA with
unaffected balance and good stair walking confidence. Sufficient illumination and
highlighted stair edges were shown to improve balance and posture in YA and OA.
Good visible stair edges acted as visual cue to increase foot clearance in order to avoid
contact with the stair edge which is known to be one trigger for trips and falls on stairs.
However in OA, balance was challenged during stair negotiation, particularly during
stair descent, and handrail use helped HROA to lower their COM down in a controlled
manner. Although LROA ascended and descended stairs with less variable head
posture control than YA, head posture was less stable in OA during stair negotiation
compared to overground walking. During stair descent, YA and LROA roughly aligned
the head with the staircase angle which suggests that proprioceptive information about
stepping location in relation to the head are also used for safe stair negotiation.
However, HROA appeared to rely more on visual information as they angled the head
further down than YA and LROA while descending stairs. The findings from this thesis
suggest that there are differences in stepping behaviour and balance control between
OA with either lower or higher risk of falling. Therefore, it would be wise to include YA
as well as OA with different balance abilities, perceived fear of falling or less
confidence to negotiate stairs in future studies to expand the knowledge about changes

in body function and performance in older age and when balance is compromised.
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GLOSSARY

COM-The Centre of Mass of an object is the one point in space where the object’s
mass is concentrated and balanced. The COM of the human body is roughly located

below the navel and in front of the 4" lumbar vertebra.

COP- The Centre of Pressure is the location of the vertical ground reaction force vector

on the floor. COP data are usually collected with a force plate.

COM-CORP separation- distance between the COP curve and the vertically to the floor
projected COM curve. This measure is used to describe dynamic balance: a small
COM-COP separation indicates better balance and a larger COM-COP separation

indicates that balance is challenged or even impaired.

Coronal plane- divides the body into an anterior and posterior part. Movements in this

plane are medio-lateral movements such as hip abduction.

Foot clearance- describes the distance between toe and stair edge (stair ascent) or

heel and stair edge (stair descent) during the swing phase.

Gait cycle- refers from initial contact of one leg (0%) to initial contact of the same leg on

the next stair (100%) For the purpose of this thesis, gait cycle events are used

accordingly to the convention for overground walking.
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Kinematics- describes the displacement of the body or body parts such as the angular
displacement of joints, movement velocity and acceleration, but without taking

moments or forces into account which cause the displacement.

Kinetics- includes the moments and forces that act on the body or body parts resulting

in spatial displacement of the body or body parts.

Leading leg- refers to the leg which is located in front of the contralateral leg. With
respect to gait cycle events this includes the phase between mid swing of one leg to
mid stance of the same leg when the contralateral leg goes past and becomes the

leading leg.

OA- includes adults aged 65 and over without specification of potential fall risk.

Sagittal plane- divides the body into left and right. Movements in this plane are

movements in the direction of progression such as hip flexion.

Trailing leg- refers to the leg which is located behind the contralateral leg. With respect
to gait cycle events this includes the phase between mid stance of one leg to mid swing
of the same leg. When the trailing leg swings past the contralateral leg it becomes the

leading leg.

Transverse plane- divides the body into an upper and lower part. Movements in this

plane are rotations such as external rotation of the hip.
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APPENDIX A

School-internal General Health Questionnaire
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The University of Birmingham

School of Sport and Exercise Sciences

General Health Questionnaire

N AN s
AAAreS S . oo

PRONE: e
Name of the responsible investigator for the study:
Doerte Zietz
Please answer the following questions. If you have any doubts or difficulty with the
questions, please ask the investigator for guidance. These questions are to determine

whether the proposed exercise is appropriate for you. Your answers will be kept strictly
confidential.

1.
You are....... Male | Female
2.
What is your exact date of birth?
Day........... Month........... Year..19........
SO your age iS...........cccuueeenn..... Years
3.
When did you last see your doctor?  In the:
Last week............ Last month.......... Last six months............
Year...oooooon... More than a year...........
4,
Are you currently taking any medication? YES | NO
5.
Has your doctor ever advised you not to take vigorous YES | NO
exercise?
6.
Has your doctor ever said you have “heart trouble”? YES | NO
7.
Has your doctor ever said you have high blood pressure? YES | NO
8.
Have you ever taken medication for blood pressure or your YES | NO
heart?

139



9.
Do you feel pain in your chest when you undertake physical YES | NO
activity?
10.
In the last month have you had pains in your chest when not | YES | NO
doing any physical activity?
11.
Has your doctor (or anyone else) said that you have araised | YES | NO
blood cholesterol?
12.
Have you had a cold or feverish illness in the last month? YES | NO
13.
Do you ever lose balance because of dizziness, or do you YES | NO
ever lose consciousness?
14.
a) Do you suffer from back pain YES | NO
b) if so, does it ever prevent you from exercising? YES | NO
15.
Do you suffer from asthma? YES | NO
16.
Do you have any joint or bone problems which may be made | YES | NO
worse by exercise?
17.
Has your doctor ever said you have diabetes? YES | NO
18.
Do you feel exhausted after walking the stairs in your home? | YES | NO
19.
a) Did you fall recently YES | NO
b) if so, how often within the lastyear?  ..................
20.
a) Did you have joint(s) replaced YES | NO
b) If so, which joint(s) ...
21.
Do you know of any reason, not mentioned above, why you YES | NO
should not exercise?
21.
Are you accustomed to vigorous exercise (an hour or so a YES | NO
week)?

| have completed the questionnaire to the best of my knowledge and any questions |
had have been answered to my full satisfaction.
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Health Questionnaire:

Notes for the investigator

This questionnaire is for use in circumstances where you are intending to carry out a
procedure which has been approved by the Ethics Subcommittee (Section 2 of the
Health and Safety Issues document) but where a health screen is indicated. Questions
3 and 4 should be used to test, discretely, the veracity of the other answers.

If your subject is within the age group specified (usually 18 to 30 years) and has
answered NO to questions 5-20 and YES to question 21, you may include him or her in

your study.

If you are using this, or a similar, questionnaire for subjects outside this age range or

with possible pathologies, you must have agreed with the Ethics Subcommittee the

criteria for accepting subjects into the study and safeguarding their health.
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APPENDIX B

Berg Balance Scale
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Participant number:

Date:

Iltem Iltem description Score
No.
1 | Sitting to standing 4 able to stand without using hands and stabilize
independently
Please stand up. Try not to use 3 able to stand independently using hands
your hands for support. 2 able to stand using hands after several tries
1 needs minimal aid to stand or to stabilize
0 needs moderate or maximal assist to stand
2 | Standing unsupported 4 able to stand safely 2 minutes
3 able to stand 2 minutes with supervision
Please stand for two minutes 2 able to stand 30 seconds unsupported
without holding. 1 needs several tries to stand 30 seconds unsupported
0 unable to stand 30 seconds unassisted
3 | Sitting unsupported 4 able to sit safely and securely 2 minutes
3 able to sit 2 minutes under supervision
Please sit with arms folded for 2 2 able to sit 30 seconds
minutes. .
1 able to sit 10 seconds
0 unable to sit without support 10 seconds
4 | Standing to sitting 4 sits safely with minimal use of hands
3 controls descent by using hands
Please sit down. 2 uses back of legs against chair to control descen
1 sits independently but has uncontrolled descent
0 needs assistance to sit
5 | Transfers 4 able to transfer safely with minor use of hands
3 able to transfer safely definite need of hands
2 able to transfer with verbal cueing and/or supervision
1 needs one person to assist
0 needs two people to assist or supervise to be safe
6 | Standing with eyes closed 4 able to stand 10 seconds safely
3 able to stand 10 seconds with supervision
Please close your eyes and stand | 5 aple to stand 3 seconds
still for 10 seconds.
1 unable to keep eyes closed 3 seconds but stays steady
0 needs help to keep from falling
7 | Standing with feet together 4 able to place feet together independently and stand 1

Place your feet together and stand
without holding.

minute safely

3 able to place feet together independently and stand for 1
minute with supervision

2 able to place feet together independently but unable to hold
for 30 seconds

1 needs help to attain position but able to stand 15 seconds
feet together

0 needs help to attain position and unable to hold for 15
seconds
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8 | Reaching forward with | 4 can reach forward confidently >25 cm
outstretched arm 3 can reach forward >12 cm safely
2 can reach forward >5 cm safely
Lift an m to 90 degrees. Stretch out 1 reaches forward but needs supervision
your fingers and reach forward as
far as you can. 0 loses balance while trying/requires external support
9 | Retrieving object from floor 4 able to pick up slipper safely and easily
3 able to pick up slipper but needs supervision
Pick up the shoe/slipper which is 2 unable to pick up but reaches 2-5cm from slipper and
placed in front of your feet. keeps balance independently
1 unable to pick up and needs supervision while trying
0 unable to try/needs assist to keep from losing balance or
falling
10 | Turning to look behind 4 looks behind from both sides and weight shifts well
3 looks behind one side only other side shows less weight
Turn to look directly behind you shift
over toward left shoulder. Repeat | 2 turns sideways only but maintains balance
to the right. - .
1 needs supervision when turning
0 needs assist to keep from losing balance or falling
11 | Turning 360° 4 able to turn 360 degrees safely in 4 seconds or less
3 able to turn 360 degrees safely one side only in 4 seconds
Turn completely around in a full or less
circle. Pause. Then turn a full circle | 2 aple to turn 360 degrees safely but slowly
in the other direction. . .
1 needs close supervision or verbal cueing
0 needs assistance while turning
12 | Placing alternate foot on stool 4 able to stand independently and safely and complete 8
steps in 20 seconds
Place each foot alternately on the |3 able to stand independently and complete 8 steps >20
step/stool. Continue until each foot | S€conds
has touched the step/stool four 2 able to complete 4 steps without aid with supervision
times. 1 able to complete >2 steps needs minimal assist
0 needs assistance to keep from falling/unable to try
13 | Standing with one foot in front 4 able to place foot tandem independently and hold 30
seconds
Place one foot directly in front of 3 able to place foot ahead of other independently and hold 30
the other. If you feel that you seconds
cannot place your foot directly in 2 able to take small step independently and hold 30 seconds
front, try to step far enough ahead
y . 1 needs help to step but can hold 15 seconds
that the heel of your forward foot is P P
ahead of the toes of the other foot. |0 loses balance while stepping or standing
14 | Standing on one foot 4 able to lift leg independently and hold >10 seconds

Stand on one leg as long as you
can without holding.

3 able to lift leg independently and hold 5-10 seconds
2 able to lift leg independently and hold = or >3 seconds

1 tries to lift leg unable to hold 3 seconds but remains
standing independently

0 unable to try or needs assist to prevent fall

Total

156
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APPENDIX C

Modified Falls Efficacy Questionnaire
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Participant number:

Date:

How confident/ sure are you that you do each of the activities without falling?

Not
Fairly Completely
confident at
I confident confident
a

1. Getdressed and undressed O O O
2. Prepare a simple meal O O (|
3. Take a bath or a shower O O O
4. Getin/ out of a chair O O O
5. Getin/ out of bed O O O
6. Answer the door or telephone O O O

Walk around the inside of your
7. O O O

house
8. Reach into cabinets or closet O O O
9. Light housekeeping O O O
10. Simple shopping O O O
11. Using public transport O O O
12. Crossing roads O O O

Light gardening or hanging out the
13. gntg 9 9ng O O O

washing
14. Using front or rear steps at home O | O
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APPENDIX D

Stair Self-Efficacy Questionnaire
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Participant number: Date:

1. How confident are you that you can negotiate the stairs in your home without losing your
balance?

Going down the stairs
No Confidence Complete Confidence
0 1 2 3 4 5 6 7 8 9 10

Going up the stairs
No Confidence Complete Confidence
0 1 2 3 4 5 6 7 8 9 10

2. How confident are you that you can negotiate a flight of stairs rapidly, without losing your
balance?

Going down the stairs
No Confidence Complete Confidence
0 1 2 3 4 5 6 7 8 9 10

Going up the stairs
No Confidence Complete Confidence
0 1 2 3 4 5 6 7 8 9 10

3. How confident are you that you can negotiate the stairs not using the handrail without losing
your balance?

Going down the stairs
No Confidence Complete Confidence
0 1 2 3 4 5 6 7 8 9 10

Going up the stairs
No Confidence Complete Confidence
0 1 2 3 4 5 6 7 8 9 10

4. How confident are you that you can negotiate stairs that are poorly lit without losing your
balance?

Going down the stairs
No Confidence Complete Confidence
0 1 2 3 4 5 6 7 8 9 10

Going up the stairs

No Confidence Complete Confidence
0 1 2 3 4 5 6 7 8 9 10
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5. How confident are you that you can negotiate stairs in a crowd of people without losing your
balance?

Going down the stairs
No Confidence Complete Confidence
0 1 2 3 4 5 6 7 8 9 10

Going up the stairs
No Confidence Complete Confidence
0 1 2 3 4 5 6 7 8 9 10

6. How confident are you that you can negotiate stairs that are not in your home without losing
your balance?

Going down the stairs
No Confidence Complete Confidence
0 1 2 3 4 5 6 7 8 9 10

Going up the stairs
No Confidence Complete Confidence
0 1 2 3 4 5 6 7 8 9 10

7. How confident are you that you can negotiate outdoor stairs or steps without losing your
balance?

Going down the stairs
No Confidence Complete Confidence
0 1 2 3 4 5 6 7 8 9 10

Going up the stairs
No Confidence Complete Confidence
0 1 2 3 4 5 6 7 8 9 10

8. How confident are you that you can recover from a loss of balance on stairs to prevent
yourself from falling?

Going down the stairs
No Confidence Complete Confidence
0 1 2 3 4 5 6 7 8 9 10

Going up the stairs

No Confidence Complete Confidence
0 1 2 3 4 5 6 7 8 9 10
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