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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.



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
CAl 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 CAl, whether mechanical
laxity or self-reported functional instability. Individuals with CAIl 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 CAl, particularly with regard to proprioception.



Table of Contents.

N 011 = Tod ST R SRR I
Certificate of authOrship Of thESIS. .......cviiii iii
TaADIE OF CONENTS. .....eiiiie ettt ettt et e b e beesbeeneesbeeneesreesbeeneens %
LIST OF FIQUIES. ..ttt ettt et et e bt e te e st e be e beeneesneenteeneennes Xi
S 0 1 o] [T XVii
Publications and PreSENTAtiONS. .........cooueiieiierieieseesie e se e e e reeste e ee e sreeneesreesreeneeanes XiX
ACKNOWIBAGEMENTS. ...ttt bbbt XXi
Chapter 1: INTTOQUCTION ...t b bbb 1
The evolution of bipedal gait and its impact on foot and ankle function. ...........ccccccevcvvieiinnns 1
Stabilising the ankle in bipedal Qait. ..o 12
Anatomical considerations in StabIITY. ... 14

The sensorimotor system in ankle stabiliSation: ... 22
Tests of ankle structural integrity and functional performance. ..........ccccocvvivviene e seeseene 32
Testing ankle ProprioCePLION: ........cviiiiieie i 36
Chronic ankle INSTADIIITY ......c..ooviiii s 43
Proprioception in relation to chronic ankle instability (CAI): ... 54
DIreCtions fOr rESEAICN. ......eiiee et ene e e eee s 57



Chapter 2: Development of the Active Movement Extent Discrimination Apparatus (AMEDA)

for testing proprioception of the ankIe. ..o 59
Ecological validity in ankle proprioCeption teSting. ..........cceveiereriniriresiee e 59
The AMEDA QPPAIALUS. .....veiueeiieieiteitestiete ettt b bbbttt e e bbb 62
The AMEDA teSting ProtOCOL.........c.ooiiiiiiieieee e 70
Research outcomes With the AMEDA ..o 73
DIreCtions fOr FESEAICN. .......iiviee ettt sreeae s 75

Chapter 3: Ankle proprioceptive deficits and risk of INJUIY. ........ccovviieiieiie i 77
PUBHISNEA WOTK......ccviiiieece ettt et reene e e sneeeas 77
CO0-authors” AECIaration. .. ...uiiiuiiiiiiie sttt e e b e 79

Intrinsic functional deficits associated with increased risk of ankle injuries: a systematic

FEVIEW WIth MEta-aNalYSIS. ... ..o 80

Chapter 4: Proprioceptive and functional performance deficits associated with ligamentous

INStability At the ANKIE. . ..o 89
PUBHISNEA WOTK......coie et 89
(L0 TR0 114 10 Rl (5163 F21 ¢ 1 (o ) s DO PR 91
Functional performance deficits associated with ligamentous instability at the ankle. ............ 92

Chapter 5:  Chronic ankle instability affects learning rate during repeated proprioception

testing in standing 0N the AMEDA. ..o 97

Paper submitted for PUBIICALION. .........cccuiiiii i 97

Vi



(Ofo BN 0 11 o To) gl (< o) P 21 10) s RO 99

AADSTFACT ...t bbb 101
INEFOTUCTION ...t bbbttt et b bbb nne s 102
IMIBENOM . ..t b bbbt n bbb 104
PAITICIPANTS. ...t b e bbbt bt n bbb 104
THE AMEDA ..t ettt ettt nreeen 106
Cumberland Ankle Instability TOOI QUESLIONNAITE...........cveiiiriiiiiiieeeeee s 107
PIOCEAUIES ...ttt b bbbttt et b bbb nne s 108
DALA BNATYSIS ..ottt 109
RESUIES ... b bbbttt b e 109
DHSCUSSION ...ttt bbbt bbbt bbbt b et b bbb 113
SUIMMIAIY. .ttt ettt ettt ettt e et et e e bt e e st e e e st e e es b e e e en bt e e nnbe e e e R b e e e enbe e e nnbeeeneeennnes 117
RETEIENCES ... bbbt 118
Chapter 6: Development of the AMEDA for use in a walking protocol. ..............ccccoecvevieiiennenn 125
The contribution of movement t0 POSILION SENSE. .......cveieeiirerieiieieee e 125
The contribution of Vision t0 ProprioCEPLION. .........cccviiiieiii i 128
Stepping onto and across the AMEDAL. ..o s 129

Chapter 7: Ankle instability effects on joint position sense when stepping across the Active

Movement Extent DiSCrimination APPAratUS. .........cceoerirerieieiienienie e sieenes 143

PUDIISNEA WOTK. ..o 143



CO-AULNOTS” AECIATALION. ..ee ettt ettt et e e ettt e e e e e eeeee et e s eeeeeeeeesstnseseeeseennnnnnnns 145

Chapter 8:  Looking down and looking ahead during proprioceptive differentiation of

UNAErfoot INVEISION ANGIES. .......oiiiiiiiiiei bbb 155
Paper submitted fOr PUDHCALION. .........cviiiiiiiic e 155
CO0-authors’ deCIaration. .........cuviiiiie it e e e et e e e srae e e ssreeesneeeans 157
SUIMMIBIY. .ttt b bbbt e b e e s b e e bt et s e nb e e e b e r e e 159
IMIBENOM ...ttt bbbt n bbb 162

PAITICIPANTS. ...ttt bbb bbbt bttt e et e bbb nnenne s 162
IMIBASUTES ...ttt e e n et e e s e e n e e e e 164
PIOCEUUIES ...tttk b et b bbbttt b bt b et b s 167
AANAIYSIS.....ec ettt e et e e e taeabe e be e e nreereenee e 167
RESUIES ... b et bbb 167
DHSCUSSION ...ttt bbb bbb bbbttt b et n et b e 169
RETEIBNCES ...t 171

Chap 9: Conclusions and future direCHIONS ..........ccccveiiiiiiecce e 175

Contribution to knowledge of ankle and leg proprioception. .........ccccccevviiieie v, 175
Meta-analysis of factors associated with risk of ankle injury...........ccccooeiieiiieiie e, 175
Persistent functional deficits associated with ankle ligamentous laxity. .........c...cccovveenenns 177
Differential learning effects in repeated testing while standing on the AMEDA................ 179
Differential learning effects in repeated testing while stepping across the AMEDA......... 182



The contribution of vision to proprioceptive acuity while walking...........c.cccooceiniinnnn. 184

Construction of the AMEDA ..o s 187
FULUIe reSEarch diFECTIONS. .....c.oiviiiiiiiii et 188
Deficits associated With ankle INJUIY. ... 188
The influence of the CNS on proprioCeptive aCUItY. .......cocoevreririnenieicenese s 193

Further developments of the AMEDA: testing protocols, data processing and apparatus

PAITWATE. ... ettt et s e ste e te e st e sbeebeeneeeneenteeneenreenreeneeas 195
Interventions to improve ankle function associated with proprioception. ...........cccccoeevvrvnnnne 197
SUIMMIBIY. .t b bbb et h e bt bttt e e bt b e nh et e e e n e b e enne s 199
RETEIENICES. . vttt bbb bbb bRt e ettt et b reenes 201



List of Figures.

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) 4

Figurel.3: (a) Long-tailed macaque female standing bipedally in the water and eating food
retrieved from the ground. (b) Proboscis monkey wading bipedally. (¢) Hanuman langurs wading
bipedally while collecting algae in a stream during the dry period. (d) Savannah baboons wading
bipedally while picking flowers as food. () Chimpanzee female wading bipedally with her infant

drinking from her breast. (Niemitz 2010) 5

Figure 1.4: Thermographic pictures of: (a) a macaque; (b) a pygmy chimpanzee; (c) and (d)
human beings. (Niemitz 2010) 6
Figure 1.5: Relationship between mean Foot Posture Index (FP1-6) score (x1S.E.), three levels of

coach-rated ability and overuse ankle and/or foot injury status. (Cain, Nicholson et al. 2007).

11

Xi



Figure 1.6: The mechanisms which interact to stabilise a joint. Adapted from (Panjabi 1992a)

12
Figure 1.7: A transverse cross-section through the ankle. (Gray 1918) 14

Figure 1.8: The muscles of the lower leg and ankle: the superficial group of posterior muscles

(Gray 1918). 16

Figure 1.9: The muscles of the lower leg and ankle: the deep group of posterior muscles (Gray

1918). 17
Figurel.10: The muscles of the lower leg and ankle: the anterior muscles (Gray 1918). 18

Figure 1.11: The orientation of the tendons crossing the ankle joint, with their synovial sheaths

and restraining aponeuroses (lateral aspect) (Gray 1918). 19

Figure 1.12: The orientation of the tendons crossing the ankle joint, with their synovial sheaths

and restraining aponeuroses (medial aspect). (Gray 1918) 20

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). 21

Figure 1.14: The components of the sensorimotor system. (CNS = central nervous system.)

Adapted from Witchalls, Blanch et al (2012). 23

Xii



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). 28

Figure 1.16: A device for testing muscle response times to ankle inversion perturbation

(Riemann, Myers et al. 2002) 30

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) 34

Figure 1.18: Magnetic resonance image (MRI) showing an osteo-chondral lesion of the talar

dome following an inversion injury. (Marder 1994) 35

Figure 1.19: Measuring sensorimotor function. Adapted from Witchalls, Blanch et al (2012).

36

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). 37

Figure 1.21: Alternative testing positions for testing the perception of movement through the

ankle joint (Refshauge and Fitzpatrick 1995). 38

Figurel.22: Testing ankle joint position sense into inversion, on the Active Movement Extent

Discrimination Apparatus (AMEDA) (Waddington and Adams 2003) 40

Xiii



Figure 1.23: The “slope-box” test to assess joint position sense in weight-bearing (Halasi,

Kynsburg et al. 2005). 41

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). 43

Figure 1.25: A diagram illustrating the contributions of ligamentous and neuromotor systems to

ankle instability (Lephart and Henry 1996). 49

Figure 1.26: The different elements of functional and mechanical contributing to the deficits

perceived in chronic ankle instability (Hertel 2002) 51

Figure 1.27: A model proposing 7 variations in presentation associated with chronic ankle

instability (Hiller, Kilbreath et al. 2011). 52

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). 60

Figure 2.2: Alternative testing positions for testing the perception of movement through the ankle

joint (Refshauge and Fitzpatrick 1995). 63
Figure 2.3: The “slope-box” test for joint position sense (Robbins, Waked et al. 1995). 64

Figure 2.4: Testing joint position sense on the AMEDA(Waddington, Adams et al. 1999).

66

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). 67

Xiv



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). 68

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). 69

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. 70

Figure 6.1: The addition of walking return platforms to the AMEDA. (A) Front view. (B) Side

view. 129

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. 130
Figure 6.3: The updated AMEDA apparatus. 132

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.)

133

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

XV



vision of the main apparatus internally, and to demonstrate dismantling points for portability.

(Picture courtesy of Leon Williams, Australian Institute of Sport.) 135

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.) 136

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.) 137

Figure 6.8: A close-up view of the Stepper motor, its drive axle, and the stop pins mounted on

their drum, in situ. 138

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.) 139

XVi



List of Tables.

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. 47

(194

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). 71

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). 72

XVil



Publications and Presentations.

Papers published/in press.

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.

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 DOI: 10.1016/j.jsams.2012.05.018.

Witchalls, J., G. Waddington, R. Adams and P. Blanch (in press). "Ankle instability effects on
joint position sense when stepping across the Active Movement Extent Discrimination

Apparatus.” J Athl Train.

Papers submitted and accepted for review.

Witchalls, J., G. Waddington, R. Adams and P. Blanch (submitted 14" May 2012). “Chronic
ankle instability affects learning rate during repeated proprioception testing.” Physical Therapy
in Sport.

Witchalls, J., G. Waddington, R. Adams and P. Blanch (submitted 26™ March 2012). “Looking
down and looking ahead during proprioceptive differentiation of underfoot inversion angles.”

Perceptual and Motor Skills.

XiX



Conference presentations.

Australian Physiotherapy Association, ACT Branch, Research Symposium 2010. “Ankle

instability and judgement of inversion angle of a contact surface while walking.”

Sports Medicine Australia (SMA) ACT Branch State Conference — South East Regional

Conference of Science & Medicine in Sport 2011.
APA ACT Branch Research Symposium 2011. (Most discussion-provoking paper.)

SMA-ACT Branch State Conference — South East Regional Conference of Science & Medicine

in Sport 2012.

Canberra Health, Annual Research Meeting 2012. (14th — 17th August 2012.)

Presentations pending.

SMA National Conference, Sydney. (Oct 31st — Nov 3rd 2012.)

Awards.
UC 3-minute Thesis Competition 2010. (Finalist.)
APA ACT Branch Research symposium 2010. (Best student paper.)

SMA-ACT Branch: 2011 ACT Sports Research Award; (Best New Investigator.)

XX



Acknowledgements.

My ability to complete the research programme and subsequent production of this thesis has

been supported and encouraged by many people.

First, the panel of supervisors who envisioned the underlying premise of examining ankle
proprioception in association with walking. To Professor Gordon Waddington, as chair of the
panel, my profound thanks for your guidance in the formation of the research questions, the
practicalities of formulating an ethics application and advice on conducting data collection.
Thanks also for keeping the academic process required from the research output at the forefront
of my planning. Dr Roger Adams has been instrumental in the design and analysis of the
research, both from the point of data collection and most particularly the data analysis. His help
has produced much more interesting, and better presented statistical analysis than I could have
achieved otherwise. Mr Peter Blanch has kept me true to the needs to produce clear facts that are
able to be appreciated by those seeking to use the outcomes of this research in clinical practice.

He has been a staunch advocate for the need to discuss the usefulness of my research findings.

My extended family have provided practical and emotional support throughout my studies, and
their help has made it possible to keep the workload high. The benefit this has given to my study

and to our family life cannot be measured, and | thank them deeply.

The workload sustained during the conduct of research and thesis-writing has meant that those
nearest to me have felt its impact, in absences and mental distraction. | am immensely proud of
my family’s resilience to this process, and deeply grateful to them for their tolerance of the
impact this has had on our collective lives. | look forward to returning the love and support to

them.

XXi





