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Abstract
The evolution of bipedal gait in humans required the concurrent development of the ability to
stabilise the entire bodyweight through a single ankle and foot during ambulant activity. Stability
is maintained by a complex interaction between bony anatomy, ligamentous integrity and
sensorimotor control that consists of sensory reception, central nervous system (CNS) integration
of sensory information, and muscular action. Proprioception from sensory reception is defined as
the afferent stimuli perceived by the CNS from reception at peripheral and internal sensory
receptors.
Studies of proprioception around the ankle have shown links between chronic ankle instability
(CAI) and proprioceptive deficits. However, systematic review and meta-analysis of ankle
characteristics within this body of research has shown an inconsistency in the findings of the
relationship between ankle proprioception and injury risk. This suggests that the ecological
validity of current proprioceptive testing methodologies is not appropriate for comparison to
normal functional activities.
The programme of research reported here has used the Active Movement Extent Discrimination
Apparatus (AMEDA) to assess joint position sense (JPS) around the ankle. The original
methodology for the AMEDA positions the participant in full weight-bearing in standing
(AMEDA-stand), and uses active movement of the test apparatus footplate, in order to increase
the ecological validity of testing. An extension of this methodology, to enable testing of JPS
while stepping onto and across the AMEDA footplate (AMEDA-step), was developed within this
research programme. The addition of walking movement to the test renders the test more
ecologically valid, although at the expense of specificity of testing around the ankle joint.
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The studies conducted with the AMEDA-stand have shown that individuals with ligamentous
laxity in the anterior drawer test carry deficits in JPS, hopping distance in a straight-line single
leg hop, and hopping agility in a hexagon-hop test. A further study shows that all participants
improve their score for JPS during repeated testing on the AMEDA-stand, but that those with
CAI learn more slowly than those with healthy ankles. Using the AMEDA-step, it has been
shown that all individuals score a higher JPS score on the AMEDA-stand than the AMEDA-step,
but those with CAI experience a learning effect on retesting, while those with healthy ankles
immediately establish a stable performance level and do not change on retesting. Vision has also
been shown to contribute to contribute significantly to performance on the AMEDA-step, with
focal vision enabling better JPS than peripheral vision.
These findings contribute to knowledge of proprioceptive deficits in CAI, whether mechanical
laxity or self-reported functional instability. Individuals with CAI show differences in
proprioceptive learning ability, which indicates changes in CNS integration of proprioceptive
information. The AMEDA-step has been shown to be a valid additional testing methodology for
JPS testing within walking. These findings provide direction for further research into CNS
engagement with ankle function associated with CAI, particularly with regard to proprioception.
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Chapter 1: Introduction
As the main point of contact between the body and the ground, the foot/ankle complex is
important in bipedal gait (Trinkaus 2005). The foot bears the entire weight of the body and
through operation of the ankle, provides the final leverage for propulsion during gait (Wang and
Crompton 2004).
Consequently control of the ankle during standing and gait is integral to the quality of function
achieved, and plays an important role in protection of the ankle to minimise injury during
function (Hertel 2002; Riemann and Lephart 2002). The purpose of the programme of study and
research conducted within this thesis was to evaluate the physiological systems which support
ankle function, with a particular emphasis on proprioception around the ankle. Since the ankle is
commonly used within a dynamic pattern of gait, a primary aim of this programme of research
was to investigate the feasibility of measuring ankle proprioception within gait, to improve the
compatibility of proprioceptive testing with functional patterns of activity.
The evolution of bipedal gait and its impact on foot and ankle function.
Since this research programme is concerned with human ankle function during upright activity, it
is appropriate to first consider how the capacity of the ankle to perform its current role emerged
as a product of evolution. The mechanisms that exerted evolutionary pressure towards the
development of bipedal gait in pre-hominin species are the subject of ongoing academic debate
(Crompton, Vereecke et al. 2008). Bipedal gait may have developed in arboreal hominoids as an
evolutionary advantage in reaching for food. This can be seen in modern monkeys and apes
when climbing on smaller branches of trees, standing on their hind limbs to reach food in higher
parts of the tree, or in thinner canopy (Crompton, Sellers et al. 2010). Due to the small girth of
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the branches in these more peripheral fruit-bearing regions of the tree, their foot is able to grasp
around the circumference of the branch, in a highly supinated position (Figure 1.1). Analysis
indicates that this supinated grip position during bipedal gait in trees would align the bony
anatomy of their feet to produce a vertical calcaneal position, with the talus positioned above it,
and an elevated medial arch of the foot, similar to that which is present in modern humans when
standing on flat ground (Figure 1.2) (Elftman and Manter 1935).
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Figure 1.1: Medial view of chimpanzee and human feet: A, chimpanzee foot as positioned
around a small-diameter branch; B, human foot on the ground; C, chimpanzee foot on the
ground. Note dorsiflexion of the transverse tarsal joint (TT joint) in the chimpanzee foot
when standing on the ground. (Elftman and Manter 1935)
3

Figure 1.2: Dorsal view of chimpanzee and human feet: A, chimpanzee foot on the ground;
B, human foot on the ground; C, chimpanzee foot plantar-flexed about the transverse
tarsal joint, as in fig. 1 A. (T = axis of transverse tarsal joint. U = axis of “upper ankle
joint” [talo-crucral joint]. L = axis of “lower ankle joint” [sub-talar joint].) Note the closer
similarity between the orientation of the axes of movement in the human foot in B, and the
branch-gripping position of the chimpanzee foot in C. (Elftman and Manter 1935)
However, other authors have argued that bipedal gait may first have emerged as an evolutionary
advantage among hominoids living at the limits of the wooded landscape, where they also had
access to expanses of water (Niemitz 2010). Observation of modern apes and monkeys has
shown that when wading, they typically adopt an independent bipedal gait, or use upper limb
support for stabilisation while bearing their weight bipedally and standing with an erect trunk
4

posture (Niemitz 2010). This provides an evolutionary advantage in being able to wade to gain
access to food, and to cross bodies of water to move to new habitats (Figure 1.3).

Figure1.3: (a) Long-tailed macaque female standing bipedally in the water and eating food
retrieved from the ground. (b) Proboscis monkey wading bipedally. (c) Hanuman langurs
wading bipedally while collecting algae in a stream during the dry period. (d) Savannah
baboons wading bipedally while picking flowers as food. (e) Chimpanzee female wading
bipedally with her infant drinking from her breast. (Niemitz 2010)
Some physiological adaptations present in humans have been identified as supporting this theory
(Niemitz 2010). Quadrupedal apes and panins distribute heat throughout their body through
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equal circulatory flow to the surfaces of all their limbs, both fore- and hind-limbs, whereas
humans reduce heat loss around their lower abdomen and lower limbs by the presence of an
increased layer of subcutaneous fat in their abdomen and thighs (Figure 1.4). This layer is
beneficial for energy retention when wading, since heat energy is not lost through the surface
area of those regions of the body which are submerged. The presence of a secondary
physiological trait which also supports a wading lifestyle indicates adaptation to an environment
in which wading abilities were an evolutionary advantage, and may have supported the selection
of individuals whose anatomic leg structure and subcutaneous fat distribution were more suited
to this lifestyle.

Figure 1.4: Thermographic pictures of: (a) a macaque; (b) a pygmy chimpanzee; (c) and
(d) human beings. (Niemitz 2010)
6

The evolution of a bipedal gait as a consequence of movement on open savannah has been
questioned, since no strong evolutionary mechanism has been proposed to cause the structural
adaptation from quadrupedal walking to erect standing (Crompton, Sellers et al. 2010).
Adaptations seen in knuckle-walking quadrupedal hominoids are not specifically conducive to
bipedal activities, supporting instead the concept of further specialisation as a climbing
quadruped, in an environmental niche where forest and ground activities are mixed. However, it
has been suggested that among hominoid quadrupeds who were evolving to exploit a new
savannah-like environment, bipedalism may have conferred an evolutionary advantage through
the ability to stand erect and see further across the savannah, as well as to declare presence,
establish territory, and for mating, through displays of genitalia (Crompton, Vereecke et al. 2008;
Niemitz 2010).
Further analysis of the many evolutionary pressures, environmental changes, behavioural
adaptations, and the structural changes which supported them, is being conducted by re-analysis
of the fossil record, and addition of new fossil findings to the record (Lieberman 2007).
However, the fossil record for certain periods of hominoid evolution relies on a few, sometimes
incomplete, skeletons. Measurement techniques applied to foot bones can reveal significant
differences between different samples of the same species (Marquardt 2008) and as a result
deductions of evolutionary patterns based on small samples may be prone to errors of
assumption, unless large enough groups of samples can be acquired to enable calculation of these
variances in structure. Samples may also demonstrate evidence of acquired structural changes
due to injury or illness during the life of the individual (DeSilva and Papakyrikos 2011), which
adds further acquired variance to the genetic variance inherent in evolution. This has led some
researchers to suggest that the fossil record is not large enough for resolution of these issues
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(Crompton, Sellers et al. 2010; DeSilva 2010; Lieberman 2007). It is also difficult to completely
separate the evolutionary pressures which favoured the development of bipedal gait, partly
because pre-existing traits favoured by one environment, such as bipedal gait on smaller
branches of an arboreal species, may have been adapted and further evolved after environmental
change caused a thinning of forests and produced a savannah-like environment. Consequently,
traits developed for one environment may have evolved further in a new environment, rather
than being exclusively caused by either set of environmental pressures.
Nevertheless, while the evolutionary mechanisms for the development of bipedal gait remain
unresolved, the anatomical facts are less in dispute. The deterioration of soft-tissues in fossil
samples prevents analysis of the in-vivo position of the fossil bones (Crompton, Sellers et al.
2010). Consequently, extrapolation regarding the probable mechanical positioning of these bones
is made from inferential biomechanical analysis and comparison with structurally-similar
modern animals (Crompton, Sellers et al. 2010; Zollikofer and Ponce de León 2010). The feet of
hominoids and hominines are structurally similar to the modern great apes, while those of
hominins have evolved a higher longitudinal arch and larger calcaneus (Elftman and Manter
1935). The talus is of particular interest, since it articulates with the tibia, fibula, calcaneus and
navicula. In humans, the superior articular facet of the talus is aligned parallel to the body of the
talus in a transverse plane, with the neck of the talus more rotated towards a sagittal plane than
that of apes (Kanamoto, Ogihara et al. 2011). The articular facets of the calcaneus are also
aligned more horizontally in a transverse plane, and closer to the coronal axis transversely, than
in apes (Kanamoto, Ogihara et al. 2011). These structural changes allow the human foot to be
positioned at a more plantargrade (pronated) angle to rest on flat ground (DeSilva 2010), rather
than supinated around a branch, as seen in tree-climbing specialist species (Elftman and Manter
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1935). The rear foot is also orientated in a sagittal plane, to allow linear plantar-dorsiflexion in
the forward direction of walking. Hence these structural differences allow human feet to weightbear vertically more easily, and to transfer force in a sagittal plane more efficiently (Billot,
Simoneau et al. 2011), but at the loss of efficient climbing ability (Crompton, Vereecke et al.
2008).
A proportion of the population of modern humans have flat feet and retain an element of a “midtarsal break” during the stance phase of gait. In chimpanzee feet, this mid-tarsal break results in
an increased range of dorsiflexion in the mid-foot as the heel leaves the ground at the push-off
phase of a step (Aiello, Dean et al. 1990) and reduces the rigidity of the medial longitudinal arch
of the foot. This reduces the leverage applied, and results in the lateral side of the foot remaining
in contact with the ground at push-off. However, most modern humans have a more consistently
stiff mid-foot, with a higher medial longitudinal arch (Crompton, Sellers et al. 2010). This
provides efficiencies in muscle leverage (Wang and Crompton 2004), and reduces strain to the
soft-tissues under the arch of the foot, as compared to modern apes.
Through their modelling, Wang and Crompton (2004) consider that the bony anatomy,
biomechanics and muscle leverages of the human lower limb provide the most efficient overall
structure for standing and walking. Since humans show large variance in the degree of tibial
valgus (DeSilva and Throckmorton 2010), and the presence or absence of mid-tarsal dorsiflexion
or “break” in their foot during gait (DeSilva and Throckmorton 2010), it is possible that regional
variations in anatomical evolution have occurred (and are occurring) dependent on
environmental influences. For example, one study found that a population of Indians who
habitually went barefoot had wider feet than in habitually shod subjects, both from Western or
other habitually-shod Indian populations, while a population of Western origins had relatively
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short and more slender feet than either habitually-shod or barefoot Indians (D’AoÛt, Pataky et al.
2009). This variance in foot structure has implications for research into ankle anatomy and
function. Study of the modern human ankle requires analysis of the bony anatomy in the context
of its association with soft-tissue which constrains its movement both actively and passively, as
well as the mechanisms which control and support the ankle. For example, females with a greater
angle of tibial varum have been shown to be at greater risk of injury in sport, while this factor
was not significant as a risk to males (Beynnon, Renström et al. 2001). Another study (Cain,
Nicholson et al. 2007) showed that among male participants in indoor football, having a more
supinated foot posture, as scored by the Foot Posture Index, was linked to an increased risk of
overuse injuries in the lower limb. However, this same posture was also linked to a higher rating
of player ability by the coaches (Figure 1.5). Consequently, different anatomical variations have
the potential to be of varying benefit and disadvantage, even in modern life. A supinated foot
type may increase the rigidity of the foot and improve movement performance (Crompton,
Sellers et al. 2010), but simultaneously increase the impact forces with the ground, due to this
rigidity (Støren, Helgerud et al. 2011).

10

Figure 1.5: Relationship between mean Foot Posture Index (FPI-6) score (±1S.E.), three
levels of coach-rated ability and overuse ankle and/or foot injury status. (Cain, Nicholson et
al. 2007).
Bipedal gait requires that the position of the body is controlled above the base of support
provided by the feet at all times. As well as intact bony surfaces, ligament support and muscular
anatomy (Hertel 2002), this outcome requires proprioception to maintain postural awareness
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(Hertel 2002), motor engrams to control the static and dynamic postures (Feldman 2008),
feedforward setting of postural muscle tone (Gatev, Thomas et al. 1999), adjustments to these
preconfigured motor engrams through an ongoing process of sensory feedback (Gatev, Thomas
et al. 1999), and responsive adjustment of muscle tone to minor changes in environment and
movement planning (Ribot-Ciscar, Hospod et al. 2009). Any consideration of the evolution of
the foot and ankle towards bipedal gait must also consider the evolution of the active stabilising
mechanisms in ankle biomechanics and control.
Stabilising the ankle in bipedal gait.
The three-part model of joint stabilization, first proposed by Panjabi (1992a) in relation to
stability of the spine, has been extended to the ankle (Hubbard and Hertel 2006). This model
includes the mechanisms and structures that enable stability and dynamic control of a joint
during function (Figure 1.6), and conceptualizes the subsystems as being; the passive mechanical
structures, the active muscular stabilisers which work across the joint, and the neural control
system.

Figure 1.6: The mechanisms which interact to stabilise a joint. Adapted from (Panjabi
1992a)
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The range of motion in a joint complex, which allows the joint to produce small amounts of
accessory movement without placing load on the supporting ligaments of the joint, has been
categorised within this model as the “neutral zone” (Panjabi 1992b).This is considered an
important factor within joint stability, as any laxity in the ligaments which stabilise the joint will
increase the ranges of movements which are available within the neutral zone, and enable the
joint to move further into range of movement before sensory receptors associated with the joint
are activated. Consequently, local joint receptors will be triggered to transmit an impulse later in
the joint’s range of motion, by which point the joint may be loaded more heavily, and require
greater active control in order to stabilise it.
The variety of contributory sources of sensory information and mechanical support for a joint
enable an individual to use alternative sources of sensation and active support to compensate for
any deficit within the stabilising mechanisms around a joint. Panjabi’s model (Panjabi 1992a)
describes three possible outcomes after injury to a joint and its associated structures:
1. The other subsystems are able to accommodate the changes and immediately compensate
to maintain stability.
2. Long-term changes occur in the other subsystems to overcome the deficits more
gradually, and then maintain functional status.
3. Other subsystems cannot adapt sufficiently to overcome the deficit, leading to ongoing
functional limitations, or recurrent injury if functional demands are not reduced.
Applied to the ankle, these consequences have direct implications. The three parts of the Panjabi
model are considered in the sections that follow.
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Anatomical considerations in stability.
The ankle is an integral joint in the transference of load between the body and the ground (Nigg
and Hintermann 2002). This region of the lower leg and foot is composed of the inferior tibiofibular joint, the talocrural joint, and the subtalar joint, with their associated ligaments and
muscles (Figure 1.7) (Hertel 2002).

Figure 1.7: A transverse cross-section through the ankle. (Gray 1918)
The main determinants of passive stability at the ankle are the bony surfaces (Frigg, Magerkurth
et al. 2007) and ligament alignment, both of the talocrural joint and the subtalar joint (Leardini,
O'Connor et al. 2000; Leardini, O'Connor et al. 1999; Leardini, Stagni et al. 2001; Stagni,
Leardini et al. 2003).
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The congruity and orientation of the bony surfaces contribute to joint stability in varying
amounts, at different points in its range of movement (Cass and Settles 1994; Wang, Whittle et
al. 1996). As the joint surfaces move through range within gait and other activity, external
support from ligaments and muscles controls the ankle movement as the congruity of the joint
surfaces changes. In neutral standing with weight-bearing through the ankle, the bony surfaces
contribute significantly to the stability of the joint (Stormont, Morrey et al. 1985). During gait,
the ankle, rear foot and forefoot enable the transfer of weight from heel strike to toe-off by a
combination of movements in a sagittal, coronal and transverse planes (Hunt, M. Smith et al.
2001). This pattern of rotation between the tibia, fibula, talus and calcaneus is made possible by
the bony anatomy of the rearfoot (Kanamoto, Ogihara et al. 2011). During movement of the
ankle, the ligaments have been found to guide and restrict the movement of the talo-crural joint
(Leardini, O'Connor et al. 1999) and the sub-talar joint (Hintermann 2002). The different
attachment points of the ligaments around the ankle contribute to their ability to control the
rotational range of movement and torsional forces across the ankle during closed-chain loading
of the ankle (Burks and Morgan 1994; Leardini, O'Connor et al. 1999).
Muscles which have tendons that cross the ankle region provide additional support and control as
active stabilisers of the joint (Figures 1.8, 1.9 and 1.10).
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Figure 1.8: The muscles of the lower leg and ankle: the superficial group of posterior
muscles (Gray 1918).
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Figure 1.9: The muscles of the lower leg and ankle: the deep group of posterior muscles
(Gray 1918).
17

Figure1.10: The muscles of the lower leg and ankle: the anterior muscles (Gray 1918).
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The torque generated across the ankle may be calculated as a product of the longitudinal muscle
contractile force generated and the length of the levers through which it is applied, this in turn
being a product of the distance at which each tendon passes the ankle joint (Figures 1.11 and
1.12) (Aydog, Aydog et al. 2004; Billot, Simoneau et al. 2011; Klein, Mattys et al. 1996).
This enables the muscles to generate forces across the ankle joint to work to stabilise it to resist
external forces of high magnitude. One research group has calculated that the internal
mechanism of active support provided by the muscles (Figure 1.13) exceeds the additional
resistive forces provided by a high-topped shoe by up to six times, and the support provided by a
high-topped shoe with ankle taping or a supportive orthosis by up to three times (Ashton-Miller,
Ottaviani et al. 1996).

Figure 1.11: The orientation of the tendons crossing the ankle joint, with their synovial
sheaths and restraining aponeuroses (lateral aspect) (Gray 1918).
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Figure 1.12: The orientation of the tendons crossing the ankle joint, with their synovial
sheaths and restraining aponeuroses (medial aspect). (Gray 1918)
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Figure 1.13: Forces and lever arms acting on the ankle and hindfoot. L = lever length of the
foot; a = power arm; b = load arm; Fc, Ft = muscle forces of gastrocnemius and tibialis
anterior respectively; F1gx, F1gy, F2gy = ground reaction forces on the heel and the distal
end of the metatarsals; Nx, Ny = contact forces in the tarso-metatarsal joint; Fc, Ft =
muscle forces in the Achilles tendon and tibialis anterior; Fm1, Fm2 = the forces in the
plantar and dorsal intrinsic musculature; Px, Py = contact force at the talocrural joint; P2,
P3 = gravitational forces of the tarsals and the metatarsals (Wang and Crompton 2004).
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The sensorimotor system in ankle stabilisation:
Neuromotor contributions to ankle stability
In 1997, the Foundation for Sports Medicine Education and Research (FSMER) funded a
workshop entitled “The role of proprioception and neuromuscular control in the management and
rehabilitation of joint pathology” (Lephart 2000). Forty-five international experts participated in
this three-day event. Among their discussions of issues relating to this area of study, they
developed a common terminology, in order to standardize the terminology employed when
researchers were discussing issues of motor control, ankle stability and proprioception (Lephart
and Fu 2000).
The sensorimotor system consists of the interaction between the peripheral receptors, central
nervous system processing and neural-muscular output. It can be most specifically defined as
“the system of sensory, motor and central integration and processing components involved with
maintaining joint homeostasis during functional activity” (Lephart, Riemann et al. 2000).
The sensorimotor system may be considered in relation to the afferent impulses generated by the
peripheral receptors and transmitted to the CNS, and a second “half” of the system which
generates a neural response to the stimulus and sends efferent impulses to the muscles.
The afferent component of the sensorimotor system is called the somatosensory system and was
defined by the group as:
“the collection of peripheral sensory receptors responsible for giving rise to afferent
information for the perceptions of tactile, prioprioceptive, thermoreceptive and pain
sensations”.
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The FSMER group defined generation of an efferent response to sensation, termed
neuromuscular control, as:
“the ... efferent response to an afferent signal concerning dynamic joint stability”.
To generate control of the ankle (Lephart, Riemann et al. 2000), the entire sensorimotor system
involves a complex system of sensory reception, afferent neural impulse transmission, reflex and
conscious neural processing, motor signal efferent impulse transmission, and muscle action
(Figure 1.14).

Figure 1.14: The components of the sensorimotor system. (CNS = central nervous system.)
Adapted from Witchalls, Blanch et al (2012).
The role of proprioception in ankle function.
The term proprioception was first used by Sherrington (1906), who detailed the receptive process
by which the CNS became informed about the status of the body and the external influences
upon it. Sherrington (1907) separated proprioception into 2 classes, according to his perception
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of the origin of their stimulus; deep and surface, which he further subdivided into extero- and
interoceptive. As would be expected from their relative names, interoceptors and deep receptors
were those which provide sensory information from registering the status of the body itself,
while exteroceptors report the status of an external signal, such as touch and temperature.
Gibson (1966) used a similar separation of receptors into those which receive stimuli passively
and those which are actively directed to seek out information about the environment. Sherrington
continued to modify his perspective as neurological research continued to evolve, and described
a whole-system utilisation of sensory information (Sherrington 1907). This perspective
extended from other research into neurology at the time, (Burke 2007) in which revelation of the
detailed inter-linkages between neurons in the CNS began to suggest the likelihood of a network
of pathways in the CNS for most functions, rather than simple linear pathways serving individual
sensory receptors from individual locations (Golgi 1906). A more modern definition of
proprioception is that:
“proprioception is the acquisition of stimuli by peripheral receptors, as well as the
conversion of these mechanical stimuli to a neural signal that is transmitted along afferent
pathways to the CNS for processing.” (Lephart, Riemann et al. 2000)
As knowledge of neurophysiology and of the specific receptors and organs serving sensory
reception has improved (Ashton-Miller 2000; Cohen 1958), studies have sought to distinguish
the relative contribution of different receptors, at different sites, to proprioception (Bloem, Allum
et al. 2000; Cohen 1958). It is known that the CNS combines sensory information from many
receptors, in tissues such as muscle, skin, fascia, ligaments, joint pressure receptors, eyes, and
the vestibular mechanism (Lephart, Pincivero et al. 1998; Michelson and Hutchins 1995).
However, the individual receptors and body regions are only a part of the larger system
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(Sherrington 1907). This establishes sensory reception which is transmitted to the CNS. The
CNS must then interpret it, and generate a proprioceptive perception in reference to central
constructs (Gibson 1966).
Ashton-Miller, Yeh, Todd and Galloway (1996) sought to study proprioception as a gross
system, and compare this with performance when individual components of the system were
removed. Their research considers the different receptor and sensory organs as contributors to
the whole, with deficiencies in any receptor having the potential to reduce the proprioceptive
system’s overall performance. Gibson (1979) supports this system-wide view in his discussion
of visual perception when he discusses the fact that the image received from visual receptors is
interpreted and given context by the CNS, referencing the visual image against the model of the
environment carried by the brain, constructed from current information and prior learning. In
Gibson’s words:
“the perceptual capacities of the organism do not lie in discrete anatomical parts of the
body, but lie in systems with nested functions”.

The contribution of different receptors in different sites to proprioceptive acuity in the lower
leg
Since neuromuscular reactions are triggered in response to sensory information from a number of
sites and tissues (Ashton-Miller, Wojtys et al. 2001), the relative contribution of these individual
tissues to proprioceptive acuity is of interest. Different areas of the leg may contribute
disproportionately to the sensory feedback available to the CNS, depending on the loading of
each area, and the nature of the task being undertaken. For example, the influence of spinal and
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upper leg muscle afferent impulses is as important to ankle responses as joint and muscle
movement around the ankle itself (Allum and Honegger 1998; Bloem, Allum et al. 2000). This
is further complicated by the status of vision (Allum and Honegger 1998), resulting in delayed
responses when the eyes are closed. The CNS also has an influence on afferent information,
through its efferent control of the tone of muscle spindles, modulation of the thresholds for
transmission within sensory pathways, and internal CNS processes such as attention (AshtonMiller, Wojtys et al. 2001).
The convergence of afferent sensory messages from various sensory origins creates a possible
redundancy of information. When there is more than enough information for adequate
sensorimotor control, the economy principle asserts that the brain uses that which is most
efficient. When information is lacking, the brain adapts by using alternative information which
is still available (Zemková, Lipková et al. 2010). In comparisons of groups performing with a
known functional deficit, such as in fatigue, injury or neurological deficit, a lack of measurable
difference has been attributed to successful compensation for the deficit by the CNS (Forestier
and Bonnetblanc 2006). Since there is other sensory information available, the CNS makes use
of other sources of information to fill the gap left by any injury or localised deficit. When there
is insufficient proprioceptive information to ensure good motor control, the brain may trigger an
information-gathering activity, for example by increasing postural sway, to increase
proprioceptive afferent signals (Costa, Priplata et al. 2007; Riley and Turvey 2002).
Cutaneous receptors are sensitive to changes in pressure and stretch across the skin. The brain is
able to incorporate changes in the firing pattern of cutaneous receptors to the proprioceptive
information about the status of the limb, and this additional information enhances sensory
information from the other components of the system. Waddington and Adams (Waddington
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and Adams 2000; Waddington and Adams 2003) have shown that enhanced stimulation of the
skin using a textured surface under the sole of the foot improves participants’ ability to
discriminate between different ankle joint angles. It has been suggested (Davids and
Shuttleworth 2004) that this may result due to the effect of “stochastic resonance”, in which the
textured surface increases the overall sensory “noise” from the plantar surface of the foot. The
effect of a gross raising of the background level of stimulation of the cutaneous receptors, then,
is to produce an increase in the activity level centrally, such that any minor stimuli superimposed
on this central excitatory state are supra-threshold for an action response (Figure 1.15). Thus
weaker individual signals are able to generate a spinal action potential, and although they might
otherwise have been too weak to contribute to CNS perception, they now add to the information
used by the CNS to generate reflex responses for sensorimotor functioning. Stochastic resonance
may raise afferent signals above the threshold and make them sufficient to register at the CNS
(McDonnell and Abbott 2009), and hence this mechanism must be considered within the overall
context of CNS sensitivity to afferent impulses. However, it is not necessary to generate an
elevation in the excitatory state of the CNS sensory receptive field to achieve this result. A more
direct process of signal summation from either the peripheral receptor or its first spinal synapses
within the spinal cord would also produce a very similar outcome to elevate a stimulus above
signal threshold.
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Figure 1.15: Illustration of the effect of added noise on signal perception. The buoy
represents a tactile stimulation of the sole of the foot, the waves the amount of background
signal or “noise”. In barefoot conditions, its signal intensity is sufficient to reach the
stimulus threshold (represented by the dotted line). Wearing a shoe with a smooth insole,
the signal intensity does not reach a stimulus threshold. With a textured insole, background
tactile noise (is depicted by wave height) is increased sufficiently to raise the signal to the
level required to reach a stimulus threshold and generate nerve transmission (Davids and
Shuttleworth 2004).
The central nervous system interpreting reception and generating a response.
In terms of its role within sensorimotor control, the central nervous system is responsible for the
integration of sensory reception with motor control. As described above, the CNS acquires
sensory feedback from a number of structures. This information must be amalgamated into a
coherent overall picture of peripheral limb positioning, joint safety, and postural stability of the
whole body (Lackner and DiZio 2000). The CNS produces a whole-system picture of the
postural status of the body by using all the available sensory information, and also by
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extrapolating any missing information from comparison with prior experience of similar
activities (Gibson 1966).
While proprioception from external influences can be seen as a relatively passive process
depending on stimulation of the relevant receptors, the CNS also has an active influence on
proprioception being received. The muscle tone of the leg has been shown to prepare for an
event well in advance of its occurrence, and as a result the rate of response to stimuli on those
muscles is altered by their change in spindle status (Feldman 2008). In a reflex reaction to
inversion, muscle response times are slower than the time taken for the inversion range of
movement to reach a damaging angle. It has been suggested that since muscle response times are
too slow to “save” an ankle in a critical inversion accident, the pre-emptive setting of tone for a
movement is of more relevance to protecting an ankle (Ashton-Miller 2000; Waddington and
Shepherd 1996). Further, it has been shown that muscle spindle activity among study participants
who were expecting an inversion perturbation remained at the same level during a rapid
inversion movement (Figure 1.16) (Burke, Hagbarth et al. 1978). However, in a slower inversion
movement, the muscle spindle activity adapted during the movement, to control the inversion
load through muscle fibre activation. The CNS adjusts the muscle spindle feedback by its feedforward setting of muscle tone in these differing situations (Ribot-Ciscar, Hospod et al. 2009).
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Figure 1.16: A device for testing muscle response times to ankle inversion perturbation
(Riemann, Myers et al. 2002)
Thus the CNS both uses and influences muscle spindle proprioception by its efferent control of
tone within the spindle and its associated muscle (Burke, McKeon et al. 1980). This feedforward mode of motor control creates a full circle of proprioception, reaction, and output, in
which the CNS influences the intensity and nature of the proprioception it receives from the
muscle spindles. The muscle spindles are linked neurophysiologically with both the motor and
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sensory cortices of the brain, and so are ideally suited to their role in the motor-output, sensory
feedback cycle of neurological activity that initiates and modifies movement control (Windhorst
2008). The CNS must adjust the reception from the muscle spindles to take account of its own
efferent activation of the spindle, when evaluating the actual strain and length changes
experienced by the muscle (Proske, Wise et al. 2000). Likewise, the CNS amalgamates the
information available from agonist and antagonist muscle groups, in order to construct an overall
picture of the movements through a joint (Ribot-Ciscar and Roll 1998).
The CNS produces movement through a planned pattern of muscle activation and joint control
(Lephart, Riemann et al. 2000). However, these motor engrams are modified by the feedback
about motor outcomes hat is provided by sensory reception during execution of the movement
(Allum and Honegger 1998; Windhorst 2008). Changes in the availability of proprioceptive
information alter the accuracy of this movement control. For example, the contribution of the
vestibulo-spinal mechanisms to postural stability has been reviewed (Dichgans and Diener
1989). These authors have found that loss of feedback through pathology, or by altering head
postures, causes a reduction in control of balance in static situations and a delay in CNS response
times to balance perturbations. Over time, the CNS can adjust for these deficits by using other
elements of the somatosensory system and thus re-establish the on-line adjustment of movement
control to compensate for the lack of information from one element of the system. This adaptive
compensation has also been shown in the use of muscle proprioception by the CNS in stationary
standing (Nakagawa, Ohashi et al. 1993). Alterations to muscle spindle feedback by vibration of
the Achilles tendon are overcome by the supplementary use of visual cues to aid the maintenance
of balance.
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In summary, the CNS is able to build a picture of whole-of-body postural stability by
amalgamating proprioceptive information (i.e. information about the distribution of body
segments in space) from all available sources, extrapolating through prior experience of postural
control, feed-forward planning of motor control, and compensating for proprioceptive deficits
within one source of proprioception by placing greater emphasis on other sources.
Tests of ankle structural integrity and functional performance.
Agility and leg power are useful predictors of sports performance and playing position (Delextrat
and Cohen 2009; Durandt, du Toit et al. 2009; Pyne, Gardner et al. 2005), and rely heavily on
transference of body-weight and force to the ground through the ankle and foot. Both acute
injury and chronic ankle dysfunction produce deficits in ankle function that are detrimental to
performance, and increase risk of future occurrences of ankle injury (Hiller, Nightingale et al.
2011; Munn, Sullivan et al. 2010).
Whether in the context of sports performance, or for rehabilitation following injury around the
ankle, it is necessary to be able to measure which of the stabilising elements are influenced by
training or injury. To improve performance, it is also useful to determine which mixture of
performance characteristics is best suited to a particular sport. These characteristics may be
improved by training, and assessment tools to measure any such changes are useful to establish
the efficacy of training for both performance purposes and return from injury.
The ankle can be assessed to evaluate any deficits in its anatomical structures. The tests include
examination of structural elements of the ankle such as:
-

ligament laxity (Figure 1.17) (Corazza, O’Connor et al. 2003),
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-

bony orientation and anomalies (Frigg, Magerkurth et al. 2007; Hubbard and

Hertel 2008; Magerkurth, Frigg et al. 2010),
-

muscle and tendon integrity (Kirby, Beall et al. 2005)

-

osteo-chondral integrity (Figure 1.18) (Magerkurth, Frigg et al. 2010),

-

using imaging (Chandnani, Harper et al. 1994; Helgason and Chandnani 1998;

Kirby, Beall et al. 2005) and
-

clinical tests (Hubbard 2008).

Marder (1994) has written a comprehensive summary of the clinical tests available for
assessment of structural integrity of the ankle. Laxity of the ankle ligaments may be present in an
individual as either a naturally-occurring intrinsic phenomenon, such as hypermobility (Pacey,
Nicholson et al. 2010), or as a consequence of damage to the structural integrity of the ligaments
following injury (Hertel, Denegar et al. 1999). Interestingly, physiological joint laxity, such as is
present in generalized joint hypermobility, is not associated with an increased risk of ankle injury
(Pacey, Nicholson et al. 2010). This suggests that pure mechanical laxity of the ankle ligaments is not
sufficient per se to generate CAI when present in isolation from other physiological changes. Damage to
the ankle ligaments appears to alter more than just the mechanical contribution made by these ligaments
to joint stability. Ligamentous laxity of the anterior talo-fiblular ligament enables greater anterior glide of
the talus within the talo-crural mortice, and also enables greater rotator instability of the talo-crural joint,
resulting in increased talar supination and internal rotation relative to the tibia (Hertel 2002). However,
the impact of injury on other mechanisms which contribute to ankle stability must also be assessed,
beyond the structural integrity component of the clinical examination (Hertel 2002; Riemann and Lephart
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2002). Deficits in proprioception and motor control may contribute to the presentation of functional
instability of the ankle (Hertel 2002).

A

B

Figure 1.17: Stress X-rays, showing increased talar tilt due to lateral ligament laxity (A) compared
with relatively minor talar tilt in the normal ankle (B). (Marder 1994)
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Figure 1.18: Magnetic resonance image (MRI) showing an osteo-chondral lesion of the talar dome
following an inversion injury. (Marder 1994)

The elements that combine to provide ankle structure may be assessed by testing them
individually, or testing them as part of the overall function of the ankle (Figure 1.19). The
muscular system can be assessed for strength (Arnold, Linens et al. 2009), power (Arnold,
Linens et al. 2009; Hamilton, Shultz et al. 2008), local muscular endurance (Lin, Li et al. 2008;
Mohammadi and Roozdar 2010), and the effects of whole-of-body fatigue (Waterman, Sole et al.
2004). Neurological systems can be examined through the quality of proprioception (Konradsen
2002), speed of transmission and response (Konradsen, Beynnon et al. 2000), and quality of
feedforward preparation for a movement (Gatev, Thomas et al. 1999). The action of the whole
system can be examined through performance tests which require integration of different aspects
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of joint control; muscle reaction time (Konradsen, Beynnon et al. 2000), quality of coordination
(Robinson and Gribble 2008), and functional performance tests aimed at replicating gross
outputs similar to those required in sport (Beekhuizen, Davis et al. 2009; Gribble 2003; Munro
and Herrington 2010; Sekir, Yildiz et al. 2008).

Figure 1.19: Measuring sensorimotor function. Adapted from Witchalls, Blanch et al (2012).
Testing ankle proprioception:
The ability to sense the position of a joint, or limb, has been tested in a variety of ways
(Deshpande, Connelly et al. 2003; Konradsen, Beynnon et al. 2000). With regard to the lower
limb, and ankle in particular, it has been common practice to test the ability to match the position
of the joint to a reference position (Goble, Coxon et al. 2009; Konradsen, Beynnon et al. 2000)
This reference point has been either the same joint at a position taught earlier, or the position of
the same joint on the other leg (Konradsen, Beynnon et al. 2000). The position match can be
reported when the participant feels their leg moved passively past the point of interest, or by the
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participant actively going to the position and holding there statically (Berenberg, Shefner et al.
1987).

Figure 1.20: Positioning for testing for testing active and passive joint-position sense on a
Biodex 2 isokinetic dynamometer (Willems, Witvrouw et al. 2002).
The addition of a participant response switch provided to stop the apparatus at the correct angle,
a position-matching test also enables the study of additional contributors to joint position sense,
namely the impact of speed of movement and acceleration of joint movement – both usually
measured by rate of change in joint angle. This can be studied in terms of its influence on the
accuracy of the response when testing joint position sense (Goble, Coxon et al. 2009). However,
the perception of movement at a joint is also tested as a separate aspect of proprioception (de
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Jong, Kilbreath et al. 2005; Refshauge, Chan et al. 1995). These tests are often performed in a
seated or lying position, for control of the joints being tested (Figure 1.20). Consequently they
are often not compatible with normal weight-bearing (Ashton-Miller 2000). By testing in a
variety of positions to examine the influence of weight-bearing and joint position, it has been
found that the position of the joints of the leg during testing influences tests scores significantly
(Refshauge and Fitzpatrick 1995). Performance improves when the starting positions for the test
are closer to normal functional joint positions, for example using a straight knee and
neutral/plantargrade ankle position, and normal levels of weight-bearing (Figure 1.21).

Figure 1.21: Alternative testing positions for testing the perception of movement through
the ankle joint (Refshauge and Fitzpatrick 1995).
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The methods of generating a response from the participant may themselves add processes that
confound interpretation. For example, passive tests of proprioception typically utilise an
apparatus that moves the limb passively through range. The participant is required to trigger a
response when the joint reaches the same position as the opposite limb, or a previously-learned
position on the same limb. Factors other than the peripheral position afferent impulse
generation, transmission and central reception may play a role in influencing the participants’
score. Issues such as reflex speed, central inter-hemispheric neurological functioning (for
position-matching with the opposite limb), and peripheral motor functioning may cloud the
results. The addition of an extra layer of complexity in making a response has been suggested as
a potential source of error in this form of testing, particularly among vulnerable populations in
whom leg control and balance is a subject of considerable interest, such as the elderly or
neurologically impaired (Goble, Coxon et al. 2009).
To avoid this problem, some testers have sought to position their participants in a weight-bearing
stance when testing proprioception (Ashton-Miller 2000). This can been done by loading the leg
while still in sitting (Refshauge and Fitzpatrick 1995), but normal standing has also been used.
Waddington and Adams achieved this with the development of their “Active Movement Extent
Discrimination Apparatus – ankle” (AMEDA) (Waddington and Adams 1999b). They did not
use a joint angle replication test, but tested participants’ ability to make an absolute judgement
of the joint angle through choosing which of 5 pre-set angles they were standing on (Figure
1.22), when these were presented in a random sequence (Waddington and Adams 1999a). Other
studies have also used a standing position when testing joint position sense (Figure 1.23)
(Robbins, Waked et al. 1995) and detection of movement at the ankle (Figure 1.16 above)
(Ashton-Miller 2000; Riemann, Myers et al. 2002).
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Figure1.22: Testing ankle joint position sense into inversion, on the Active Movement
Extent Discrimination Apparatus (AMEDA) (Waddington and Adams 2003)
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Figure 1.23: The “slope-box” test to assess joint position sense in weight-bearing (Halasi,
Kynsburg et al. 2005).
In the majority of these types of test, the final test position of each of these tests is static, and as a
consequence tests of this sort may reduce the ecological validity (Ashton-Miller, Wojtys et al.
2001) or generalizability of the test setting to the usual circumstances of function. The test
stimuli are not directly compatible with the normal stimuli of position sense in the lower limbs
that occurs in activities which require movement, and as a result their role in assessing
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individuals for sports conditioning, injury and sensorimotor control of movement is limited,
since deficits which influence sporting performance may not be detected in testing which
involves different load characteristics to those present in the sport (Ashton-Miller, Wojtys et al.
2001).
Other aspects of proprioception such as kinaesthesia (detection of movement) and force
perception have also been tested. The time to detection of passive motion (TTDPM) has been
used as a measure of kinaesthetic skill (Konradsen 2002), and is typically tested at a variety of
speeds, since detection acuity is influenced by the speed of motion.
Detection of displacement perturbations of the standing base of support, rather than changes to
the angle of the surface, have also been tested. It has been found that in antero-posterior
perturbations, the duration of a movement alters the perception of the movement, but that the rate
of acceleration with which a movement is applied, does not (Richerson, Faulkner et al. 2003).
Thus the range of the movement seems to be more important than the speed in determining
proprioceptive acuity.
Perception of force applied to ankle musculature can be tested by repetition of a previouslyexerted force without movement (Figure 1.24) (Arnold and Docherty 2006; Docherty and Arnold
2008). This test constitutes an interaction between proprioception and motor output. Although
the proprioceptive component is probably a large contributor to the outcomes of the test, the
neurological processing of proprioception and the quality of motor output are also determinants
of the level of muscle contraction produced. The proprioceptive perception of muscle
contraction is measured as the objective outcome, hence factors other than absolute
proprioception may play a role in influencing the participants’ score.
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Figure 1.24: Measurement of force-matching using repetition of a previously-experienced
percentage of the participant’s maximal voluntary isometric contraction (Docherty and
Arnold 2008).
These tests remain constrained to fixed apparatuses, with the subject stationary and the limb
moving, and as a result the extrapolation of their results to prediction of functional performance
remains problematic. Nevertheless, despite the restrictions on ecological compatibility with
normal weight-bearing activities, and the higher functional demands of sport, these tests have
been used with some success in examining the deficits present in acute and chronic ankle injury.
Chronic ankle instability
The term ”functional ankle instability” (FAI) was first used by Freeman (1965), to describe the
presentation of a group of patients who reported ongoing problems after an initial ankle sprain
injury. They reported recurrent rolling and spraining and/ or feelings of apprehension of their
43

ankles under relatively un-demanding loads. This condition has latterly come to be known as
chronic ankle instability (CAI) (Delahunt, Coughlan et al. 2010).
While the individual’s perception of instability is one of the main determinants of the extent of
CAI, other symptoms are often reported as persisting after ankle injury (Braun 1999), including
the frequency of actual incidents of the ankle giving way and rolling into inversion in response to
a relatively minor load. Persistent pain and swelling occurring with normal use of the ankle can
also restrict the level of functional activity and sport participation after injury (Aiken, Pelland et
al. 2008).
Although a large body of research since Freeman’s work has been conducted into the factors
which contribute to CAI, the criteria for inclusion of injured participants in the CAI group often
vary between studies. This has led to calls for increased use of well-validated instruments to
define study participants’ level of ankle dysfunction (Delahunt, Coughlan et al. 2010), both to
ensure clarity of study parameters, and to enable broader generalisation of results.
A number of clinical scales have been created to evaluate the level of ankle dysfunction after
injury. Some of these incorporate a clinical examination of the ankle and its function, coupled to
a subjective scale of answers relating to the individual’s perception of their ankle function and
stability (Kitaoka, Alexander et al. 1994). Since these symptoms are often considered from the
perspective of the patient’s self-report, a number of ankle functional assessment scales have been
developed to exclusively assess the individual’s subjective report (Carcia, Martin et al. 2008;
Docherty, Gansneder et al. 2006; Hale and Hertel 2005; Hiller, Refshauge et al. 2006). The
Ankle Instability Instrument (AII) contains questions relating to the individual’s perceived pain
and disability, in normal activities of daily living, such as walking and stair climbing (Docherty,
Gansneder et al. 2006). Other instruments have been developed with more than one version of
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the questions, for use in assessing symptoms associated with different levels of functional
activity, for example The Foot and Ankle Disability index (FADI) and FADI Sport (Hale and
Hertel 2005). The Foot and Ankle Ability Measure (FAAM) is a more generic lower leg
instrument (Carcia, Martin et al. 2008) that contains sub-scales of questions relating to daily
function, and separately for sports. Following a systematic review of the literature relating to
ankle questionnaires, both of these measures have been recommended as suitable for use
(Eechaute, Vaes et al. 2007), while other outcome measures and self-report tools have been
criticised for the lack of evidence of construct validity or test-retest reliability (Haywood,
Hargreaves et al. 2004).
It has been found that self-report of severity of ankle symptoms and disability, using the Short
Form–36 Physical Function scale (SF36PF), is correlated with the time taken to return to sport
(Cross, Worrell et al. 2002). Despite being relatively non-specific to the ankle, the correlation
with time to return to sport was found to be statistically significant. It is expected that a
questionnaire that more directly reflects the types of symptoms experienced by individuals with
CAI, will more closely reflect the associations between their perceptions of their ankle disability
and the performance or mechanical deficits which restrict their function (Docherty, Gansneder et
al. 2006; Hiller, Refshauge et al. 2006). Certainly, evidence from other studies of self-report
instruments has shown that the “concordance”, or level of construct similarity, between the
questions of the instrument and the actual functional tasks which are of concern to the individual,
influences the strength of the correlation found between scores on the questionnaire and
measured functional performance (Moritz, Feltz et al. 2000). Questions which reflect the specific
demands of the sport produce self-report scale scores that are more closely correlated to scores
achieved in physical tests for that sport.
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The Cumberland Ankle Instability Tool (CAIT) was developed to include the elements of
functional activity in daily life and sport within answers (Hiller, Refshauge et al. 2006). Its
approach has been to consider functional performance levels as being on a continuum between
daily life and more advanced sporting activities. The scale also contains a continuum of answers
within each question, rather than requiring simple dichotomous responses. These factors enable
the CAIT to produce a wider range of scores, and allow for different levels of deficit in different
aspects of function. The CAIT also requires the individual to rate their perception of each
individual ankle, enabling different scores for individuals with bilateral ankle problems, but
different disability levels in each ankle.
The CAIT consists of a series of nine questions, with selection of potential answers provided for
each question (Table 1.1). The answers are hierarchical, with increasing disability as one
descends through the choices. The lowest functional level is scored as zero, with an increasing
score value of one for each level above that, that the participant perceives their ankle function to
be. Scores for all 9 questions are summed, giving a potential maximum score of 30. Initial
validation testing found that using a cut-off of a score of 27 or under was able to differentiate
individuals with a history of ankle sprains from those with healthy ankles, with good combined
sensitivity and specificity of 82.9% and 74.7% respectively (Hiller, Refshauge et al. 2006).
The initial development of the CAIT also included a study of the concurrent and construct
validity of the instrument (Hiller, Refshauge et al. 2006). Construct validity was assessed
through comparison of CAIT scores with participants’ scores on the lower extremity functional
scale (LEFS) (Binkley, Stratford et al. 1999), and on a visual analogue scale (reporting perceived
ankle instability). CAIT correlations with the LEFS and VAS scores were: Spearman’s rho 0.50
(p = .01) and 0.76 (.01) respectively. Test-retest reliability using ICC 2,1, was excellent, at 0.96.
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No studies have yet used the CAIT to assess recovery or change in CAI status, and consequently
the minimum clinically important difference in improved CAI scores has yet to be determined
for this tool.
Table 1.1: The questions and scoring of the Cumberland Ankle Instability Tool (CAIT)
(Hiller, Refshauge et al. 2006). Scores are provided for the reader’s information only; they
would not be included on the participants’ form.
1.

I have pain in my ankle

6.

My ankle feels UNSTABLE when

Never

□ 5

Never

□ 3

During sport

□ 4

I hop from side to side

□ 2

Running on uneven surfaces

□ 3

I hop on the spot

□ 1

Running on level surfaces

□ 2

When I jump

□ 0

Walking on uneven surfaces

□ 1

Walking on level surfaces

□ 0

2.

My ankle feels UNSTABLE

7.

My ankle feels UNSTABLE when

Never

□ 4

Never

□ 4

Sometimes during sport (not every time)

□ 3

I run on uneven surfaces

□ 3

Frequently during sport (every time)

□ 2

I jog on uneven surfaces

□ 2

Sometimes during daily activity

□ 1

I walk on uneven surfaces

□ 1

Frequently during daily activity

□ 0

I walk on a flat surface

□ 0
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3.

When I make SHARP turns, my ankle feels

8.

TYPICALLY, when I start to roll over (or

“twist”) on my ankle, I can stop it:

UNSTABLE
Never

□ 3

Immediately

□ 3

Sometimes when running

□ 2

Often

□ 2

Often when running

□ 1

Sometimes

□ 1

When walking

□ 0

Never

□ 0

I have never rolled over on my ankle

□ 3

4.

When going down the stairs, my ankle feels

9.

After a TYPICAL incident of my ankle

rolling over, my ankle returns to “normal”

UNSTABLE
Never

□ 3

Almost immediately

□ 3

If I go fast

□ 2

Less than one day

□ 2

Occasionally

□ 1

1–2 days

□ 1

Always

□ 0

More than 2 days

□ 0

I have never rolled over on my ankle

□ 3

5.

My ankle feels UNSTABLE when standing

on ONE leg
Never

□ 2

On the ball of my foot

□ 1

With my foot flat

□ 0

Knowledge of the structural and functional deficits associated with CAI has continued to grow.
Chronic ankle instability follows an initial ankle injury, and typically involves injury to the
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lateral ligament complex of the ankle (Freeman 1965). However, acquired deficits in the control
mechanisms associated with ankle function may cause performance deficits greater than is
expected based on the actual mechanical damage around the ankle (Figure 1.25) (Hertel 2002;
Riemann and Lephart 2002). Changes to the motor control mechanisms may place the ankle at
risk during gait, leading to the experiences of giving way which typify the ankle problems of
these individuals (Brown, Padua et al. 2008; Delahunt 2007; Hass, Bishop et al. 2010).
More recent study has found that there are sub-groups of individuals with different patterns of
presentation among those with CAI (Hiller, Kilbreath et al. 2011). In different individuals, CAI
may be due to mechanical instability, functional instability, or a combination of mechanical and
functional deficits. Research initially focussed on the role of the lateral ligament complex as a
mechanical stabiliser and as a medium for proprioceptive reception (Freeman 1965; Lephart and
Henry 1996).

Figure 1.25: A diagram illustrating the contributions of ligamentous and neuromotor
systems to ankle instability (Lephart and Henry 1996).
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Later research has shown that the development of CAI is also associated with changes in bony
structure (Frigg, Magerkurth et al. 2007), muscle response speed (Kavanagh, Bisset et al. 2012),
control of landing stability (Hiller, Nightingale et al. 2011; Munn, Sullivan et al. 2010), muscle
strength (Arnold, Linens et al. 2009), feed-forward planning of motor control (Delahunt 2007),
intra-articular bony changes in the ankle joint (Choi, Lee et al. 2008; Choi, Park et al. 2009), subtalar ligamentous laxity (Hertel, Denegar et al. 1999), and proprioception (Docherty and Arnold
2008).
Consequently, all of the elements of sensorimotor control continue to be sources of study for
further evaluation of deficits which contribute to the symptoms of CAI. A thorough examination
of the scope of ankle deficits associated with CAI requires a broader, and at the same time more
detailed, approach to the ankle (Hertel 2002). A model in common use by researchers has been
that described by Hertel (Hertel 2002), in which chronic ankle instability is seen as involving
deficits in mechanical structures and sensorimotor processes. An individual may have one or
other form of deficits, or differing contributions from deficits which are both mechanical and
functional (Figure 1.26).
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Figure 1.26: The different elements of functional and mechanical contributing to the
deficits perceived in chronic ankle instability (Hertel 2002)

However, the model proposed by Hertel (2002) has prompted more detailed study of sub-groups
of individuals with CAI, and the proposal that the two main groups of deficit, mechanical and
functional, may be further divided (Figure 1.27) (Hiller, Kilbreath et al. 2011).
Hiller et al (2011) found that there are individuals with a tendency to sprain repeatedly after their
first-time ankle sprain, but who do not present with the apprehension of feeling as if their ankle
is unstable in casual activity. Others may have the apprehensive perception of functional ankle
instability, but do not actually re-sprain their ankle recurrently. A third group carry a known
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ligament laxity after damage to their ankle in their first injury, but do not have a tendency to reinjure their ankle by rolling it, nor to have the feeling of functional instability. The possible
conjunction between the three groups raises the possibility of seven variations involving the
mixture of functional ankle instability, mechanical instability and the recurrence of injury-level
recurrent sprains. These different descriptors of the nature of the chronic instability experienced
are nevertheless dependent on deficits in ankle sensorimotor and mechanical function, as
described by earlier authors (Hertel 2002; Riemann and Lephart 2002).

Figure 1.27: A model proposing 7 variations in presentation associated with chronic ankle
instability (Hiller, Kilbreath et al. 2011).
Given the relationship between mechanical deficits, functional deficits and perception of
disability present in individuals with CAI, the subjective report of their disability is a valuable
measure of clinical deficits and clinical recovery (Docherty, Gansneder et al. 2006). Although
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clinicians have historically assessed disability and recovery by clinical examination of physical
damage, in reality the patient is most concerned with the impact of their functional performance.
That is, it is the lived experience of disability which is of concern to the patient, rather than the
detail of their clinical examination findings.
In this regard, the subjective assessment of CAI has potential to reveal performance deficits
through their impact on an individual’s belief in their self-efficacy during activity. It has been
seen in psychological studies that individuals will withdraw when exposed to a challenge for
which they perceive themselves to have a low probability of performing successfully (Bandura
1982). People who report a high perception of instability and disability due to CAI may not
perform to the full potential of their ankle function because “self-referent thought mediates the
relationship between knowledge and action” (Bandura 1982); i.e. there are self-imposed subconscious limits that restrict their full commitment to a task.
The involvement of conscious choice in function also changes the responses of an individual.
The evaluation of risk in undertaking an action will determine whether the movement is deemed
possible, and worthwhile (Tversky and Kahneman 1981).The different considerations made by
each individual when assessing a task are idiosyncratic and vary according to the individual’s
experience (Tversky and Kahneman 1992). Consequently, while self-report instruments are not
able to differentiate between the causes of an individual’s perception of ankle instability, they
still have value as a measure of the impact of ankle injury on the degree of trust that individuals
have in their ankle function, and how much they rate functional activity to be undertaken as a
risk of re-injuring.
The impact of self-efficacy beliefs, and fear-avoidance of perceived risk to the ankle on selfreported ankle function have yet to be examined experimentally. However, in establishing the
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validity and reliability of the self-report instruments, correlations have been demonstrated
between frequency of re-spraining, perceptions of functional instability and ankle pain
(Docherty, Gansneder et al. 2006; Hiller, Refshauge et al. 2006). The association between
objective measures and subjective report suggests that individuals with CAI are accurate in
assessing self-efficacy in terms of ankle functional potential, and are able to be self-regulatory
(Bandura 2006) in the demands they place on their ankle.
"Ninety-eight percent of what the brain does is outside of conscious awareness.
….virtually all our sensorimotor activities are unconsciously planned and executed. As I
sit here and type, I have no idea how my brain directs my fingers to the correct keys on
the keyboard." (Gazzaniga 2000)
This could also be said of automaticity in ankle function and motor control. There may be
changes to sensorimotor control post-ankle-injury that causes the cognitive (declarative) system
to doubt the quality of automatic system control. Self-report instruments enable researchers to
quantify the impact of functional and mechanical deficits on this central system of perception of
ankle well-being.
Proprioception in relation to chronic ankle instability (CAI):
It has been suggested that proprioception arrives at the CNS too slowly to allow a successful
defensive muscle contraction in an inversion sprain (Ashton-Miller 2000; Waddington and
Shepherd 1996). However, studies of muscle spindle activity elsewhere in the body indicate that
pre-emptive raising of the central excitatory state during movement results in a potentiation of
motor neurone membranes (Burke, McKeon et al. 1980). This shifts the reaction thresholds of
the reflex system and shortens reflex response times (Pilon and Feldman 2006). For this reason,
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proprioception continues to be studied in relation to its contribution to the primary reactive
response to inversion perturbation around the ankle.
However, as discussed previously, proprioceptive information is also a critical component in
sensorimotor control (Lephart, Riemann et al. 2000). This contribution occurs within the
preparatory stages of movement initiation, and also during the continuing execution of an action.
Feedforward control of muscle spindles influences their tone and hence their proprioceptive
feedback (Ribot-Ciscar, Hospod et al. 2009). The cyclical nature of motor control relies on
proprioceptive feedback during execution of an action, to enable fine-tuning of the movement
(Burke, Hagbarth et al. 1978).
A number of studies have found no deficits in joint position sense in individuals with CAI
(Brown, Ross et al. 2004; de Noronha, Refshauge et al. 2007; Refshauge, Kilbreath et al. 2000).
Following a systematic review of the literature, Holmes and Delahunt (2009) concluded that
there was sufficient evidence to suggest that individuals with CAI have deficits in JPS in the
frontal plane (with most studies testing into inversion only). These findings are supported by a
later systematic literature review with meta-analysis, which reported significant deficits of both
active and passive JPS in individuals with CAI (Munn, Sullivan et al. 2010). However, another
systematic review, also with meta-analysis, did not find evidence of a statistically significant
deficit in inversion JPS in individuals with CAI (Hiller, Nightingale et al. 2011). These studies
differed in their search criteria, with searches ending in 2006 and 2009 respectively, different
criteria for the determination of the presence of CAI in the participants, and different limits to the
control group. As a result, these two papers did not analyse the same body of literature, and this
may account for the differences in their findings. Indeed, discrepancies such as this may account
for the mixed findings when testing various forms of proprioception in individuals with CAI.
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The variability of the findings when comparing self-reported ankle instability and measured
ankle function may be due to an inadequacy of the objective testing regime, rather than the lack
of a functional deficit. As discussed earlier, it is possible that the proprioception testing regimes
are not compatible with the demands of normal functional load intensities (Ashton-Miller 2000).
This has been suggested in the context of studies of other aspects of ankle function, such as
postural control (Riemann 2002). Static testing may simply fail to find postural control
deficiencies due to the low level of challenge involved in the static proprioception test. That is,
testing positions may not be compatible with the joint loading or joint angles which are relevant
to activities which are symptomatic in CAI. Although open-chain testing positions for JPS and
kinaesthesia testing are obviously not compatible with weight-bearing activities, they may be
relevant when considering the swing-through phase of walking (Ashton-Miller 2000).
Proprioceptive deficits may result on inaccurate positioning of the foot at heel-strike, which
contributes to ankle instability in gait (Delahunt 2007).
Individuals with CAI have not been shown to have deficits in kinaesthesia (Sefton, Hicks-Little
et al. 2009). However, as discussed earlier, during a test of sensitivity to perturbation of the
surface, the range of movement was of more importance than the speed (Richerson, Faulkner et
al. 2003). Tests to evaluate kinaesthesia may require further refinement to establish at what speed
and position in the available range of movement an ankle is best tested. The absolute position in
the available joint angle range of the testing movement may be important in showing deficits (i.e.
what angle the test starts at). Equally, the size of the testing movement may be important (i.e.
how many degrees the joint travels through, during the test). For example, a small movement
close to the neutral zone of an ankle may not show deficits in kinaesthesia, while a larger
movement which concludes closer to the end of range of the movement may give different
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results. Joint mechanoreceptors are more sensitive to stimulation closer to the end of range of
movement of a joint (Michelson and Hutchins 1995), and tests which use movements to end of
range may show greater performance deficits in association with damage to mechanoreceptors,
or their associated ligamentous tissue.
Deficits in sense of force have also been shown in individuals with CAI (Docherty and Arnold
2008). It may be that this form of proprioceptive testing offers a useful overlap with
neuromuscular processing, since the activity of muscle spindles in response to central motor
control has an influence on the sensory perception generated by the spindle (Feldman 2008).
Consequently, force perception is not an isolated test of a purely passive proprioceptive reception
system, but rather, an active feedback loop which enhances its own sensitivity. Deficits in
muscle spindle feedback are of great significance to ankle function, because they directly affect
the feedback loop which strongly supports movement adjustment during execution of a planned
task.
Directions for research.
From the foregoing, it can be seen that proprioception contributes to ankle control, and that
different measures of proprioception have revealed deficits in individuals with CAI. However,
questions remain regarding the specificity of proprioceptive testing regimes in relation to the
functional activities being investigated. The more constrained a test is to the local ankle joint, the
less functional the test becomes. The more controlled the physical parameters of the test, and less
functionally-compatible the posture of the individual being tested, the less specific the test
becomes to normal functional postures and loads. The following programme of research has
conducted ongoing development of testing postures, loads, protocols, and psychophysics directed
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towards addressing these deficiencies, in the search for more sensitive laboratory and clinical
tests of ankle proprioception deficits.
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Chapter 2: Development of the Active Movement Extent Discrimination
Apparatus (AMEDA) for testing proprioception of the ankle.
Having established the role of proprioception within overall sensorimotor control of the ankle, it
is necessary to describe the methodology for ankle proprioception testing used within the current
programme of research. This chapter will establish the reasoning behind the development of the
AMEDA, the physical structure of the apparatus, the psychophysics of the testing protocol, and
the benefits of the AMEDA in improving ecological aspects of testing ankle proprioception.
Ecological validity in ankle proprioception testing.
Testing of joint position sense (JPS) in joint positions and under loads that are compatible with
normal function has been recommended for studies of ankle function (Ashton-Miller 2000).
Earlier, Gibson (1979) recommended that testing should seek to include normal weight-bearing,
standing postures and active movements, with the limb free from attachment to the testing
apparatus.
Joint postures during testing have been shown to influence the acuity of joint position sense
(Hsu, Lin et al. 2006; Refshauge and Fitzpatrick 1995). In particular, weight-bearing increases
proprioceptive acuity, as do lower limb positions with a straight knee joint and an ankle in
neutral dorsiflexion/plantarflexion range (plantargrade). However, typical testing positions for
joint position replication testing do not use these joint positions or full weight bearing.
For example, Willems and colleagues conducted a series of studies to evaluate the contribution
of multiple factors to risk of ankle injury. In a group of male physical education students
(Willems, Witvrouw et al. 2005a), they found no predictive value in JPS at the ankle in healthy
individuals. Their series involved 241 participants, who sustained 44 injuries (18%). This meets
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the suggested incidence rate for sufficient data power to demonstrate a significant effect (Bahr
and Holme 2003). Interestingly, in a similar study of 159 female physical education students, of
whom 32 (20%) were injured, there was an association between ankle JPS and injury rates
(Willems, Witvrouw et al. 2005b). This study used the same methodology as that used for males,
but found that participants with poor inversion JPS had a higher injury rate. This was true for
two measures of JPS; level of joint position sense at 15° inversion, and at 5° less than maximal
inversion range. The method of testing ankle joint position sense in these studies involved supine
lying, with the knee at 90° flexion, and the limb non-weight-bearing (NWB) (Figure 2.1).
Though an effect was obtained, the position is clearly different from ambulant or standing
activity with an upright posture.

Figure 2.1 (As seen in the Introduction): Positioning for testing active and passive joint
position sense on a biodex 2 isokinetic dynamometer (Willems, Witvrouw et al. 2002).
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When conducting testing and training for sports performance, movements of a limb can be
classified as moving in an “open-chain” or “closed-chain” pattern, depending on the freedom of
the peripheral end of the limb to move openly in space - open chain - or the fixation of the limb
by contact with an immovable surface such as the ground - closed chain (Andersen, Terwilliger
et al. 1995). It has been suggested that closed-chain testing more closely mimics the functional
motor loading involved when individuals are active while weight-bearing, whereas open chain
movement of the ankle during proprioceptive testing is relevant to reveal individuals with
deficits in positioning their foot prior to heel strike during gait (Ashton-Miller 2000). In
preparing for heel strike, the foot is free to swing into position without the restraining effect of
weight-bearing (WB) against the ground. Hence testing proprioception in open-chain, non
weight-bearing (NWB) positions has relevance to this phase of gait. Poor foot positioning prior
to heel strike may lead to a greater risk of injury due to foot-catching during swing-through, or
incorrect ground contact at heel strike (Waddington and Adams 2003). However, once the heel
has made contact with the ground, response to the angle of the ground underfoot requires
proprioceptive acuity in WB, in order to refine the motor control which must take place with
every step (Waddington and Adams 2003). During gait, the ankle and foot are loaded within a
finite range of movement that is dictated by the position of the moving body. Open-chain testing
protocols have the additional limitation that they do not produce a sensation of a finite end-point
to the movement (Symes, Waddington et al. 2010). Consequently the test suffers for
compatibility with real-life loading patterns. Testing proprioception in WB positions has greater
compatibility with the load-bearing phase of gait. Equally, the forces on the ankle are greater
during this phase of gait due to the transference of bodyweight across the ankle, and not
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surprisingly the majority of ankle injuries are experienced in WB (Andersen, Floerenes et al.
2004; Bahr and Krosshaug 2005; Cloke, Ansell et al. 2010).
The inclusion of active movement in the testing regime increases similarity with the normal
circumstances under which the ankle is loaded during gait and standing. Gibson (1966)
differentiated between the “imposed” nature of passive reception of proprioception from external
stimuli, and the “obtained” proprioception which is produced from active movement. Active
movement enhances muscular stimulation and consequently the level of activity of the muscle
spindles and tendon receptors (Feldman 2008; Ribot-Ciscar, Hospod et al. 2009). Consequently,
the inclusion of movement in a testing regime has the potential not only to improve its sensitivity
to acuity of joint position, but also to improve the ecological validity of the testing for active
movement.
The speed of movements in proprioceptive testing has also been criticised for its lack of
compatibility with the angular rates of motion experienced during normal function (AshtonMiller 2000). Most mechanised position-matching or position-replication systems are set to
move relatively slowly. This is particularly important for passive testing, in which the participant
requires time to be able to stop the footplate at the appropriate angle of replication (Goble,
Coxon et al. 2009). Changes of position which occur over a few seconds are far slower than the
normal speed of movement, and consequently do not stimulate the sensory receptors in a typical
pattern of functional response (Ashton-Miller 2000).
The AMEDA apparatus.
In order to address some of these deficiencies of proprioception testing apparatuses and
protocols, a number of authors have sought to test proprioception in weight-bearing and standing
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(Figures 2.2, 2.3, and 2.4) (Ashton-Miller 2000; Refshauge and Fitzpatrick 1995; Robbins,
Waked et al. 1995; Waddington and Adams 1999b)

Figure 2.2: Alternative testing positions for testing the perception of movement through the
ankle joint (Refshauge and Fitzpatrick 1995).
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Figure 2.3: The “slope-box” test for joint position sense (Robbins, Waked et al. 1995).
Two of these devices were developed for testing kinaesthesia (Ashton-Miller 2000; Refshauge
and Fitzpatrick 1995). The other two have been used to test JPS (Halasi, Kynsburg et al. 2005;
Robbins, Waked et al. 1995; Waddington and Adams 1999b).
The Active Movement Extent Discrimination Apparatus (AMEDA - Figure D) addresses a
number of the limitations described above.
When testing proprioception, a decision must be made over the requirements of the research.
Choices must be made between isolation of the sensory receptors and regions of the body that are
being tested, and the greater ecological validity but less localised testing when testing
proprioception in a more functional pattern of movement. In all forms of testing described above,
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vision is not available for judgement. Since the participants’ muscles are relaxed by passive
movement used in testing kinaesthesia, only afferent pathways of proprioception are tested by
this methodology. With other body parts often physically restrained, most JPS tests only allow
movements around the joint of interest. With unconstrained postures, the AMEDA systems attain
greater ecological validity, but with most of the movement that provides information for the
proprioceptive judgement coming from the limb or body part that is of interest in the test. This
improves ecological validity at the expense of localising the sources of proprioceptive input.
Testing takes place in bilateral standing, with weight evenly distributed on both feet.
Consequently the participant experiences normal WB, with normal joint angles in standing. The
closed-chain nature of the loaded foot in standing also produces associated movements of torsion
of the tibia on the foot as it is moved, which are transferred proximally as far as the hip joint
(Lafortune, Cavanagh et al. 1994). This enables the entire lower limb to be involved in
movements associated with ankle inversion, and consequently produces a loading which is more
ecologically valid when compared to other tasks with NWB and open-chain movement of the
leg.
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Figure 2.4: Testing joint position sense on the AMEDA(Waddington, Adams et al. 1999).
The AMEDA consists of a platform upon which the participant stands. One foot is on an
immobile section while the other is placed on a footplate that has an axle along it centrally. This
axle allows the footplate to be tipped from a flat starting position, into inversion. The range of
movement (ROM) into inversion is determined by a stop block, placed under the lateral edge of
the footplate. The height of the stop block determines the depth to which the lateral footplate can
drop, and hence the final inversion angle of the footplate (Figure 2.5). The surfaces of the deck
of the apparatus are coated with a light sand-paper to provide texture for good grip, and to ensure
safety.
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Figure 2.5: Testing joint position sense on the Active movement Extent Discrimination
apparatus. The stop blocks, used to set the limit of inversion angle, are shown in the
foreground (Waddington and Adams 1999b).
The original structure of the apparatus required manual changing of the blocks (Waddington and
Adams 1999b). Later versions of this apparatus used a simpler manual system to speed up the
insertion of the blocks, to enable a faster re-setting of the angle between each position test
(Figure 2.6) (Symes, Waddington et al. 2010). The apparatus was eventually mechanised, with
the use of a stepper motor driving a threaded shaft, of the kind used for locating hard drive read
heads in computers and spot-welders in automobile manufacture. This automated the resetting of
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the stopper height (Waddington, Adams et al. 1999), as well as to provide digitised recording of
participant responses and easier electronic data transference (via “floppy disk” in 1996)
(Waddington, Adams et al. 1999). The automated apparatus is shown in Figures 2.4 (above) and
2.7. The stop point is raised and lowered by means of a stepper-motor which drives a threaded
bar up and down, by a computer-determined number of turns. This enables the bar to be raised
by pre-set increments, to give fixed changes in the height of the rod, and thus produce fixed
changes in the angle of tilt of the footplate. A metal plate on the underside of the footplate
contacts the top of the thread.

.
Figure 2.6: A diagram of inversion joint positions sense testing on the Active Movement
Extent Discrimination Apparatus (AMEDA), using a manually-adjusted block (A) to
change the height of the stop block. Metal spacers are placed underneath the stop block as
indicated by the arrow (Symes, Waddington et al. 2010).
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Figure 2.7: Drawing of the Active Movement Extent Discrimination Apparatus (AMEDA),
showing the shaft which sets the limit of the angle of footplate tilt. The shaft height is
moved up and down by the stepper motor winding its thread by a specific number of turns,
for each different setting (Waddington and Adams 2000).
To improve the confidence of the participants and improve safety when testing a more frail
population (Waddington and Adams 2003) a full-width top platform was added (Figure 2.8)
(Waddington and Adams 2004). This also enabled a wider variety of stance widths, to better
accommodate participants with different physical proportions such as leg length and hip width.
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Figure 2.8: A later version of the AMEDA, with the standing surface filled in to improve
participant confidence, and offer more variability in stance width to accommodate
different height and leg lengths.
The AMEDA testing protocol
The testing protocol used with the AMEDA has been refined over time. The initial protocol used
nine different inversion ‘variable’ angles (Waddington and Adams 1999b), and asked the
participant to discriminate whether the angle presented was closer to, or further away from, a
mid-point reference angle, or ‘standard’ (Table 2.1) (Waddington and Adams 1999b). The “just
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noticeable difference” JND was then calculated for the responses from a series of 160 pairs of
comparisons.
Table 2.1: The angles used for testing of a participant’s “just noticeable difference”
between different angles of inversion on the AMEDA(Waddington and Adams 1999b).
Block number

Inversion stops
(degrees from horizontal)

1

14.52

2

13.47

3

13.27

4

12.88

Reference

12.55

position
6

12.08

7

11.84

8

11.54

9

10.49

The testing protocol was subsequently changed, with participants asked to make an absolute
judgement of which position had been set, out of 5 numbered angles, thereby eliminating the
need for presentation of the standard movement on each trial (Waddington and Adams 2000). In
this method of testing, the participant makes an absolute judgment of the stop position presented
on each trial, using the numbers 1 for the shallowest angle, and 5 for the deepest. Participants are
given practice beforehand so that during testing they can use a memory reference rather than a
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repeatedly presented standard. The numerical judgement is recorded with the actual angle that
was set for each trial (Table 2.2). The paired responses for perceived angle and corresponding
stimulus value from that trial are entered into signal detection analysis (Maher and Adams
1996a; Maher and Adams 1996b), in which the participant’s ability to discriminate each test
angle from the next angle above it in the 5-angle series is calculated. For the purpose of using
signal-detection theory–based analysis, the first angle stimulus is considered as the signal, and
the second as the noise. Thus the five footplate angles generate a series of four receiver operating
characteristic (ROC) curves for the four degrees of freedom between each consecutive stimulus
pair, 1-2, 2-3, 3-4, and 4-5. The area under the curve (AUC) is calculated for each pair, and the
mean of the four AUC’s is calculated to generate a final overall score, which is taken as the JPS
discrimination score. (Maher and Adams 1996a; Maher and Adams 1996b).
Table 2.2: The angles used for testing of a participant’s JPS discrimination between
different angles of inversion on the AMEDA (Waddington and Adams 2000).
Angle number

Actual angle
(degrees from horizontal)

1

14.52

2

13.27

3

12.55

4

11.84

5

10.49

A standardised preparatory protocol is also used for this method of testing. The participants are
presented the five stop positions in sequence from shallow to deep, three times through. They are
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taught to describe the angles by their number in the sequence, from 1 for the shallowest angle, to
5 for the deepest. The test itself consists of 10 repetitions of each of the 5 angles with no
feedback, giving a total of 50 settings within each complete test (Waddington and Adams 2000).
This gives a more time-efficient test, and uses a statistical processing method that gives equal
weight to the discrimination of all angles in the test.
The high number of repetitions meets the expectation of having sufficient numbers of repetition
to reduce performance variance within testing (Ashton-Miller 2000; Refshauge, Kilbreath et al.
2000). The addition of a “warm-up” familiarisation protocol enables the initial familiarisation
with the psychophysics of the test, and stores a memory reference for the values to be tested, so
that any differences between groups can be considered to be proprioception-related. The prior
experience of the inversion angles enables participants to engage an “einstellung” (Behrens
1997) approach to the test , wherein they respond to the test positions more freely due to their
prior experience of the angle. The einstellung effect is also of benefit due to the weight-bearing
and standing experience of the test. The testing position and limb loading evoke a more natural
comparison with prior experience of limb function, and consequently it can be argued that the
test is more compatible with functional activity, and more ecologically valid.
Research outcomes with the AMEDA
The AMEDA has been used in a number of studies involving assessment of proprioception. To
establish its validity as a test, an initial study was made to ensure that the apparatus itself did not
bias results due to participant apprehension of the height of the platform, or the inversion
movement used (Waddington, Taig et al. 1998). No detrimental effects were seen when
screening a healthy population of netball players on the AMEDA, while some apprehension was
displayed by the same group in tests which challenged balance.
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To assess the clinical validity of the AMEDA, a study was under taken to examine the ability of
the AMEDA to differentiation between a group with a history of ankle injury and a healthy
group (Waddington and Adams 1999b). The groups were assessed for a deficit in JPS using the
AMEDA. The injured group had a significantly lower proprioceptive acuity score than the
healthy group. However, the AMEDA scores between the injured individuals’ healthy and
injured ankles were not significantly different. It has been suggested that this is indicative of a
process of efficiency in management, whereby the brain uses a common motor program to
control the same type of movement in both ankles, the injured and the uninjured. The result is a
drop in performance to the equivalent proprioceptive acuity of the lowest common denominator
– the injured ankle (Vucetic, Holmes et al. 2008).
Different conditions underfoot have been found to have an influence on proprioceptive testing
when using the AMEDA. A rougher surface texture in contact with the sole of the foot, whether
standing barefoot or by addition of a rough-surfaced insole to the shoe, increases proprioceptive
acuity (Waddington and Adams 2000; Waddington and Adams 2003). In using the AMEDA, it is
therefore necessary to standardise the use (or not) of footwear for all participants.
Since this early work the AMEDA has been used to study other aspects of proprioceptive
performance. It has been demonstrated that proprioceptive acuity is not a universal skill – an
individual is not simply “good” at proprioception in all of their joints. A study of proprioceptive
acuity, using the same JPS comparison modes for both the ankle and the knee, found that high
JPS acuity at the ankle did not correlate to high JPS acuity in the knee (Waddington and Adams
1999a). JPS has been shown to be amenable to training. Two studies have demonstrated positive
gains in JPS acuity, as measured by the AMEDA, when individuals were trained using a “wobble
board” (Waddington, Adams et al. 1999; Waddington and Adams 2004). In one, the
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improvements were seen in a group of healthy, athletic, younger men from a premiership Rugby
League club (Waddington, Adams et al. 1999), indicating that proprioception can be improved
despite the individual already being at an elevated status of physical fitness and skill. In the
second study (Waddington and Adams 2004), the participants were healthy older adults. This
indicates that individuals with lower physical performance standards are also able to train their
proprioception and make measurable gains. The AMEDA is able to quantify these gains reliably
(Waddington and Adams 2004) and with a device that uses a posture that is ecologically similar
to that for normal weight-bearing movements.
Directions for research.
Following a systematic review of the literature, the current programme of research described in
this thesis has sought to study the impact of ankle injury on proprioceptive acuity, using the
AMEDA. It examined the extent to which ankle proprioception was affected by injury, and
aimed to further develop the methodology of testing using the AMEDA, to improve test
compatibility with functional activity. Two studies were conducted to assess whether
ligamentous instability at the ankle, or self-reported CAI, were associated with any deficit in
ankle proprioception. Two further studies were conducted to develop a new protocol for testing
ankle proprioception during gait. The first assessed the feasibility of the methodology, and
examined differences between individuals with CAI and healthy ankles using this methodology.
The second examined a further question over the extent to which vision contributes to the acuity
of proprioception during gait.
These studies are reported below, in Chapters 5 – 8.
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seeking to establish preventive programmes for ankle sprains, among their teams. Future
research directions are also established, by integrating what is known from current tests and the
predictive value of that knowledge. Further development of the tests and their associated
research methodologies may also improve their utility and relevance to these populations, to
provide more detailed knowledge of ankle performance deficits, and their impact on injury and
function. Contradictory findings between different studies that have used similar methodology
also suggest a need for further research to determine the differences between their study
populations and methodology that have produced the different clinical outcomes.
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Chapter 3: Ankle proprioceptive deficits and risk of injury.
Published work.
This chapter is based on a paper which has been published in the British Journal of Sports
Medicine as:
Witchalls, J., P. Blanch, G. Waddington and R. Adams (2012). "Intrinsic functional deficits
associated with increased risk of ankle injuries: a systematic review with meta-analysis." Br J
Sports Med 46(7): 515-523.
Since deficits associated with CAI have been studied in detail (Arnold, De La Motte et al. 2009;
Hiller, Nightingale et al. 2011; Munn, Sullivan et al. 2010; Wikstrom, Naik et al. 2009), it is
known that certain deficits are associated with ongoing recurrent sprains and instability.
However, sports teams contain many individuals who are healthy and do not have a problem
with CAI, who may benefit from preventive training to address fitness and intrinsic performance
deficits which increase their risk of ankle injury. While there is a large body of literature
reporting studies of these deficits, and these have undergone systematic review, no study has yet
combined the findings by meta-analysis. Clinicians and sports trainers seek to prevent injury in
the entire population of sports participants. Hence, meta-analysis is useful, to provide greater
statistical certainty to the findings of this body of research, and to provide clearer effect sizes
over which deficits are most strongly associated with future injury.
The literature review and meta-analysis conducted at the start of this programme of research
undertook this task. This paper enables the information from current ankle tests to be combined,
and enables clearer understanding of the value of these tests. In terms of clinical relevance, it
provides information to inform the decision-making processes of clinicians and trainers when
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Background A history of ankle injury is known to be associated with an increased risk of future injuries. Prevention of a first-time
injury to an ankle will also prevent subsequent re-injury; yet these participants are often overlooked in reports of preventive testing.
Determining the functional deficits which promote injury risk in all ankles, through studies inclusive of previously injured and never
injured ankles, will enable training to be directed at improving known deficits in all sports participants.
Objective To review studies investigating the measurement of intrinsic functions in healthy ankles and assess their predictive value
for injury.
Method Systematic review and meta-analysis of journal articles from selected electronic databases. Using all papers that included
sufficient data for extraction in any paradigm, the authors pooled results for measures of strength, postural control, proprioception,
muscle reaction time in response to perturbation, range of movement and ligament stability.
Results Thirteen papers were found with adequate data reporting to allow calculation of pooled standardised mean difference (SMD)
or pooled RR. The following are all associated with an increased risk of ankle injury: higher postural sway (SMD=0.693, 95% CI=0.151
to 1.235, p=0.012), being in the lower postural stability group (RR=2.06, 95% CI=1.364 to 3.111, p=0.001), lower inversion
proprioception (0.573, 0.244 to 0.902, <0.001), higher concentric plantar flexion strength at faster speeds (0.372, 0.092 to 0.652,
0.009) and lower eccentric eversion strength at slower speeds (0.337, 0.117 to 0.557, 0.003).
Conclusion There is a set of intrinsic functional and structural ankle deficits associated with significantly increased risk of ankle injury.
These findings will enable clinicians and sports trainers to measure and train specific deficits in sports people for the prevention of
ankle injury.

Chapter 4: Proprioceptive and functional performance deficits associated
with ligamentous instability at the ankle.
Published work.
This chapter is based on a paper that has been accepted for publication in the Journal of Science
and Medicine in Sport as:
Witchalls, J. B., P. Newman, G. Waddington, R. Adams and P. Blanch (2012) "Functional
performance deficits associated with ligamentous instability at the ankle." Journal of Science and
Medicine in Sport 16: 89-93.
The document is presented here with the reference format used by that journal.
Despite the knowledge that the unresolved structural deficits that are present in association with
CAI (Hiller, Nightingale et al. 2011) present a significant risk factor, the presence of mechanical
derangements and mechanical instability associated with the original de-stabilising injury are not
often discussed in the literature on CAI. Holmes and Delahunt’s (2009) review of interventions
for conservative management of CAI is concentrated on functional instability , since mechanical
instability was considered beyond the scope of conservative treatment (Hertel 2002).
Ligamentous laxity has implications for reduced sensorimotor control. Research has found
arthrogenic inhibition of soleus and peroneal muscles in subjects with CAI (McVey, Palmieri et
al. 2005; Palmieri-Smith, Hopkins et al. 2009). However, neither of these studies eliminated
underlying mechanical derangements, other than to ensure there was not excessive talar tilt.
They thus found CAI in the absence of ligamentous instability, but in a test biased towards
elimination of the calcaneo-fibular ligament. The AMEDA-stand has also demonstrated deficits
in individuals with a history of ankle sprains (Waddington and Adams 1999b). However, it is not
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known whether the deficits are associated with damage to the ankle support structures, such as
the antero-lateral ligaments, or whether the dysfunction is purely a deficit associated with
changes to CNS processing of peripheral stimuli.
Hertel (2002) recommends consideration of all factors involved in ankle dysfunction. To seek to
prevent ankle injury (or re-injury) without addressing the mechanical and structural damage
persisting after injury, addresses the problem incompletely. Attention to these factors should
have a significant effect on the quality of sensorimotor control following recovery from an
injury, and reduce the risk of re-injury in previously-injured ankles. Further study was needed to
determine whether participants with anterior drawer laxity had performance deficits associated
with the ankle joint. Were this to be the case, there are significant implications for conservative
clinical management.
The study described here added the AMEDA-stand as a test of proprioception to a battery of
sports fitness tests. This sports screening battery of tests is used by the Australian Defence Force
Academy (ADFA) to test the new intake of first-year military officer trainees (who will also be
studying university degrees and participating in university-style sports teams) prior to their
participation in higher-risk contact sports. Deficits in test performance were then assessed in the
context of ligamentous instability in the anterior drawer test.
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Objectives: To examine whether ankle anterior drawer ligament laxity is associated with deficits in performance testing among
otherwise healthy sportspeople.
Design: Cross-sectional cohort study.
Methods: Eighty-six volunteers from among sports participants at a military academy consented to the use of their pre-participation
musculoskeletal screening information for the lower limb, and to an additional test of ankle proprioception. The lower limb
screening included tests of ankle ligament laxity, dorsiflexion range of movement, single leg hop-for-distance, hexagon agility
hopping test, and hop-and-hold landing stability test.
Results: There was a significant difference between lax and stable ankles on the 4 screening tests when they were examined
together with MANOVA (F = 3.52, df = 4, 167, p = 0.009, Wilks’ Lambda = 0.92). Independent t-tests showed worse performance on
the hop-for-distance (p = 0.001), hexagon hop (p = 0.039) and the proprioception tests (p = 0.033) associated with laxity. Comparing
stable and unstable ankles in the same individual, paired t-tests showed significantly lower hop counts for lax ankles on the hexagon
hop test (p = <0.001).
Conclusions: Ankle ligament laxity is associated with persisting deficits in explosive power, agility and proprioception, as
demonstrated by less hopping distance, fewer hops in hexagon hop testing, and reduced proprioceptive acuity, despite ongoing
participation in sport. Attention to maximising sport-related performance in the late stages of rehabilitation is suggested as an
essential addition to clinical management of these injuries.

Chapter 5: Chronic ankle instability affects learning rate during repeated
proprioception testing in standing on the AMEDA.
Paper submitted for publication.
This chapter is based on a paper that has been submitted for publication to the journal, Physical
Therapy in Sport, and is currently under editorial review. The document is presented here with
the reference format used by that journal.
The study reported in Chapter 4 revealed that ligamentous laxity is associated with deficits in
proprioceptive acuity, as tested by the AMEDA-stand. However, various subjective self-report
questionnaires have demonstrated a significant difference between self-reported functional
confidence and objectively measured functional performance tests, in individuals with ankle
injury (Binkley, Stratford et al. 1999; Haywood, Hargreaves et al. 2004; Hiller, Refshauge et al.
2006). The difference between reported ankle instability and measured ankle function may be
due to an inadequacy of the objective testing regime, rather than the lack of a functional deficit.
Hence the sensitivity of objective testing for acuity of joint position sense must be compared to
the subjective report of ankle functional status in the participant group. Further study of CAI was
warranted, to assess whether deficits in proprioceptive acuity are associated with self-reported
CAI, rather than mechanical instability.
Although the main proprioceptive contributors to sensory feedback in quiet standing are the
receptors surrounding the ankle (Gatev, Thomas et al. 1999), movement in joints proximal to the
ankle causes their sensory role to increase, even contributing to sensorimotor control at the ankle
(Bloem, Allum et al. 2000). Hence, while testing joint position sense during functional patterns
of loading produces a scenario more compatible with to real functional patterns of activity, it also
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introduces additional sources of sensory reception, and enables a participant to overcome any
localised deficit in ankle proprioception by using other sources of sensory input. This may
enhance the ability of participants with a proprioceptive deficit to “learn” and improve their test
scores on the second test. The reliability of the AMEDA-stand has been assessed in healthy older
adults (Waddington and Adams 2004), but not reported in younger adults, nor in a population of
individuals with ankle dysfunction. The study reported here examined the difference in
proprioceptive acuity between individuals with CAI and those with healthy ankles, and assessed
the rate of stabilisation of their scores on test-retest using the AMEDA-stand. This test-retest
data also enabled assessment of the test-retest reliability of the AMEDA-stand in younger adults
with healthy ankles, and those with CAI.
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Abstract

Objectives: 1. To determine whether individuals with chronic ankle instability (CAI) have lower
proprioception sensitivity scores from a test on the Active Movement Extent Discrimination
Apparatus (AMEDA). 2. To determine whether individuals with CAI can improve proprioception
sensitivity scores with repeated active movement testing using the AMEDA. 3. To assess the
test-retest reliability of the AMEDA.
Design: A cohort study comparing those with CAI or healthy ankles.
Setting: University clinical laboratory.
Participants: 61 healthy university students, 36 with CAI, 25 with stable ankles.
Main Outcome Measures: A 2-way ANOVA was conducted to compare performance of CAI
and stable ankle groups, over 3 test repetitions on the AMEDA. The reliability intra-class
correlation coefficient (ICC) was obtained for test repetitions.
Results: The scores improved in both groups when the AMEDA test was repeated (p = <.001).
The rates of improvement in proprioception test scores differed, with the CAI group showing a
slower learning rate than the stable ankle group (p = .047). The ICC for the whole group across
the three trials was 0.80 (95% CI = 0.69 to 0.87, p = < .001).
Conclusions: CAI participants improve their proprioception scores more slowly upon repeated
AMEDA testing, suggesting differences in learning strategies.
Keywords: Ankle; psychometrics; proprioception.
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Chronic ankle instability affects learning rate during repeated
proprioception testing.
Introduction
Individuals who develop a chronic ankle instability (CAI) following injury have been shown to
have a number of deficits in physical performance tests of the injured ankle (Hiller, Nightingale,
Lin, Coughlan, Caulfield, & Delahunt, 2011b; Munn, Sullivan, & Schneiders, 2010). The pattern
of deficits associated with CAI may vary between individuals, giving different clinical and
functional presentations within this population (Hiller, Kilbreath, & Refshauge, 2011a).
The methodology used to measure the proprioception and the population from which the injured
participants are drawn may affect the deficits observed in CAI (de Noronha, Refshauge,
Kilbreath, & Crosbie, 2007; Docherty & Arnold, 2008; Nakasa, Fukuhara, Adachi, & Ochi,
2008). Ankle proprioception has been tested in a variety of ways (Deshpande, Connelly, Culham,
& Costigan, 2003; Goble, 2010). It is common practice to test the ability to match the position
of the ankle joint to a reference position. This reference point is either the same ankle at a
position taught earlier, or the position of the ankle on the other leg. The position match is
reported when the participant feels their leg moved passively past the angle of interest, or by the
participant actively going to the position and holding there statically (Berenberg, Shefner, &
Sabol, 1987). It has been shown that testing joint position sense (JPS) is influenced by
differences in the positions and degree of weight-bearing of all of the joints of the lower limb
(Refshauge & Fitzpatrick, 1995). It is also recommended that a large number of repetitions are
included within proprioception testing protocols, to allow for the natural variance within an
individual’s performance (Ashton-Miller, 2000; Refshauge, Kilbreath, & Raymond, 2000). Thus
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the contradictory findings observed in individuals with CAI may be related to measurements of
proprioception using different test parameters, limb loading and positions, as well as different
clinical presentations within those with CAI (Hiller, et al., 2011a).
One approach to measurement is to try and maximise ecological validity – the compatibility
between test results and performance in everyday function (Spooner & Pachana, 2006). With the
intention of maximising the ecological validity of proprioception testing Waddington and Adams
(1999b) developed an apparatus to test proprioception around the ankle, the Active Movement
Extent Discrimination Apparatus (AMEDA). The AMEDA uses weight-bearing, standing joint
positions, active muscle control and multiple trials. It has been shown that individuals with a
history of ankle injury score lower than those without injury when their proprioception is tested
on the AMEDA (Waddington & Adams, 1999b), but that no difference is found between healthy
and previously-injured ankles in the same individual. Further progression of the AMEDA
methodology has included study of the ability to discriminate inversion positions underfoot when
stepping onto and across the AMEDA (Witchalls, Waddington, Adams, & Blanch, in press).
Here, deficits in ankle proprioception associated with CAI were found, on both the AMEDA
(standing stationary) and AMEDA-step protocols. The CAI group in this study improved their
scores with test repetition of the AMEDA-stand, while individuals with stable ankles established
a stable and higher-standard performance, after the warm-up experience from the first test alone.
This suggests that individuals with CAI ankles learn about the test parameters in the AMEDAstep protocol more slowly than those with healthy ankles, requiring repeated experience to
support their improvement. Since proprioceptive deficits have been shown to be associated with
slower response to ankle perturbation (Dichgans and Diener 1989) and altered feed-forward
setting of ankle control (Holmes and Delahunt 2009) it would be of value to assess for
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differences in learning pattern between individuals with CAI and stable ankles using the simpler,
standing AMEDA protocol.
The AMEDA has shown good reliability when used with healthy participants (Waddington &
Adams, 2004). It is not known whether the reliability of the AMEDA is as high when used with
participants with ankle injury or dysfunction, such as CAI. No studies have been found that have
evaluated reliability of other methods of JPS testing in an injured population.
In order to further assess the proprioceptive deficits present in individuals with CAI, the current
study proposed to measure ankle proprioception using the AMEDA-stand, in a series of test
repeats in order to establish whether individuals with CAI have lower JPS than those with
healthy ankles, and whether these findings are reliable throughout repeat testing. We
hypothesised that:
1. Individuals with CAI would show proprioceptive deficits on the AMEDA-stand test,
2. Individuals with CAI would show improved scores with repeated testing, and
3. The AMEDA would have good test-retest reliability, both in individuals with CAI and
those with healthy ankles.
Method
Participants
Participants were volunteers from among a university student population, with no health
problems or injury which prevented them from their normal activity levels or changed their
balance/strength status. Those with a history of ankle injury must have recovered to their normal
level of activity. Sixty-one participants volunteered for the study. Demographic details for the
participants are shown in table 1.
104

Table 1: Participant numbers and demographics. (SD = Standard deviation, CAI = chronic
ankle instability, M/F = male/female, Ht/Wt = height/weight, No = number.)

Characteristic

Ankle stability status

Difference between
groups

Stable

CAI

(SD)

(SD)

25

36

29.36 (0.86)

22.56 (4.16)

N
CAIT score

Gender

Age

M

F

M

F

Chi2 = 1.86

7

18

5

31

p = .173

24.68 (10.87)

22.67 (6.27)

1.69 (0.06)

1.68 (0.09)

65.48 (12.37)

66.92 (13.52)

No of sports in
past 2 yrs

2.84 (1.72)

3.06 (1.45)

No of sports
currently

1.88 (1.33)

1.92 (1.20)

Time since most
recent ankle
injury (months)

5.81 (5.56)

4.40 (7.81)

Ht

Wt

No injured
within past 2 yrs

1

26

t = 0.92
p = .364
t = 0.57
p = .573
t = -0.42
p = .674
t = -0.53
p = .600
t = -0.11
p = .911
t = 0.34
p = .741
Chi2 = 5.64
p = .018
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The AMEDA –
The AMEDA-stand tests a participant’s ability to discriminate between different angles of
inversion of a footplate (Waddington & Adams, 1999a) when they actively tilt a platform under
one foot into inversion until they touch the stop point (Figure 1). The stopper can be
mechanically set to 5 different heights, giving 5 inversion angles between 10.5 and 14.5 degrees.
A practice series of 15 repetitions is shown to the participant, after which they are asked to judge
which of the 5 angles has been set for a series of 50 inversion positions. The test protocol
provides a score reflecting the participant’s ability to discriminate between the adjacent inversion
angles (Maher & Adams, 1996). The accuracy with which the participant distinguishes between
each adjacent pair of angles (1-2, 2-3, 3-4, 4-5) is calculated, using the under the curve (AUC) of
the receiver operating characteristic (ROC) curve for each adjacent pair. The total score is the
mean of the AUC scores for the 4 degrees of freedom between the 5 stop positions. A score of
1.0 indicates perfect JPS discrimination between all positions in the test, while a score of 0.50 is
equivalent to chance. The test is difficult, with scores among sportspeople typically ranging
between 0.60 and 0.70 (Waddington & Adams, 2000; Waddington, Seward, Wrigley, Lacey, &
Adams, 2000).

106

Figure 1: A participant assessing the extent of the inversion angle during testing on the
AMEDA-stand.
Cumberland Ankle Instability Tool questionnaire
It has been suggested that variability of inclusion criteria and methods for determining the
severity of CAI have lead to varied results of studies. To ensure study results can be generalised,
it has been recommended that categorisation of participants with CAI and stable ankles within
research use a recognised and validated instrument (Delahunt, Coughlan, Caulfield, Nightingale,
Lin, & Hiller, 2010). It was decided to separate the CAI and healthy ankle groups using a selfreport questionnaire to determine the presence of CAI, rather than tests of ligamentous
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(mechanical) instability, since the two methods do not produce the same groupings (Hiller, et al.,
2011a).
The Cumberland Ankle Instability Tool (CAIT) questionnaire has shown good reliability and
validity in differentiating people with healthy ankles from those with CAI (Hiller, Refshauge,
Bundy, Herbert, & Kilbreath, 2006). The CAIT is a self-report instrument which reflects the
symptoms that a participant suffers in an ankle. The scale consists of 9 questions, examining
aspects of ankle function and pain, which give a potential maximum score of 30. A cut-off score
of ≤27 is used to determine an individual as reporting CAI.
Procedures
Testing took place in a university clinical laboratory. Demographic information was collected
from all participants prior to AMEDA testing, including a history of ankle injury, the number
and type of sports they have played within the past two years, and were currently playing. They
were also asked to provide a self-assessment of ankle instability for both ankles, using the CAIT
questionnaire (Hiller, et al., 2006). To standardise the sensory experience of the footplate, all
participants were barefoot for the AMEDA testing (Waddington & Adams, 2000). In the first test
session, participants completed 2 tests on the AMEDA-stand with the same test leg. Participants
were classified as "stable" and "CAI" ankle groups using the CAIT. To ensure clear group
classification, those with CAI performed the test on their most unstable leg, as classified by their
CAIT score. Those with healthy ankles were asked to use their dominant leg (determined by
preferred kicking leg if they did not know). The tests were separated by 5 minutes for rest, and to
reset the machine. A third AMEDA-stand test was conducted on a separate day, between 2 and 7
days from the original test date.
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Data analysis
Data was analysed using SPSS ‘version 17’ (IBM Corporation, Route 100, Somers, NY 10589),
with an alpha 0.05 used to determine statistically significant results. The groups were analysed to
establish any differences in demographic characteristics between them, using independent t-tests
or Pearson’s Chi2 as appropriate. To assess the difference in proprioception between stable and
CAI ankles in each test, and in repetition of the test for each group, a 2-way ANOVA was
conducted, with a between-group comparison for CAI/healthy ankles and a within-group
comparison for test repeat. Post-hoc analyses of the difference between stable and CAI ankle
groups was carried out using independent t-tests, to determine the point in the testing repetition
at which the groups varied. Adjustment using the Bonferroni method was made to correct for an
inflated risk of type 1 error, resulting in an alpha value of .017 to determine statistical
significance in these comparisons. Polynomial trend analysis was used to assess the linear or
quadratic nature of any trends in scores across the three tests (Grant, 1956).
To evaluate the reliability of the AMEDA-stand on repeated testing, the ICC(3,1) (McGraw
& Wong, 1996) for the whole group was calculated across the three test repetitions. ICC scores
were also calculated for the CAI and stable groups separately. Standard error of the measurement
(SEM) (Hopkins, 2000) and minimal detectable difference (MDD) (Portney & Watkins, 2009)
were also calculated for each of the three reliability groupings, to enable clinicians to evaluate
the meaningfulness of changes in individual scores obtained on the AMEDA (Bland & Altman,
1996).
Results
There was no significant difference in scores between CAI and stable ankles, when analysing the
three AMEDA-stand tests as a whole within the ANOVA, (Wilks' Lambda = 0.94, F2,58 = 2.03, p
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=.141). When analysed as a complete group, participants improved their AMEDA-stand score
across the series of 3 repetitions of the test (Wilks' Lambda = 0.48, F2,58 = 31.37, p = <.001).
The interaction between test repeat and ankle stability status was also calculated within the
ANOVA. The contrast of the simple linear increase in scores across the three tests in the series
showed no significant difference (F = 0.022, p = .882), indicating that overall, CAI and stable
ankles gained in AMEDA score at the same rate over the entire group of three tests. However,
the quadratic pattern of change in scores was significantly different between the groups (F =
4.12, p = .047). This indicates that the CAI and stable ankle groups improved their AMEDA
score at different points in the sequence of three tests (Figure 2).

Figure 2: Differences in learning speed during proprioception testing between stable and
unstable ankles. (AMEDA-stand = Active Movement Extent Discrimination Apparatus, tested
while standing stationary; AUC = area under the receiver operating characteristic curve; CAI =
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chronic ankle instability; error bars represent 95% confidence intervals for the mean of each
group.)
Post-hoc independent t-tests were used to compare the scores of the CAI and stable ankle groups
at each test repeat, to determine the point at which the groups differed in their AMEDA scores
(Table 2). Although the CAI group scored lower than the stable ankle group in all 3 tests, the
difference between scores for the two groups was not statistically significant in either the first or
third test. The CAI group scored significantly less on the second test repetition of the AMEDAstand. The stable ankle group improved their scores more rapidly than the CAI group between
the first and second test, after which their performance stabilised for the third test. The CAI
group continued to improve, and caught up to the performance level of the stable ankle group by
the third test.
Table 2: Differences in scores between CAI and stable ankles at each test repetition of the
AMEDA-stand.
Test sequence

AMEDA score

Mean difference

t

S.E

p

0.008

0.55

0.014

.293

0.029*

2.43

0.012

.009*

0.009

0.8

0.012

.215

in AMEDA score
Stable

.657

1
Unstable

.649

Stable

.698

2
Unstable

.669

Stable

.704

3
Unstable

.695
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AMEDA = Active Movement Extent Discrimination Apparatus (standing), Difference =
Mean difference in AMEDA score, S.E = standard error in the difference between group
means, * = denotes statistical significance at alpha value of p=.05.

The AMEDA shows high reliability when averaged across the three repeats, with the scores of
all participants. Likewise, when the stable ankle group and the CAI group are assessed
separately, the AMEDA also shows high reliability when averaged across the three repeats. ICC
values and MDD are similar within CAI and stable ankle groups, suggesting similar reliability
levels in both groups. These values are also similar to that for the combined whole group score,
suggesting that variance between groups has not biased the ICC value of the group, when taken
as a whole. The intra-class correlation of the CAI and stable ankle groups across the three testretest repetitions of the AMEDA-stand are shown in Table 3.
Table 3: Test-retest reliability of the AMEDA-step when used with CAI and stable ankle
populations. (ICC = intra-class correlation coefficient, CI = 95% confidence interval for values
of ICC, p = alpha value, * = denotes statistical significance at alpha value ≤ .05, SEM = standard
error of measurement for AMEDA values, MDD = minimal detectable difference.)
Ankle stability

ICC

95% CI
Lower

Upper

p

SEM

MDD

Whole group

0.80

0.69

0.87

< .001*

0.022

0.061

Stable

0.82

0.64

0.91

< .001*

0.022

0.061

CAI

0.78

0.62

0.88

< .001*

0.022

0.061
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Discussion
When proprioception sensitivity scores over the test series were taken as a whole, ANOVA
showed that the CAI and stable ankle groups did not differ. Individuals with CAI scored lower
on the AMEDA-stand in all three trials, but only the difference in the second trial series reached
statistical significance, after Bonferroni correction. The deficit revealed in this test indicates that
individuals with CAI have poorer proprioception than those with stable ankles. However, the
improvement in scores seen across the three sets of trials reveals important differences between
stable ankle and CAI groups. Contrary to our original hypothesis, both stable and CAI ankle
groups improved their proprioception scores when retested on the AMEDA-stand. The group
with stable ankles improved their scores immediately, after one exposure to the AMEDA-stand,
after which they slowed in their rate of improvement. This implies an early learning about the
test parameters and set-up among the group with healthy ankles, followed by more stable scores
on further testing. The CAI group improved their scores more slowly, but continued to gain after
the second test. It has been suggested that the changes in scores related to an intervention,
reported in other studies, may be due to simple learning effects on a test (Hupperets, Verhagen,
& van Mechelen, 2009). The current study suggests that the relative rate of change in active
proprioception scores is important. Although the overall linear changes in score were the same
for the CAI and stable ankle groups, analysis of the quadratic pattern indicates that there is a
difference in the rate of change between the 2 groups, despite the overall linear effect being of
similar magnitude.
In this study, the reliability of the scores achieved by participants during testing has been
consistent between groups, suggesting that individuals with CAI do not have any greater
difficulty with the physical demands of the test than those with stable ankles, nor with the
113

psychophysical decision-making involved in the test. The absolute values for reliability achieved
here are similar to those reported for other forms of JPS testing (Boyle & Negus, 1998).
Calculation of the MDD also enables clinicians to establish the usefulness of scores from the
AMEDA when re-testing individual clients (Roebroeck, Harlaar, & Lankhorst, 1993). The MDD
gives the score difference required, when measuring an individual, in order to have 95%
confidence that any change is greater than measurement error (Portney & Watkins, 2009). This
has value to clinicians in determining the point at which an individual’s gains in performance can
be considered to be “real” above the error inherent in remeasuring performance. However, it
must be noted that this value is the amount by which an individual has to change, and must be
considered separately from the interpretation of systematic differences between groups.
In the current study, the inference that can be made from the observed group differences is that
they reflect different learning strategies when acquiring information about ankle proprioception.
Individuals with stable ankles become slower in their rate of improvement by their second test on
the AMEDA, while those with CAI are still improving at the third test. Consequently, clinicians
may either choose to use one or two tests to familiarise participants with the apparatus before
testing, or to use a progressive mean score of three successive trials, as has been recommended
for other forms of measurement where individual variance in performance is high (Bland &
Altman, 1996; Munro & Herrington, 2010). Nevertheless, in comparisons between groups of
research participants, the individual test repetitions can be studied, provided all participants have
the same level of experience on the AMEDA.
Although the main contributors to sensory feedback in quiet standing are the receptors
surrounding the ankle (Gatev, Thomas, Kepple, & Hallett, 1999), movement in joints proximal to
the ankle causes their sensory role to increase, contributing to sensorimotor control at the ankle
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(Bloem, Allum, Carpenter, & Honeggar, 2000). The AMEDA seeks to improve ecological
validity, by testing joint position sense during standing and weight-bearing to produce a scenario
as close to real functional patterns of loading as possible. However, this also introduces
additional sources of sensory reception, and enables a participant to overcome any localised
deficit in ankle proprioception by using other sources of sensory input. This may enhance the
ability of participants to “learn” and improve their test scores in repeat testing. It also raises the
potential for individuals with CAI to use different sensory strategies to achieve the same
proprioceptive outcomes as healthy ankles. While this may achieve the same final outcome, it is
a potential source of learning “delay” when first exposed to a new test.
The results of the current study, and the previous study using the AMEDA with a stepping test
(Witchalls, et al., in press), have shown that individuals with CAI have a slower rate of
improvement in proprioception scores during retesting, when compared to those with healthy
ankles. Healthy ankles are immediately more stable in their scores on the AMEDA-step test.
The current study shows that they also acquire test knowledge and stabilise their scores more
rapidly on the original AMEDA-stand protocol. Nevertheless, individuals with CAI are able to
continue to gain in their acuity when repeating the test. In this regard, test repetition performs
the role of an intervention for CAI ankles: the implicit learning experienced during repeated
exposure to a number of specific intervals of inversion position enables individuals with CAI to
improve their discrimination of those positions, despite no feedback being given of the accuracy
of their accuracy in estimating each of the individual positions (Jackson & Farrow, 2005). While
healthy ankles make this improvement more rapidly, CAI ankles are able to continue to improve
to the point where they reduce the deficit relative to their healthy counterparts.
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It has been argued that changes in JPS and kinaesthesia associated with CAI (Konradsen, 2002)
are indicative of reorganization of the perception of body schema within the central nervous
system (CNS) (Moseley, 2004; Pietrosimone, McLeod, & Lepley, 2012). Other studies have also
shown differential rates of learning between uninjured individuals and those prone to multiple
ankle sprains (Boyle & Negus, 1998). The immediacy of the improvement demonstrated by
participants within the current study indicates a central neurological learning process, rather than
chemical synaptic changes, or peripheral structural recovery. This finding requires further studies
designed specifically to examine changes in neural processing ability between the CNS and
ankles with CAI.
In a study using a single AMEDA test on each leg for inversion, and a single test of
plantarflexion proprioception, the AMEDA has also been shown to be able to discriminate
between people with a history of ankle injury and healthy controls, but not between an injured
and uninjured side (Waddington & Adams, 1999b). This lack of unilateral deficits have been
reported with other tests of ankle proprioception (Hubbard & Kaminski, 2002; Lim & Mann
Hong, 2009). This may be indicative of a central process of adaptive processing in individuals
who have been injured, such that sensory function between asymmetrical limbs performs at the
level of the lowest common denominator – the injured limb (Vucetic, Holmes, Adams, &
Waddington, 2008). However, it may also be that a learning effect on re-testing between a
participant’s sides has masked the original deficit when injured side and healthy side have been
randomised for test order.
A change in central neurological processing associated with chronic ankle dysfunction is
compatible with changes found in other areas of the body, for example in association with
chronic lower back pain (LBP) (Flor, Braun, Elbert, & Birbaumer, 1997). The CAIT
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questionnaire (Hiller, et al., 2006) contains questions which relate to pain, but also examines
frequency of ankle rolling incidents, and perceived instability. Hence it examines aspects of
mechanical dysfunction and pain. It remains to be shown whether mechanical dysfunction or
pain are more strongly linked with CNS plasticity associated with chronic ankle dysfunction.
Self-report of ankle dysfunction may be a result of central nervous system perceptions of
function generally, rather than ankle- and side-specific changes (Davenport, 2008). This may
explain different levels in performance in asymmetrical ankle dysfunction, depending on whether
the ankle is tested first or second. One study reported that testing the bad leg first gave a lower
score, but not if it was tested second, after a healthy ankle (Hass, Bishop, Doidge, & Wikstrom,
2010). CNS plasticity has been shown in association with dysfunction in other lower limb joints,
such as in ACL deficiency of the knee (Kapreli, Athanasopoulos, Gliatis, Papathanasiou, Peeters,
Strimpakos et al., 2009).
The findings of the current study suggest avenues for other forms of ankle training and learning
processes during rehabilitation. There is potential for ankle rehabilitation to include training via
mental imagery (Warner & McNeill, 1988). The neuroscience field of study currently being
conducted into LBP could also be used to study ankle dysfunction (Wand, Parkitny, O’Connell,
Luomajoki, McAuley, Thacker et al., 2011). The psychological changes seen in LBP (Wand, et
al., 2011) are mirrored by reported self-perceptions in athletes with chronic minor injury (Shuer
& Dietrich, 1997), who also score highly for fear-avoidance, in terms of their sport.
Summary.
This study has shown that all individuals, whether with CAI or stable ankles, have potential to
improve their active proprioceptive acuity with repeated testing on the AMEDA, but those with
CAI ankles improve at a slower rate than those with stable ankles. This gain in scores is
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indicative of a central neurological process of learning, and provides avenues for further
investigation of ankle dysfunction, as well as study of potential treatment methods aimed at
increased proprioceptive acuity and increased speeds of proprioceptive learning in those with
CAI.
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Chapter 6: Development of the AMEDA for use in a walking protocol.
Given that the utility of the AMEDA standing protocol in assessing deficits associated with
injury and chronic dysfunction of the ankle has been established, this research programme set out
to assess the feasibility of further developing the AMEDA, with the intention being to increase
its ecological validity in testing ankle proprioception relevant to function.
Stationary positioning of a participant during testing remains one of the most significant
limitations of ankle proprioceptive testing, since these comparatively less challenging functional
activities are performed while standing stationary on two feet rather than during whole body
movement. Examples of complex skills performed in fixed standing are juggling and balancing
another person on the shoulders, but these can be compared with almost all ball sports and
martial arts, which are performed on two feet with movement. Hence the next phase of the
research programme assessed the practicalities of testing proprioception while moving. The
mechanical requirements of an apparatus to make this feasible and adapting the testing
methodology to take into account additional variables that become relevant to the participant’s
performance by the inclusion of a walking movement were examined.
The contribution of movement to position sense.
Movement enhances muscular stimulation and consequently the level of activity of the muscle
spindles and tendon receptors (Feldman 2008). Movement also raises the involvement of the
CNS by its activity in pre-setting the muscular spindle tone for pre-emptive control of movement
(Bevan, Cordo et al. 1994; Burke, McKeon et al. 1980). The CNS is then able to make a more
active judgement of actual position as portrayed by afferent sensory impulses, against the pre-
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established, centrally-determined, movement control engrams (Feldman 2008). Consequently,
the inclusion of movement in a testing regime has the potential to improve its sensitivity.
Specificity of testing is also a consideration. For example, the main contributors to sensory
feedback in quiet standing are the receptors surrounding the ankle (Gatev, Thomas et al. 1999),
while the inclusion of movement of joints proximal to the ankle causes their contribution to
overall motor activity to increase, even contributing to sensorimotor control at the ankle (Bloem,
Allum et al. 2000). If proximal joints of the leg are involved in a movement pattern, their afferent
input contributes more to triggering a response to perturbation of balance than do the lower leg
afferents (Bloem, Allum et al. 2000). However, the lower leg afferent mechanisms seem to be
involved in modulating the response. For example, in a study by Bloem et al (2000), the motor
responses to balance perturbation were exaggerated in patients without lower leg afferents, when
proximal joints were included in the test movement. Timing to onset of balance-correction
activity was more predicted by knee movement (specifically by stretch reflex of the quadriceps
muscle group) than by ankle movement. Ankle movement powerfully correlated to stretch
reflexes in triceps surae, and when ankle proprioceptive input was absent, the balance correction
mechanisms were visible earlier.
The angle of position or movement that is to be tested must also be considered, since it has been
shown through histological study that the ligaments of the ankle are most richly innervated by
type I and type III mechanoreceptors (Michelson and Hutchins 1995). These receptors
particularly transmit sensation at the beginning of range of movement (type1) and the extremes
of movement range (type III). Therefore testing statically in the ankle’s mid-range of movement
is not specific to its best sensory processes, since the muscle spindles provide more contribution
to JPS in these ranges of movement than the ligament receptors. They are rendered less effective
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in proprioception by the lack of active movement. Hence it is necessary to test joint position
sense with movement, in order to produce a scenario that is as close to functional patterns of
activity as possible.
It has been argued that studies showing a lack of a significant difference in proprioceptive skill
between participant groups at different levels of skill or injury may be demonstrating a lack of
test sensitivity. The CNS makes use of normally redundant information from other receptors,
and thereby may overcome the proprioceptive deficit which is thought to be being measured,
resulting in minimal difference between two populations (Forestier and Bonnetblanc 2006).
When testing ankle proprioception, visual freedom is important to the ecological validity of a
test. Indeed, Gibson (1979) states that:
“the perceptual capacities of the organism do not lie in discreet anatomical parts of the
body, but lie in systems with nested functions”.
When there is insufficient proprioceptive information to ensure good motor control, the brain
may trigger information-gathering activity, for example increasing postural sway, to increase
proprioceptive afferent signals (Costa, Priplata et al. 2007; Riley and Turvey 2002). The
spontaneous addition of movement in circumstances of deficient proprioception is an indication
of the benefits of movement to proprioception. It is not known whether this effect is replicated
with regard to proprioceptive acuity, and to walking movements. No research has yet reported
whether Individuals with proprioceptive deficits can mask them in circumstances where
movement is permitted, by making use of previously-redundant additional sources of
proprioception.
In order to measure relatively minor (but possibly important) changes in local proprioceptive
skills, more sensitive tests are needed. Since contributions from other joints, muscles and
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vestibular organs improve the perception of position and movement at the ankle, it is appropriate
to assess these systems as a whole. Likewise, since movement enhances sensory receptor
activity and central sensory processing, it is valid to test these systems with movement.
The contribution of vision to proprioception.
It is common practice to exclude vision during proprioceptive testing, in an attempt to test the
proprioceptive acuity achieved using reception which originates only in the leg (Riemann, Myers
et al. 2002), but this does not necessarily reflect the actual manner in which proprioception is
acquired during normal function. Proprioception was originally considered to be assembled from
the afferent impulses generated by peripheral receptors, coupled with additional reception in
interoceptors such as muscles (Sherrington 1906). However, Gibson (1966) considers that the
information necessary to assess our environment is derived from whichever receptive organs can
provide such information – in this context, including vision.
Vision is used within normal function to contribute proprioceptive information about the
“topography of the environment and about the movement of the organism relative to the
environment” (Lee and Kalmus 1980). Hence it is useful to test ankle proprioception with vision
available, since this “whole-system” approach to testing is more compatible with the status of
vision in sport and other activities of daily living.
When standing stationary on the AMEDA, vision is not available, because the participant is
standing with their head above the footplate, looking directly forward, rather than down
(Waddington and Adams 1999b). Since either peripheral or focal vision are used within normal
whole body movement activity, testing proprioceptive acuity with vision available during the test
is more representative of that produced during most (daylight) functional activities.
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Stepping onto and across the AMEDA.
In order to test the influence of movement on acuity of joint position sense, we extended the
protocol for the AMEDA to test the participant while they step onto and across the apparatus.
This represents a new test for joint position acuity, since testing has not previously combined
weight-bearing, movement over the test foot, and position-sense acuity.
To do this, the existing AMEDA ankle test apparatus was modified to enable a participant to
stand stationary on a platform at the entry point to the apparatus. They then step onto the tilted
plate with the foot which is being tested, and complete a full step onto the other foot onto a fixed
finishing platform on the opposite side of the apparatus. In order to repeat the measurement,
space was provided at the side of the platform, to enable the participant to walk around to the
start point without having to step down and up on the platform repeatedly (Figure 6.1). The
normally free-moving platform was weighted on its lateral edge to hold it in contact with the stop
bar from the stepper motor.
A

B

Figure 6.1: The addition of walking return platforms to the AMEDA. (A) Front view. (B)
Side view.
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The first study of stepping was conducted using this apparatus, and is reported in Chapter 7.
During this study, it was found that the apparatus required high levels of maintenance to keep it
functioning well. The stepper motor receives the load from the footplate directly through its
threaded shaft. While this is sustainable in the standing test, in which only half the participant’s
weight is on the footplate, and no additional momentum is applied, this was not mechanically
sustainable for the walking test, because during a step, the participant’s entire weight is placed
unilaterally on the test foot, and when walking, the weight rolls dynamically along the footplate,
requiring the plate to be more stable than in static testing (Figure 6.2).

Figure 6.2: A participant stepping across the AMEDA, with their left foot stepping onto the
footplate at an inversion angle. (A) Front view. (B) Side view.
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Consequently, a new AMEDA apparatus was designed and built, in consultation with the
Australian Institute of Sport, Applied Research Centre workshop engineers (Project Leader,
Leon Williams). During the redesign process, it was possible to update the technology, improve
portability and add structural modifications to enable future development of the mechanical and
psychophysical elements of the AMEDA JPS proprioceptive testing regimes.
The new AMEDA is illustrated below (Figure 6.3). Since obscuring vision partially or wholly
can change the mechanism of step preparation by the participants, and result in a “searching”
with the landing foot (Buckley, MacLellan et al. 2008), it was decided to allow the participants
normal use of vision throughout the first study (Chapter 7). This enhanced the safety of the trial
procedure, since it allowed the participants to prepare for their foot placement on the platform in
advance (Chen, Ashton-Miller et al. 1991; Crosbie and Ko 2000). However, a visually obvious
change in footplate angle could have over-emphasised the direct impact of vision on the accuracy
of the participants’ reports (Gibson 1979). To avoid this, the surfaces of the AMEDA were
painted a homogenous matt colour, to reduce visual contrast. The paint was a pool-side outdoor
paint, impregnated with small particles, to give a high-wear non-slip surface.
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Figure 6.3: The updated AMEDA apparatus.
The main testing apparatus was housed in a box platform of 25 cm height (Figure 6.4). This has a
reduction in height from the original apparatus, and represents easier access for shorter, or
injured, study participants. It also further improves safety for participants once on the platform.
The box is 120cm square, with a cut-out space in the centre for the footplate of the main
apparatus mechanism.
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Figure 6.4: The central box of the “new” AMEDA, with the removable top footplate
elevated to reveal internal ribs for rigidity of structure, cut-out handholds for carrying,
and access holes for wiring and maintenance. (Picture courtesy of Leon Williams,
Australian Institute of Sport.)

The new foot plate is 45 cm square. This foot plate size was determined by consideration of the
population which were to be tested on the AMEDA, including team sportsmen such as basketball
and volleyball players. These sports tend to attract tall players, with large feet, a feature which
must be accommodated comfortably on the AMEDA. The largest foot size in the Australian
Institute of Sport senior men’s basketball programme at the time of this programme of research
was size 17 (US shoe size). This equates to a barefoot length of 33 cm (xeno-sports.com 2012).
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However it is known that some players have feet even larger than this (Clemmons 2008).
Accordingly, it was decided to build a footplate large enough to fit a foot size of 18, which is 34
cm long, with 5cm of space around it to allow testing with shoes on, and freedom to adjust foot
positioning when stepping onto the footplate. This resulted in the 45x45 cm footplate.
Al-Obaidi, Wall et al (2003) tested stride length in adult Kuwaiti men and women, and compared
this with a Swedish population. They found a wide variance in stride length, between 80 and
180 cm from slow- to fast-paced walking. Consequently, a footplate length that allows a
minimum completed stride length (right to left to right foot) of 80 cm is comfortable for even the
shortest participant, moving at a slow pace (since the participants start from a stationary
position).
The design included two additional boxes, 120 cm wide, but 60 cm from front edge to back.
These are used to deepen the length of the walking platform when the AMEDA is being used in a
walking test (Figure 6.5), and are able to be removed for portability. There are also two handrails
which attach to the side of the main box. Although the low height of the AMEDA does not
legally require safety handrails, some frail or injured study participants may require additional
stabilisation, or require the reassurance provided by the presence of handrails.
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Figure 6.5: The complete apparatus of the “new” AMEDA, with addition of end boxes to
enable stepping and handrails for safety and confidence. The removable sections are
expanded to enable vision of the main apparatus internally, and to demonstrate
dismantling points for portability. (Picture courtesy of Leon Williams, Australian Institute
of Sport.)
The main footplate, drive motor and digital control box of the AMEDA are housed in a single
central box (Figure 6.6). The footplate makes contact with a series of pins mounted around a
cylindrical drum (Figure 6.7). This drum lies horizontally along an axle which is rotated by a
stepper-motor. The weight of the footplate, and the participant standing or stepping on it, is
borne by the axle mountings, rather than the drive shaft of the stepper-motor as in the previous
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design (Figure 6.8). The stepper motor rotates the drum between trials, to place the appropriate
stopper pin in place to receive the footplate. There are additional free sites for pins, to allow for
up to 8 angles to be set. This is in order to allow flexibility of number of angles available for
future development of the testing protocol of the AMEDA.

Figure 6.6: A view of the central apparatus box housing the testing apparatus of the
AMEDA, with one side of the box removed to reveal the internal mechanism, with drive
motor and rotating stopper drum. Surfaces between the two polished aluminium surfaces
of the axle and its housing are friction-free. (Picture courtesy of Leon Williams, Australian
Institute of Sport.)
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Figure 6.7: A close-up view of the drum with angle stoppers. The green shafts are threaded
to enable them to be adjusted for different heights when the locking nut is released, to set
different angles if the testing protocol were to be changed (enabling future development of
the apparatus). The load-bearing point is a convex surface to enable it to accept the
angulation of the footplate. The drum also contains spare sites for the addition of extra
stoppers, to enable future protocols that may require it. (Picture courtesy of Leon
Williams, Australian Institute of Sport.)
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Figure 6.8: A close-up view of the Stepper motor, its drive axle, and the stop pins mounted
on their drum, in situ.
The footplate is made of aluminium alloy, reinforced by horizontal ribs of the same material
which run across the axis of the footplate (Figure 6.9). An inclinometer is also attached to the
footplate. The AMEDA control mechanism is programmed to operate only when the angles
reported by the inclinometer are within 0.01° of the programmed angle for each test repetition.
The AMEDA can be tested when moved to any new location, to ensure that the box is positioned
in a true horizontal. The control box is designed to check the footplate angles against the “zero”
reference position when the footplate is at its starting position. This ensures that the AMEDA is
producing the intended angles throughout the test, and does not present the participant with a
series of angles which are skewed from the intended angles by systematic error.
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The contact point on the footplate has an inset section of hard plastic. This deadens the impact
noise of aluminium alloy on the stainless steel stopper pins. It also enables replacement of the
impact point if any wear takes place, since this would cause the footplate to drop lower, and
result in deeper angles of inversion.

Figure 6.9: An underside view of the footplate from the “new” AMEDA, showing the site of
the inclinometer, the black contact pad with hard plastic for wear and sound reduction,
and the reinforced aluminium ribs to prevent flex of the footplate. (Picture courtesy of
Leon Williams, Australian Institute of Sport.)

The digital control mechanism for the stepper motor is linked to a self-contained control box to
entering participant information and operating the maintenance and testing protocols. The
participant responses are entered after each repetition of the AMEDA test, simply by hitting the
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key corresponding to the angle number 1 – 5, called out by the participant. There is also a direct
entry handset which can be mounted within reach of the participant, to enable them to enter their
own responses. Upon completion of the test, the test data can be downloaded from the control
box via USB.
The self-contained nature of the AMEDA control system requires no additional external
computer to run a test. Data remains stored in the on-board control module when powered down,
and can be retrieved whenever required, when the apparatus is turned on. This enhances
portability and data safety when testing in multiple locations.
The new AMEDA uses the same angles, data-processing methods and reporting protocol as those
used in the original protocol. This feature enables direct comparison with the use of the AMEDA
in its established standing protocol. However, the new apparatus better supports the protocol for
testing proprioception in walking, since it is more robust, and more efficient in its resetting of the
footplate angles.
To test a participant’s awareness of underfoot surface angles, it is necessary to enable them to
make an accurate foot placement on the footplate without an altered stride. Hence it is not
possible to test participants in running, since the skill required to hit a foot-sized area in midstride is a very advanced skill, such as that trained by long-jumpers (Lee, Lishman et al. 1982).
Accordingly, it was decided to use the AMEDA to test proprioception with a single stride, since
this places the participant at a known distance from the footplate, and enables a relaxed step onto
the footplate without requiring excessive use of vision or gait adaptation (Scott, Li et al. 1997).
However, vision contributes both to direct proprioceptive information (Gallace and Spence 2011)
and to the ability of the CNS to interpret proprioceptive information (Gibson 1979). Optic flow
as a participant moves forward is a significant contributor to sensorimotor stabilisation (Lee and
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Kalmus 1980; McAndrew, Wilken et al. 2011). Prior to any contact between the foot and the
ground, vision is the only sense-organ which can provide pre-emptive information about the
conditions of the landing surface for proprioceptive processes. In normal circumstances, the
process of preparing a foot for landing on the ground requires a visual reading of the landing site.
This enables active positioning of the foot in space, for which the CNS incorporates vision and
interoceptor information to achieve the optimal positioning for the landing (Wong, Wilson et al.
2009). Thus inclusion of vision into a test of walking proprioception increases the ecological
validity of the test
Having developed an apparatus to be sufficiently resilient to enable expansion of the AMEDA
protocol, we then proceeded to use the AMEDA-step in the investigation of ankle function.
Studies planned included investigation of proprioceptive deficits associated with previous ankle
injury, and the contribution of movement and vision to proprioceptive acuity during gait.
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Chapter 7: Ankle instability effects on joint position sense when stepping
across the Active Movement Extent Discrimination Apparatus.
Published Work.
The following chapter is based on a paper that has been published in the Journal of Athletic
Training as:
Witchalls, J., Waddington, G., Blanch, P., & Adams, R. (2012). Ankle instability effects on joint
position sense when stepping across the Active Movement Extent Discrimination Apparatus.
Journal of athletic training, 47(6), 627-634.
The document is presented here with the reference format used by that journal.

Proprioception testing has demonstrated deficits in individuals with CAI, and produced mixed
findings in terms of predicting risk of ankle injury. The study of CAI in Chapter 5, using the
AMEDA-stand, has shown differences in proprioception scores between individuals with healthy
ankles and CAI. It may be that the ecological validity of proprioceptive testing can be further
improved by increasing the specificity of the testing methodology, to move towards testing with
functional movement, rather than with stationary body postures.
The AMEDA-stand apparatus and testing protocol has already developed a methodology for
testing proprioception in positions which incorporate weight-bearing, functional joint positions
(standing) and with active movement. To extend this methodology further towards the ideal of
fully mimicking functional loading patterns required development of the test protocol to allow
walking, with the addition of unilateral weight-bearing as experienced in normal gait, and
movement across the fixed foot in the stance phase of gait. The study presented here
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incorporated these methodological developments by using the AMEDA apparatus, and asking
participants to step onto, and across, the footplate (AMEDA-step). This is the first time JPS had
been tested with gait. The AMEDA-step protocol was used in a comparison with the AMEDAstand, to enable validation of the test protocol against a previously-validated methodology.
Since CAI has been shown to be associated with altered proprioception, the participants in this
study were also asked to complete a self-report questionnaire, the Cumberland Ankle Instability
Tool, to provide a measure of the degree of self-perceived functional instability they experience.
This enabled the study to examine the levels of proprioceptive acuity in healthy and CAI ankles,
and to examine the influence of CAI on the participants’ response to a series of tests on the
AMEDA.
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Context: Individuals with and without functional ankle instability have been tested for deficits in lower limb proprioception with varied results.
Objective: To determine whether a new protocol for testing participants' joint position sense during stepping is reliable and can detect differences between
participants with unstable and stable ankles.
Design: Descriptive laboratory study.
Setting: University clinical laboratory.
Patients or Other Participants: Sample of convenience involving 21 young adult university students and staff. Ankle stability was categorized by score on the
Cumberland Ankle Instability Tool; 13 had functional ankle instability, 8 had healthy ankles.
Intervention(s): Test-retest of ankle joint position sense when stepping onto and across the Active Movement Extent Discrimination Apparatus twice, separated by an
interim test, standing still on the apparatus and moving only 1 ankle into inversion.
Main Outcome Measure(s): Difference in scores between groups with stable and unstable ankles and between test repeats.
Results: Participants with unstable ankles were worse at differentiating between inversion angles underfoot in both testing protocols. On repeated testing with the
stepping protocol, performance of the group with unstable ankles was improved (Cohen d = 1.06, P = .006), whereas scores in the stable ankle group did not change in
the second test (Cohen d = 0.04, P = .899). Despite this improvement, the unstable group remained worse at differentiating inversion angles on the stepping retest
(Cohen d = 0.99, P = .020).
Conclusions: The deficits on proprioceptive tests shown by individuals with functional ankle instability improved with repeated exposure to the test situation. The
learning effect may be the result of systematic exposure to ankle-angle variation that led to movement-specific learning or increased confidence when stepping across
the apparatus.

Chapter 8: Looking down and looking ahead during proprioceptive
differentiation of underfoot inversion angles.
Paper submitted for publication.
This chapter is based on a paper that has been submitted for publication to the journal, Perceptual
and Motor Skills, and is currently under editorial review. The document is presented here in the
format submitted to that journal.

The results of the first study using the newly-developed AMEDA-step apparatus revealed that
proprioceptive acuity is higher when stepping across the AMEDA than when tested in a
stationary posture, on the AMEDA-stand. However, it is not known whether the increase in
accuracy is due to an improvement in intrinsic sensory reception from the leg or from increases
in availability of visual cues. Necessarily, ambulatory movement provides access to more
sources of potential proprioceptive stimuli and receptors. One of these is vision of the footplate,
whether using focal or peripheral vision. Optic flow as the participant moves across the footplate
also provides additional modulation of proprioceptive information from the vestibular system.
The study presented below was designed to assess the effect of visual conditions on the new
AMEDA-step methodology, in order to further refine this methodology. While inclusion of
visual access during walking is necessary to maintain an ecologically valid test, it is useful to
know the extent to which vision influences the test, so as to be able to compare different
sportspeople, who experience different levels of visual freedom on different surfaces. Since
participants with CAI have been shown to respond differently to tests of proprioception, and may
also make different use of vision to compensate for any proprioceptive deficiency, all
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participants completed a Cumberland Ankle Instability Tool (CAIT) questionnaire, to enable
examination of the influence of CAI on the use of vision during proprioceptive testing.
This study provides further information about the role of CAI in ankle proprioception, and
increases knowledge of the factors which contribute to proprioceptive acuity during walking. In
particular, this study extends the methodological validity of the AMEDA-step protocol, by
refining knowledge of the factors which must be considered in research design when using this
apparatus and testing protocol.
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Summary.
The visual feedback inherent in standing and walking tasks may either prime or mask the
sensory acuity of proprioception. This study compared the accuracy achieved in estimating
underfoot surface angulation when looking ahead vs. looking down during an active stepping
task. Forty athletes judged the inversion angle of a footplate when stepping onto, and across it.
Nineteen participants were permitted to look down and see the footplate before stepping onto it,
while twenty-one looked ahead and saw the footplate only in peripheral vision as they walked
across. Afterwards participants completed a questionnaire for each ankle to quantify any chronic
ankle instability. Looking down before stepping was associated with a higher proprioceptive
acuity scores, however athletes with chronic ankle instability did not get more improvement from
looking down than their counterparts without instability. These results suggest that having
chronic ankle instability does not imply a strategy of greater reliance on vision.
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In sport, the ankle is one of the most commonly injured regions of the body, and may be
involved in as much as 54% of all injuries in volleyball (Bahr & Bahr, 1997). In a general
clinical population, 73% of people reported long-term functional problems after injuring their
ankles, with 40% of these reporting their symptoms as moderate or severe (Braun, 1999).
Chronic ankle instability (CAI) involves symptoms of chronic ankle weakness and pain
experienced during normal function (Hertel, 2002). A number of ankle performance deficits are
present in CAI, including reduced active and passive joint position sense (JPS), reduced postural
stability and increased time to stabilization after landing from a jump (Munn, Sullivan, &
Schneiders, 2010). Altered gait control patterns and reduced concentric muscular strength in
evertor muscles have also been shown in association with CAI (Arnold, Linens, de Ia Motte, &
Ross, 2009; Wikstrom, Bishop, Inamdar, & Hass, 2010). Worse performance on a blindfolded
active JPS position-matching test was found for unstable rather than healthy ankles in the same
individuals, and between healthy and unstable ankle cohorts (Konradsen & Magnusson, 2000).
Since a recent meta-analysis has found associations between performance deficits and risk of
future ankle injury, deficits such as these are of interest to clinicians and trainers (Witchalls,
Blanch, Waddington, & Adams, 2011a).
Having vision available contributes to greater postural stability (Cawsey, Chua,
Carpenter, & Sanderson, 2009), and this is particularly so when deficits exist in other sensory
receptors that serve proprioception (Dichgans & Diener, 1989). However, dancers have been
shown to rely more on other postural receptors than on vision, when compared to untrained
individuals in a dynamic stability task (Golomer & Dupui, 2000). In situations where postural
stability is not challenged greatly, the presence or absence of vision seems not to influence the
test outcomes, since the lower demands of the test render the additional visual contribution to
160

proprioception redundant (Fitzpatrick & McCloskey, 1994; Lord & Menz, 2000). In situations
where postural stability is challenged, however, peripheral and focal vision seem to benefit
different aspects of postural stability (Redfern, Yardley, & Bronstein, 2001). Thus focal vision
reduces sway in a medio-lateral direction more than does peripheral vision, while peripheral
vision reduces antero-posterior sway more than focal vision (Nougier, Bard, Fleury, & Teasdale,
1997). Vision is able to contribute more sensitive proprioceptive information for postural control
than the peripheral receptors (Lee & Lishman, 1975). Individuals with CAI show increased
postural sway on their unstable ankle, but are able to stabilize this to normal levels if allowed the
use of vision (Mitchell, Dyson, Hale, & Abraham, 2008). These studies suggest that the
differential use of vision or peripheral receptors to provide proprioception for postural stability is
selective according to environmental challenges and body plane of movement, and can be
trained. It is not known whether similar compensations and training effects on use of visual
information occur when testing proprioception, particularly in the presence of potential
proprioceptive deficits, such as exist in CAI.
Obscuring vision either partially or wholly can change the mechanics of gait, and result
in a “searching” with the landing foot (Buckley, MacLellan, Tucker, Scally, & Bennett, 2008).
Vision allows advance preparation of foot placement for a step (Crosbie & Ko, 2000), and
should produce more normal walking mechanics. It is not necessary to look directly at an object
in one’s path, since peripheral vision alone has been found to be sufficient to negotiate obstacles
underfoot when walking (Marigold, Weerdesteyn, Patla, & Duysens, 2007). However, CAI
results in altered gait control strategies, particularly in preparing for foot strike (Delahunt,
Monaghan, & Caulfield, 2006). Consequently, examination of proprioception during gait should
involve as normal a gait pattern as possible, to prevent masking of these clinical biomechanical
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anomalies. Vision may also contribute indirectly to sensory reception by enhancing the feedforward setting of muscle-spindle tone around the leg (Feldman, 2008).
In a recent study involving ankles, testing proprioception while walking revealed deficits
in joint position sense (JPS) acuity in individuals with CAI, and different learning patterns
between individuals with CAI and those with healthy ankles on repeating the test (Witchalls,
Waddington, Adams, & Blanch, 2011b). Since peripheral vision is utilized for postural stability
(Berencsi, Ishihara, & Imanaka, 2005), it is necessary to determine whether participants produce
different levels of proprioceptive acuity during gait under different visual conditions.
Purpose: The purpose of this study was to examine whether processing of proprioceptive
information, as measured by JPS acuity when stepping on a surface, is influenced by varying
access to vision of the stepping surface. We hypothesized that looking directly down at the
ground surface would increase proprioceptive acuity, that having CAI would reduce
proprioceptive acuity relative to healthy ankles, and that having CAI would result in relatively
worse proprioceptive discrimination when vision was not available.
Method
Participants
Elite athletes at the Australian Institute of Sport (AIS) consented to having information
that was taken for performance characteristics and health parameters as part of their training and
medical supervision programme also being used for research purposes. This study analysed the
laboratory data under approval from the AIS Research Ethics Committee.
All of the 40 participating athletes from 4 sports were fully fit at the time of testing,
defined by involvement in training and competition without any medical restriction (Table I).

162

Table 1: Athlete demographics and sports participation. (SD = standard deviation, M/F =
male/female)

Total

Looking Down

Looking Ahead

(SD)

(SD)

n = 40

19

21

Male

11

12

Female

8

9

16.26

16.19

(2.08)

(1.86)

1.79

1.78

(0.18)

(0.17)

72.10

71.67

(20.31)

(16.92)

Stable

10

13

Unstable

28

29

Basketball (F)

5

5

Basketball (M)

4

5

Football (M)

7

7

Gymnastics (F)

3

4

Gender

Age (Yrs)

Height (m)

Weight (kg)

Ankle
stability
Sport
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Measures
Ankle proprioception.- The Active Movement Extent Discrimination Apparatus
(AMEDA) was developed to test joint position sense (Waddington & Adams, 1999). In the
original methodology, the test is conducted while standing still. Participants are asked to actively
tip a footplate from a flat starting position into inversion until it reaches a mechanical stop
(Figure I). The footplate can be set at 5 possible positions, resulting in a set of inversion
positions between 10.5º and 14.5º (Waddington, Seward, Wrigley, Lacey, & Adams, 2000). The
participant is taught the 5 inversion angles during an introductory sequence which presents
positions 1 to 5, repeated three times. Following this, a total of 50 trials of inversion angle are
conducted, in which the participant must judge which position number has been set without
feedback being given. The accuracy with which a participant correctly distinguishes between
adjacent angles of inversion is calculated as the area under the curve (AUC) of the receiver
operating characteristic (ROC) curve for each adjacent pair of inversion angles, and a total score
calculated by taking the mean of the AUC scores for the 4 degrees of freedom between the 5 stop
positions (Maher & Adams, 1996). The resulting score will be between 0 and 1, with 0.5
indicating the participant scored equivalent to chance, and 1.0 indicating perfect discrimination
between all angles.
For the present study, the lateral edge of the footplate was weighted, so as to rest on the
stopper in a position of inversion, and the participant was asked to step onto then across the
footplate (AMEDA-step) (Witchalls, et al., 2011b). The footplate was returned to neutral
between each step trial, to allow the stopper to reset without mechanical interference, while the

164

participant walked back to the start point. The footplate was then released to move to the next
position of inversion, ready for the next test step.
Visual conditions.- The athletes’ approach to the footplate provided an opportunity for
them to see the footplate, which is not available when standing still on the apparatus, as in the
original testing protocol (Waddington & Adams, 1999). All participants were allowed to see the
footplate, to enable them to align themselves prior to stepping across it. For the “looking ahead”
(LA) group, the footplate was kept flat while they aligned themselves, and only released once
they had lifted their line of vision. This gave them only indirect sight of the footplate below their
feet as they stepped onto it and across. Participants in the “looking down” (LD) group saw the
footplate in its tilted position as they aligned themselves to step onto it, and were then asked to
lift their heads to look straight in front as they stepped on and crossed it. This gave them
approximately a second to view the ground in advance of taking a step.
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Figure 1: (A) The AMEDA-step, looking along the platform in the direction participant
would step for a test of left foot inversion JPS. (B) Looking down onto the footplate from
the start point, with the plate set at position 1, the shallowest inversion angle. (C) Looking
down onto the footplate from the start point, with the plate set at position 5, the deepest
inversion angle.
Groups of athletes from 4 sports at the AIS completed the test with either LD or LA.
Within each sport, the athletes were alternately allocated to initial test leg and visual status by
order of arrival for testing. Since 2 sports had odd numbers of squad members available for
testing, this resulted in 2 more athletes in the LA group.
Chronic ankle instability (CAI).- In order to investigate whether athletes with functional
ankle instability would use a different strategy to gather proprioceptive information, individuals
166

were categorized according to their scores on a self-report instrument, the Cumberland Ankle
Instability Tool (CAIT) (Hiller, Refshauge, Bundy, Herbert, & Kilbreath, 2006). A cut-off of
≤27 was used to denote CAI, as recommended by Hiller et al (2006), thus categorising the
athletes as having stable or unstable ankles.
Procedures
On arrival, participants provided demographic data and completed a CAIT questionnaire
for each ankle. They were then tested for each leg on the AMEDA-step apparatus in their usual
flat-soled sports footwear. A break of 2 minutes occurred between tests, to allow resetting of the
machine.
Analysis
Data was analysed using SPSS ‘version 17’ (IBM Corporation, Route 100, Somers, NY
10589). Individual ankles were used as the unit of analysis, due to the mixture of participants
with bilaterally healthy, bilaterally unstable, and unilaterally unstable ankles. To compare the
joint position sense (JPS) proprioception score on the AMEDA-step for all ankles independently,
a univariate analysis of variance (UniANOVA) was used. The LD/LA visual categories, the CAI
stable/unstable ankle categories, and the test order (ankle tested as first or second test for each
individual) were entered into the UniANOVA together as independent variables.
Results
There was a significant difference in the JPS scores achieved across all ankles, between
the individuals tested with LD and LA, (mean difference = 0.05, 95% CI 0.02 to 0.08, F1,72 =
13.34, p<0.001, η2 = 0.14). Athletes in the LD group scored a higher mean AUC score on the
AMEDA-step than those tested with LA.
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Stable ankles performed better than unstable ankles overall, but the difference in JPS
scores between all stable and unstable ankles did not reach significance (mean difference 0.017,
95% CI -0.010 to 0.044, F1,72 = 1.60, p = 0.210, η2 = 0.02). Likewise, order of testing did not
show a significant difference between ankles which were tested first or second. Testing for a
learning effect showed that the small gain in scores in those ankles which were tested second was
not significant (mean difference 0.016, 95% CI -0.011 to 0.043, F1,72 = 1.44, p = 0.234, η2 =
0.02).
None of the analyses for higher-order interactions between visual condition, ankle
stability and test order reached statistical significance, with p-values all ≥ .384. The pattern of
scoring for CAI (Figure II) and test repetition thus suggests that the visual contribution is
independent of test repeat or ankle stability status.

Figure 2: The influence of vision on AMEDA-step scores, in different conditions of ankle
stability. (AUC = mean area under the ROC curve, error bars represent the 95%
confidence interval for the mean of each group.)
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Discussion
Direct sight of the ground surface angle increases judgement acuity significantly. The
score difference associated with increased vision in this format of JPS testing was the same for
those with unstable and stable ankles. The size of these differences indicates a very powerful
role for direct vision in determining the angle and quality of the walking/playing surface. The
results of the present study suggest a significant role for vision in ankle protection when
underfoot conditions are unreliable. Visual feedback has been shown to improve the efficacy of
postural control training (Zemková & Hamar, 2009). It has also been shown that foot position for
a landing is prepared prior to contact, as an aid to landing stability (Morey-Klapsing,
Arampatzis, & Brüggemann, 2007). Consequently, visual information may be useful in priming
ankle positional awareness, and the current data suggest that this holds for individuals with and
without CAI.
It has been shown that two “streams” of visual transmission exist in the cerebral cortex:
the ventral and the dorsal stream (Milner & Goodale, 2008). The ventral stream transforms
perception into enduring images of objects and their spatial positioning, while the dorsal supports
motor skill by providing moment-to moment information regarding target location. Since there
does not appear to be any increase in benefit of focal vision in the second trial on the AMEDAstep in our study, it seems likely that the benefit of looking down at the footplate is short-term,
and relies on the contribution of vision to preparing the foot to contact the footplate. This pattern
of visual activity is ascribed to the “dorsal stream”, and indicates that vision is contributing to a
whole-system activity as the athlete steps onto the footplate, rather than simply reading the
footplate angle with vision alone, and remembering the relative positions for future tests.
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This visual contribution was not demonstrated when testing JPS in other regions of the
body. For example, no difference was found between the use or exclusion of vision, in testing
proprioceptive acuity of lumbar spinal flexion (Hobbs, Adams, Waddington, & Hiller, 2011) or
cervical spine rotation (Lee, Nicholson, & Adams, 2004). This suggests that use of vision may be
specific to the requirements of a task, and that the walking task used here demonstrates a benefit
from vision because of its ecological validity. When walking on uneven outdoor surfaces, one
would expect to assess the ground visually before stepping onto it. However, whether the
increase in AMEDA-step score from looking down is underpinned by a conscious process of
visual analysis of the surface, or by unconscious contribution of vision in association with other
peripheral receptors (Dijkerman & de Haan, 2007), cannot be determined from the current study.
The presence of CAI in an ankle did not significantly alter proprioceptive acuity in this
study, when looking at the entire group of scores. The differential between stable and unstable
ankles is similar in both visual conditions, suggesting that there is no difference in the
contribution of vision to proprioceptive strategies used when by participants with a stable or
unstable ankle. The implication is that vision serves a priming function for gathering and
processing proprioceptive data, and that this processing is not done as accurately in individuals
with CAI. The data here do not support the concept of vision substituting for poorer
proprioception in CAI, because the relative difference in scores did not change when vision was
available. Thus there is a need to refine vision-based rehabilitation and training techniques for
individuals with CAI.
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Chap 9: Conclusions and future directions
Contribution to knowledge of ankle and leg proprioception.
The programme of research conducted within this thesis has examined the role of proprioception
around the ankle and lower limb in relation to ankle injury, ankle functional instability and
performance. The five papers included within the thesis, contribute to knowledge about deficits
in ankle function that are associated with increased risk of ankle injury, chronic ankle instability,
and mechanical ligamentous laxity of the ankle. In addition, the studies have examined aspects of
the contribution of movement, vision and the CNS to proprioceptive acuity.
Meta-analysis of factors associated with risk of ankle injury.
The literature review involved a detailed consideration of the available literature, with statistical
analysis of effect sizes from papers that have reported data on risk of ankle injury. Previous
reviews and meta-analyses have pooled papers reporting studies of deficits that persist after
injury, and exist in association with CAI (Arnold, De La Motte et al. 2009; Arnold, Linens et al.
2009; Hiller, Nightingale et al. 2011; Munn, Sullivan et al. 2010; Wikstrom, Naik et al. 2009).
The review for this thesis was conducted by pooling studies relating factors that exist in advance
of injury occurrence in the whole population, regardless of prior ankle status. Since this is the
likely mixture of ankle function within a sporting team, such a distinction is valuable to sports
clinicians when screening all sports participants for pre-sport injury risk. The strength of the
effect sizes suggested that the most useful field tests for ankle injury risk are those that use
measures of postural stability. Postural stability uses the whole sensorimotor system and is an
indication of integrated function between proprioception, CNS interpretation of proprioception,
neuromuscular coordination and muscle strength (Ashton-Miller 2000). More refined single-
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component tests such as proprioception, muscle response times, local muscle strength show less
consistent deficits associated with injury risk. This suggests that there are differences between
populations, individuals, and measurement methodologies that have yet to be fully quantified in
order to clarify the roles of these different components of ankle function in contributing to
protective ankle stabilisation.
As noted in Chapter 3, the association between proprioception and ankle injury risk is relatively
small, with a standardised mean difference (SMD) of 0.573 (95% CI = 0.244 to 0.902, p =
<0.001). This is also true of risk associated with muscle strength deficiencies, with only slightly
higher concentric plantar flexion strength at faster speeds (SMD = 0.372, 95% CI = 0.092 to
0.652, 0.009) and lower eccentric eversion strength at slower speeds (SMD = 0.337, 95% CI =
0.117 to 0.557, p = 0.003) associated with an increased risk of injury. Since sensorimotor
stabilisation of the ankle incorporates the whole system of stimulus reception, response
generation and muscle control, it is likely that individuals will vary in the aspects of
sensorimotor performance in which they excel, and compensate for deficiencies in one area by
elevated performance in another. For this reason, it is to be expected that deficits in singlecomponent tests of sensory, or motor, control will be less powerfully indicative of a risk of injury
than a test of the whole sensorimotor system in which both sensory and motor deficits can be
detected. However, the ability to differentiate specific areas of sensory, neuromotor or muscle
deficit remains important, since interventions to improve function will be different in the case of
a muscle strength deficit compared with a proprioceptive deficit.
Studies that have examined the association of proprioceptive acuity with ankle injury risk were
particularly varied in their findings, and less prevalent within the literature. As reported in the
preceding study of pre-sports screening (Chapter 4), proprioceptive testing is time-consuming.
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Since screening large groups of participants prior to sports participation is usually conducted
under limited time constraints with high rates of turnover at each testing station in a test battery,
the delay required for proprioception testing alone may render it unpopular. However, findings
of associations between proprioceptive acuity and injury risk, as well as between proprioception
and CAI in this programme of research, support the worth of further research to expand the
scope of available knowledge regarding proprioceptive deficits, and also to improve the utility of
proprioceptive testing methodologies.
Persistent functional deficits associated with ankle ligamentous laxity.
Previous research with the AMEDA has shown that those with ankle injury, have deficits in
ankle proprioception (Waddington and Adams 1999b). However, since that research was
conducted, further evidence has emerged that different factors may contribute to chronic ankle
instability – mechanical laxity at the ankle, deficits in neuro-muscular control of the ankle, or a
combination of both (Hiller, Kilbreath et al. 2011). Other literature reviews have shown that CAI
is associated with deficits in proprioception (Hiller, Nightingale et al. 2011; Munn, Sullivan et al.
2010). However, the different studies in this body of work have not used a standardised format to
classify CAI clearly, or used standardised instruments for the purpose (Delahunt, Coughlan et al.
2010). None of these reviews were able to separate mechanical and functional components of
chronic ankle instability.
The study reported in Chapter 4 found deficits associated with ongoing mechanical laxity of the
anterior talo-fibular ligament, as determined clinically by the anterior drawer test. Individuals
with ligament laxity had deficits in straight-line hop-for-distance, agility when hopping around a
hexagon, and proprioception as tested on the AMEDA. Research to assess the duration of deficits
after ankle injury has shown that some deficits and symptoms persist long-term, beyond basic
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clinical recovery (Aiken, Pelland et al. 2008). Conversely, other studies have found that deficits
following acute injury show early recovery in the majority of individuals (Hertel, Buckley et al.
2001; Konradsen, Olesen et al. 1998). The presence of ligamentous laxity did not correlate to the
size of the deficits seen in an acute situation (Konradsen, Olesen et al. 1998). However,
ligamentous laxity has been shown to be associated with CAI (Cordova, Sefton et al. 2010).
Interestingly, other studies have found no deficits in a single leg hop-for-distance test in
individuals with CAI (Docherty, Arnold et al. 2005), whereas looking directly at ligamentous
laxity revealed deficits in this aspect of lower limb performance. This provides further indication
that different sub-groups of ankle instability, ankle symptoms and deficits exist (Hiller, Kilbreath
et al. 2011). Individuals who develop CAI after an initial injury have been found to have
developed ligament laxity while those who recover fully and are asymptomatic did not show the
same laxity (Hubbard 2008). This suggests that chronic ligamentous laxity is one of the
predominant determinants of CAI (Johnson and Markolf 1983).
Within the study presented here in Chapter 4, the persistence of deficits, in individuals who
considered themselves rehabilitated and able to play sport, indicates incomplete rehabilitation
and long-term functional deficits. Knowing that deficits in postural stability are associated with
an increased incidence of ankle injury (Witchalls, Blanch et al. 2012), the presence of deficits of
leg power and agility in an ostensibly fully functional population of ankles is of concern. Since
these individuals consider themselves to be fully rehabilitated, and prepared for sports
participation, they have either compensated for deficits in one aspect of performance by
improving in other areas, or have yet to challenge their ankles at a maximal level of performance.
In either circumstance, the ability to cope with a maximal challenge to ankle function during
sport is likely to be compromised.
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This information can guide clinicians in planning the late stages of rehabilitation, and suggests
that increased emphasis needs to be given to maximising functional abilities associated with
playing sport – namely leg power, agility and optimising the proprioceptive information from the
injured ankle.
Differential learning effects in repeated testing while standing on the AMEDA
There has been no previous study of deficits in proprioception in CAI, using the AMEDA. While
the AMEDA has shown good reliability when a test-retest comparison has been made between
separate days (ICC= 0.89) (Waddington and Adams 2004), there has been no previous report of
the test-retest reliability of the AMEDA within a single session. The study reported in Chapter 4
involved a test-retest on the AMEDA, twice on one day, and repeated a third time with a gap of 2
to 7 days. This enabled assessment of differences between healthy and CAI ankles, and
assessment of test-retest reliability of scores from the AMEDA.
The study (Chapter 4) revealed a significant learning effect in both groups of participants,
whether having healthy ankles or CAI. However, the group with healthy ankles improved their
proprioception score between the first and second test, and then remained stable when tested a
third time. The group with CAI learned more slowly, and continued to improve their
proprioception score when returning for the third test. Due to this slower learning effect, the
mean AMEDA score of the groups differed significantly at the second test. This study has shown
a differential learning effect between healthy and CAI ankles when tested using the AMEDA, in
a stationary standing protocol. These findings are further supported by the findings in the study
reported in Chapter 7.
The reliability of the AMEDA over the series of three tests is high, but the learning effect for
both groups across the series is also high. This indicates a need for appropriate use of the
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AMEDA when testing individuals clinically, or testing groups in research studies. It is necessary
to ensure that the groups have had the same and enough experience of the AMEDA, when testing
for the effects of clinical interventions or injury. Otherwise, the learning effect may hide the
proprioception changes being examined or exaggerate the clinical effectiveness of an
intervention, by the systematic change in either group. When testing an individual, it is necessary
to allow for inherent variance in their performance and also to accommodate a natural learning
effect when using this apparatus, as has been recommended with other apparatuses (Bland and
Altman 1996; Munro and Herrington 2010). Thus the use of a progressive mean score over the
three most recent tests is recommended (Bland and Altman 1996). If use of each individual
score is preferred, it is recommended that the first 2 tests are not included in assessment of any
longitudinal changes in proprioception, since the learning effect associated with retesting on the
AMEDA may exaggerate any treatment effect (Munro and Herrington 2010).
This study, using the original AMEDA test protocol, has added to the body of knowledge
regarding proprioceptive deficits and CAI. Since the learning effect is immediate, it cannot be
due to structural recovery within the ankle. The change suggests that there are differences in the
CNS processing of information relating to proprioception from a chronically dysfunctional ankle,
which change at the first exposure to the AMEDA test. CAI participants may take longer to
become comfortable with the perceived risk associated with tipping their ankle into inversion,
with negative impacts on their belief in their ability to perform effectively, or self-efficacy, when
undertaking their test. Having low self-efficacy has been shown to impact negatively on
performance in other spheres of activity, with one systematic review and meta-analysis revealing
reduced self-confidence in sports skill associated with poorer performance in sport, particularly
in higher-standard competitions (Woodman and Hardy 2003). The group with CAI may
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alternatively take longer to accommodate to the test parameters. Lack of engagement with the
ankle due to chronic injury may lead to a slower process of familiarisation with the test positions.
This effect has been seen in association with chronic dysfunction in other areas of the body
(Moseley 2004; Moseley 2005; Walsh, Moseley et al. 2011), whereby the dysfunctional body
part is shown to be represented in a smaller area of the sensory and motor homunculi, and evokes
different responses to normal stimuli, within the cerebral cortex (Wand, Parkitny et al. 2011).
This mechanism may explain the fact that the CAI group gains familiarity with the test more
slowly than the healthy ankle group. Likewise, when they are able to gain in performance on the
test, it is not known whether this is done by re-establishing normal approaches to the
psychophysics of the test, or by compensating with an alternative mechanism through neural
plasticity (Doidge 2007; Kapreli, Athanasopoulos et al. 2009). As discussed in Chapter 7, the
CAI participants may simply be more apprehensive of the process of walking across a surface
which is tilted. If so, this apprehension is reducing their ability to engage with the AMEDA-step
process, and has resulted in reduced proprioceptive scores. Further study of the participants’
personal methods of approaching the test may reveal important differences between healthy and
ankle-injured groups.
This study has added to knowledge in the field of ankle proprioception because it has established
the testing methodology required to achieve high reliability of the AMEDA-stand when used in
repeated testing. Further, it has shown differences in proprioception between healthy and CAI
ankles when tested on either the AMEDA-step or stand, and it has revealed a differential in
learning effect between those with healthy and CAI ankles when testing proprioception.
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Differential learning effects in repeated testing while stepping across the AMEDA
A primary purpose of this thesis was to further develop the testing protocols and methodology
for the AMEDA, by developing a method to assess the proprioceptive acuity of the lower limb
and ankle in functional weight-bearing, during a stepping motion. As discussed in Chapters 2
and 6, this testing methodology improves the ecological validity of proprioceptive testing, and
consequently provides information that may be different from other forms of ankle
proprioceptive testing. Since functional tests have shown persistent deficits when testing ankles
with ligament laxity, improved ecological validity may support the role of assessing
proprioception in studies of ankle function.
The use the AMEDA in testing proprioception in a more ecologically valid way have been
extended by the addition of stepping to the protocol. Testing with walking enables research
access to the interaction between the CNS, motor control and somatosensory reception during
gait initiation and movement control. The interplay between feed forward movement control
(Feldman 2008) and sensory reception is more typical of that which is experienced during
functional activities. Following the physical redevelopment of the AMEDA, a study was
conducted (Chapter 7) to assess the relative sensitivity of the AMEDA for assessing
proprioception in healthy vs. CAI ankles, when using a stepping protocol or a standing protocol
for testing. Both test protocols revealed proprioception deficits in participants with CAI. A testretest of the AMEDA-step was also part of the research design, and showed good reliability for
the AMEDA-step protocol when used by healthy participants.
The use of the AMEDA-step as a more sophisticated measure of proprioception deficits has been
supported in two recent papers. When there is insufficient proprioceptive information to ensure
good motor control, the brain may trigger an information-gathering activity, for example
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increasing postural sway, to increase proprioceptive afferent signals (Costa, Priplata et al. 2007;
Riley and Turvey 2002). The spontaneous addition of movement in circumstances of deficient
proprioception is an indication of the benefits of movement to proprioception. This effect is not
seen in the study using walking on the AMEDA (Chapter 5), where participants with
proprioceptive deficits are unable to compensate for their deficiencies relative to healthy
participants in circumstances where movement is already included. Thus they are not able to
match the performance of the healthy ankle group by making use of previously-redundant
additional sources of proprioception. Since all participants are moving during the test, the
healthy participants have access to the same movement-related proprioceptive information, as a
component of the test. Consequently all participants score higher in the walking test than the
standing test, but the CAI group is unable to elevate their performance relative to those with
healthy ankles.
Individuals with and without CAI revealed a significant learning effect when undergoing the
test-retest on the AMEDA-step although the learning effect was slower in those with CAI. This
finding reveals an interesting difference in the response of individuals with CAI to the
psychometrics of the AMEDA-step test. As seen with learning by CAI individuals in repeated
testing on the AMEDA in standing, the learning effect is immediate, and therefore cannot be due
to structural recovery within the ankle. The differential in learning rates between groups suggests
that there are differences in the CNS processing of information relating to proprioception from a
chronically dysfunctional ankle, which slow the rate of learning on the AMEDA-step test.
It is not known whether this learning effect is underpinned by an increased feeling of security on
the machine as participants gain familiarity with walking across the apparatus. This may in turn
alter the biomechanics of the CAI group as they step across the footplate, with resultant
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improvements in sensory reception. Nevertheless, if this mechanism is purely related to
apprehension, it has an impact on the quality of the participants’ proprioception. Thus, if
apprehension is an associated feature of CAI performance, it requires further study with regard to
its impact on other aspects of sensorimotor performance. The literature relating to chronic
dysfunction in other areas of the body (in particular the spine) has included study of the
association between functional deficits and “fear-avoidance” behaviour (Boersma, Linton et al.
2004; Shuer and Dietrich 1997). The findings of altered performance associated with perceived
risk on an ankle-testing apparatus suggests that this is an area for further study in relation to CAI.
The study reported previously (Chapter 7) has established the reliability of the AMEDA-step
when used in a population with stable performance, the healthy ankles; it has shown differences
in proprioception between healthy and CAI ankles when tested on either the AMEDA-step or
stand, and further, it has revealed a differential in learning effect between those with healthy and
CAI ankles when testing proprioception.
The contribution of vision to proprioceptive acuity while walking.
During the AMEDA-step test, vision is available to contribute to judgement of the footplate
angle, while it is not available in the AMEDA-stand test. Although this is compatible with reallife function, it also provides an additional source of sensory input which is remote from the
ankle. The study in Chapter 8 was designed to establish the extent to which vision contributes to
the proprioception score achieved on the AMEDA-stand. Individuals were also asked about their
level of ankle stability, to enable differentiation between those with stable ankles and those with
CAI.
This study showed that vision contributes a significant increase in proprioceptive discrimination
of the footplate angle. This result was expected, given the demonstrated contributions made by
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vision to postural control (Lee and Lishman 1975) and to targeting of a specific foot placement
in a run-up (Lee, Lishman et al. 1982) in other studies. However, individuals with CAI did not
achieve greater benefits from their use of vision in either their first or second ankle tested. This
result provides important information regarding the compensation strategies used by those with
CAI relating to the use of vision. Although vision is integral to the ability to detect surface
angles underfoot in all participants, it does not appear that individuals with CAI compensate for
deficiencies in proprioception by an increased reliance on vision, and further, that increased
reliance on vision is not part of the mechanism by which the test-retest learning effect, shown in
Chapter 7, is achieved.
This discovery has implications for rehabilitation. Other studies have found benefits from adding
stochastic resonance to proprioception and postural stability retraining (Costa, Priplata et al.
2007; Scott and Guskiewicz 2006). Visual training, in isolation from actual activity through the
foot and ankle, has also been shown to have a beneficial training effect on postural stability
(McLeod and Hansen 1989). However, there may be limited value in adding a visual component
to rehabilitation aimed specifically at ankle proprioception, since individuals with proprioceptive
deficits do not seem to use visual feedback differently from their healthy counterparts. It is also
possible that this result may be influenced by the addition of the stepping motion to this test,
which provided other sources of increased proprioceptive input that may also augment the acuity
of proprioception. The availability of movement in the test may mask different visual strategies
used by healthy and CAI groups, by enabling the CAI group to stabilize their proprioceptive
performance between visual conditions through access to additional sources of proprioceptive
feedback.

185

The potential for vision to contribute to proprioception, and to contribute differentially
depending on the focal or peripheral visual conditions available, requires consideration in future
studies of proprioception. This is particularly true in studies where perception of ground
conditions is of interest, and individuals are differentially disadvantaged by illness or injury. In
these contexts, study participants may recruit visual information differently, or benefit
sufficiently from visual availability to mask the clinical conditions being investigated. The role
of vision in supporting sensorimotor control when stepping down from a height has already been
investigated among healthy individuals, showing there to be considerable softening and
deepening of the landing strategy used when vision of the landing site was not available
(Buckley, MacLellan et al. 2008). Likewise vision contributes to the angle of foot placement
when landing on a tilted surface, by advance preparation of foot and ankle joint orientation, and
preparatory muscle stiffness (Morey-Klapsing, Arampatzis et al. 2007). However, it is not
always necessary to use focal vision in order to establish motor preparation for an event during
walking. In avoiding obstacles, it has been shown that peripheral vision alone is enough to
initiate the gait modifications necessary to avoid obstacles when walking (Marigold,
Weerdesteyn et al. 2007). Further study of the contribution of vision to differentiation of ground
conditions underfoot will assist clinicians and sports trainers to refine rehabilitation and training
techniques, to maximize the potential benefits of varied visual conditions when training
proprioception and sensorimotor control of the lower limb. The study presented in Chapter 8
begins this process, by showing that vision contributes substantially to proprioceptive acuity, but
is not used preferentially by individuals with CAI when testing inversion proprioception, in
association with a step across the AMEDA.
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Construction of the AMEDA
The AMEDA is not a commercially-produced apparatus. However, the mechanics of the
AMEDA have been previously been reproduced manually using blocks of different heights to
produce the correct inversion angles (or plantar-flexion, dorsiflexion and eversion, depending on
the orientation of the footplate). Other researchers have used a similar principle of enhancing
ecological aspects of testing with apparatuses which test kinaesthesia and JPS in weight-bearing
(Halasi, Kynsburg et al. 2005; Riemann, Myers et al. 2002; Robbins, Waked et al. 1995).
In conclusion, the findings here suggest that the updating of the AMEDA within this research
program has improved the utility of the device. These modifications have included:
-

increased robustness of the apparatus

-

ensuring long-term retention of apparatus accuracy through the addition of a
self-test mechanism using an inclinometer

-

an enlarged footplate to enable sportsmen with larger feet (such as basketball
and volleyball players) to stand and step onto it

-

custom-built platforms to enable ease of conversion between the AMEDAstand and AMEDA-step configurations

-

the ability to dismantle the apparatus using hand-grip bolts, to enable ease of
transport and rapid re-assembly without the use of tools

-

data download onto USB The different format of the stepper motor, in a
horizontal orientation with a series of stopper pins mounted on a drum,
enables reduced reset time for the AMEDA between each angle setting
enables a more rapid progression through the test. The shortened reset time
also results in less delay between trials, to enable a more immediate (and
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spontaneous) response from the participant, and also shortens the total time
taken for the test.
The construction of the updated AMEDA has improved the strength of the apparatus. In
particular, the footplate stopper pins are more robust than the original automated AMEDA, and
have sustained hundreds of test sequences within this research project without requiring
maintenance or repair, despite the exposure to single-leg FWB throughout the AMEDA-step test.
Publication of construction details and reliability testing for the modified AMEDA apparatus will
also make this method of measurement available to other researchers, for use and future
development. The finding within the populations tested during this body of work will then be
open to repetition, and can be compared with findings in other populations, using other training
techniques and participating in other sports.

Future research directions.
Each of the studies conducted within this programme of research have contributed to knowledge
of deficits in ankle function, and indicate areas for further study of intrinsic performance
characteristics that are associated with increased risk of ankle injury, chronic ankle instability,
and mechanical ligamentous laxity of the ankle. In particular, further examination is warranted
regarding the contribution of movement, vision and the CNS to proprioceptive acuity.
Deficits associated with ankle injury.
Predisposition to injury of an ankle may be considered from two viewpoints: an ankle with a
history of injury is more likely to re-injure (Engebretsen, Myklebust et al. 2010; Watson 1999),
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possibly due to persistent deficits caused by the injury; a healthy ankle may be predisposed to
injury by functional deficits intrinsic to the individual.
Since deficits tend to be larger in those with a history of ankle injury (Aiken, Pelland et al. 2008;
Hertel, Buckley et al. 2001), it is not surprising to find these individuals are more prone to injury.
However, there is a need for more targeted rehabilitation designed to mitigate the deficits
associated with injury. The study presented in chapter 4, demonstrated persistent deficits
associated with ligament laxity, which provides a focus for further research to determine if it is
possible to prevent an historical injury from promoting future injury.
Simple functional tests have shown deficits, and might respond to straightforward training using
the test protocols themselves. Alternatively, training to improve leg power, agility and landing
control may be applied in a more general functional format compatible with the sports being
played, and the tests used to determine improvement and recovery. Assessing the efficacy of
either intervention would require research designed to demonstrate the before-and-after status of
the ankle and the difference between groups who undertake the training versus those who train
normally.
Proprioception deficits shown in the group with laxity on their anterior drawer test indicate that
the altered learning effect may be relevant to this group. The participants all experienced the
AMEDA test only once, and had no opportunity for learning other than the normal warm-up
which is part of the AMEDA protocol. There is potential for research to investigate whether the
changes in learning ability associated with subjective CAI, described in Chapters 5 and 7, are
present in this group who have ligamentous laxity. Learning deficits in association with
persistent proprioception deficits may be alleviated by exposure to structured engagement with
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the injured ankle, and merit further research into interventions intended to achieve full recovery
in this group of individuals.
Since CAI is now acknowledged to be an umbrella term for the experience of sustained
symptoms following an initial ankle injury, further research is required to attempt to clarify the
specific mixture of deficits which are present in the sub-groups presented by Hertel (2002) and
Hiller et al (2011). It has been suggested that generalisations decay as research progresses
(Brunswik 1940; Tolman and Brunswik 1935). It may be more apt to describe the ongoing
process of research into CAI with the statement that “generalisations become refined”. The
generalisation of CAI symptoms needs to be further refined to determine the reasons that some
individuals with ligamentous laxity do not report CAI, while others with no clinicallydemonstrable laxity still report symptoms of CAI. Common terminology and practice among
researchers in this field is to consider injured individuals as falling into the categories of
“copers” or “non-copers” – the intention being to differentiate between those with CAI
symptoms and those without, regardless of mechanical damage (Brown, Padua et al. 2008).
However, the presence of mechanical damage without symptoms, but associated with physical
deficits as seen in Chapter 4 of the present research programme, suggests the need for further
research to assess the re-injury risk associated with performance deficits irrespective of
subjective self-report of CAI.
The whole system of sensorimotor output combines skills in multiple psychomotor areas (Hertel
2002; Lephart, Riemann et al. 2000; Riemann and Lephart 2002). However, it is rare to see
sensory, motor, and CNS movement patterning assessed within a single study, for correlation
between these factors, and correlation to functional ability or injury epidemiology. Although
sensory acuity and muscle strength have shown deficits in an injured ankle, further study may
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reveal sub-groups within a healthy population that exhibit isolated deficits in either part of the
sensorimotor system. Such a result would require studies with greater numerical strength (Bahr
and Holme 2003), with sensory assessment tools of sufficient sensitivity, with appropriate
designs to differentiate the physiological origin of the functional deficit, and identify all of the
potential intrinsic and extrinsic risk factors (Bahr and Krosshaug 2005). These studies would
need to be prospective, to establish whether the deficits present in CAI are pre-existing when the
ankle was healthy, or acquired as a part of the injury/recovery process.
The need for a technologically-supported clinical laboratory to conduct the more refined tests of
ankle function, using equipment such as EMG, force plates, three-dimensional gait analysis and
isokinetic strength testing, renders these tests less suitable for field testing. Hence, the ability to
generalise these tests and move them into common application by clinicians is limited. There
remains a need for research to look for associations between laboratory tests and field tests of
function. While research designed to find deficits focuses on specialised tests to isolate
individual aspects of ankle function, the findings may not fully apply to the later stages of
rehabilitation, where it is necessary to retrain the integrated function of all the systems
simultaneously.
The study presented in Chapter 5 demonstrates that deficits can persist in gross functional tests,
despite return to sport. It would not be unreasonable to expect that individuals who returned to
sports participation had either recovered from any deficits in performance acquired through
injury, or else had used other redundant systems to compensate for any deficits and to mask
them. This does not appear to be the case, however, and future research may usefully be directed
at improving the specificity of functional performance tests to individual sports. As discussed
earlier, gross functional tests have the advantage of detecting deficits more sensitively, due to
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their incorporation of all the aspects of sensorimotor control in one test, yet, they have the
disadvantage of lack of specificity to identify the localised site of origin of a deficit. Research is
also needed to clarify, through more refined laboratory tests, which of the specific deficits lead to
underperformance in the gross functional tests.
It has been shown that when individuals have unilateral CAI, proprioception tests are unable to
differentiate between the healthy ankle and CAI ankle (Lim and Mann Hong 2009), and this is
also the case when testing injured individuals with the AMEDA (Waddington and Adams
1999b). When assessing both ankles with the AMEDA, it was not possible to detect differences
in proprioceptive acuity between a previously injured ankle and the contra-lateral healthy ankle.
It has been suggested that the proprioceptive skill of the individual is influenced at the level of
the CNS, by peripheral dysfunction (Vucetic, Holmes et al. 2008), and that for efficiency reasons
the CNS controls both sides at the level of the worse limb. The findings of this programme of
research add further evidence of probable CNS changes associated with chronic ankle
dysfunction.
However, the studies reported in Chapters 4 and 7 also reveal an important methodological point.
When CAI individuals are tested repeatedly on one ankle, they improve their scores on the
AMEDA-step and AMEDA-stand. It is possible that this effect occurs when repeat testing
involves both ankles in sequence. Thus, in studies of unilateral CAI where the order of testing
was randomised, learning may have had an effect on the variance of the scores, and the
difference between scores achieved in the ankles tested first vs. second. Both of these factors
would have reduced the likelihood of the difference between CAI and healthy ankles reaching a
statistically significant difference, if order of testing was not included as a co-variate within the
calculation. Further study is needed to determine the relationship between unilateral and bilateral
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CAI, learning effect, and CNS processing deficits, and the detection of unilateral deficits
between sides. This methodology needs extension to study of each of the components of
sensorimotor control in CAI.
The influence of the CNS on proprioceptive acuity.
The finding of differential learning effects between healthy and CAI ankles within the current
programme of research warrants further study. As noted previously, researchers and clinicians
need to be aware of the effect of repeating a test on certain methodologies used to assess intrinsic
ankle performance. Common practice would suggest providing enough experience of a test prior
to the actual testing sequence, so as to eliminate the influence of any learning effect. However,
within the present research, the “learning effect” itself has been a variable of interest. It merits
further investigation in other forms of proprioception and functional testing (Docherty and
Arnold 2008; Hertel and Olmsted-Kramer 2007)), to discover whether additional deficits are
revealed by letting study participants do a test without rehearsal, and by retesting them. A warmup exposure to the test may enable a more “reliable” score on repetition of the test (Munro and
Herrington 2010), but eliminating this source of variance in group scores may hide the fact that
individuals with ankle performance deficits are less reliable when tested, and particularly slow at
the process of familiarisation with a test, when first exposed to it. This hesitancy has implications
for their motor control when first exposed to a new skill, or increasing the level of their
participation in a sport.
A number of possible mechanisms may contribute to the differences between previously injured
and healthy groups. Changes in the way in which the CNS interprets proprioceptive information
may be a result of reduced engagement with the injured limb. However, the quality of
proprioception may be influenced by the underlying muscle tone and protective joint positioning
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around a chronic injury. It is likely that injured individuals would adopt protective positioning of
the limb when exposed to a new apparatus, and that these compensatory strategies would
influence the quality of proprioception generated by the sensory receptors. These postures also
have the potential to be reversed immediately as the participant’s confidence grows on the
apparatus, and thus to explain the initial delay in proprioceptive learning, followed by ongoing
improvements. Conversely, healthy participants adapt rapidly to the demands of a new test and
its sensory discrimination demands. Further study of the biomechanics of CAI participants vs.
healthy individuals on the AMEDA-step may reveal differences in movement patterns across the
machine, and even reveal a pattern of movement “normalisation” through repeated testing. It
would also be valuable to examine the muscle recruitment patterns while on the AMEDA-step,
to assess for differences in muscle activation timing and stiffness as the participants step onto
and across the footplate. Since the AMEDA-step uses active movement, differences in muscle
activation can also be assessed within this protocol. The use of EMG and its associated wiring on
either apparatus is feasible, given the small distances moved within either test.
The CNS is known to change in engagement with other regions of the body which have been
injured or developed chronic dysfunction (Walsh, Moseley et al. 2011). Changes in muscle
recruitment and sensory sensitivity have also been demonstrated in other regions of the body, in
association with chronic pain or injury (Falla, Jull et al. 2004; Hides, Richardson et al. 1996;
Hurley, Scott et al. 1997).
“By acting, the brain thrusts its body into the future space-time of the world, while
predicting the sensory consequences. By perceiving its actions and their results,
remembering them and comparing them with its predictions and goals, the brain learns
how to act effectively in future environments. The embodied brain alters itself by
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changing its synaptic connections. The internal goal states and their sensory and motor
implementations are constructed through chaotic dynamics. This construction introduces
intrinsic variability into all movements. The ... brain, aided by its plasticity, acts to shape
individual differences in processes such as perception and action.” (Freeman 2006)
In the context of ankle dysfunction, changes in muscle activation would alter the contribution of
muscle spindles to proprioception, changes in sensory sensitivity would bias proprioceptive
perceptions, and changes in CNS engagement would both alter proprioceptive interpretation and
slow the response to proprioceptive learning experience. Research utilising techniques allowing
investigation of neuromuscular response patterns, and CNS activation patterns is required to
build on these initial findings, and broaden the study of chronic ankle dysfunction towards the
interaction between peripheral dysfunction and CNS plasticity. The role of muscle activation
during the acquisition of proprioceptive information requires specific study.
Further developments of the AMEDA: testing protocols, data processing and apparatus
hardware.
The AMEDA-step protocol as a progression of the standing test:
The standing AMEDA test displays a comparable pattern of differences in score between stable
and unstable groups to that achieved by participants on the AMEDA-step. This suggests that the
AMEDA-step examines a similar psychophysical capacity of the participants, to that of the
standing device. However, in the study reported in Chapter 4, the scores on the standing
AMEDA are lower than either AMEDA-step trial in both stability groups. This is in keeping
with the ‘informative value of movement’ hypothesis, and supported by findings in other studies
(Bloem, Allum et al. 2000; Buckley, MacLellan et al. 2008), relating to the role of remote areas
of the body in providing proprioception relating to the foot and ankle. The additional study
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reported in Chapter 8 indicates that the addition of visual access to the footplate contributes
significantly to this improved AMEDA score.
However, these studies cannot show whether the difference between CAI and healthy groups on
the AMEDA-step results from a change in psychophysical processing of information, or a
biomechanical change in technique as the participants cross the apparatus. The participants
either adopt a modified psychophysical strategy for differentiating between angles, or else they
improve their technique in performing the test as they gain in confidence on crossing the
inversion angle of the footplate. Studies could be conducted on the AMEDA-step to differentiate
the acuity of walking proprioception between these groups, with an à priori design to evaluate
biomechanical and psychometric differences in the groups. Biomechanical analysis of foot angle
at contact, muscle activation strategies, heel-strike vs. a toe-down, and stride length have been
used elsewhere to detect differences in gait between healthy individuals and less secure gait
patterns in the elderly (Winter, Patla et al. 1990), and may be transferrable to research on the
AMEDA to evaluate any uncertainty in the gait of CAI individuals on the apparatus.
Depth of drop onto the footplate of the AMEDA-w:
No studies have yet been published that assess the ability of people to differentiate between
different depths of drop onto a walking surface. However, it is known that people adapt their
gait to cross over raised obstacles (Crosbie and Ko 2000), and aim to make as efficient a crossing
of obstacles as possible. The ability to assess the depth of a “hole” and to cross it efficiently and
safely (Chen, Ashton-Miller et al. 1991) is a skill which may impact on the participants’ ability
to differentiate the footplate angle, by its influence on surface depth. Since the inversion
movement of the footplate also drops the surface downward, the ability to detect the angle of
inversion may be associated with an ability to detect changes in surface depth. Further study is
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needed to evaluate correlations between the extent to which the participant places their foot
laterally on the footplate, and consequently further down the slope.
Interventions to improve ankle function associated with proprioception.
The indications of changes in proprioceptive processing by the CNS, associated with CAI,
suggests that there is scope for development of rehabilitation processes aimed primarily at reengagement of the CNS with the dysfunctional ankle. Individuals with CAI may experience
similar training improvements in proprioception from visualization training, as that shown in
motor control in experienced athletes (Warner and McNeill 1988).
The fact that deficits between dysfunctional and normal ankles can be reduced by repeated
exposure to AMEDA testing has implications for rehabilitation. Short-term practice with the
ankle can reverse the proprioceptive deficits rapidly. However, it cannot be determined from
these studies how long these improvements are retained. The study reported in Chapter 5 showed
an ongoing process of learning with a gap of at least 2 days in participants with CAI, while
healthy ankles sustained their gains from the first measuring session over the same time interval.
However, training and rehabilitation requires that gains be sustained for considerably longer
periods of time to be considered worthwhile. Research is required to establish rates and duration
of improvements, if indeed these interventions are to have value.
Further, the gains in proprioceptive acuity are achieved by exposure to the test (rather than some
other form of formal rehabilitation), implying that the process of consciously engaging with the
injured ankle can produce immediate improvements in interpretation of proprioception from that
ankle. These studies does not show whether individuals are improving their proprioception by
correcting their strategies to match those used by individuals with health ankles, or whether the
improvement is achieved by those with CAI adopting a compensatory, but uniquely different,
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approach to the test and compensating for their sensory deficit. However, the CAI group
experiences implicit learning within the test (Dienes and Berry 1997; Steenbergen, van der Kamp
et al. 2010), indicating that structured process of engagement with the ankle produces a
beneficial gain in proprioceptive acuity.
This differential in learning ability between individuals with CAI and those with healthy ankles
suggest the potential for intervention by treatment and training methods designed to engage with
ankle skills via the CNS. This is already common practice in other notable areas of chronic
dysfunction, such as in treatment of lumbar back injury, or in treating regional chronic pain
syndromes (Moseley 2005; Wand, Parkitny et al. 2011). The fact that the learning effect occurs
similarly in both forms of the AMEDA test suggests that the psychophysics of the test may be
linked to the learning effect, as much as the purely physical parameters of the test.
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Summary.
This programme of research has extended on prior knowledge and methodology in testing ankle
proprioception. The studies described above broaden understanding of proprioception in ankle
function through new information regarding:
-

the association of proprioception with heightened injury risk,

-

changes in leg power, leg proprioception and agility, associated with ankle ligamentous
instability,

-

deficits in proprioception associated with CAI,

-

the impact of CAI on learning of proprioception,

-

the contribution of vision to proprioception when walking, and

-

the practicality of testing proprioception while walking.

Although the AMEDA-step protocol and methodology has been validated and used in clinical
research within this project, there is scope for further refinement of AMEDA testing techniques
for leg proprioception. Continued research will enable testing of proprioception in leg function,
partly by testing this function with greater sensitivity, and also by testing this function in a more
ecologically valid way. The findings of deficits associated with CAI and ligament laxity reveal
new information about changes in proprioception after injury. The incidental, but highly
important, finding that individuals with chronic ankle dysfunction have altered sensorimotor
learning processes in relation to proprioception testing will be of value in suggesting immediate
treatment plans to enhance CNS engagement with ankle function. It will also expand the areas of
research interest in ankle dysfunction towards the interaction between the CNS and the
functioning limb.
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