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1. Background

The ankle is a complicated joint and understanding the
biomechanics, joint compressive forces, stresses as well as
the anatomy is key to understanding the ideal requirements in
the design of a suitable total ankle replacement (TAR).
Nonetheless, there remains limited biomechanical evidence
of the possible problems associated with the transverse forces
and shank torsional moments involved in TARs.1 The use of
TARs has remained controversial due to the initial poor
performance of the earlier models and the preference for
arthrodesis, however, medium- to long-term studies of
existing prostheses are only now coming to light in the
literature with some encouraging results.2,3 One such model,
the Scandinavian Total Ankle Replacement (STAR) will be

looked into further as to whether it meets the ideal
biomechanical requirements of a TAR.

1.1. Anatomy

The tibia, fibula, talus and calcaneus make up the main bones of
the ankle, articulating with nearby bones via the talocrural,
subtalar and midtarsal joints. It is surrounded by an array of
muscles, tendons and ligaments (lateral and medial collaterals),
which are crucial factors in joint stability. The lateral collateral
ligaments are comprised of the anterior talofibular, the
calcaneofibular and the posterior talofibular ligaments. The
medial collateral ligament (or deltoid ligament) is thicker and
stronger than those of the lateral collaterals. Important tendons
include the achilles (dorsiflexion) as well as anterior and
posterior tibial tendons (inversions and eversion respectively).
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The principal muscles effecting movement are the calf muscles
(gastrocnemius and soleus), peroneals (peroneous longus and
brevis) and tibial muscles (anterior and posterior tibialis). The
ankle is further surrounded by the joint capsule.4

1.2. Biomechanics of the normal ankle joint

An understanding of the biomechanics around a normal ankle
is essential for them to be reproduced in the design of
prostheses. A variety of methods have been used to investigate
the ankle joint, including computer models, Roentgen stereo-
photogrammetry (the use of X-rays to assess three-dimen-
sional micromotion of a prosthesis) and fluoroscopy, utilising
both in vitro and in vivo methods.5

A number of disparate models have been proposed, from a
simplified hinge joint to a ball and socket joint. This
oversimplification is arguably the cause of the first generation
TARs' poor results. The ankle is now regarded as a multiaxial
joint, with rolling and sliding movements.6 Dettwyler et al.1

confirmed the results from previous studies that the amount
of vertical rotation between the talus and the tibia in the
vertical plane upon walking is around 5–68. The collateral
ligaments and distal tibiofibular ligaments were shown to be
important in preventing the rotation of the talus upon the tibia
whilst internally or externally rotated.7,8 The surface area of
the ankle, hip and knee joints are comparable, yet the ankle
contact area during loading is only one third of that
experienced in either of the hip or knee at 11–13 cm2,8 hence,
greater stresses are transmitted through the joint, 64% more
than in the knee and 45% more than in the hip.

The centre of contact within the ankle joint moves
anteriorly upon dorsiflexion and laterally upon eversion with
the greatest degree of contact with the talus at dorsiflexion.
Load distribution through the talus is determined principally
by the position of the ankle as well as the surrounding
ligaments, with the majority being transferred through the
dome. The medial and lateral talar facets have greater loads
during inversion and eversion, respectively.6

The fibula, interosseous membrane and subtalar complex
absorb energy around the ankle, reducing the amount of force
through the joint.6 Cheung et al.9 used a 3D computer model to
show the maximum von Mises stresses to be through the talus
and calcaneus upon standing. Renstrom et al.10 showed that
two ligaments, the anterior talofibular and the calcaneofibular
ligaments behave synergistically with each other, highlighting
the importance of strain in the stability of the joint. Tochigi
et al.11 used a geometrical model to explicate the different
stress changes in the articulating surface between the tibia
and talus, quantifying its contribution towards joint stability,
namely that it provides 70% of anterior/posterior stability, 50%
of inversion/eversion stability and 30% of internal/external
rotation stability.

Different values exist for the amount of ankle coupling, and
there is a relationship between the amount of tibial rotation
and the degree of inversion/eversion of the ankle. Torque
around the long axis of the foot depends on vertical loading,
foot position, ligaments, muscles and individual variances.1

During the different phases of gait, computer models have
been able to demonstrate the various ankle joint forces
experienced. Patil et al.12 showed that the ankle joint exerts

resultant forces of around two times an individual's body weight
during all phases of the gait cycle. The highest main stresses in
tension and compression were experienced during push-off.
Forces between 5 and 7 times an individual's body weight are
experienced through the ankle during the stance phase and
around 9–13 times during the same phase whilst running, which
are greater than those exerted in the hip and knee. Heel-to-toe
running at 4.5 m s�1 generates a force of nearly three times the
body weight.13 Contraction of the calf muscles (gastrocnemius
and soleus muscles) during the late stance phase is responsible
for the majority of the compressive forces experienced in the
ankle. Here the ankle is plantarflexed, and the anterior tibial
compartment helps it to dorsiflex.

1.3. Ideal requirements of a TAR

The ideal requirements of a TAR must be able to replicate the
biomechanics of a normal ankle joint as much as possible, not
just as a simple hinge joint, but as a multi-axial joint with a
combination of rolling and sliding movements. The range of
motion of a normal ankle joint in order to partake in everyday
activities should be taken into consideration, noting that
middle-aged and elderly individuals for whom a TAR would be
appropriate may not be as active as young individuals, hence
may not require as large a range of movement. Relief of pain
and the restoration of functional movement to the patient's
pre-morbid condition are the main clinical priorities.6

The TAR should either exactly replicate the original
anatomical geometry of both articular surfaces and ligamen-
tous structures or should aim to restore compatible function of
them both, albeit with slightly non-anatomical articular
surfaces.6 It became readily apparent in earlier designs that
too much emphasis was made on ensuring anatomical
congruency. These constrained or semi-constrained devices
meant that higher stresses would be experienced over the
fixation, compared with the more recent unconstrained
prostheses, which granted more polyaxial movement and a
more even distribution of forces. Synergy between contact
surfaces and ligaments is vital to the design of an ideal TAR.1

Procter et al.14 mentioned that in order to prevent
prosthetic loosening, shear forces should be transferred to
an antero-posterior axis and the moments should centre
around a vertical axis. The prosthetic articular surface must be
compatible with the geometry of the ligamentous structures.6

The correct alignment of the hind foot prevents abnormal
stresses and eccentric polyethylene wear. A cadaveric study
showed that large forces are transmitted around the long axes
of cemented ankle prosthesis, hence uncemented prostheses
are now preferable.15

It is important to note that these ideal requirements must
be compared with that of fusion surgery, which has long been
considered the 'gold standard'. Important determinant factors
include patients who are middle-aged or elderly, anatomically
alignment of the ankle and heel, well preserved range of
motion and adequate bony support.

1.4. The STAR

The STAR was first implanted as a cemented prosthesis in
1981. However, since 1989 the STAR has been a congruent
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