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Abstract

Lateral ankle sprain is amongst the most common musculoskeletal injuries posing a significant
economic and resource burden on healthcare systems. The high prevalence of chronic residual
symptoms following ankle sprain can severely impact patient quality of life and contribute to

the development of post-traumatic osteoarthritis.

The research presented hereinafter aimed to advance the development of synthetic
interventions for ankle sprain by mechanically characterising the lateral ankle ligaments,
analysing changes in joint stability following simulated sprain and evaluating the effectiveness

of synthetic interventions to restore joint stability.

Strain rate was identified to significantly influence the failure load of ligaments demonstrating
the importance of mechanically characterising ligaments at appropriate rates of loading.
Characterising the lateral ankle ligaments determined that the ultimate failure load and
stiffness of the lateral ankle ligaments do not differ systematically, however a tendency toward

greater strength in people with a higher body mass index was identified.

A sectioning study of the lateral ankle ligaments analysed joint stability changes using anterior
drawer and talar tilt tests determining lateral ankle stability to decrease with increasing
damage. When repaired successfully synthetic intervention was able to adequately restore
joint stability however catastrophic failure of suture tape fixation was frequent, particularly

during inversion motion.

Suture anchor fixation of synthetic interventions was mechanically characterised in both
porcine bone and a Sawbone model. Sawbone, used routinely for manufacturer testing, was
determined to be an inadequate model of human bone. Loads achieved by the suture anchor
fixation for the InternalBrace (Arthrex Inc, Naples, FL, USA) were below that of native lateral

ankle ligaments but could be doubled by a simple adaptation proposed to prevent suture tape
slippage.

This thesis advances the development of suture tapes and their fixation for the treatment of

lateral ankle sprain however further research is required to seek benefit in their use.
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Chapter 1 - Literature Review

1.1 Epidemiology of Sprain

Lateral ankle sprain (LAS) is one of the most common musculoskeletal injuries accounting for
three to five percent of all Accident and Emergency visits in the UK, equating to around
300,000 reported injuries per year (Bridgman, 2003; Cooke, 2003). These figures are however
thought to be underestimates with the incidence rate of ankle sprains being 5.5 times higher
than reported to healthcare professionals (Kemler et al., 2015). Often ankle sprains go
unreported as they are considered benign injuries that do not require professional treatment,
evidenced by 44 % of individuals returning to sport within 24 hours of injury (Roos et al.,
2017). Approximately 14 % of sprains are considered severe ankle sprains which require
further assessment and treatment (Bridgman, 2003). Ankle sprain treatment costs, on average,
approximately €360 in the Netherlands (Verhagen et al., 2005) therefore, assuming the same

cost in the UK, the total annual cost of ankle sprains is estimated to be £98M.

A previous ankle sprain is however one of the most common predispositions to a LAS (12 % to
47 %), hence the repetitive nature of sprains (Herzog et al., 2019). A prior sprain is believed to
increase re-injury risk by 21% (Pefanis et al., 2009). Up to 70 % of individuals who suffer a LAS
may develop residual physical disability such as chronic ankle instability (CAl) (Gribble et al.,
2016a). Functional ankle instability has been attributed as a risk factor for post-traumatic ankle
osteoarthritis (PTOA) (Golditz et al., 2014). Early development of PTOA could be detrimental to
the young individuals prone to ankle sprain and therefore present an even larger economic
burden (Hirose et al., 2004; Valderrabano et al., 2006; Bitton, 2009; Croy et al., 2012).

There is therefore an argument for early surgical intervention following LAS, once conservative
treatment options have been exhausted, to better prevent the development of PTOA and the
previously stated incurring economic costs. Research into the cause, prevention and treatment

of LAS can assist in alleviating the long-term health and economic implications of LAS.

1.2 Anatomical Planes

The foot and ankle work harmoniously to provide considerable and complex motion at their
many joints. The ankle joint complex is capable of multiaxial motion in all three anatomical

planes of motion: the sagittal, frontal (coronal) and transverse planes, shown in Figure 1.
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Figure 1. Anatomical planes of the body. Adapted from: (Connexions, 2013).
1.3 Ankle Complex Anatomy

The ankle complex is a multifaceted joint consisting of three joints. The talocrural (tibiotalar or
“true ankle”) joint and subtalar (talocalcaneal) joint are responsible for the majority of joint
articulation for the ankle complex, shown in Figure 2. The distal tibiofibular syndesmosis (distal
tibiofibular or inferior tibiofibular) joint, is the third joint of the ankle complex. The tibiofibular
syndesmosis is not a synovial articulating joint but does allow accessory gliding which is crucial
to the normal mechanics of the ankle (Hertel, 2002). The ankle complex has three major
components of stability which are the congruity of the articulating surfaces when loaded,
ligamentous restraints, and musculotendinous units (Hertel, 2002).
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Figure 2. Medial view of a right foot where a midsagittal cut has been made through the
ankle complex.



Reported in this review is the typical anatomy of the ankle however anatomical variations are
frequent within the ankle and hindfoot (Aparisi Gémez et al., 2019). The anatomy varies in
terms of size, orientation or even presence of structures including additional sesamoid bones,
accessory ossicles, bipartitions, coalitions and accessory muscles (Aparisi Gomez et al., 2019).
Anatomical variations are typically a by-product of a developmental abnormality that

constitute an incidental radiographic finding (Sarrafian, 2011).

1.3.1 Talocrural Joint

The talocrural joint is formed by the articulation of the dome of the talus, medial malleolus,
tibial plafond and lateral malleolus (Hertel, 2002). The joint forms a bracket-shape, known as a
mortise, which can mostly be considered as a hinge joint allowing dorsi-/plantar flexion, yet a
degree of motion occurs in all three anatomical planes, shown in Figure 3 (Hertel, 2002). The
joint is most stable when in dorsiflexion due to the talus being on average 4.2 mm wider

anteriorly (Sarrafian, 1993).
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Figure 3. Anterior view of the talocrural joint.

When the ankle complex is fully loaded in a neutral or dorsiflexed position the congruity of
articular surfaces provides 100 % of translational and 60 % of rotational stability (Watanabe et
al., 2012). The static stabilisation provided by the ligaments is however crucial (Hertel, 2002) if
the ankle is unloaded or in a plantar flexed position. When the ankle is unloaded the lateral
ligaments contribute 70 to 80 % of anterior stability and the medial ligaments contribute 50 to
80 % of posterior stability (Watanabe et al., 2012). The medial and lateral ligaments together
account for 50 to 80 % of rotational stability (Watanabe et al., 2012). The talocrural joint is
statically stabilised by the joint capsule, the anterior talofibular ligament (ATFL), posterior
talofibular ligament (PTFL), calcaneofibular ligament (CFL) and deltoid ligament (Hertel, 2002).
The ATFL, PTFL and CFL stabilise the lateral side whereas the deltoid ligament stabilises the
medial side. The tibiofibular syndesmosis ligaments also play a crucial role in the stabilisation
of the lateral side of the talocrural joint by maintaining the distal joint between the tibia and

fibula (Brockett and Chapman, 2016).



1.3.2 Subtalar Joint

Articulations between the talus and the calcaneus form the subtalar joint, shown in Figure 2
(Hertel, 2002). The three articulating facets of the inferior aspect of the talus are concave and
the superior aspects of the calcaneus are concentrically convex allowing inversion and eversion
(Brockett and Chapman, 2016). The subtalar joint consists of an intricate structure, having two
separate joint cavities and allows for the motions of pronation and supination (Hertel, 2002).
The posterior subtalar joint is formed between the inferior posterior facet of the talus and the
superior posterior facet of the calcaneus (Rockar, 1995). Whereas the anterior subtalar joint is
formed by the articulations between the anterior-superior facets of the talus (talar head) and
the sustentaculum tali of the calcaneus (Hertel, 2002). Static stabilisation of the subtalar joint
provided by ligamentous tissue is vast and provides a great contribution however it is not fully

understood.

1.3.3 Ligaments

1.3.3.1 Lateral Collateral Ligament Complex

The lateral collateral ligament (LCL) complex consists of the ATFL, CFL and PTFL, shown in
Figure 4. Ligaments in their own right the ATFL, CFL and PTFL can be considered as a complex
due to their interconnecting fibres and proximity of insertion point to the fibula (Khawaji and
Soames, 2015; Goland et al., 2016; Matsui et al., 2017; Edama et al., 2018; Kakegawa et al.,
2019; Dalmau-Pastor et al., 2020; Vega et al., 2020). Connecting fibres have been identified
between the ATFL and PTFL, ATFL and CFL, and CFL and PTFL, shown in Figure 5 (Taser et al.,
2006; Dalmau-Pastor et al., 2020).

The ATFL presents as an intra-capsular single, double or triple band fibre bundle at a frequency
of 2310 62 %, 36 to 70 % and 3 to 21 %, respectively (Milner and Soames, 1997; Khawaji and
Soames, 2015; Matsui et al., 2017; Edama et al., 2018; Kakegawa et al., 2019). Irrespective of
the number of fibre bundles, the overall width of the ATFL does not vary greatly (Milner and
Soames, 1997). The ATFL is quadrilateral in shape and approximately 11 to 25 mm long, 5 to 11
mm wide and 2 mm thick (Taser et al., 2006; Snedeker et al., 2012; Matsui et al., 2017). The
fibular origin of the ATFL is at the inferior aspect of the anterior border of the distal fibula
laterally to the articular cartilage of the fibula (Matsui et al., 2017). The ATFL runs
anteromedially and inserts on the body of the talus immediately anterior to the lateral
articular surface, shown in Figure 4 (Harper, 1991; Sarrafian, 1993; Golané et al., 2016). The
ATFL forms a mean angle of 25 degrees (range 5 degrees to 45 degrees) with the transverse
plane and 47 degrees (range 45 degrees to 56 degrees) with the sagittal plane (Taser et al.,
2006).
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Figure 4. An illustration of the lateral ankle ligaments. Here the anterior talofibular ligament,
abbreviated to ATFL throughout, is labelled (Ant. Talofibular lig.). The calcaneofibular
ligament, abbreviated to CFL throughout, is labelled (Calcaneofibular lig.). The posterior
talofibular ligament, abbreviated to PTFL throughout, is labelled (Post. talofibular lig.). The
anteroinferior tibiofibular ligament, abbreviated to AiFTL throughout, is labelled (Ant. lat.
malleol. lig.). The posteroinferior tibiofibular ligament, abbreviated to PiTFL throughout, is

labelled (Post. lat. malleol. lig.). Source: (Gray and Lewis, 2000).

Figure 5. Lateral and medial view of the fibular malleolus showing connecting fibres between
the superior (1) and inferior (2) bands of the ATFL, CFL (3) and PTFL (4). Blue arrows = the
direction of interconnecting ligament fibres. Source: (Dalmau-Pastor et al., 2020).

The CFL, an extra-capsular ligament, can either have a cord-like structure with a consistent

diameter or a flat fanning out structure getting wider towards calcaneal insertion (Matsui et
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al., 2017; Kakegawa et al., 2019). Frequency of the various morphologies is argued in the
literature with a meta-analysis by Matsui et al. 2017 reporting 66 % and 34 % occurrence of
the cord-like and fanned out morphology, respectively (Matsui et al., 2017). In contrast studies
performed by anatomists detailed the opposite findings with 67 % of ligaments being flat and
33 % cylindrical (Golané et al., 2016; Kakegawa et al., 2019). Cross-sectional dimensions of the
CFL do not vary greatly between flat and cylindrical cross-section morphologies. The width and
diameter measurements quoted in the literature are 5 to 8 mm for both morphologies (Goland
et al., 2016; Matsui et al., 2017). Length measurements of the CFL are quoted from 15 to 35
mm in the meta-analysis by Matsui et al. 2017 with Golano et al. 2016 quoting 20 mm as the
average length of the CFL (Goland et al., 2016; Matsui et al., 2017). Fibular origin of the CFL is
at the anterior border of the distal lateral malleolus and calcaneal insertion is at a small
tubercle distal and posterior to the subtalar joint line, shown in Figure 4 (Snedeker et al.,
2012). The CFL forms a mean angle of 40 degrees (range 30 degrees to 58 degrees) with the
transverse plane and 51 degrees (range 32 degrees to 60 degrees) with the sagittal plane
(Taser et al., 2006).

Fibular origin points of the ATFL and CFL have been identified to be independent, with
connective tissue and fat separating the two ligaments (Kakegawa et al., 2019). In contrast,
computed tomography (CT) analysis determined the ATFL and CFL to have a mutual point of
origin on the fibula (Neuschwander et al., 2013). The ability to distinguish small thin layers of
connective tissue and fat amongst other soft tissues is extremely challenging via dissection and
using 3-dimensional CT. Whilst the findings regarding the origin of the ligaments are still
unclear, the ligaments are definitely interconnected, shown by the blue arrows in Figure 5. The
angle formed between the ATFL and CFL is approximately 105 degrees and between 90 to 100

degrees in the sagittal and frontal planes, respectively (Snedeker et al., 2012).

The PTFL originates on the posteromedial side of lateral malleolus and travels medially and
close to horizontally to insert on the posterior side of the talus, shown in Figure 4 (Sarrafian,
2011; Golané et al., 2016). The PTFL is trapezoidal in shape with a broad and multifascicular
insertion points on the posterior surface of the talus, lateral talar process or os trigonum. The
os trigonum is a small round, oval or triangular accessory bone present posterior to the talus in
up to 25 % of individuals (Mellado et al., 2003; Sarrafian, 2011; Goland et al., 2016; Aparisi
Gbémez et al., 2019). Length, width and thickness values of the PTFL are 15.3 +0.9t023.0+ 7.0
mm, 5.5+ 2.5t0 13.0 + 3.1 mm and 2.3 + 0.6 mm, respectively (Attarian et al., 1985; Milner
and Soames, 1998; Butler and Walsh, 2004). Literature studying the PTFL is scarce in
comparison to the ATFL and CFL which are damaged more often (Van Den Bekerom et al.,
2008).

1.3.3.2 Medial Collateral Ligament Complex

The deltoid ligament is divided into deep and superficial layers which are anatomically

separated (Tochigi et al., 2005; Hintermann et al., 2006; Snedeker et al., 2012). The superficial
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layer consists of the tibiospring, tibionavicular, superficial posterior tibiotalar and
tibiocalcaneal ligaments (Snedeker et al., 2012). The broad, fan shaped, and continuous
structure of the deltoid ligament makes it difficult to differentiate between the superficial
ligaments (Snedeker et al., 2012). All ligaments in the superficial layer of the deltoid ligament
originate from the tibia, shown in Figure 6. The tibionavicular inserts onto the navicular bone
blending its fibres with the tibiospring ligament which extends to the calcaneonavicular
(spring) ligament (Mengiardi et al., 2005; Mengiardi et al., 2007; Sarrafian, 2011; Goland et al.,
2016). The tibiocalcaneal ligament runs vertically and inferiorly inserting onto the
sustentaculum tali, a tubercle on the medial side of the calcaneus, shown in Figure 6
(Mengiardi et al., 2005; Mengiardi et al., 2007; Sarrafian, 2011; Golané et al., 2016). The deep
layer of the deltoid ligament consists of the deep anterior tibiotalar and deep posterior
tibiotalar ligaments (Snedeker et al., 2012). The deep anterior tibiotalar ligament originates
from the anterior aspect of the medial malleolus attaching to the medial aspect of talus and
the deep posterior tibiotalar ligament originates from the distal tip of the medial malleolus
immediately medial to the articulation surface and extends posterolaterally to its insertion
point on the medial tubercle of the talus (Sarrafian, 2011; Snedeker et al., 2012).
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Figure 6. An illustration of the medial ankle ligaments of the ankle complex. The deltoid
ligament and the posterior tibiotalar ligament labelled (Posterior talotibial ligament) are
shown. Source: (Gray and Lewis, 2000).

The posterior intermalleolar ligament is another less-researched ligament in the literature.
Originating at the fibula between the PTFL and transverse ligament the multifascicular
ligament extends horizontally inserting medially on the posterior border of the tibia, the
medial malleolus and the posterior of the talus (Goland et al., 2016). The presence of the
ligament is quoted from 19 % to 100 % however the size of the ligaments and proximity to the

posterior joint capsule pose difficulties for assessment during dissection (Golané et al., 2016).



1.3.3.3 Distal Tibiofibular Syndesmosis

The distal tibiofibular syndesmosis is formed between the tibia and fibula at the distal end.
Minimal motion occurs between the tibia and fibular at the distal tibiofibular syndesmosis
satisfying the definition of a syndesmosis, which is an immovable joint where bones are joined
by connective tissue. The tibiofibular syndesmosis consists of the anteroinferior tibiofibular
ligament (AITFL), the posteroinferior tibiofibular ligament (PiTFL), the transverse ligament and
the interosseous tibiofibular ligament (Goland et al., 2016). Additional support to the
tibiofibular syndesmosis is provided by the inferior segment of the interosseous membrane
(Golano et al., 2016). The tibial origin of the AITFL is at the anterior tubercle of the tibia around
5 mm above the articular surface, shown in Figure 4 (Van Den Bekerom and Raven, 2007). The
ligament runs distally and laterally to its fibular insertion on the anterior margin immediately
lateral to the articulation surface (Golané et al., 2016). When taking a frontal view of the foot,
the angle created between the AITFL and the tibial plafond is between 30 to 50 degrees and an
angle of 65 degrees posteriorly with the sagittal plane (Ebraheim et al., 2006). Three slightly
converging collagen fibre bands in the lateroinferior direction, separated by fatty tissue, form
the AITFL (Ebraheim et al., 2006; Hermans et al., 2010). The length of the fibres increases
distally through the width of the AiTFL from 6 to 9 mm for the proximal band to 17 to 21 mm
for the distal band (Hermans et al., 2010). The overall width and thickness dimensions of the
AITFL are 14.4 to 16.9 mm and 1.8 to 4.0 mm, respectively (Hermans et al., 2010).

Both a deep and superficial component of the PiTFL exist, where the deep component is
sometimes referred to as the transverse ligament and the PiTFL usually describes the
superficial component. The fibular origin of the superficial band is at the posterior edge of the
lateral malleolus, shown in Figure 4 (Goland et al., 2016). The fibres of the ligaments extend
proximally and medially to the tibial insertion at the posterior tibial tubercle (Golané et al.,
2016). As the ligament extends from the fibula to the tibia the width of the PiTFL increases
considerably giving the ligament a triangular shape. The average fibre length increases from
9.7 mm for the proximal fibres to 21.8 mm for the distal fibres (Hermans et al., 2010). The
PiTFL forms an angle between 20 and 40 degrees with the transverse plane and 60 to 85
degrees with the sagittal plane (Hermans et al., 2010). The transverse ligament originates on
the medial side of the fibula proximal to the malleolar fossa and inserts at the posterior edge
of the tibia immediately posterior to the articular surface (Golané et al., 2016). Tibial origin of
the transverse ligament is at the dorso-distal rim of the tibia and the ligament extends
horizontally to the fibular insertion at the malleolar fossa. The fibres of the deep component of
the PiTFL are longer than the superficial varying from 22 to 43 mm in length with some distal
fibres potentially extending as far as the medial malleolus (Ebraheim et al., 2006; Goland et al.,
2016).

The interosseous membrane connects the tibia and fibula along their entire length from the
lateral side of the tibia to the medial side of the fibula. The interosseous tibiofibular ligament is

a distal continuation of the interosseous membrane however the ligament is a dense mass of
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short fibres (Goland et al., 2016). The importance of the contribution to stability of the
tibiofibular syndesmosis made by the interosseous tibiofibular ligament is disputed however
some believe it plays an important role (Hoefnagels et al., 2007). Similarly to the AiTFL and
PiTFL the length of the fibres increases distally from 6.6 £ 1.3 mm to 10.4 + 3.1 mm (Hermans
et al., 2010). The average thickness of the interosseous tibiofibular ligamentis 4.7 £ 1.1 mm
and the width is 21.2 £+ 1.7 mm and 17.7 + 1.0 mm at the fibular and tibial attachment points,

respectively (Hermans et al., 2010).

1.3.3.4 Subtalar stability

The subtalar ligaments can be categorised into three groups: deep ligaments, peripheral
ligaments and retinacula (Viladot et al., 1984; Harper, 1991). The cervical and interosseous
ligaments are deep ligaments which separate the anterior and posterior joint capsules, shown
in Figure 7. The ligaments form a barrier by crossing obliquely, similarly to cruciate ligaments
of the knee, to stabilise the subtalar joint (Viladot et al., 1984). The interosseous ligament
originates on the calcaneus and runs superiorly and medially to insertion point on the talar
neck (Viladot et al., 1984). The peripheral ligaments of the subtalar joint include the CFL,
lateral talocalcaneal ligament and the fibulotalocalcaneal ligament. The lateral talocalcaneal
ligament is present in approximately 52 % of the population (Kakegawa et al., 2019). Of those
occurrences, 61 % act as a reinforcement connecting the inferior aspect of the ATFL and the
anterior aspect of the CFL (Kakegawa et al., 2019). The remaining were found to run in parallel
with the CFL slightly anterior between the talus and calcaneus (Kakegawa et al., 2019). The
lateral talocalcaneal ligament is smaller and weaker than the CFL but still contributes to the
resistance of excessive supination of the subtalar joint (Viladot et al., 1984; Stephens and
Sammarco, 1992; Burks and Morgan, 1994).
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retinacular root
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Figure 7. The deep lateral ankle ligaments of the subtalar joint. Source: (Frey, 2015).

The inferior extensor retinaculum attaches to the lateral talus and calcaneus and is formed by
the lateral, intermediate and medial fibre bands, shown in Figure 8 (Snedeker et al., 2012). The
inferior extensor retinaculum retains the extensor digitorum longus, extensor digitorium brevis
and peroneus tertius tendons. The lateral root in conjunction with the CFL provide the

ligamentous support to the subtalar joint (Snedeker et al., 2012).



1.3.4 Muscles and Tendons

Movement of the foot and ankle is controlled by muscles which originate in the leg and insert
within the foot. The majority of motion is generated by twelve muscles which can be
compartmentalised into the anterior, lateral, posterior and deep posterior compartments,
shown in Figure 8 (Brockett and Chapman, 2016). The anterior compartment includes four
muscles: the tibialis anterior, extensor digitorium longus, extensor hallicus longus and the
peroneus tertius (Brockett and Chapman, 2016). The tibialis and extensor hallicus longus
generate dorsiflexion and inversion, the peroneus tertius generate dorsiflexion and eversion,
and the extensor digitorium longus generates only dorsiflexion of the ankle complex (Zwipp
and Randt, 1994). The lateral compartment consists of two muscles the peroneus longus and
peroneus brevis, which generate plantar flexion and eversion of the ankle complex (Zwipp and
Randt, 1994). The posterior compartment includes three muscles: the gastrocnemius, soleus
and plantaris, which assist plantar flexion of the ankle complex (Zwipp and Randt, 1994). The
deep posterior compartment also includes three muscles: the tibialis posterior, flexor
digitorium longus and flexor hallicus longus, which generate plantar flexion and inversion

(Zwipp and Randt, 1994).
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Figure 8. Muscles of the lower leg. Source: (https://opentextbc.ca/anatomyandphysio
logy/wp-content/uploads/sites/142/2016/03/1123_Muscles_of_the_Leg_that_Move_
the_Foot_and_Toes.jpg. Accessed: 27/09/2020).

Musculotendinous units generate a stiffness when they contract, which aids in the dynamic
stabilisation of the joints (Hertel, 2002). Integral to the dynamic stabilisation of the lateral side
of the ankle and protection against LAS are the peroneus longus, peroneus brevis and the
muscles of the anterior compartment of the lower leg (Hertel, 2002). The peroneal longus and
brevis muscles can control supination whereas those of the anterior compartment of the lower

leg can reduce the rate of plantar flexion (Sinkjaer et al., 1988; Ashton-Miller et al., 2013).
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1.4 Biomechanics of the Ankle

Motion at the ankle complex is guided by the joint surface and ligamentous structures; and
motion is induced by the forces and moments of the extrinsic muscles as well as external
forces. The ankle joint complex can rotate in all three planes of motion allowing dorsi-/plantar
flexion, inversion/eversion and internal/external rotation in the sagittal, frontal and transverse
planes, respectively, shown in Figure 9 (Brockett and Chapman, 2016). A combination of
plantar flexion, inversion and internal rotation is termed supination and causes the sole of the
foot to face medially (Donatelli, 1985). Whereas a combination of dorsiflexion, eversion and
external rotation, called pronation, causes the sole of the foot to face laterally (Donatelli,
1985).

Internal axial
External rotation
axial rotation

Inversion
Eversion

Dorsiflexion 7.

Plantarflexion

Figure 9. The relative motions of the ankle joint complex. Adapted from: Visual 3D (C-
Motion, Rockville, Maryland). Source: (Brockett and Chapman, 2016).

1.4.1 Range of Motion

Total range of motion (ROM) of the ankle complex in the sagittal plane is between 65 to 75
degrees, comprised of 10 to 20 degrees dorsiflexion through to 40 to 55 degrees plantar
flexion (Stauffer et al., 1977; Grimston et al., 1993). Overall ROM of the ankle complex in the
frontal plane is approximately 35 degrees, moving from 20 to 23 degrees inversion through to
10 to 12 degrees eversion (Stauffer et al., 1977; Root et al., 1977). The ROM of the ankle
complex required for daily activities is however much lower with the maximum ROM in the
sagittal plane associated with walking being 30 degrees, stair ascent 37 degrees and stair
descent 56 degrees (Nordin and Frankel, 2012).

Dorsi-/plantar flexion is the predominant motion occurring at the talocrural joint and
inversion/eversion at the subtalar joint. Tuijthof et al. (2009) reported that 63 degrees of dorsi-

/plantar flexion occurs at the talocrural joint and 4 degrees at the subtalar joint (Tuijthof et al.,
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2009). Understanding of the contributions to inversion/eversion have historically been more
contentious. The current belief is that inversion/eversion motion occurs at both the talocrural
and subtalar joints. Lundgren et al. (2008) document joint rotations during the stance phase of
walking measured in vivo. Joint rotations were found to be on average 15.3 + 2.0 degrees, 8.1
+ 3.8 degrees and 7.8 £ 2.7 degrees at the talocrural joint and 6.8 + 1.4 degrees, 9.8 + 1.8
degrees and 7.5 + 2.0 degrees at the subtalar joint in the sagittal, frontal and transverse

anatomical planes, respectively (Lundgren et al., 2008).

1.4.2 Axis of Rotation

The axis of rotation for the joints of the ankle complex is a historical topic of disagreement.
The axis of rotation was originally believed to alter during flexion due to the talus having two
different arcs and radii, the shape of the talar trochlea and the action of soft tissues (Barnett
and Napier, 1952). During dorsiflexion the axis of rotation had a distal inclination in the lateral
direction and through plantar flexion a distal inclination in the medial direction (Barnett and
Napier, 1952). Contrary to this it was later believed that a fixed hinge was a more appropriate
description of the rotational axis, generating pronation and supination (Isman and Inman,
1969). Further study suggests that the hinge definition is an oversimplification and multiaxial
motion occurs in the ankle complex (Lundberg et al., 1989; Leardini et al., 2014). The theory of
multiaxial motion is based on internal rotation and external rotation occurring during
dorsiflexion and plantar flexion, respectively (Leardini et al., 2014). The literature on the axis of
rotation of the ankle complex is conflicting and further research into the topic could provide
further insight. The most recent evidence suggests that the instantaneous centre of rotation
theory is most likely to be correct and explains somewhat the difficulty faced when

interpreting ankle biomechanics.

1.4.3 Forces in the Ankle Joint

The forces acting on the ankle joint complex vary depending on the activity being performed.
Ground reaction forces acting on the ankle joint have been estimated to be approximately five
times body weight (BW) and 13 times BW during the stance phase of normal walking and
running, respectively (Burdett, 1982). Musculoskeletal models however have been found to
overestimate joint reaction forces when compared to those measured in vivo using

instrumented prostheses (Fregly et al., 2012).

The load applied to the ankle joint complex is distributed across the talocrural joint and fibula,
which carry 83 % and 17 % of the load respectively (Calhoun et al., 1994). However these
values can vary, with the fibula transmitting more load during dorsiflexion (Brockett and
Chapman, 2016). The increase in load transmission during dorsiflexion is proposed to be due to
the talus being wider anteriorly increasing the contact area and joint stability. Between 77 %
and 90 % of the load transmitted by the talocrural joint is applied to the talar dome with the

remaining load carried by the medial and lateral surfaces (Michael et al., 2008). The
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distribution of load is determined by ligamentous forces and positional effects (Brockett and
Chapman, 2016). During eversion the lateral facet experiences the highest load whereas the

medial facet carries more load during inversion (Brockett and Chapman, 2016).

The talus does not have any muscular attachment and is therefore only constrained by
ligament and contact forces (Leardini et al., 2014). Although the talus is highly constrained by
the geometry of the ankle, there is potential that ligamentous damage induced during an ankle
sprain could alter the load distribution on the talus. A redistribution of load could increase the
mean contact pressure of the ankle which has been linked to the causation of PTOA in the

ankle (Buckwalter et al., 2013).

Although the loads applied to the ankle are relatively high compared to other joints of the
lower limb, the ankle has a high level of congruency. Therefore, the large contact area (11 to
13 cm?) has been suggested produce stresses lower than those in the knee or hip (Nordin and
Frankel, 2012). Contact area is greatest during stance phase of gait, with smaller contact areas

at both toe-off and heel strike (de Asla et al., 2006).

1.5 Structure of Ligaments

Ligaments are primarily composed of collagen, glycoproteins, protein polysaccharides, elastin,
glycolipids, water and cells (mostly fibroblast cells) (Hawkins, 2002). The proportional
composition of ligaments is shown in Figure 10. Ligament extracellular matrix is composed of
55 % to 70 % water, whereby a substantial proportion is associated with the proteoglycans in
the extracellular matrix (Nordin and Frankel, 2012). The dry weight of ligaments consists of 60

% to 85 % collagen, the majority being type | collagen (Hawkins, 2002).

Ligament
Fibroblasts (20 %) Extracellular Matrix (80 %)
Solid Component (30 — 45 %) Water (55 — 70 %)
Collagen (60 — 85 %) Inorganic Substances (15 — 40 %)

. Glycosaminoglycans Other

Collagen|  Collagen I Elastin & Proteoglycans .

. . Proteins
Adhesion Proteins

70-80% 10 % 2% 1-5% 45%

Figure 10. Proportional composition of ligaments. Percentage composition values source:
(Kjeer, 2004; Nordin and Frankel, 2012; Marieswaran et al., 2018).
Ligament microstructure is hierarchical, collagen molecules group together in a nearly parallel

orientation to form progressively larger fibrils. Fibrils form fibres which have a crimped pattern
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and group to form fascicles which then form the entire ligament, shown in Figure 11.
Surrounding ligaments is an epiligamentous region which acts to provide protection to the
collagen fibres and ligamentous neurovascular bundles, supply nutrients to the ligament
through its vascular network, and allow for the sliding of the ligament against adjacent tissues
(Chowdhury et al., 1991). To enable the sliding over adjacent tissues the epiligament has a
multidirectional collagen fibre orientation, allowing pressure and tension to be resisted in a
multitude of directions (Chowdhury et al., 1991).
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Figure 11. The organisational structure of a ligament. Adapted from (Marieswaran et al.,
2018), original source (Kastelic et al., 1978).

Collagen molecules are cross-linked at the fibril level providing strength to ligaments (Nordin
and Frankel, 2012). Collagen molecules are theorised to cross-link in a head-to-tail manner,
however a more complex inter-fibrillar cross-linking may also exist (Nordin and Frankel, 2012).
The internal crimping pattern of fibres decreases from the centre to periphery of the
epiligament (Rein et al., 2015). The crimp pattern occurs every 67 nm and 45 um in collagen
fibrils and fascicles, respectively (Kastelic et al., 1978). Crimping of ligaments play a crucial
biomechanical role and acts to prevent injury. During increased loading ligaments will uncrimp,
thereby affording elongation of the ligament to prevent damage (Rein et al., 2015). Fibroblasts
are functionally responsive to the local loading environment and when required to do so can
produce the structural constituents of the extracellular matrix (Zitnay and Weiss, 2018). This

phenomena is responsible for the mechano-responsive nature of ligaments (Birch et al., 2013).

Ligaments can attach to bones directly or indirectly. Direct insertion of ligaments to bone
involves the transition of the ligament to fibrocartilage, mineralised fibrocartilage and finally
bone (Marieswaran et al., 2018). Whereas for indirect insertion of ligaments the superficial

fibres are connected to periosteum and the deep fibres to bone (Woo et al., 1987).
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1.5.1 Lateral Collateral Ligament Complex

There is a scant amount of literature on the structure and composition of the LCL complex.
Histological analysis determined that there are three different morphological compositions of
ankle ligaments; densely packed parallel, mixed tight and loose parallel, and densely packed
interlaced ligaments (Rein et al., 2015). The ATFL, CFL and PTFL are all composed of densely
packed parallel collagen bundles, providing high tensile force resistance (Kumai et al., 2002;
Rein et al., 2015). No significant difference in the structure of the ATFL, CFL and PTFL has been
reported (Rein et al., 2015).

Kumani (2002) reported that the ATFL is composed of types |, Ill and VI collagens, dermatan
and keratin sulphate (Kumai et al., 2002). Type Il collagen is absent from most of the ligament
except the entheses and sesamoid fibrocartilage (Kumai et al., 2002). Sesamoid fibrocartilage
of the ATFL is found where the ligament wraps around the talus. The sesamoid fibrocartilage
contributes to protecting the talar insertion from avulsion, along with a greater bone density

than at the fibular origin (Kumai et al., 2002).

1.6 Function of Ligaments

Ligaments have three main functions: 1) to act as mechanical passive stabilisers of joints, 2) to
have a viscoelastic response to aid in the preservation of joint homeostasis, 3) to have sensory
function where ligaments are capable of monitoring and supplying afferent kinaesthetic and
proprioceptive information (Rein et al., 2015). Mechano-receptors within ligaments and joint
capsules react to changes in joint angle, joint velocity, mechanical distortion and intra-articular
pressure providing proprioceptive information to influence the muscular joint stability
(Macefield, 2005; Solomonow, 2006; Rein et al., 2015).

1.6.1 Lateral Collateral Ligament Complex

The primary function of the ligaments at the ankle complex is to provide stability to the joint
through resisting excessive motion. The role each ligament plays in the stabilisation of the joint
has been evaluated by a small number of studies to determine how individual ligaments
contribute to the stability of the ankle complex. A cadaveric study using radiographic image
analysis found the ATFL and anterior aspect of the CFL to restrict plantar flexion, demonstrated
by ligament fibres being straight (taut) in Figure 12 (Stagni et al., 2004). Similarly the posterior
aspect of the CFL and PTFL were found to restrict dorsiflexion, shown in Figure 12 (Stagni et al.,

2004).
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Figure 12. lllustrative representation of ligament fibre recruitment for the calcaneofibular
(CaFi), anterior talofibular (ATaFi) and posterior talofibular (PTaFi) of the LCL complex as well
as the, tibiocalcaneal (TiCa), deep anterior (DATiTa) and deep posterior (DPTiTa) tibiotalar
ligaments of the medial collateral ligament complex. Each ligament is shown in the sagittal
plane with 11 modelled fibres which are only represented as straight lines when their
maximum length is achieved. Source: (Stagni et al., 2004).

1.6.1.1 Anterior Talofibular Ligament

Length changes of the LCL complex have been determined for healthy individuals using a
combined dual-orthogonal fluoroscopic and magnetic resonance imaging (MRI) technique (de
Asla et al., 2009). In maximum dorsiflexion, neutral and maximum plantar flexion positions of
the ankle the ATFLis 13.9 £ 2.9 mm, 16.3 + 3.0 mm and 20.8 = 2.7 mm long, respectively (de
Asla et al., 2009). Additionally, from maximal pronation to maximal supination the ATFL
extends significantly from 14.8 + 2.5 mm to 17.4 + 3.0 mm (de Asla et al., 2009).

Strain in the LCL complex of cadaveric ankle ligaments has been measured using a mercury-
filled strain gauge in 10 degree intervals from 20 degrees dorsiflexion through to 30 degrees
plantar flexion (Colville et al., 1990). Additional inversion, eversion, internal and external
rotation forces were also applied (Colville et al., 1990). Strain in the ATFL generally increased
progressively as the ankle moved from 20 degrees dorsiflexion to 30 degrees plantar flexion,
additional internal rotation and inversion motion increased the strain recorded (Brostrom,
1964; Renstrom et al., 1988; Colville et al., 1990; Kannus and Renstréom, 1991; Kakwani and
Siddique, 2014) , shown in Figure 13. The highest ligament forces in the ATFL were observed in
plantar flexion and supination (Bahr et al., 1998; Ozeki et al., 2006). The length, strain and
force data all indicate that the ATFL acts to restrict plantar flexion, inversion and internal

rotation.
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Figure 13. Strain measurements for the ATFL through dorsi-/plantar flexion in 10 degree
increments from 20 degrees dorsiflexion (negative values) to 30 degrees plantar flexion
(positive values). Results are also shown when 3 Nm moments are applied for external
rotation (ER), internal rotation (IR), dorsi-/plantar flexion (DF/PF), eversion (EVE) and
inversion (INV). Adapted from: (Colville et al., 1990).

1.6.1.2 Calcaneofibular Ligament

The CFL and ATFL have been described as synergistic as when one is relaxed the other is
strained during dorsi-/plantar flexion motion (Renstrom et al., 1988; Colville et al., 1990;
Cawley and France, 1991). Length measurements of the CFL in maximum dorsiflexion, neutral
and maximal plantar flexion positions are 29.9 + 3.0 mm, 28.0 £ 2.9 mm and 26.6 + 2.2 mm (de
Asla et al., 2009). Furthermore, the CFL shortens from 31.0 + 3.8 mm at maximal pronation to
26.9 + 3.6 mm at maximal supination (de Asla et al., 2009). Strain measurements of the CFL
progressively decrease as the ankle moves from 20 degrees dorsiflexion to approximately 10
degrees plantar flexion before increasing slightly up to 30 degrees plantar flexion, shown in
Figure 14 (Colville et al., 1990). Only additional inversion increased the strain within the CFL
over the whole ROM compared to dorsi-/plantar flexion motion alone, shown in Figure 14
(Colville et al., 1990). Ligament force studies determined the highest CFL force to be in
supination during dorsiflexion (Bahr et al., 1998) or pronation during plantar flexion (Ozeki et

al., 2006).
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Figure 14. Strain measurements for the CFL through dorsi-/plantar flexion in 10 degree
increments from 20 degrees dorsiflexion (negative values) to 30 degrees plantar flexion
(positive values). Results are also shown when 3 Nm moments are applied for external
rotation (ER), internal rotation (IR), dorsi-/plantar flexion (DF/PF), eversion (EVE) and
inversion (INV). Adapted from: (Colville et al., 1990).

Unlike the anterior and posterior ligaments, the CFL rotates isometrically with the
tibiocalcaneal ligament of the medial collateral ligament complex about their origins and
insertions (Leardini et al., 2014). It has therefore been suggested that the CFL acts primarily as
a guide for the axis of subtalar motion (King, 1984; Colville et al., 1990). However, as the ATFL
is commonly the first injured ligament in a LAS the CFL may become the subsequent primary
restraint to talar inversion (Colville et al., 1990). The CFL stabilises the subtalar joint by
resisting excessive inversion and internal rotation and is most taut when dorsiflexed as it
reaches a vertical position (Stormont et al., 1985; Kjorsgaard-Andersen et al., 1987; Stephens
and Sammarco, 1992; Hglmer et al., 1994; Cass and Settles, 1994; Hollis et al., 1995).

1.6.1.3 Posterior Talofibular Ligament

As the ankle moves from the neutral position into dorsiflexion or plantar flexion the strain
within the PTFL generally increases, being most taut in dorsiflexion, shown in Figure 15
(Colville et al., 1990). Uniquely, in comparison to the ATFL and CFL, the strain accumulated by
the PTFL is greatest during dorsi-/plantar flexion alone, without additional inversion/eversion
or internal/external rotation, shown in Figure 15 (Colville et al., 1990). The PTFL resists both
inversion and internal rotation of the loaded talocrural joint but is deemed an insignificant
structure in inversion-internal rotation ankle injuries (Grond, 1973). Force within the PTFL is

greatest when in dorsiflexion (Ozeki et al., 2006).
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Figure 15. Strain measurements for the PTFL through dorsi-/plantar flexion in 10 degree
increments from 20 degrees dorsiflexion (negative values) to 30 degrees plantar flexion
(positive values). Results are also shown when 3 Nm moments are applied for external
rotation (ER), internal rotation (IR), dorsi-/plantar flexion (DF/PF), eversion (EVE) and
inversion (INV). Adapted from: (Colville et al., 1990).

1.7 Mechanical Characteristics of Ligaments

Ligaments exhibit a nonlinear viscoelastic time dependent response to tensile loading, starting
with an initial toe region followed by a progressively stiffer loading region, shown in Figure 16

(Funk et al., 2000; Hawkins, 2002; Nordin and Frankel, 2012; Zitnay and Weiss, 2018).
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Figure 16. Load-extension profile of ligament separated (dashed lines) into the toe, linear,
microfailure and complete failure regions.
19



The initial nonlinear elastic toe region is attributed to the straightening of the crimped collagen
fibres under relatively low load (Abrahams, 1967). Following the straightening of fibres they
begin to elongate, producing an almost linear response, until plastic deformation starts to
occur at the microscopic level and the profile starts to plateau, shown in Figure 16 (Hawkins,
2002). The fibrous nature of ligaments allows for the independent failure of ligament fibres
without complete catastrophic failure of the ligament. The independent failure of fibres is
responsible for the characteristic peaks and troughs displayed in the microfailure region of the
load-extension curve of ligaments. Complete catastrophic failure of the ligament follows
through either intraligamentous failure or bone avulsion. Intraligamentous failure describes
the mid-substance rupture of a ligament and is caused by the accumulation of microfailures.
Intraligamentous failure is fibrous with a frayed appearance at the site of rupture. Avulsion
failures are defined as failure at the insertion of the ligament to bone. Avulsion failures include
the separation of the ligament from the bone surface, the separation of the ligament and

cartilage from the bone surface, or as a small bone fracture at the insertion of a ligament.

Load-extension results may be used to represent the structural properties of ligaments.
Meaning they are dependent on the length and cross-sectional area of the specimen tested. In
the case of ligaments, structural properties describe the properties of the entire bone-
ligament-bone (BLB) construct, providing load, extension and stiffness results for the
construct. Alternatively material properties can be considered, such as stress-strain values,
which account for anatomical geometrical variance between specimens. Therefore material
properties describe the stress or strain levels achieved by the material(s) that form a construct
irrespective of the size of the construct. The stress-strain curve for ligaments contains the
same regions (toe, linear, microfailure and complete failure) as the load-extension curve
however the shape of the profile is different. Both structural and material properties have
their own merits and determining which is most appropriate is dependent on whether you

wish to find the properties of the entire construct of the materials that form it.

1.7.1 Viscoelastic Behaviour of Ligaments

Ligaments display stress relaxation, creep, hysteresis and strain rate sensitivity characteristics
(Hawkins, 2002). Stress relaxation describes a decreasing load over time when a ligament is
held at a constant extension length, shown in Figure 17A. Creep is defined by an increasing
deformation of the ligament over time whilst a constant load is being applied, shown in Figure
17B. Whilst ligaments will deform when a load is applied they are able to return to their
original geometry once relaxed providing the load was not in excess of the yield load (the load

where the linear region ends and microfailure begins).
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Figure 17. Hypothetical graphs demonstrating stress relaxation (A) and creep (B)
characteristics of ligaments.

Hysteresis is a phenomenon which occurs when the fluid component of the ligament is
redistributed to reduce the stress carried by the solid component of the ligament, shown in
Figure 18. The ligament stores some of the energy spent during elongation causing the
relaxation curve to follow a lower energy profile, shown in Figure 18 (Nordin and Frankel,
2012). The area between the elongation curve and relaxation curve represents the energy
stored by the ligament. The viscoelastic qualities (stress relaxation, creep and hysteresis) are

useful qualities for ligaments as they afford the adaptive nature of ligaments.
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Figure 18. Hysteresis loops for AITFL. Source: (Funk et al., 2000).

An increased rate of loading results in an increased stiffness, load and energy absorbed with
respect to the elongation experienced by the ligament, shown in Figure 19 (Attarian et al.,
1985). Strain rate also influences the failure mode of ligaments with a positive correlation
identified between strain rate and the frequency of mid-substance failures compared to
avulsions (Crowninshield and Pope, 1976). This could be due to the strain rate dependency of
the viscoelastic properties of ligaments (Funk et al., 2000). At very fast strain rates (> 100 %.s)

there is not adequate time for appreciable ligament relaxation (Funk et al., 2000). Whereas at
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very slow strain rates (< 0.01 %.s?) the ligament is essentially fully relaxed throughout testing
(Funk et al., 2000). Additionally, the greater strain rate sensitivity of bone than ligaments has
been reported to reduce the frequency of avulsion failures at higher strain rates (Hawkins,
2002).
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Figure 19. Load-deflection curves of the ATFL (left) and CFL (right) demonstrating the
nonlinearity and strain rate dependence. Deflection rates are 1 = 1000 mm.s?, 2 =50 mm.s
and 3 =0.1 mm.s! (Attarian et al., 1985).

1.7.2 Animal Models

Ankle osteoarthritis research has been performed on many species of animals over the years
including: horse, pig, dog, sheep, rat and mouse, shown in Figure 20 (Delco et al., 2017).
Alternatively a goat model has been developed for osteochondral defect of the talus (van
Bergen et al., 2013). Although these species have some resemblance of a human ankle, all of
the species are quadrupeds and not bipeds like humans. Quadrupeds have a very different gait
to biped species with varying biomechanics, loading and anatomy of the ankle. Other biped
species such as ostrich and kangaroo have been investigated in ankle locomotion studies
however there is very little published with these species (Smith et al., 2006; Snelling et al.,
2017).
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Figure 20. The tali from species commonly used as ankle models for comparison of size. A)
Horse, B) pig, C) sheep, D) dog, E) rat, F) mouse and G) human. Source: (Delco et al., 2017).
The use of mice in research on ankle ligaments has come to the fore recently, particularly with
respect to ankle sprain modelling (Hubbard-Turner et al., 2013; Wikstrom et al., 2015; Chang
et al., 2016; Wikstrom et al., 2018). However, when considering xenograft materials for
ligament replacement procedures, porcine tissue is predominantly used due to ease of supply
and appropriate dimensions (Herbert et al., 2015). Of the animal models previously used, the

porcine ankle is closest in size to that of the human, shown in Figure 20.

1.7.3 Experimental Conditions

1.7.3.1 Strain Rate

Whether the mechanical properties of ligamentous tissue are influenced by strain rate is
debated in the literature. There are those that believe an increased strain rate causes an
increase in ultimate failure load/stress and linear stiffness/modulus (Noyes et al., 1974;
Neumann et al., 1994; Yamamoto et al., 1999; Bonner et al., 2015; Karunaratne et al., 2018). In
contrast, there are some that propose ligaments are generally insensitive to strain rate (Woo
et al., 1981; Blevins et al., 1994; Pioletti et al., 1999; Funk et al., 2000). The potential factors
that could explain this discrepancy are multifactorial and vast, factors such as age, species,
hydration level and ligament tested; in addition to whether material or structural properties
were analysed, testing was to failure or non-destructive and the strain rates employed. The

results of studies investigating the effect of strain rate are summarised in Table 1.
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Table 1. Previously published results on the effect of strain rate on mechanical properties of
ligamentous structures of the knee, unless otherwise stated, tested to failure. *statistically
significant difference (p < .05), **statistically significant difference (p <.01), *** statistically
significant difference (p < .005) & tdata is an estimation from graphical data calculated using
WebPlot Digitizer.

Ultimate
First Strain Ultimate Elastic
Species, Sample Stiffness Failure
Author, Rate Failure Modulus
Structure Size (N.mm™) Stress
Year (%.s1) Load (N) (MPa)
(MPa)
603 + 1693 35.9
10 302 £ 83
(Blevinset 182 +567 +10.9
Patellar 40
al., 1994) 519+ 1790 37.1
Tendon 100 310495
156 + 601 +11.8

288** 39.9**

7 1 - -
+83.9 +11.0
364 56.5
7 10 - -
Pig + 86.6 +8.2
(Bonner et Lateral 656** 72.8*%*
7 94 - -
al., 2015) Collateral +82.4 +11.1
Li t
'samen 763 75.9
7 1006 - -
+141.3 +9.6
906 77.4
12 12990 - =
+195.2 +15.4
0.1 81.7 742
(mm.s?) +37.2 +384
Human,
Anterior 1-4 85.2* 843*
(Neumann - -
Longitudinal 54 (mm.s?) +32.6 +356
et al,, 1994)
Li t
igamen 170 - ) )
Spi 200 1261
(Spine) 930 i i
+99.6 + 369
(mm.s?)
156.5 805.1***
Monkey, 0.662 ) )
(Noyes et Anterior +30.9 +175.5
34
aI., 1974) Cruciate 151.4 Q7 3*k*
. 66.2 - -
Ligament +30.5 +164.8
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Ultimate

First Strain Ultimate Elastic
Species, Sample Stiffness Failure
Author, Rate Failure Modulus
Structure Size (N.mm?) Stress
Year (%.s1) Load (N) (MPa)
(MPa)
183 14.0*
0.01
26 +1.3
Rabbit,
(Yamamoto 218*t 16.6*T
Patellar 6 0.1
et al., 1999) +30 2.2
Tendon
248* 19.1
1
+13 +2.8

Scrutinising the literature further does not yield an obvious explanation for the disagreement
in findings. The two studies most similar in design, yet contradictory in result, are those of
Blevins et al. (1994) and Yamamoto et al. (1999), where both analysed the material properties
of patellar tendon samples tested to failure (Blevins et al., 1994; Yamamoto et al., 1999). The
main differences in design were that Blevins et al. (1994) analysed patellar tendons from
humans whereas Yamamoto et al. (1999) analysed patellar tendons from rabbits (Blevins et al.,
1994; Yamamoto et al., 1999). All studies within Table 1 show a positive correlation between
strain rate and ultimate failure stress as well as elastic modulus. With the exception of Blevins
et al. (1994), all studies show a positive correlation between strain rate and ultimate tensile
load and all except Noyes et al. (1974) found a positive correlation between strain rate and

stiffness.

Unfortunately, the findings of Yamamoto et al. (1999) are not fully documented and their
results for 0.1 %.s! strain rate are not reported textually. The results for 0.1 %.s™ have been
estimated in Table 1 using an online digitiser (WebPlot Digitizer) (Rohatgi, n.d.). The
estimations were validated using the ultimate failure stress and elastic modulus results for
0.01 %.s1 (183 + 27 MPa and 14.0 + 1.2 MPa, respectively) and 1 %.s™ (248 + 12 MPa and 19.0
+ 2.7 MPa, respectively) which agree well with the published results. The elastic modulus
results at 0.1 %.s* were found to be significantly lower than at 1 %.s and the failure stress
results at 0.1 %.s* were reported as significantly higher than at 0.01 %.s* (Yamamoto et al.,

1999). This discrepancy in the literature requires further investigation.

1.7.3.2 Tissue Hydration

The state of tissue hydration affects the mechanical properties of ligamentous and tendinous
tissues due to the role of water content under an applied tensile load. The fluid component of
the extracellular matrix, which accounts for 65 - 75 % wet weight of the extracellular matrix, is

redistributed throughout the tissue upon an applied load (Rumian et al., 2007). Water is a
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further influence on the mechanical properties of ligamentous tissue due to the interaction
with GAGs. GAGs are predominantly important to compressive mechanical properties however
they also have a role in tensile mechanical properties where they span the interfibrillar space
(Franchi et al., 2010). It is therefore important in mechanical characterisation studies to
attempt to replicate the natural hydration level of the tissue being characterised. There have
been various hydration mediums and methods of hydration proposed for natural tissue
testing. The current protocols within the Institute of Medical and Biological Engineering (iMBE)
at the University of Leeds propose using phosphate buffered saline (PBS) as the medium and
either continuously spraying the sample, wrapping the sample in PBS soaked gauze, or testing
the sample within a PBS bath. There is no evidence, to the author’s knowledge, for any

difference between the two methods on the mechanical properties of ligamentous tissues.

1.7.4 Mechanical Properties of the Lateral Collateral Ligament Complex

The limited amount of comparable published data on material and structural properties for the
LCL complex is shown in Table 2. The ATFL, the most frequently injured ankle ligament, has the
lowest ultimate failure load of the ligaments of the LCL complex (Attarian et al., 1985; Siegler
et al., 1988). Mean values for ultimate failure load of the ATFL range in the literature from
138.9 £ 23.5t0 297.1 + 80.3 N (Attarian et al., 1985; Funk et al., 2000). Such broad ranging
results emphasise the difficulty faced when comparing results between studies within the
literature, particularly where different strain rates are employed. Large inter-subject variation
also exists within studies however, with a relatively large study (n = 36) characterising the ATFL
to failure, reporting a mean ultimate failure load of 206 N ranging from 58 N to 556 N (St
Pierre et al., 1983).

The studies of Attarian et al. (1985) and Siegler et al. (1988), are the main focus of this review
as they compare the tensile mechanical properties of the ATFL, CFL and PTFL when ligaments
were aligned with the axis of loading. There were however differences between the two
studies in terms of the testing protocol followed. Attarian et al. (1985) performed
preconditioning “at 20 Hz for 10 s at physiological deflections (20 to 30 % maximum strain)”,
followed by “several load-deflection tests at a constant velocity, varying from 0.01 to 10 cm/s”
prior to a test to failure at strain rates shown in Table 2 (Attarian et al., 1985). Siegler et al.
(1988) performed 15 preconditioning cycles followed by several loading-unloading cycles
where the maximum tensile force increased by 44.5 N per cycle until failure (Siegler et al.,
1988).
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Table 2. The material and structural properties of the LCL complex reported in literature. For
avulsion failures the location of avulsion is denoted. (T) = Talus, (F) = Fibula and (C) =

Calcaneus. Attarian et al. (1985) quote mean + standard error of the mean whereas Siegler et
al. (1988) quote mean * standard deviation.

ATFL CFL PTFL
T i D %9 T 1 ® © T g ? ©
c @ v 9 c © L 9 c . @9
23 g 3 2 2 g 3 2 2 g 3
g = g = g2 g = g2 g =
2 © 'U_) @ E © "7, © 2 © 17, @
Sample size 12 20 16 20 4 20
67.8 + 67.8 + 67.8 +
Mean age (years) 57.9 57.9 57.9
15.2 15.2 15.2
Length (mm) 105+0.1 178%+03 175+01 27.7+03 153+0.1 21.2+04
Strain rate used
1010 3.2 1060 3.2 820 3.2
(mm.s?)
Ultimate failure load
(N) 139+24 231+129 346+55 307142 261+32 418+191
Ultimate elongation
5.1+£0.5 25+08 6.3+0.5 3.7+0.7 13.1+16 3.5+0.9
(mm)
. 39.8+
Stiffness (N.mm) 40.0+8.5 - 70.5+6.9 - -
13.8
Ultimate tensile 242 + 46.2 + 26.0 +
strength (MPa) 16.9 36.6 24.8
. . 0.53 + 0.15+ 0.38 0.13 % 1.00 + 0.17
Strain to failure
0.06 0.06 0.03 0.03 0.15 0.05
Elastic modulus
- 256 +181 - 512 +334 - 217+ 170
(MPa)
. 226+ 43.6 = 25.0
Yield stress (MPa) - - -
16.6 35.9 24.0
. . 0.14 0.13 % 0.16 =
Yield strain - - -
0.07 0.02 0.04
Mid-
67 % 42 % 50 % 30% 100 % 30%
i substance
Failure
Mode 25 % (C)
Avulsion 33 % (T) 58 % 70 % 0% 70 %
25 % (F)

The CFL and PTFL are both reported as having the highest ultimate failure load of the LCLs,
with the majority favouring the CFL (Attarian et al., 1985; Siegler et al., 1988; Funk et al.,
2000). When normalised by the cross-sectional area of the ligaments the CFL is considerably

stronger than the ATFL and PTFL, which have similar ultimate tensile strengths (46 + 36, 24 +
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17 and 26 £ 25, respectively) (Siegler et al., 1988). The strain rate effect on failure load
previously described for ligamentous tissue is not witnessed for the ATFL and PTFL when
comparing the two studies, shown in Table 2. Testing protocol differences could however
explain the higher failure load when characterised at a lower strain rate. By performing a
loading-unloading tensile test at a relatively low strain rate (3.2 mm.s?) sufficient time is given
for the viscoelastic properties of the ligament to be enabled (Siegler et al., 1988). Furthermore,
when ligaments were characterised to a pre-failure extension limit of 3 mm at varying strain
rates (0.15 mm.s?, 15 mm.s and 1000 mm.s™) an increased strain rate was demonstrated to
increase the load achieved by both the ATFL and CFL (Attarian et al., 1985). The load
approximately doubled for both the ATFL and CFL when tested at 1000 mm.s™ compared to 15
mm.s™ (equivalent to 9524 %.s* and 143 %.s™, respectively) (Attarian et al., 1985). These
results clarify the importance of selecting an appropriate strain rate for the conditions to be

modelled by a mechanical characterisation study.

The ATFL has the lowest ultimate elongation of the LCLs however when normalised by
ligament length the CFL has the lowest strain to failure (Attarian et al., 1985; Siegler et al.,
1988). The ultimate elongation is however likely of more value in the context of LAS at the
ultimate elongation of the ligaments can be related to displacements achieved during sprain
motion to determine the likelihood of ligament rupture. The stiffness of the ATFL is around

40 N.mm?, similar to the PTFL but much less than the CFL (40 N.mm™and 71 N.mm?,
respectively) (Attarian et al., 1985). The results for the elastic modulus follow a similar trend to
the stiffness results, being highest for the CFL, attributed to the high density and axial fibre

orientation of its collagenous fibres (Siegler et al., 1988).

The failure mode of the ATFL is documented as either mid-substance failure or talar avulsion
with frequencies varying dependent on the strain rate (Attarian et al., 1985; Siegler et al.,
1988). The failure mode results for the LCL complex agree with those previously documented
within this review for general ligamentous tissue, that avulsions are more prevalent when
characterised at lower strain rates. The CFL was reported to avulse between 50 to 70 % of the
time with the location of avulsion equally split between the calcaneal and fibular insertions
(Attarian et al., 1985; Siegler et al., 1988). Avulsion of the PTFL varies between 0 to 70 % of
failures with remaining failures being mid-substance (Attarian et al., 1985; Siegler et al., 1988).

Unfortunately, Siegler et al. (1988) did not report the location of PTFL avulsions.

1.8 Lateral Ankle Sprain

1.8.1 Ligament Failure Mechanisms

Ligament failure can occur due to excessive loading (contact injury), load being applied at an

excessive rate (sudden inversion walking in high heels), or a combination of excessive loads

applied at excessive rates (sudden inversion during cutting motion). Ligament injuries, or
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sprains, are clinically categorised into three grades by their severity, shown in Figure 21
(Magee, 2008). Grade | (mild) sprain represents small microfailure without macroscopic
alterations to the ligament or instability to the joint. Grade Il (moderate) sprains present as a
partial ligament rupture with some joint instability. Grade Il (severe) sprain represents a

complete rupture of a ligament resulting in total instability of the joint.

Grade | Grade Il Grade Il

No macroscopic failure Partial rupture Complete rupture
No instability Some instability Completely unstable
Mild pain Moderate pain Severe pain

Figure 21. Grades of ankle sprain. Adapted From:
(https://www.betterbraces.com/media/wysiwyg/degrees-of-ankle-sprains-rs.jpg. Accessed:
27/09/2020).

The ATFL is the most frequently injured ligament in the LCL complex followed by the CFL and
subsequently the PTFL (Kumai et al., 2002). Injury to the PTFL is rare and typically occurs in
severe LASs in conjunction with bone fracture or dislocation (Safran et al., 1999). Rotational
instability increases after the rupture of the ATFL due to the amount of internal rotation of the
rearfoot increasing dramatically and the remaining ligaments are subjected to further stresses
(Kjeersgaard-Andersen et al., 1988). The rupture of the ATFL induces a strain increase in the
CFL and the subsequent rupture of the CFL increases the strain within the cervical ligament
(Martin et al., 1998). Isolated injury of the CFL has also been presented in a small number of

cases (Rigby et al., 2015).

1.8.2 Biomechanics of Lateral Ankle Sprain

As previously described, strain increases in the ATFL due to plantar flexion, inversion and
internal rotation motion (Colville et al., 1990). Therefore excessive degrees of such rotations
will induce ATFL sprain. The same is true for the CFL in inversion and dorsiflexion and the PTFL
in dorsiflexion (Colville et al., 1990). Lateral ankle sprain has also been associated with
excessive supination of the rearfoot about an externally rotated shank soon after heel strike
during gait or landing a jump (Bahr and Bahr, 2014); excessive plantar flexion at initial contact
with the ground (Wright et al., 2000; Gehring et al., 2013; Bahr and Bahr, 2014) and a lateral
centre of pressure at initial contact (Willems et al., 2005). There is therefore likely not only one

motion responsible for instigating LASs.

29


https://www.betterbraces.com/media/wysiwyg/degrees-of-ankle-sprains-rs.jpg

Lateral ankle sprain events have been captured within biomechanics laboratories and at filmed
sports events, affording the kinematic analysis of LAS shown in Table 3 (Fong et al., 2009b;
Mok et al., 2011; Kristianslund et al., 2011; Gehring et al., 2013; Terada and Gribble, 2015;
Panagiotakis et al., 2017).

Table 3. The kinematic data published within literature relating to LAS captured using
marker-based motion analysis (MB) and marker-based image-matching motion analysis (IM).
Bolded results are estimations produced through the digitisation of graphical data using
WebPlot Digitizer software (https://apps.automeris.io/wpd/. Accessed: 27/09/2020). Max =
maximum, PF = plantar flexion, DF = dorsiflexion, INV = inversion, EVE = eversion, IR =
internal rotation, ER = external rotation, deg = degrees and s = seconds.

T - > ©
o = S o = = e © 2N
8 = c8 28 S a 2 T %o R
£§ 58 £ 8z %2 w3 o7 8 W
> ¥8 £3 ¥R g/ £R]R gR B
< o B S s < = g ©
[ ; ] 8 ’CI_J g
Contact
. High - Stop- .
Motion Cut Cut . injury Cut . Contact injury basketball
jump jump
hockey
Mild . .
. Mild Mild
Injury ATFL LAS LAS LAS LAS
. LAS LAS
sprain
Method MB MB IM IM MB MB IM
Max PF
1 19 52 14 50 47 3 27 12 54
(deg)
Max
PF/DF
. 370 353 - - 1240 270 - - - -
velocity
(deg.s?)
Max INV
48 33 142 78 45 13 93 77 96 107
(deg)
Max
INV/EVE
i 632 559 1752 1397 1290 96 - - - -
velocity
(deg.s?)
Max IR
10 56 51 45 24 - 3 38 28 47
(deg)
Max
IR/ER
i 271 690 - - 580 - - - - -
velocity
(deg.s?)

The variation in kinematic data for the generation of LAS between studies is considerable due

to the vastly different motions possible to induce LAS injury. The data suggests that neither
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plantar flexion, inversion nor internal rotation independently are essential motions required
for LAS, yet all three can be influential. Excessive inversion was the primary motion quoted
within the majority of these studies, particularly those where a contact injury had occurred
due to another players foot landing on the affected ankle (Mok et al., 2011; Panagiotakis et al.,
2017). Other studies found plantar flexion to be the predominant motion (Gehring et al., 2013;
Terada and Gribble, 2015) and one study reported internal rotation to be responsible for LAS
(Kristianslund et al., 2011). The largest rotation within each study is associated with the

highest rotational velocity, highlighting the influence of rotational velocity on sprain events.

Only the study by Fong et al. (2009b) details which ligaments were damaged due to sprain. A
mild ATFL sprain was reported during a sharp left turn performed at maximum running speed.
Increased inversion and internal rotation occurred at foot strike during the injury trial
compared to previous non-injury trials (15 degrees vs 9 degrees and 21 degrees vs 14 degrees,
respectively) (Fong et al., 2009b). The ankle complex then progressed to achieve 18 degrees of
dorsiflexion, 48 degrees of inversion and 10 degrees of internal rotation 0.2 s later, shown in

Figure 22 (Fong et al., 2009b).

Plantar Flexion (+) / Dorsiflexion (-) Internal (+) / External (-) Rotation Inversion (+) / Eversion (-)
Foot strike Phase | Phase Il Foot strike Phase | Phase Il Foot strike Phase | Phase Il

A - re > N | ————> " A «r< >

\\’\/
i . | : 3 : Vo
W+t 0 -30 r—r—t—r—r—r—r—r—r—r
'-.08-04 0 .04 .08.12 .16 .20 .24 .28 .32 -.08-.04 0 .04 .08.12 .16 .20 .24 .28 .32 -08-04 0 .04 .08.12 .16 .20 .24 .28 .32
time (s) time (s) time (s)

Figure 22. Kinematic data of the ankle complex when performing a sharp left turn cutting
pattern. The mean and standard deviation of the normal trials (grey band) and the injury
trial (black line) are shown. Phase | = pre-injury phase and phase Il = injury phase. Figure
adapted from (Fong et al., 2009b).

In a similar study by Kristianslund et al. (2011) a substantial and rapid increase in both
inversion and internal rotation angles and moments occurred during the sprain event, shown
in Figure 23. At initial contact, the ankle complex inverted 16 degrees, 6 degrees and 5 degrees
and internally rotated 8 degrees, 4 degrees and -1 degrees in the sprain and two preceding
non-injury trials, respectively (Kristianslund et al., 2011). A 2 cm lateral shift in the centre of
pressure was observed in the first 50 ms of the contact phase which extended during the
stance phase to 8.4 cm in the injury trial compared to 3.3 cm and 3.0 cm in the two non-injury
trials (Kristianslund et al., 2011). The variation in kinematics and kinetics between the injury
and non-injury trials signifies the causation of the LAS as being a lateral shift in centre of

pressure, increased inversion and increased internal rotation, shown in Figure 23.
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Figure 23. Kinematic and kinetic data for sprain trial and two preceding non-injury trials
when performing a cut movement. Source: (Kristianslund et al., 2011).

Another study analysing LAS during a cutting movement reported considerably high velocities

for plantar flexion (1240 degrees.s?), in addition to inversion (1290 degrees.s) and internal

rotation (580 degrees), shown in Figure 24 (Gehring et al., 2013). Explosive activation of the

tibialis anterior muscle and the peroneus longus muscle occurred 40 to 45 ms after contact

with the ground during the injury trial, prior to that of the two preceding non-injury trials (62

ms and 74 ms) (Gehring et al., 2013). The role that the tibialis anterior muscle plays is

speculated by Gehring et al. (2013) to be either counteracting plantar flexion or contributing to

additional inversion and internal rotation (Lee and Piazza, 2008; McCullough et al., 2011).
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Figure 24. Ankle kinematics and kinetics for a LAS injury trial (black line) and of 16 control
trials (grey band represents the range). Source: (Gehring et al., 2013).

A common characteristics of the trials resulting in LAS within the three cutting movement

studies is a simultaneous second peak in inversion ROM and a peak in internal rotation ROM.

Where reported, the inversion and internal rotation moments peaked a similar time point to

the peak in ROM. There is no definitive value of inversion angle or velocity required to sprain
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the ligaments of the ankle however it is known that as inversion velocities increase so does the

severity of ankle injury (Lynch et al., 1996).

An alternative method affording the analysis of a greater number of video captured ankle
sprain injuries is a model-based image-matching motion analysis method (Krosshaug and Bahr,
2005). This method involved placing a skeletal model onto a subject recorded from at least two
different angles whilst ankle sprain occurred to analyse the kinematics. Contact injury sprains
such as those reported by Mok et al. (2011) and Panagiotakis et al. (2017) can be analysed
using such a method, which otherwise could not be analysed. The accuracy of such a method is
however less than traditional optical motion capture analysis, shown in Figure 25. Results from
studies using the marker-based image-matching technique should therefore be interpreted
with caution and only used as estimates for ankle sprain ROM. However, the technique offers
great opportunity to expand the understanding of ankle sprain biomechanics which still

requires a large amount of basic understanding.

A Marker-based motion analysis B MBIM motion analysis
ankle angle ankle angle
(degree) (degree)
60 o 60, |
footstrike footstrike
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40 | 40 |
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Figure 25. A comparison of traditional marker-based motion capture analysis (A) and
marker-based image-matching motion analysis (B) techniques within the ankle joint. Source:
(Fong et al., 2009b).

1.8.3 Simulation of Lateral Ankle Sprain

Given the rarity of accidental ankle sprains within biomechanics laboratories, researchers have
attempted to replicate ankle sprain in cadaver tissue. Such devices offer an opportunity to
investigate LAS biomechanics under controlled conditions and at a greater intensity. To the
author’s knowledge a device capable of simulating LAS in cadaver tissue with realistic
kinematic profiles does not exist. Furthermore, the author is only aware of one passive device
capable of inducing damage to the lateral ankle ligaments (Konradsen and Voigt, 2002). The
device was able to induce ATFL and CFL rupture in specimens fixed at 20 degrees tibial
inclination, 30 degrees plantar flexion, 30 degrees inversion and 10 degrees internal rotation
(Konradsen and Voigt, 2002). The rate of loading used in the study and the failure loads are

unfortunately not included within the research article.

Several dynamic robotic gait simulators exist for the biomechanical analysis of cadaver ankles

(Sharkey and Hamel, 1998; Hurschler et al., 2003; Nester et al., 2007; Aubin et al., 2008; Lee
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and Davis, 2009; Peeters et al., 2013; Baxter et al., 2016). Muscle actuators allow for the
muscular response and active dynamic stability of muscles to be incorporated into testing. The
advancement in gait simulation of the ankle has progressed well over the past 20 years
however the devices investigate biomechanics of standard gait cycles opposed to traumatic
events. Simulation of sprain requires considerably higher loads to be applied at much greater

rates of loading than employed in these studies.

The biomechanics of LAS have been investigated in living patients using devices which replicate
sprain motion to a pre-injury degree of ROM (< 35 degrees inversion) (Nawoczenski et al.,
1985; Johnson and Johnson, 1993; Ha et al., 2015). Sprain inducing biomechanical studies
cannot be performed on patients due to the obvious ethical implications of causing harm to
patients. The ethics surrounding exposing patients to pre-injury ROMs are questionable yet
many studies exist where this has occurred (Ha et al., 2015). Devices such as tilting platforms
(Sheth et al., 1997; Chan et al., 2008; Mitchell et al., 2008; Fong et al., 2009a; Alfuth et al.,
2014; Jain et al., 2014; Bhaskaran et al., 2015; Agres et al., 2019) and fulcrum soles (Knight and

Weimar, 2012) have previously been used as shown in Figure 26 and Figure 27, respectively.

Figure 27. A fulcrum sole device used to analyse LAS motion. Source: (Knight and Weimar,
2012).

The findings of such studies have numerous limitations when attempting to simulate ankle
sprain. Most significant is that the participants are in bipedal stance with their body weight

unevenly distributed onto the supporting limb, opposite to the reality of sprain events (Jain et
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al., 2014). Furthermore, participants have reacted to the sudden inversion quicker than
biologically possible for a neuromuscular response suggesting a potential anticipatory
response to other stimuli (Jain et al., 2014). Anticipatory responses have been reported to alter
the kinetic response in sprain analysis (Simpson et al., 2019). The kinematic and kinetic
responses of participants performing a sprain simulation tasks could therefore differ quite

considerably to those of actual sprain events.

1.8.4 Sprain Diagnosis

Sprain diagnosis can be performed using clinical outcomes, clinical tests and imaging
techniques. Outcome scores capture the impact of an injury or the effectiveness of a
treatment. The most common functional outcome measures for LAS are the American
Orthopaedic Foot and Ankle Society (AOFAS) Ankle-Hindfoot Scale, Karlsson score, Foot and
Ankle Outcome Score (FAQS) and Foot and Ankle Ability Measure (FAAM) (Spennacchio et al.,
2020). To assess pain the Visual Analog Scale (VAS) is typically used (Spennacchio et al., 2020).
Since the studies of this project will be using cadaveric tissue the opportunity to perform such

analysis is not feasible.

Clinical tests can be performed by a trained clinician to subjectively test the extent of physical
injury. An anterior drawer and talar tilt test are the most commonly used clinical tests for ankle
sprain (Song et al., 2019). Anterior translation and talar tilt tests allow a clinician to manually
assess the stability of the ankle in a qualitative manner. There is evidence however, to suggest
that an anterolateral drawer test is superior to the anterior drawer test when analysing lateral
ankle stability (Phisitkul et al., 2009; Miller et al., 2016). Devices have been developed which
quantify the stability of the ankle joint by determining the ROM achieved under a certain load
in anterior displacement and inversion rotation (Kovaleski et al., 1999; Kerkhoffs et al., 2005;
El. Daou et al., 2018). This objective style of analysis would be possible with cadaveric tissue
and would allow for the quantification of joint stability, these devices are discussed in more

detail in the relevant section of Chapter 5.

Medical imaging can also assess the extent of physical injury but more objectively than clinical
tests. Techniques such as CT, MRI arthrography, ultrasound and radiography have all been
used to assess ankle sprain previously (Tanaka and Mason, 2011; Tourné and Mabit, 2017).
Ultrasound is the most favourable imaging technique for ligaments due to its improved ability
to capture soft tissues compared to other techniques. Quantitative imaging methods, stress
radiography and stress ultrasonography, have both been used to analyse ankle stability
guantitatively. This method of analysis should be explored for the studies to be performed in

this project due to the nonintrusive nature of imaging.
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1.9 Ankle Ligament Repair

1.9.1 Natural Healing Process

The biological healing potential of damaged ligaments is extremely poor, this is attributed to
the lack of vascularisation of the tissue (Moshiri and Oryan, 2012). Often, the healing response
of tendons and ligaments are reported together due to their similar physiology and
ultrastructure (Tozer and Duprez, 2005). The ligamentous region has three overlapping healing
stages which are inflammation, fibroplasia and remodelling, shown in Figure 28 (Moshiri and
Oryan, 2013). The remodelling stage can be subdivided into early and late remodelling, shown
in Figure 28 (Hope and Saxby, 2007; Moshiri and Oryan, 2013).

B

Figure 28. Inflammation (first column), fibroplasia (second column), early remodelling (third
column) and late remodelling (fourth column) under gross morphology (first row), light
microscope (second row), transmission electron microscope (third row) and scanning
electron microscope (fourth row). “Scale bar: A to D: 1 cm, E to H: 50 um, | to L: 900 nm, M to
P: 2 um.” Source: (Moshiri and Oryan, 2013).

The inflammatory stage is initiated at the point of ligament rupture. Platelets aggregate at the
rupture site of the ligament, causing a blood clot, and the release of chemoattractant is

activated (Yang et al., 2013). The blood clot acts as a scaffold creating a platform enabling cell

migration, attachment, proliferation and other pathophysiological duties (Moshiri and Oryan,
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2012). Platelets release growth factors and pro inflammatory mediators while injured cells
release pro inflammatory cytokines which regulate the migration and activation of
inflammatory cells (Moshiri and Oryan, 2013). Necrotic cells are phagocytosed by

inflammatory cells which migrate from the surrounding tissues (Yang et al., 2013).

The proliferation stage or fibroplasia follows, approximately two days after injury (Voleti et al.,
2012). Fibroblasts, responsible for the synthesis of the extracellular matrix, start to be
recruited to the injury site and proliferate (Garner et al., 1989; James et al., 2008; Yang et al.,
2013). Concurrently, neutrophil levels drop while growth factors continue to be released by
macrophages, mediating cell recruitment and activity (Voleti et al., 2012). A collagenous matrix
forms and the presence of collagen type lll fibrils (arrow, Figure 28J) as well as the
concentrations of water and glycosaminoglycans (GAGs) are starting to be elevated (Juneja et
al., 2013). Figure 28N shows that collagen fibrils have been formed but they are not yet fibres

as shown in Figure 280.

The final stage, remodelling, succeeds one to two months after injury involving the alignment
of collagen and fibroblasts in the direction of stress (Yang et al., 2013). During early
remodelling collagen fibres are formed increasing the density of collagen fibres, shown in
Figure 28K, and are arranged uni-directionally, shown by the arrows in Figure 28G. In late
remodelling, the collagen fibre bundles are present and are highly aligned, shown in Figure 28L
and Figure 28H, respectively. Gradually, over a period of years, the healing tissue forms a
fibrovascular scar, which possesses inferior mechanical and biochemical properties compared

to the previously uninjured tissue (Yang et al., 2013).

During the remodelling stage the ligament could be at increased risk of recurrent sprain due to
the inferior mechanical properties of the ligamentous tissue. Why some people have recurrent

sprain and others do not is unclear.

1.9.2 Conservative Treatment

Mild and moderate LAS can, at least initially, be treated conservatively. Conservative
treatment will initially involve protect, rest, ice, compression and elevation (PRICE) methods in
order to alleviate pain and reduce the inflammatory response. The use of non-steroidal anti-
inflammatory drugs, such as Ibuprofen, is commonly recommended to reduce inflammation.
Inflammation is however the first necessary step of the natural healing process and its
suppression could delay ligament recovery (Stovitz and Johnson, 2003). Therefore current
National Health Service (NHS) guidance suggests that non-steroidal anti-inflammatory drugs
should be commenced after 48 hours from the point of injury as to not inhibit platelet action
during the inflammatory response to injury and thus slowing the healing process

(https://www.nhs.uk/conditions/sprains-and-strains/. Accessed: 27/09/20). If the severity of

pain allows, the joint should remain mobilised through the unloaded rotation of the ankle

through the ROM in dorsi-/plantar flexion, inversion/eversion and internal/external rotation.
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After 48 hours physiotherapy can be started, guided by pain, to restore full ROM, strength and
proprioception. Physiotherapy should be light initially and build over the following weeks.
Most patients can return to more intense exercise such as running from eight weeks after a
mild to moderate sprain. Techniques such as kinesiotaping, non-elastic taping and prophylactic

bracing are often used to protect the ankle upon return to sport.

1.9.3 Surgical Treatment

Once conservative methods have been exhausted over a period of at least three months, and
anterior drawer or talar tilt test results are positive or CAl is confirmed by stress radiography or
MRI, surgical treatment should be considered (Song et al., 2019). A minimum of six months of
conservative treatment has also been recommended prior to considering surgical treatment as
the duration between injury and surgery does not affect surgical outcomes (Hassan et al.,
2018; Song et al., 2019). Over 80 repair procedures for the surgical treatment of ankle
instability have been described (Tourné and Mabit, 2017). Selection of the most appropriate
method is dependent on the quality of the ligament remnant (Yasui et al., 2018). The
procedures can be categorised as either anatomic repairs, anatomic reconstructions or as non-
anatomic reconstructions (Tourné and Mabit, 2017). Anatomic stabilisation techniques restore
stability to the ankle whilst maintaining the original anatomy of the ligaments whereas non-
anatomic do not maintain original anatomy. Most often open procedures are performed

however arthroscopic techniques are gaining popularity as evidence of their success builds.

1.9.3.1 Anatomic Repair

Brostrom originally proposed a method of imbrication of the ligament to the bone, defined by
overlapping a layer of tissue to surgically close a wound, reconstructing the natural anatomy,
shown in Figure 29A. Karlsson et al. (1989) suggested shortening and reinserting the lateral
ligaments of the ankle, which often elongate during failure, into the fibular malleolus (Karlsson
et al., 1989). Reinforced anatomic stabilisation procedures exist using the extensor

retinaculum, periosteum and synthetic reinforcements.

Figure 29. lllustrations of the traditional Brostrém (A) and modified Brostrom-Gould
techniques (B). Source: (Yasui et al., 2018).
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Since the advent of the Brostrém procedure it has been modified many times. Gould et al.
(1980) contributed the addition of overlapping the extensor retinaculum as reinforcement and
fixing it transosseously to the anterior aspect of the fibular malleolus, shown in Figure 29B
(Gould et al., 1980). Biomechanical analysis of the Brostrom and the Gould modified Brostrém
procedures found both methods to reduce inversion and translation at all ankle positions
compared to untreated sectioned ankles when analysed using the anterior drawer and talar tilt
tests (Behrens et al., 2013). However, no significant biomechanical difference or difference in
mechanical stability between either surgical method and the intact ankle was found (Behrens
et al., 2013). Arthroscopic techniques have also been developed for this procedure (Guillo et
al., 2013).

Synthetic materials were originally proposed as prosthetics to replace the damaged ligaments,
however due to many complications such procedures have been abandoned for ankle ligament
replacement. For example, devices developed by the industrial sponsors of the project include
a synthetic suture tape (Jones et al., 2007) and the Leeds-Keio artificial ligament (Xiros Ltd,
Leeds, UK) (Usami et al., 2000). Synthetic materials are however currently being used as an
attachment or reinforcement for traditional Brostrom procedures, shown in Figure 30. The
suture anchor technique can be used where the ligament does not tear mid-substance or close
to the enthesis of the ligament, shown in Figure 30A. Both a single and double anchor
technique exist for suture anchor repair. Often when performing an augmented procedure it is
done so with the modified Brostrom-Gould technique utilising the extensor retinaculum for
additional support. Arthrex are the leading brand in the field and their InternalBrace™ (Arthrex
Inc, Naples, Florida) is currently the only device used to augment a modified Brostrom-Gould

repair procedure (Viens et al., 2014; Coetzee et al., 2019).

Hoors B L /] \/ﬁ’zou

Figure 30. lllustrations of a suture anchor repair (A) and augmented Brostrém repair with
InternalBrace (B). Adapted from (Schuh et al., 2016).

An anatomic approach is the recommended procedure over non-anatomic as it has been
shown to be more stable and has success rates between 87 % to 95 % (Gould et al., 1980;
Ahlgren and Larsson, 1989; Tanaka and Mason, 2011; Schepers et al., 2011; Kakwani and
Siddique, 2014). The modified Brostrom technique is considered as the gold standard against

which new techniques are often compared.
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1.9.3.2 Anatomic Reconstruction

Reconstruction techniques are used where the remnants of ligament following damage are
insufficient for a repair procedure. A variety of tendons have been used including the plantaris,
Achilles, peroneus tertius and peroneus brevis tendons, shown in Figure 31 (Tourné and Mabit,
2017). The location and orientation of the tendons should closely reproduce those of the

ligaments being reconstructed, shown in Figure 31.

A B C

Figure 31. lllustrations of anatomic reconstruction procedures. A) Storen procedure using
Achilles (ATFL only) (Storen, 1959), B) Storen procedure using Achilles (ATFL and CFL) (Storen,
1959), C) Niethard procedure using plantaris, D) Anderson procedure using plantaris
(Anderson, 1985), E) Mabit procedure using peroneus tertius and F) Watson-Jones procedure
using peroneus brevis (Watson-Jones, 1940). Adapted from: (Tourné and Mabit, 2015).

1.9.3.3 Non-anatomic Reconstruction

The peroneus brevis tendon is used in non-anatomic reconstruction also and several
techniques have been described. The two frequently utilised non-anatomic procedures are the
Evans and the Chrisman-Snook procedures (Tanaka and Mason, 2011). Although anatomic
approaches are preferred, non-anatomic approaches are used when the anatomic approach
fails or tissue damage is too severe for anatomic procedures to be performed (Schepers et al.,
2011).

The Evans approach is a Hemi-Castaing approach where half of the peroneus brevis tendon is
harvested and threaded anteroposteriorly through a tunnel drilled through the lateral

malleolus and sutured to the remaining intact half of the tendon, shown in Figure 32A (Evans,

40



1953). Similarly, the Chrisman-Snook technique weaves half of the peroneus brevis tendon
through a drilled tunnel in the lateral malleolus anteroposteriorly and then through a tunnel
drilled through the lateral side of the calcaneus before being sutured back together (Chrisman
and Snook, 1969).

|\ Peroneus Brevis

Tendon \ "
\\Peroneus Brevis

Tendon

Figure 32. lllustrations of the non-anatomic approaches a) Evans and b) Chrisman-Snook.
Source: (Baumhauer and O’Brien, 2002).

1.9.3.4 Outcomes for Surgical Treatment

Clinicians most commonly use the AOFAS Ankle-Hindfoot Scale and Karlsson score to assess
functional outcomes (Vuurberg et al., 2018b; Song et al., 2019). The AOFAS Ankle-Hindfoot
Scale combines patient perception and physician assessment for pain, function and alignment
of the ankle (Kitaoka et al., 1994). The Karlsson score analyses patient outcomes by pain,
swelling, instability, stiffness, stair climbing, running, work activities and requirement of
additional support (Karlsson and Peterson, 1991). Also frequently reported are the FAOS and
the patient-reported FAAM and VAS. The FAOS rates the patient outcomes on symptoms,
stiffness, pain, function during activities of daily living, function during sporting activities and
quality of life (Roos et al., 2001). The FAAM assesses a patient’s ability to perform activities of
daily living and sporting participation (Carcia et al., 2008).

1.9.3.4.1 Open Versus Arthroscopic

No statistical significance exists between the outcomes of open and arthroscopic anatomic
repair procedures however the complication rate of arthroscopic procedures is much higher
(8 % vs 15 %, respectively) (Guelfi et al., 2018; Brown et al., 2018; Song and Hua, 2019). Single-
stage arthroscopy however has a much lower complication rate (11 %) than double-stage

arthroscopy (47 %) (Araoye et al., 2017).
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1.9.3.4.2 Anatomic Versus Non-anatomic

Anatomic repair and reconstruction produce better functional outcomes than non-anatomical
reconstruction, with anatomical repair slightly better than reconstruction (Noailles et al., 2018;
Vuurberg et al., 2018b). Anatomic repair is also associated with reduced secondary
osteoarthritis and nerve damage compared to non-anatomic repair (Noailles et al., 2018; Cao
et al., 2018).

1.9.3.5 Outcomes of Anatomic Repair

The outcomes of anatomic repair techniques are rated as very good or excellent by 86 to 100
% of patients having received the treatment, shown in Table 4. The traditional Brostrom
anatomic repair procedure is slightly less favourable than the modified Brostom-Gould

procedure which has become the gold standard for ankle ligament surgical treatment.

Outcome measure scores for suture anchor repair are similar to the modified Brostrém-Gould
procedure but with a lower percentage of good or excellent ratings, shown in Table 4 (Cho et
al., 2013). The percentage of patients suffering from residual instability is however lower for
suture anchor repair technique compared to the modified Brostrom-Gould procedure. Single-
anchor and double-anchor attachment of a suture repair show similar clinical and functional
outcomes with double anchor repair benefitting from improved talar tilt, Karlsson score and
sporting participation (Cho et al., 2013; Li et al., 2020).

Evidence for the suture tape augmentation procedure is also comparable to that of the
Brostrém-Gould procedure. Follow-up periods for the two synthetic approaches are
considerably shorter than the traditional Brostrém and modified Brostrom procedures. Whilst

this does not make them inferior techniques the results should be interpreted cautiously.
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Table 4. The range of outcomes reported in the literature for different surgical treatments.
AOFAS = American Orthopaedic Foot and Ankle Society Ankle-Hindfoot Scale, FAOS = Foot
and Ankle Outcome Score, FAAM = Foot and Ankle Ability Measure, Rl = residual instability
and OA = osteoarthritis. Sources: [1] = (Bell et al., 2006), [2] = (Maffulli et al., 2013), [3] =
(Nery et al., 2011), [4] = (Tourné et al., 2012), [5] = (Russo et al., 2016), [6] = (Cho et al.,
2013), [7] = (Cottom and Rigby, 2013), [8] = (Ulku et al., 2020), [9] = (Cho et al., 2015), [10] =
(Yoo and Yang, 2016), [11] = (Cho et al., 2017), [12] = (Coetzee et al., 2018), [13] = (Cho et al.,
2019), [14] = (Xu et al., 2019).

Follow- AOFAS/ Good or FAOS/
Procedure Source up Karlsson excellent FAAM RI(%) OA (%)
(years) score rating (%) score
Anatomic repair
Brostrom [1-2] 9-26 89-90 86-91 92 9-16 4-11
Repair & reinforcement
. 90 -99/
Brostrom-Gould [3-5] 10-15 o 93-100 - 5-9 0-3
Suture anchor 95/ 92/
. [6-8] 1-3 88-92 3 -
repair 90-94 90
Suture tape 91-93/
. [9-14] 0.5-2 94 - 98 91 0-7 -
augmentation 89-93

1.9.3.5.1 Risk Factors

On average 8 % of surgical treatments for lateral ankle injury fail with a complication rate of
17.6 % (Araoye et al., 2017). The systemic condition of generalised ligament laxity can cause a
significant four- to six-fold increase in the failure rate of the modified Brostrom-Gould
procedure (Park et al., 2016; Xu and Lee, 2016). The outcome measures AOFAS Ankle-Hindfoot
Scale, Karlsson score, talar tilt and anterior talar translation are all significantly worse for
patients with generalised ligament laxity (Xu and Lee, 2016). Generalised ligament laxity as
well as tibiofibular syndesmosis widening, osteochondral lesion of the talus, high pre-operative
talar tilt angle (>15 degrees) and high anterior talar translation (>10 mm) are all associated

with clinical failure (Park et al., 2016).

1.9.3.6 Postoperative Management

Partial weight bearing with a brace can be initiated two days after surgery providing benefits
over the traditional immobilisation approach (Song et al., 2019). Should immobilisation be
required to treat pain or oedema it should not surpass 10 days and be followed by functional
support for four to six weeks (Vuurberg et al., 2018a). An effective rehabilitation programme
should be followed as in conservative treatment for LAS utilising manual mobilisation and

exercise therapy (Vuurberg et al., 2018a).
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1.9.3.7 Pre-clinical Evaluation of Synthetic Interventions

To the author’s knowledge, no literature exists within peer-reviewed journals reporting the
mechanical properties of synthetic interventions and their attachments which are currently
being used to augment modified Brostrom procedures. Industrial manufacturers have however
performed their own pre-clinical testing of their devices, with some publishing white papers. In
a study investigating implantation methods, the InternalBrace suture tape (Arthrex Inc, Naples,
FL, USA) achieved a maximum failure load of 352.31 + 57.61 N, shown in Appendix Arthrex
White Paper 2. A subsequent study performed by Arthrex following the manufacturer’s
currently recommended implantation technique found the ultimate failure load of the
InternalBrace to be 249 + 47 N, shown in Appendix Arthrex White Paper 3. Both studies were
performed using human cadaveric samples with relatively small sample sizes of six and five,
respectively. Mechanical characterisation was performed through a linear extension load to

failure test at a rate of 20 mm/min.

The Infinity-Lock tube tape (Xiros Ltd, Leeds, UK), developed by the industrial sponsors of this
project, has been mechanically characterised during pre-clinical testing but the research has
not been published. Their mechanical characterisation studies have been performed mainly on
the synthetic tape alone with fewer studies looking at fixation into a Sawbone model similar to
that used by Arthrex, shown in Appendix Arthrex White Paper 1. No testing of the product has

previously been performed in human tissue.
1.10 Summary

The ankle joint complex is comprised of the talocrural, subtalar and tibiofibular syndesmosis
joints which work harmoniously to perform complex multiaxial motion. The conformity of the
bones, ligamentous structures and muscles are the major stabilising factors of the ankle. The
ATFL restricts plantar flexion, inversion and internal rotation, the CFL restricts dorsiflexion and
inversion and the PTFL restricts dorsi-/plantar flexion. Excessive degrees of such motions
instigate damage to the respective ligaments. The biomechanics of LAS are not fully
understood and are likely multifactorial and highly variable, dependent on the action being
performed. Further clarity is required on the biomechanics of LAS including ROM, rotational
velocities and moment forces. A device capable of replicating LAS effectively would add great

value to the field, however such a device does not exist to the knowledge of the author.

Patients suffering LAS can develop chronic lateral ankle instability. Chronic ankle instability has
been attributed to be the leading cause of PTOA. Conservative treatment should be the first
treatment option for a LAS however after at least three months of effective functional
rehabilitation and the persistent presence of instability, surgical approaches can be
considered. The modified Brostrom procedure, a reinforced anatomical repair, is the gold
standard for surgical treatment of lateral ligament injuries. Recently an augmented version of

the procedure using a synthetic suture tape has been proposed with surgical outcomes similar
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to that of the gold standard procedure. Such an outcome would however be expected as the
addition of a suture tape is the only technical variant between the two procedures. Further

investigation into the mechanical contribution of the suture tape to joint stability is required.

To effectively assess the mechanical contributions of the suture tapes to the stability of the
lateral ankle the mechanical characteristics of the natural tissue must first be understood. The
mechanical characteristics of ankle ligaments are scantily reported and have not been
performed at realistic strain rates associated with ankle sprain. Further research is required to
determine the mechanical characteristics of the LCL complex ligaments and this review
identified gaps in the knowledge base that will be met by fulfilling the following aims and

objectives.

1.11 Research Aims

The aims of this research project are centred around the progression in understanding of the
severe LAS of the human ankle. This project aims to develop appropriate testing protocols in
terms of dissection, storage and mechanical characterisation of the individual lateral ankle
ligaments for human cadaveric samples. This project also aims to simulate severe LAS in
cadaveric samples to analyse the change in joint stability post-sprain before evaluating the
effectiveness of synthetic interventions to restore lateral ankle joint stability. Finally, this
project aims to identify an appropriate fixation technique for the Infinity-Lock suture tape
(Xiros Ltd, Leeds, UK), mechanically characterise the fixation and compare it to the most
popular synthetic ligament used in lateral ankle ligament repair, the InternalBrace suture tape
(Arthrex Inc, Naples, FL, USA).

1.12 Research Objectives

e To perform a mechanical investigation into the effects of experimental conditions
(strain rate, tissue hydration and temperature) and storage conditions (humber of
freeze-thaw cycles, freezing pre-/post-dissection and freeze duration) on the
ultimate failure stress/load and elastic modulus/stiffness of porcine patellar
tendon. — Chapter 2.

e To develop a dissection protocol for the biomechanical characterisation of
individual lateral ankle ligament BLB complexes from the same human cadaveric
specimen. — Chapter 3.

e To determine the ultimate failure load, stiffness and failure mode of individual
lateral ankle ligament BLB complexes from the same human cadaveric specimen at
strain rates representative of LAS. — Chapter 3.

e To design and manufacture a device capable of replicating the motions associated
with LAS using human cadaveric specimens to investigate the biomechanics of LAS.
— Chapter 4.

e To investigate the change in anterior translation and inversion rotation of the
ankle joint complex following sequential sectioning of the ATFL and CFL to
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characterise the alterations to lateral ankle joint stability following severe LAS. —
Chapter 5.

To evaluate the contributions of the Infinity-Lock suture tape (Xiros Ltd, Leeds, UK)
and InternalBrace suture tape (Arthrex Inc, Naples, FL, USA) to the restoration of
natural lateral ankle joint stability (anterior translation and inversion rotation
displacements) in an augmented modified Brostrém repair of a severe LAS. —
Chapter 5.

To explore the most appropriate tunnel preparatory method for the implantation
of the Infinity-Lock suture tape (Xiros Ltd, Leeds, UK) when implanted into natural
bone using SwiveLock suture anchors (Arthrex Inc, Naples, FL, USA). — Chapter 5.
To investigate the ultimate failure load, stiffness and failure mode of the Infinity-
Lock suture tape (Xiros Ltd, Leeds, UK) and InternalBrace suture tape (Arthrex Inc,
Naples, FL, USA) when implanted following manufacturer guidelines into porcine
fibula and a Sawbone model. — Chapter 5.
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Chapter 2 — The Effect of Storage and Experimental Conditions on

Material and Structural Properties of Porcine Patellar Tendon

2.1 Introduction

The mechanical properties analysed in this study include both material and structural
properties. Structural properties are defined as the properties associated to load-extension
results describing the characteristics of the entire structure and are dependent on the
dimensions and components of the structure. Material properties are defined as the
properties associated to stress-strain results describing the characteristics of the material(s)

which form the structure and are independent of the dimensions of the structure.

The aim of this study was to identify the effect of experimental conditions (strain rate, tissue
hydration and temperature) and storage conditions (number of freeze-thaw cycles, freezing
pre-/post-dissection and freeze duration) on the ultimate failure stress/load and elastic
modulus/stiffness of porcine patellar tendon. A secondary motivation of this study was to
validate the methods for future mechanical characterisation research on human cadaver ankle

tissue.

2.2 Study Rationale

The human ankle ligament characterisation study, performed after this preliminary study,
planned to use frozen cadaveric specimens imported from the United States of America. The
post-mortem processing cycle of the US-derived donor specimens to be used in the study was
uncertain, however a likely lifecycle of the specimens is shown in Figure 33. It was anticipated
to likely include cycles of freeze and thaw, the impact of which on the material and structural
properties of the tissue warranted further investigation. The human specimens arrive as intact
whole specimens dissected from the donor inferior to the knee joint. The duration for which
the specimens would be frozen was dependent on the time between death and being shipped,
but also on the success of the preliminary study. The effects of strain rate and tissue hydration
on material properties have previously been explored however there is some contradiction in

the results. The literature surrounding the topics investigated is summarised below.

Death Shipped Stored Dissected Stored Testing
(frozen) (defrost) (frozen) (defrost) (frozen) (defrost)

Figure 33. The likely lifecycle of donor specimens from point of death though to testing.

2.2.1 Storage Conditions

The number of freeze-thaw cycles do not significantly affect the mechanical properties of

ligamentous tissue when compared to fresh unfrozen samples (Huang et al., 2011; Jung et al.,

2011; Suto et al., 2012). Research conducted on rat patellar tendon and bone identified that
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up to five freeze-thaw cycles have been shown to have no significant effect on the ultimate
failure stress (46.1 £ 17.9 MPa), Young’s modulus (211.4 + 108.3 MPa) and strain at failure
(23.8 £ 4.9 %) when compared to fresh samples (42.6 £ 16.3 MPa, 206.8 + 99.2 MPa and 22.0 £
4.8 %, respectively) (Suto et al., 2012). Similar findings were reported when human patellar
tendon was characterised after one, four and eight freeze-thaw cycles, however the results
were not compared to a fresh control group (Jung et al., 2011). Contrary, when human flexor
digitorium superficialis tendon was characterised fresh and after one, two, three, five and ten
freeze-thaw cycles a significant difference in mechanical properties was identified for more
than five freeze-thaw cycles compared to fresh specimens (Huang et al., 2011). The
contradictory findings determined it necessary to investigate the effect of freeze-thaw
specifically in relation to the post-mortem processing cycle likely observed for the human
donor tissue in subsequent study. Unknown, to the author’s knowledge, is the effect of the
tissue being frozen pre-dissection compared to post-dissection or the duration of the freezing

period on the mechanical properties of ligamentous tissue.

2.2.2 Porcine Patellar Tendon

It was deemed unnecessary and wasteful to use human tissue for the method development
stage of the larger research project. Suitable animal models were therefore identified and
explored for the preliminary study, described in Animal Models within Chapter 1. For the
reasons described within the Animal Models section of the literature review, as well as the
existing expertise within iMBE working with porcine tissue and an established gripping
technique for the patellar tendon, the porcine patellar tendon was selected as the specimen
for the preliminary study. Unlike most tendons which attach the belly of a given muscle
directly to a respective bone at the muscle attachment site, the patellar tendon originates at
the patellar apex and inserts at the tibial tuberosity, shown in Figure 34. The patellar tendon is
therefore often referred to as a ligament as it spans between two bones. The patellar tendon
is called a tendon however because the patella is a sesamoid bone. Meaning the patella is
independent from the femur and formed between the patellar tendon and quadriceps tendon,

which are collectively responsible for the connectivity of the quadriceps muscle to the tibia.
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Figure 34. lllustration of the porcine knee joint including patellar tendon.

The classification of the patellar tendon as a tendon was of little importance to this study as
the main testing requirement was a bone-tendon/ligament-bone construct. The structural
properties of the patellar tendon are superior to the ligaments of the LCL complex with a mean
failure load of 1790 N (Blevins et al., 1994). Ligaments and tendons have similar structure and
the structure of the patellar tendon is more akin to a ligament than tendon (Nordin and
Frankel, 2012). Thinning of the patellar tendon could achieve similar dimensions to the ankle
ligaments, resulting in closer structural property results. Methods established and outcomes of

the preliminary study should therefore be applicable to testing of the ankle ligaments.

2.3 Method

2.3.1 Study Design

Twenty-seven porcine right hind legs from six-month old pigs, sourced from John Penny & Sons
(Leeds, UK), were used in this study. Ethical approval was not required for the testing as all
porcine legs were sourced from the food chain. Each of the 27 specimens were randomly

divided into nine independent test groups with a sample size n = 3.

The independent test groups were arranged to form five different testing condition subsets.
The subsets identify the effect of strain rate, testing environment, number of freeze-thaw
cycles, freeze duration and freezing condition on the material and structural properties of the

porcine patellar tendon, shown in Table 5.

Table 5. The testing conditions investigated in this study are shown including the different
test groups within a testing condition and their respective variables. PBS = phosphate
buffered saline. 'Standard condition’ independent test group.
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Testing Condition Test Group Name Variable

25 % Strain 25 %.s! strain rate
Strain Rate
100 % Straint 100 %.s* strain rate
Testing PBS Sprayedt Tested exposed to air after hydration with PBS spray
Environment Water Bath Tested submerged in PBS bath at 37 °C
Fresh Not frozen
e 2 Cycles Frozen and thawed 2x
Freeze-thaw
3 Cyclest Frozen and thawed 3x
Cycles
4 Cycles Frozen and thawed 4x
Fresh Not frozen
Freeze Duration 117 days+ Frozen for a total of 117 days
151 days Frozen for a total of 151 days
Dissectedt Frozen and thawed 3x after dissection
Freezing
1 in-situ Frozen and thawed 1x intact and 2x after dissection
Condition
2 in-situ Frozen and thawed 2x intact and 1x after dissection

A ‘standard condition’ test group was established which was used for comparison within each
of the testing condition subsets. The standard condition was tested exposed to air after
hydration with PBS (Oxoid Ltd, Basingstoke, UK) spray at a strain rate of 100%.s™ after three
cycles of freeze-thaw as a dissected BLB constructs over a duration of 117 days. The ‘Fresh’
independent test group was used within the number of freeze-thaw cycles and freeze duration
testing condition subsets. The ‘standard condition’ independent test group was named

differently for ease of comparison within testing condition subsets, highlighted in Table 5.

2.3.2 Sample Preparation

Porcine right hind legs arrived from the abattoir as intact whole limbs, shown in Figure 35. The
specimens requiring an intact in-situ freeze-thaw cycle, where the whole leg was frozen, were
placed directly into a -20 °C freezer for 24 hours for the appropriate amount of cycles. These
specimens were subsequently defrosted on a dissection table at 21 °C for 48 hours prior to
subsequent freeze-thaw cycles and dissection. The weight of the pig was provided by the

abattoir and recorded for reference.
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Figure 35. Lateral view of an intact porcine leg as delivered into the laboratory from the
abattoir.

To prepare the BLB specimen a cut was first made through the skin along the lateral side of the
leg from the superior border of the leg distally to approximately 50 mm inferior to the knee
joint. The cut through the skin was then continued transversely to the medial side of the leg
before continuing superiorly on the medial side to the superior border of the leg. The skin
within the cut section was then removed from the leg, exposing the patellar tendon. The glassy
white appearance of the patellar tendon and the surrounding fat pad allowed for easy
identification. The patella and anterior aspect of the tibial tuberosity were located through
palpation of the knee joint. Once all aspects of the patellar tendon BLB construct were located
the patella was dissected away from the quadriceps muscle. The patellar tendon was then
removed from the fat pad by dissecting along the edges of the patellar tendon parallel with the

orientation of the ligament fibres, shown in Figure 36A.

The patella was separated from the quadriceps muscle and the anterior and posterior cruciate
ligaments, lateral and medial collateral ligaments, and the meniscus of the knee were severed
with a scalpel at their insertion to the tibia. This separated the tibia from the femur as shown
in Figure 36B. The soft tissue surrounding the tibia and fibula was removed down to
approximately 50 mm inferior to the knee joint. The superior tibiofibular syndesmosis joint
was divided with a scalpel and a transverse cut was made through the fibula and tibia 50 mm
inferior to the knee using an oscillating bone saw. The shaft of the tibia was gripped within a
vice and a transverse cut was made directly above the insertion point of the patellar tendon to
the tibia. The transverse cut was made with an oscillating bone saw anteroposteriorly, to avoid
damaging the patellar tendon. The anterior aspect of the tibial tuberosity was cut from the
tibia with a frontal cut approximately 3 mm posterior to the growth plate present in the tibia,

producing a suitable BLB sample, shown in Figure 36c.
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Figure 36. Dissection protocol followed to remove the patellar tendon from a porcine knee
joint. A) Removal of skin and isolation of patellar tendon, B) patellar tendon and tibia
separated from the femur and C) a BLB patellar tendon sample.

At this stage specimens which were required to be frozen as dissected BLB specimens were
wrapped in PBS soaked gauze, sealed within a polythene bag and stored in a -20 °C freezer for
the appropriate number of cycles. The specimens were thawed within the sealed polythene

bag for three hours at 21 °C prior to subsequent freeze-thaw cycles or testing.

To prepare the sample for testing, fatty tissue surrounding the ligament and bone was
removed and the ligament was thinned to create a cross-sectional area of approximately 13
mm?, matching that of the ATFL (Siegler et al., 1988). To calculate the cross-sectional area of
the specimens their cross-section was assumed to be a rectangle. This assumption was made
because, when thinned, the highly fibrous tissue can be removed in uniform straight lines

producing a cross-section similar to a rectangle, shown in Figure 37.

Figure 37. Inferior view of a BLB porcine patellar tendon specimen thinned to approximately
13 mm? and severed with a scalpel to show the rectangular cross-section. T = tendon
thickness and W = tendon width.
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In order to produce the correct cross-sectional area first the thickness was measured, using a
Vernier calliper (accurate to 0.02 mm), and the desired cross-sectional area was divided by the
thickness of the ligament as this varied between specimens. The resulting width was then set
on the Vernier calliper and positioned over the central region of the ligament. A scalpel was
then used to dissect along the length of the patellar tendon. The ligament width was then
measured to determine the final cross-sectional area. Remaining non-ligamentous soft tissue
was removed from the BLB specimens producing a specimen similar to that shown in Figure
38.

Figure 38. Bone-ligament-bone porcine patellar tendon specimen thinned to approximately
13 mm?,

The soft tissue and articular cartilage from the bony attachments was removed to afford
sufficient interaction with Polymethyl methacrylate (PMMA) bone cement. Two small 20 x 4
mm screws were inserted into each of the bony attachments, perpendicular to the orientation
of ligament fibres, to further augment the bone prior to cementing. The ligament was wrapped
in PBS soaked gauze to protect and hydrate it during the exothermic reaction of the cement

setting, shown in Figure 39.

Figure 39. Bone-ligament-bone porcine patellar tendon specimen prepared for bone
cementing.

A standard PMMA mixture (WHW Plastics, Hull, UK) with a ratio of two parts powder to one
part solvent was used to cement the specimens into potting devices previously developed
within iMBE, following a previously established methodology (Herbert et al., 2016). The bony
extremity was secured within the potting devices using four bolts, one on each side of the
potting device, and the end-caps were attached. The PMMA mixture was poured into a pot

containing one bony attachment, with the ligament and other bony attachment suspended
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above using a clamp stand, and left to set for 25 minutes. This process was repeated for the

other bony attachment resulting in a fully cemented specimen, shown in Figure 41.

2.3.3 Testing Protocol

An Instron ElectroPuls E10000 (Instron, Buckinghamshire, UK) was used in this study, shown in
Figure 40. The ElectroPuls E1000 is a linear-torsion all-electric dynamic test instrument with a
dynamic linear load capacity of £10 kN and a dynamic torque capacity of £100 Nm. The stroke
length of the ElectroPuls E10000 is 60 mm and linear displacement can occur at a rate of 1 m.s
!, Upon exchange of the load cells, the ElectroPuls E10000 was calibrated following the iMBE
standard operating procedure. Calibration was performed using the Calibration wizard, an
electronic auto-calibration system built into the device’s software, prior to the attachment of
any other fixtures. The auto-calibration was performed for both linear and torsional load and
involved a three stages process including a course balance, span and fine balance. The

calibration data was saved and stored for future reference.

Figure 40. Instron ElectroPuls E10000 electromechanical testing device (Instron,
Buckinghamshire, UK).

The cemented patellar tendon was fixed into the potting devices using four bolts into the sides
of the pot and an end cap. The individual pots were affixed to the Instron ElectroPuls E10000
using an M8 threaded bar attached to a floating joint, shown in Figure 41. The floating joints
allowed five degrees of motion in any direction and an unlimited degree of rotation at each
end of the specimen. The floating joints were used to minimise any alignment errors when
potting, ensuring load was transmitted equally through the specimen similarly to previously

published literature (Siegler et al., 1988).
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Figure 41. Porcine patellar tendon cemented into potting devices and attached to an Instron
ElectroPuls E10000 mechanical testing device (Instron, Buckinghamshire, UK) with floating
joints.

Throughout the preparation stages prior to testing, specimens were sprayed with PBS to keep
the tissue hydrated. For PBS bath trials specimens were submerged in a PBS filled
temperature-controlled water bath at 37 + 0.5 °C. The temperature was measured and
regulated using a custom-built Instron temperature controller pumping unit throughout the
setup and testing (Instron, Buckinghamshire, UK). The unit connected to the water bath with
flexible polymer tubing and the temperature was measured using a thermocouple placed

within the water bath.

The mechanical characterisation was performed through a standard tensile test performed in
load control using an Instron ElectroPuls E10000, shown in Figure 40 (Instron,
Buckinghamshire, UK). A 10 kN load cell was used, with a 0.5 % accuracy down to 1 % of full
scale, as the maximum failure load of human patellar tendon is quoted in literature to be
around 3 kN (Herbert et al., 2016). Prior to testing each specimen the ElectroPuls E10000 was
tuned to the specific specimen to be tested. This process optimised the performance and
control of the testing system for the specific specimen being tested. Tuning of the testing
system was performed by applying a load of 20 N to the specimen and measuring the linear
stiffness of the testing setup. A pre-load of approximately 10 N was applied to the specimens

to ensure they were taut prior to testing and the digital extension was zeroed.

Preconditioning was completed to ensure specimens were in an appropriate physiological
state of readiness prior to failure testing and fluid redistribution had occurred within the
specimens (Quinn and Winkelstein, 2011). Fifteen cycles of preconditioning with a sinusoidal
waveform application, ranging between 0 — 3 mm of digital extension, were performed at a

rate of 0.5 mm.s. The displacement of 3 mm was chosen for preconditioning as it was
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approximately equal to 5 % strain for the patellar tendon. Five percent strain represents a
value determined to safely load the specimen without damage whilst being greater than the
transition point from the toe-region to the linear region of loading (2 % strain) (Johnson et al.,
1994).

The specimens were then ramp loaded to failure at either 100 %.s or 25 %.s depending on
the strain rate appropriate for the independent group. A strain rate of 100 %.s* was selected
for injury as it has previously been suggested to be the injury strain rate of the anterior
cruciate ligament and medial collateral ligament of the knee (Blevins et al., 1994). A strain rate
of 100 %.s* was appropriate for ankle ligament characterisation also as detailed in Chapter 3
Testing Protocol. A strain rate of 25 %.s™ was chosen as it is within the range of 7-28 %

proposed to be representative of normal walking (Blevins et al., 1994).

2.3.4 Data Analysis

The mode of failure was determined via physical and visual examination of the specimens. Any
specimens where the patellar tendon had torn away from bone, torn cartilage away from bone
or torn a small fragment of bone away from bone were categorised as an avulsion. Any intra-
ligamentous failures were defined as mid-substance failures. After the experimental testing,
post-processing was completed to calculate the ultimate failure load/stress and ultimate
failure extension/strain of each patellar tendon from each specimen. A custom MATLAB bi-
linear fitting tool was used to calculate toe-region elastic stiffness/modulus (Ko/Eo), linear
elastic stiffness/modulus (K1/E1), load/stress value of the transition point between toe-region
and linear region (Ostructural/ Omaterial), €Xtension/strain value of the transition point

(Estructural/ Emateriat) and the goodness of fit value for the model (R?), defined in Table 6 (Herbert et
al., 2016).

Table 6. Definitions of the terms used for the custom MATLAB bi-linear fitting tool.

Term Symbol Definition
Toe-region elastic Ko/E The stiffness/modulus of the non-linear toe-
0/ EO
stiffness/modulus region of the load-extension/stress-strain curve.
Linear elastic K/ The stiffness/modulus of the linear region of
1 1
stiffness/modulus the load-extension/stress-strain curve.

Load/stress value of Ostructural/ The load/stress value of the transition point

the transition point Omaterial between toe-region and linear region.

Extension/strain

Estructural/ The extension/strain value of the transition
value of the transition

Ematerial point between toe-region and linear region.
point

Goodness of fit value R? How well the model fits to the data.
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First the interval of data to be fitted was selected by highlighting the start of the toe-region
and end of the linear region. The MATLAB bi-linear fitting tool then calculated the slope of the
toe and linear regions and identified the transition point between the two regions, finally the
load/stress and extension/strain values of the transition point were calculated. The results
were generated and a graph was produced as shown in Figure 42. The model also reported the

goodness of fit for each test.
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Figure 42. The output of the custom bi-linear fitting tool given the mechanical data input.
The two gradients of the red line show the toe and linear regions and the point at which the
slope gradient changes is the transition point.

Mean values and 95 % confidence intervals (Cl) for the ligament ultimate failure load/stress,
ultimate extension/strain, bi-linear elastic stiffness/modulus and transition point between the
toe and linear regions were calculated for each of the independent test groups. For each
experimental condition subset statistical analysis was performed between the relevant
independent test groups, as in Table 5. The statistical analysis performed was a one-way
ANOVA followed by a Tukey test where there were more than two independent groups within

an experimental condition subset.

2.4 Results

The average cross-sectional area and ligament length measured for samples and recorded

average weight of the pigs are reported for each independent test group in Table 7.
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Table 7. The average (and range) of cross-sectional area (CSA) and length of the thinned
porcine patellar tendon samples as well as the average (and range) weight of the pigs used
within each independent test group. 1’Standard group’ also called 100 % strain, PBS Sprayed,
117 days and dissected.

Average CSA Average Length Average Weight

Test Group Name

(mm?) (mm) (kg)
13.06 58.55 84.8
Fresh
(12.04 —14.81) (56.20 — 59.80) (82.6 — 88.9)
13.66 61.53 84.4
2 Cycles
(13.02 - 14.28) (59.06 — 65.48) (82.7 —86.3)
12.69 59.30 84.0
3 Cyclest
(11.54 - 13.68) (58.80 — 59.80) (82.5—85.2)
13.37 59.45 76.5
4 Cycles
(12.59 - 13.84) (53.62 - 64.72) (74.1-80.7)
13.45 58.84 77.5
25 % Strain
(12.93 - 14.42) (56.88 — 60.80) (74.8—79.4)
12.86 58.73 69.0
1in-situ
(11.75-13.89) (55.74 — 60.84) (66.1—74.4)
12.51 59.82 75.3
2 in-situ
(11.33 - 13.56) (59.52 - 60.32) (73.9-76.9)
12.55 58.24 84.2
Water Bath
(11.21-13.54) (53.16 —61.38) (78.3—90.3)
12.11 54.53 75.7
151 days
(11.20-13.42) (53.66 — 56.26) (70.0 —83.6)

The structural and material properties of porcine patellar tendon tested to investigate the
effects of different experimental, environmental and storage conditions are detailed below.
The results are split into the experimental condition subsets as described in Table 5 for ease of

comparison.

2.4.1 Strain Rate

The structural and material properties of porcine patellar tendon tested at strain rates of
25 %.s? and 100 %.s™ are displayed in Table 8. The load-displacement and stress-strain curves

are shown in Figure 43 and Figure 44, respectively.
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Table 8. The mean value + 95 % Cl for the structural and material properties of porcine
patellar tendon tested at strain rates of 25 %.s and 100 %.s. Ko/Eo = toe-region elastic
stiffness/modulus, Ki/E; = linear region elastic stiffness/modulus, €structural/ Ematerial =
extension/strain coordinate of transition point, Ostryctural/Omaterial = load/stress coordinate of
transition point, R? = mean value for the goodness of fit for the Ko/Eo and K1/E; calculations.
*Significant results (P < 0.05). t’Standard group’.

Ultimate Ultimate
Ko K1 Estructural Ostructural
Test Group Failure Load Extension R?
(N.mm?) (N.mm?) (mm) (N)
(N) (mm)
25% 902.6 10.4 36.2 123.0 1.3* 43.9
0.996
Strain +525.1 +1.1 +32.5 +61.9 +0.5 +28.9
100 % 1270.7 10.9 43.3 140.1 1.6* 69.5
. 0.997
Straint +367.0 £4.9 £30.1  +589 £0.1 $42.9
Ultimate
Ultimate E1 Omaterial
Test Group Failure Eo (MPa) Ematerial R?
Strain (MPa) (MPa)
Stress (Mpa)
259 66.7* 0.177 158.9 534.8 0.021 3.3%
_ 0.996
Strain +30.3 +0.005 +146.1 +246.9 +0.008 24
100 % 100.0* 0.184 206.5 712.1 0.029 5.9*%
' 0.997
Straint +9.3 +0.081 +76.2 +153.5 +0.013 +0.9

The mean ultimate failure load increased by 40.8 % from 25 %.s! to 100 %.s* but the
difference was not significant (p = 0.731). The ultimate failure stress was significantly higher
when tested at a higher strain rate of 100 %.s™ (100.0 + 9.3) compared to 25 %.s (66.7 + 30.3)
(p = 0.011). An increased strain rate, from 25 %.s to 100 %.s%, also exhibited a non-significant
33 % increase in linear elastic modulus (p = 0.059). No significant difference in the stiffness of
the porcine patellar tendon was found when tested at 25 %.s™ and 100 %.s. The stress and
extension values for the transition point from the toe-region to the linear region were
significantly higher at a strain rate of 100 %.s™ (5.9 + 0.9 MPa and 1.6 + 0.1 mm) than at 25 %.s
1(3.3+2.4 MPaand 1.3 £ 0.5 mm) (p = 0.012; p = 0.030, respectively). No significant
differences were found for ultimate strain or ultimate extension when tested at the two strain

rates.

59



©25% (1) 25%(2) 25%(3) ¢ 100% (1) e 100% (2) 100% (3)

1500

1250

1000

750

Load (N)

500

250

0 2 4 6 8 10 12 14 16 18 20
Displacement (mm)

Figure 43. The load-displacement curves for each of the three porcine patellar tendons, as
indicated within the brackets, characterised at strain rate of 25 %.s™ and 100 %.s™.
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Figure 44. The stress-strain curves for each of the three porcine patellar tendons, as
indicated within the brackets, characterised at strain rate of 25 %.s and 100 %.s™.

2.4.2 Testing Environment

The structural and material properties of porcine patellar tendon tested under different

environmental conditions are given in Table 9.
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Table 9. The mean value + 95 % Cl for the structural and material properties of porcine
patellar tendon tested when sprayed with PBS and submerged in PBS. Ko/E, = toe-region
elastic stiffness/modulus, Ki/E; = linear region elastic stiffness/modulus, Estructural/ Ematerial =
extension/strain coordinate of transition point, Ostryctural/Omaterial = load/stress coordinate of
transition point, R? = mean value for the goodness of fit for the Ko/Eo and K1/E; calculations.
*Significant results (P < 0.05). t’Standard group’.

Ultimate Ultimate
Ko K1 Estructural Ostructural
Test Group  Failure Load Extension R?
(N.mm?) (N.mm?) (mm) (N)
(N) (mm)
0.997
Sprayedt 1367.0 £4.9 £301  +589 £0.1 £42.9
1066.0 11.5 57.7 141.7 1.7 98.5
PBS Bath 0.9987
+422.8 +7.5 +12.8 +249 +0.7 +30.1
Ultimate
Ultimate E1 Omaterial
Test Group Failure Eo (MPa) Ematerial R?
Strain (MPa) (MPa)
Stress (Mpa)
PBS 100.0 0.184 206.5 712.1 0.029 5.9*%
0.997
Sprayed¥ +9.3 +0.081 +762  +1535  +0.013 +0.9
85.9 0.198 269.9 670.5 0.030 8.0*
PBS Bath 0.999
+46.5 +0.121 +85.9 +185.3 +0.009 +1.1

No significant difference was found for any of the structural properties between samples
sprayed with PBS and tested at 21 °C compared to samples tested in a temperature controlled
PBS bath at 37 °C. The stress value of the transition point was significantly higher for samples
tested in a PBS bath compared to those sprayed with PBS (p = 0.003). No other significant
differences were found for the material properties of samples sprayed with PBS compared to

being tested in a PBS bath.

2.4.3 Storage Conditions

2.4.3.1 Number of Freeze-thaw Cycles

The structural and material properties of the specimens tested after zero, two, three and four
freeze-thaw cycles are shown in Table 10. The load-displacement and stress-strain curves are

shown in Figure 45 and Figure 46, respectively.
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Table 10. The mean value + 95 % Cl for the structural and material properties of porcine
patellar tendon tested after zero, two, three and four freeze-thaw cycles. Ko/E, = toe-region
elastic stiffness/modulus, Ki/E; = linear region elastic stiffness/modulus, €structural/ Ematerial =
extension/strain coordinate of transition point, Ostructural/Omaterial = load/stress coordinate of
transition point, R = mean value for the goodness of fit for the Ko/E, and Ki/E; calculations.
*Significant results (P < 0.05). t’Standard group’.

Ultimate Ultimate
Ko K1 Estructural Ostructural
Test Group  Failure Load Extension R?
(N.mm?) (N.mm?) (mm) (N)
(N) (mm)
997.3 10.4 39.3 131.4 2.1 82.8
Fresh 0.998
+357.7 +7.3 +8.3 +33.0 +1.2 +34.6
1031.6 11.2 72.3* 132.2 1.6 111.3*
2 Cycles 0.999
+£230.2 £2.0 +214 4381 +0.9 +31.5
1270.7 10.9 433 140.1 16 69.5*
3 Cyclest 0.997
+367.0 +4.9 +30.1 +58.9 +0.1 +42.9
1089.3 9.0 48.7 145.2 1.8 85.4
4 Cycles 0.998
+204.1 £0.6 +15.4 +76 +13 +383
Ultimate
Ultimate Ex Omaterial
Test Group Failure Eo (MPa) Ematerial R?
Strain (MPa) (MPa)
Stress (Mpa)
76.6 0.178 177.2 594.2 0.036 6.4
Fresh 0.998
+28.0 +0.135 +45.1 +300.3 +0.015 +3.5
75.4 0.182 326.3% 599.7 0.026 8.4
2 Cycles 0.999
+9.1 +0.018 +54.3 +71.1 +0.015 +3.6
100.0* 0.184 206.5 712.1 0.029 5.9
3 Cyclest 0.997
+9.3 +0.081 +76.2 +153.5 +0.013 +0.9
81.4 0.152 225.3 669.3 0.032 6.8
4 Cycles 0.998
+5.7 +0.045 +131.5 +248.4 +0.026 +1.5

The ultimate failure stress results were significantly different between the test groups for
number of freeze thaw cycles (p = 0.005). Post-hoc analysis identified that the ultimate failure
stress results of the samples tested after three freeze-thaw cycles (100.0 £ 9.3 MPa), was
significantly higher than those not frozen (76.6 + 28.0 MPa), frozen twice (75.4 £ 9.1 MPa) and
frozen four times (81.4 £ 5.7 MPa) (p = 0.008; p = 0.006; p = 0.029, respectively). The ultimate
failure stress of the fresh samples and samples frozen twice and four times did not differ

significantly. The stiffness and elastic modulus values for the toe-region differed significantly
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between groups (p = 0.005 and p = 0.003, respectively). Post-hoc analysis revealed that the
stiffness result for samples frozen twice (72.3 + 21.4 N.mm) was significantly higher than
those tested fresh (39.9 + 7.3 N.mm), frozen three times (43.3 + 30.1 N.mm?) and frozen four
times (48.7 £ 15.4 N.mm™) (p =0.005, p = 0.011 and p = 0.032, respectively). The same pattern
was found for elastic modulus of the toe-region too, shown in Table 8 (p = 0.003, p = 0.010 and
p = 0.026, respectively). The transition point of the toe-region to the linear region had a
significantly higher load value for two cycles of freeze-thaw (111.3 £ 31.5 N) than three cycles
(69.5 £42.9 N) (p = 0.037). No significant differences were found for ultimate failure load,
ultimate extension, linear stiffness, ultimate strain or linear elastic modulus for the number of

freeze thaw cycles.

¢ 0C (1)  OC(2) = OC(3) » 2C (1) » 2C(2) » 2C (3) ® 3C (1) » 3C(2) * 3C(3) » 4C (1) * 4C (2) « 4C (3)
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Figure 45. The load-displacement curves for each of the three porcine patellar tendons, as
indicated within the brackets, characterised fresh (0C), after two (2C), three (3C) and four
(4C) cycles of freeze-thaw.
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Figure 46. The stress-strain curves for each of the three porcine patellar tendons, as
indicated within the brackets, characterised fresh (0C), after two (2C), three (3C) and four
(4C) cycles of freeze-thaw.
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2.4.3.2 Freezing Duration

The structural and material properties of the specimens tested after zero, 117 and 151 days

frozen are shown in Table 11.

Table 11. The mean value + 95 % CI for the structural and material properties of porcine
patellar tendon tested after zero, 117 and 151 days frozen. Ko/E, = toe-region elastic
stiffness/modulus, Ki/E; = linear region elastic stiffness/modulus, Estructural/ Ematerial =
extension/strain coordinate of transition point, Ostructural/Omaterial = load/stress coordinate of
transition point, R = mean value for the goodness of fit for the Ko/E, and Ki/E; calculations.
*Significant results (P < 0.05). t’Standard group’.

Ultimate Ultimate
Ko K1 Estructural Ostructural
Test Group  Failure Load Extension R?
(N.mm?) (N.mm?) (mm) (N)
(N) (mm)
997.3 10.4 39.3 131.4 2.1 82.8
Fresh 0.998
+357.7 +7.3 +8.3 +33.0 +1.2 +34.6
1270.7 10.9 43.3 140.1 16 69.5
117 dayst 0.997
+367.0 +4.9 +30.1 +58.9 +0.1 +42.9
1140.1 10.4 62.1 177.5 1.9 123.4*
151 days 0.999
+189.8 +3.2 +28.3 +163.4 +0.5 +12.3
Ultimate
Ultimate E1 Omaterial
Test Group Failure Eo (MPa) Ematerial R?
Strain (MPa) (MPa)
Stress (Mpa)
76.6 0.178 177.2* 594.2 0.036 6.4
Fresh 0.998
+28.0 +0.135 +45.1 +300.3 +0.015 +35
100.0 0.184 206.5 712.1 0.029 5.9
117 dayst 0.997
+9.3 +0.081 +76.2 +153.5 +0.013 +0.9
94.9 0.190 277.1* 637.2 0.037 10.0*
151 days 0.998
+30.6 +0.069 +101.0 +157.5 + 0.020 +1.84

No significant differences were found in any of the structural or material failure properties for
samples frozen for zero, 117 or 151 days. A significant difference was identified for the
modulus of the toe-region between groups (p = 0.02), shown in Table 11. Post-hoc analysis
confirmed that the modulus of the toe-region for samples frozen for 151 days (277.1 + 101.0
MPa) was significantly higher than fresh samples (177.2 £ 45.1 MPa) (p = 0.018). A significant
difference was also observed for the transition point load value between groups (p = 0.006).
Post-hoc testing indicated that the transition point load value for samples frozen for 151 days

(123.4 £ 12.3 N) was significantly higher than those frozen for 117 days (69.5 £ 42.9 N) and
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those tested fresh (82.8 £ 34.6 N) (p = 0.006; p = 0.021, respectively). A similar main effect was
found for the stress value (p = 0.004) with post-hoc results between samples frozen for 151
days (10.0 £+ 1.84 MPa) being significantly higher than those frozen for 117 days (5.9 £ 0.9 MPa)
or tested fresh (6.4 + 3.5 MPa) (p = 0.005; p = 0.009, respectively).

2.4.3.3 Freezing Condition

The structural and material properties of porcine patellar tendon specimens tested after being
frozen in different states of dissection are shown in Figure 47 and Figure 48, respectively as

well as collectively in Table 12.

Table 12. The mean value * 95 % Cl for the structural and material properties of porcine
patellar tendon tested after three cycles of freeze-thaw. Frozen as either fully dissected (3
cycles), once as a whole leg and twice dissected (1 in-situ) or twice as a whole leg and once
dissected (2 in-situ). Ko/Eo = toe-region elastic stiffness/modulus, Ki/E; = linear region elastic
stiffness/modulus, €structural/ Ematerial = €Xtension/strain coordinate of transition point, Gstructural/
Omaterial = l0ad/stress coordinate of transition point, R2 = mean value for the goodness of fit
for the Ko/Eo and Ki/E; calculations. *Significant results (P < 0.05). t’Standard group’.

Ultimate Ultimate
Ko K1 Estructural Ostructural
Test Group  Failure Load Extension R?
(N.mm?) (N.mm?) (mm) (N)
(N) (mm)
1270.7 10.9 43.3 140.1 16 69.5
3 Cyclest 0.997
+367.0 +4.9 +30.1 +58.9 +0.1 +42.9
1219.8 12.3 42.6 149.6 1.8 76.2
1 in-situ 0.997
+277.6 +1.3 +3.4 +204 +0.2 +9.0
939.3 9.3 43.4 134.2 1.8 78.5
2 in-situ 0.998
+389.0 +1.6 +15.6 +50.5 +0.5 +9.7
Ultimate
Ultimate E1 Omaterial
Test Group Failure Eo (MPa) Ematerial R?
Strain (MPa) (MPa)
Stress (Mpa)
100.0 0.184 206.5 712.1 0.029 5.9
3 Cyclest 0.997
+9.3 +0.081 +76.2 +153.5 +0.013 +0.9
94.8 0.210 195.7 690.5 0.031 5.8
1in-situ 0.997
+4.1 +0.047 +56.0 +240.7 +0.008 +1.3
74.8* 0.155 205.0 615.2 0.030 6.0
2 in-situ (8) 0.997
+18.8 +0.028 +86.3 +142.2 +0.007 +15

Specimens were either frozen intact once and dissected twice (1 in-situ), intact twice and
dissected once (2 in-situ) or dissected for all three freeze-thaw cycles (3 Cycles). No significant

differences were found for any of the structural properties or any of the material properties
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other than ultimate failure stress. A significant difference was found between groups for the
ultimate failure stress (p = 0.002), shown in Table 12. The ultimate failure stress of samples
frozen twice in-situ followed by once post-dissection was significantly lower (74.8 + 18.8 MPa)
than those which were frozen three times post-dissection (100.0 + 9.3 MPa) and those frozen
once in-situ followed by twice post-dissection (94.8 + 4.1 MPa) (p = 0.002; p = 0.006,

respectively).

e 1in-situ (1) e 1in-situ (2) = 1in-situ (3) @ 3C (1) e 3C(2) = 3C(3) e 2 in-situ (1) e 2 in-situ (2) « 2 in-situ (3)
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Figure 47. The load-displacement curves for each of the three porcine patellar tendons, as
indicated within the brackets, characterised after three freeze-thaw cycles dissected (3C),
once intact and twice dissected (1 in-situ) and twice intact and once dissected (2 in-situ).

e 1in-situ (1) e 1in-situ (2) « 1in-situ (3) @ 3C(1) ® 3C(2) = 3C(3) * 2 in-situ (1) e 2 in-situ (2) * 2 in-situ (3)
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Figure 48. The stress-strain curves for each of the three porcine patellar tendons, as
indicated within the brackets, characterised after three freeze-thaw cycles dissected (3C),
once intact and twice dissected (1 in-situ) and twice intact and once dissected (2 in-situ).

2.4.4 Failure Mode

The failure mode and observed frequency is recorded in Table 13. Two types of failure were
observed, either a mid-substance failure or an avulsion of the patella which occurred in 51.8 %
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and 48.2 % of specimens across all trials, respectively. Mid-substance failure of the porcine
patellar tendon was very fibrous (Figure 49A) and avulsions included the tearing away of
ligament, cartilage or bone from the bone surface at the attachment point of the ligament
(Figure 49B). Fibres fail independently of one another, which is why the load/extension graphs
have many peaks and troughs in the plastic deformation region of the graph, as shown in

Figure 47.

Table 13. The frequency of avulsion and mid-substance failures for each independent group.
t’Standard group’.

Observed 2 3 4 25% 1lin- 2in- Water 151
Fresh Total
failure Cycles Cyclest Cycles Strain situ  situ Bath  days
Mid- 14
1 3 3 0 1 1 2 1 2
substance (51.8 %)
Avulsion 13
2 0 0 3 2 2 1 2 1
(Patella) (48.2 %)

Figure 49. A) An example of a mid-substance failure for porcine patellar tendon. B) An
example of an avulsion for porcine patellar tendon where a small bone fragment (1) has
avulsed from the patella (2).
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2.5 Discussion

This study explored the effects of strain rate, environmental conditions and storage conditions
on both the structural and material properties of immature porcine patellar tendon. None of
the failure structural properties investigated, the ultimate failure load, ultimate extension and
stiffness, were significantly affected by any of the experimental or storage conditions
evaluated in this study. The high prevalence of avulsions highlights the relevance of structural
properties when characterising ligamentous structures to failure. The characterisation results
of the porcine patellar tendon will inform future mechanical characterisation studies on the
effects of such conditions, including the study described in Chapter 3. The results are discussed

further within their respective subsections.

2.5.1 Strain Rate

The observed increase in ultimate failure load/stress and linear stiffness/modulus with an
increased strain rate from 25 %.s™ to 100 %.s™ supports previously published literature, shown
in Table 1 (Noyes et al., 1974; Neumann et al., 1994; Bonner et al., 2015; Karunaratne et al.,
2018). A statistically significant difference was only identified for the ultimate failure stress
within this study amongst all failure properties. Whilst the increase in ultimate failure load and
elastic modulus were not statistically significant a trend was observed. A larger sample size
could alter the result which is currently influenced by the small sample size and large

variability.

The decrease in load and extension values of the transition point between the toe-region and
linear region of the load-extension curve, reported in Table 8, support a previous hypothesis
that strain rate-effects are present in the toe-region (Pioletti et al., 1999). These findings were
also reported in a recent study characterising porcine super flexor tendon (Edwards et al.,
2019). This phenomenon is likely due to the greater redistribution of water content possible
within the structure of the ligament at the lower strain rates. Thus, a greater load is required
to achieve the same extension value due to the increased role of water and GAGs at the lower

strain rate.

Importantly for future work, significant differences have been identified in this study between
lower strain rates associated with walking and higher strain rates associated with sprain. In
order to effectively characterise and understand the mechanical behaviour of ligaments during

sprain events they must be tested at realistic sprain inducing strain rates.

2.5.2 Testing Environment

The lack of a significant difference in the characterisation results, between samples sprayed
with PBS prior to testing and samples tested within a water bath, suggests that either method
is appropriate for the mechanical characterisation of ligamentous tissue. Spraying samples

with PBS however reduces PBS requirements and necessitates less time to set-up and is
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therefore favourable. It is worth noting that this characterisation study took less than ten
minutes from the final application of PBS, after fixing the specimen into the mechanical testing
device, to the completion of the test. This result may therefore not be true for longer

mechanical characterisation tests which are at an increased risk of dehydration.

The limited exposure to PBS is also beneficial as there is some evidence that the use of PBS at
high concentrations or for prolonged periods of time is not appropriate for the
characterisation of tendinous tissue (Screen et al., 2005; Screen et al., 2006; Han et al., 2012;
Edwards et al., 2019). These studies found large exposures to PBS to confound the outcome
and interpretation of investigations into mechanical properties (Screen et al., 2005; Screen et
al., 2006; Han et al., 2012). When soaked in PBS the water content of tendinous tissue
increases, causing significant swelling of fibrils and the inter-fibrillar matrix and a significant
reduction in sliding between adjacent fibres (Screen et al., 2005; Screen et al., 2006). This
causes failure to be initiated between fibrils and sub-fibrils, leading to a reduction in ultimate
tensile load and elastic modulus (Screen et al., 2006). Solutes within the PBS can also diffuse
into the tissue, interacting with its structure, and altering the mechanics (Hannafin and
Arnoczky, 1994; Safa et al., 2017).

A study reported subsequent to the present one found other hydration mediums such as
polyethylene glycol (PEG) and a mixture of sodium chloride (NaCl) and PEG (SPEG) to be more
appropriate buffer solutions for long-term testing (Safa et al., 2017). Both PEG and SPEG
sufficiently hydrate tendinous tissue without solute diffusion to produce consistent
characterisation results (Safa et al., 2017). An increased solute concentration was correlated to
a decreased apparent water content (Safa et al., 2017). The duration of the hydration soak was
however eight hours in the previous study compared to 30 minutes in this study. The effects
reported by Safa et al. (2017) are likely magnified by the considerable length of time for the

medium soak.

2.5.3 Storage Conditions

2.5.3.1 Number of Freeze-thaw Cycles

Samples frozen for three cycles compared to fresh samples, two cycles and four cycles of
freeze-thaw demonstrated a significantly higher ultimate failure stress (100.0 = 9.3 MPa; 76.6
+28.0 MPa; 75.4 £ 9.1 MPa; 81.4 £ 5.7 MPa, respectively) (p = 0.008; p = 0.006; p = 0.029,
respectively). No significant difference was found between the two cycle and four cycle groups
indicating that the significance found for three cycles is not due to the number of freeze-thaw
cycles but some other artefact or the small sample size. This lack of a discernible pattern and
the fact that the specimens which were tested fresh do not significantly differ from the
samples frozen twice or four times (p = 0.984; p = 0.787, respectively), suggests that the
number of freeze-thaw cycles has no effect on the mechanical properties of porcine patellar

tendon. This hypothesis would agree with previously published research of the effect of the
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number of freeze-thaw cycles (Huang et al., 2011; Jung et al., 2011; Suto et al., 2012; Arnout et
al., 2013; Quirk et al., 2018).

2.5.3.2 Freeze Duration

Freezing BLB porcine patellar tendon samples for up to five months had no significant effect on
the structural or material properties when compared to fresh samples. No previous literature
existed, to the author’s knowledge, on the effect of freeze-duration on the mechanical
properties of ligamentous tissue. This is likely due to the majority of studies characterising the
tissue they receive promptly after the death of the donor. With the frequent use of tissue
stored in tissue banks, more research is required on this topic to investigate the effects of

freeze duration.

A previous study analysed the effect of freeze duration on the compressive structural and
material properties of porcine trabecular bone (Lee and Jasiuk, 2014). The study found both
one and five years of freezing to lower the Young’s modulus compared to fresh samples by
approximately 39 % and 42 %, respectively (Lee and Jasiuk, 2014). The ultimate compressive
strength was also significantly reduced by around 28 % after five years of freezing compared to
fresh samples (Lee and Jasiuk, 2014). The reduction in ultimate compressive strength after one
year was approximately 11 % lower when compared to fresh samples although this difference
did not reach statistical significance (Lee and Jasiuk, 2014). This could be important to the
results for failure mode of ligamentous structures as avulsion is more likely to be present in

those with inferior bone quality.

A study subsequent to the one detailed in this chapter identified that freezing rat Achilles
tendon for nine months significantly reduced the tear resistance of the tendon when
compared to fresh samples (74.3 + 18.4 N and 125.4 + 16.4 N, respectively) (Quirk et al., 2018).
The findings of neither study are contradictory to the results reported in this chapter as the
longest freezing period was five months in this study. The results of these papers would
however be of great importance and possible concern when using tissue sourced from tissue
banks. The tissue used in future studies is expected to be frozen for durations considerably
closer to the present study than for five years. This finding should however be a concern of

tissue banks who should potentially look to limit the duration tissue samples are frozen for.

2.5.3.3 Freeze Condition

The ultimate failure stress for specimens frozen in-situ twice (74.8 + 18.8 MPa) was
significantly lower than once in-situ (94.8 + 4.1 MPa) and three cycles dissected (100.0 + 9.3
MPa) (p = 0.006; p = 0.002, respectively). Each additional freeze in-situ appears to have
lowered the mean failure load/stress of porcine patellar tendon samples. The cause of a
reduction in failure stress due to freeze cycles as an intact limb are unclear. One potential
hypothesis is that the dimensions of the sample change due to increased swelling of the

ligament during the intact freeze-thaw cycles reducing the material properties of the sample.
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An alternative hypothesis could be that during freezing the formation of ice crystals under
natural joint tension has caused damage to the patellar tendon. The duration of the freezing
period was much shorter for two cycles in-situ (46 days) compared to three cycles post-
dissection and one cycle in-situ (117 days and 116 days, respectively). If previously published
literature is applicable to porcine patellar tendon then an extended duration should reduce the

strength properties of the ligament.

When comparing the ultimate failure stress results for two in-situ freeze-thaw cycles to fresh
samples, not originally included in this subset, no significantly difference was observed (p =
0.988). This finding suggests that freezing intact specimens does not affect the failure
mechanical properties. Other than the condition in which the samples were frozen, the other
most noticeable variable capable of providing an explanation was the duration of the freeze
period. The samples frozen in-situ twice were however frozen for a shorter length of time than
the other frozen samples in this subset. This contradicts the proposed effect of longer freezing
durations which potentially cause a reduction in mechanical properties (Quirk et al., 2018). The
small sample size of three cannot provide conclusive evidence and a larger, more appropriately
powered study, with structural analysis would provide further insight for this particular

investigation.

2.5.4 Failure Mode

Avulsions accounted for 48.2 % of all observed failures, a typical result for BLB construct
material characterisation. Avulsion failure was more prevalent at the slower strain rate of 25
%.s (2/3) compared to the higher strain rate of 100 %.s* (0/3). These findings support
previously published literature by Noyes et al. (1974) who reported 46.3 % of all failures to be
avulsions and identified an increased prevalence of avulsions at lower strain rates (Noyes et
al., 1974). The authors found avulsions to occur in 30 % of samples at a higher strain rate (66.2
%.s) compared to 67 % at a slower strain rate (0.662 %.s) (Noyes et al., 1974). Whereas in a
study by Blevins et al. (1994) avulsions occurred in 32 % of patellar tendon samples taken from
human donors and strain rate was determined to have no effect of the failure mode when
tested at 10 %.s* and 100 %.s* (Blevins et al., 1994). The general consensus in the literature is
that strain rate does influence the failure mode of BLB constructs (Noyes et al., 1974;
Crowninshield and Pope, 1976; Hawkins, 2002). The large sample size (n = 81) of the Blevins et
al. (1994) study does however raise questions. In particular what is the definition of avulsion, a
term which differs in meaning between papers? Blevins et al. (1994) distinguishes between
mid-substance, insertion failures and bony avulsions and details the location of insertion and
avulsion failures. Many others however simply define the failure mechanism of ligaments as
either mid-substance or avulsion. Whilst the classification of purely mid-substance and bone
avulsion failures are clear, the location of failures at insertions could be included in either the

mid-substance or avulsion categories depending on the examiners definition and judgement. A
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consensus should be sought for an appropriate classification of failure modes of ligaments to

improve current understand and afford better comparison between studies.

In the current study the avulsions were found to occur on the patellar side only and were small
in nature, as shown in Figure 49B. The samples had however been thinned along their entire
length which could likely influence the failure mode. Often sprained ligaments are depicted as
a snapped ligament with a clean break, whereas this study found mid-substance failure to be
fibrous, and even after complete rupture the ligament was still loosely attached. The fibrous
failure of ligaments is not well visualised within literature and therefore is often
misunderstood in the clinical environment. An understanding of the failure mode of ligaments
is fundamental for clinicians wishing to treat and surgically repair damaged ligaments. The type
of failure has implications on the surgical approach selected to repair the ligaments of the
ankle. Ankle ligaments are routinely repaired surgically by attaching the two ruptured
elements of the ligament, in a procedure called the modified Brostrom procedure, however

this technique is not possible where failure occurs at the insertion of the ligament.

The large prevalence of avulsions highlights the potential irrelevance of failure material
properties in this study due to the results not being solely representative of patellar tendon.
The material properties were calculated only considering the intra-ligamentous cross-sectional
area of the patellar tendon. The material properties do not consider the geometries of the
bone or, perhaps more importantly, of the insertion point of the ligament onto the bone.
Structural properties however, are unaffected by avulsions as the bone attachment and
ligament combine to form a BLB construct which structural properties aim to describe
mechanically. Structural properties are therefore more clinically relevant for future ankle

characterisation as the concern is the risk of an ankle sprain, whereby avulsion can be present.

2.5.5 Limitations of the study

A noteworthy point for all results from this study, but particularly for the evaluation of failure
mode, is that the specimens were not in their natural geometry and were intentionally thinned
to match the dimensions of the ATFL. The results should therefore not be interpreted as
results representative of natural porcine patellar tendon. The failure mode results did however
generally agree with published literature, therefore the effect of thinning the samples does not
appear to have influenced the failure mode results. Bearing in mind the importance of these
results attempting to mimic those of human ankle ligaments, an argument could be made that
immature porcine patellar tendon is not representative of mature human ankle ligaments.
Whilst this may be true to some extent, the purpose of this study was primarily to identify the
effects of testing and storage conditions on the mechanical properties of ligamentous tissue

rather than define values for specific ligaments.

In terms of study design, many measures were taken to ensure that the testing groups

addressed the aims of this study and identified the effects of various test parameters. One
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factor which was difficult to control due to the size of the study and the number of variable
factors was the freezing duration of samples. The variation is greater than desired, however it
should not be detrimental to the study as the freezing duration results suggest that up to five
months of freezing do not have a significant effect on mechanical properties. It could also be
argued that the water bath trials assess not only tissue hydration, but also temperature
effects. This was not due to a lack of foresight but instead a case of purposeful improved
efficiency. Had a significant difference been identified then the exact reasons could have been

explored in further testing.

2.6 Conclusion

The mechanical properties of BLB constructs which have been freeze-thawed up to four times
over a period of up to 5 months, are comparable to fresh samples. Testing ligaments exposed
to air during short standard tensile testing after being rehydrated with PBS is suitable for the
characterisation of ligaments. Structural properties in particular, should be examined in studies
using BLB testing where avulsions are present and sprain characterisation studies should be
performed at representative strain rates. A concern from this chapter for the planned future
work is the use of samples from tissue banks where samples are frozen for longer durations
and the impact this may have on mechanical properties. The lack of significant effects
determined in this study for various storage conditions and testing environments enable future
human tissue testing to be performed with confidence. Taking the practicality of laboratory
practice and time efficiency into consideration, optimum test conditions for subsequent
human tissue testing were developed. The optimum testing conditions include testing
ligaments exposed to air after consistent hydration with PBS solution at appropriate strain
rates using tissues that have been freeze-thawed as BLB constructs up to four times for a

period of up to five months.
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Chapter 3 — Mechanical Characterisation of Lateral Ankle Ligaments

3.1 Introduction

Having identified suitable storage and mechanical testing protocols for BLB constructs an
efficient dissection protocol and effective gripping technique were required specifically for the
characterisation of lateral ankle ligaments. This chapter has two parts, firstly the LCL complex
is mechanically characterised at strain rates representative of LAS. A novel dissection protocol
and gripping technique are described for the LCL complex alongside the mechanical
characterisation results. Secondly, characterisation of the distal tibiofibular syndesmosis is

explored and the determination of an appropriate gripping technique is investigated.

3.2 Characterisation of the Lateral Collateral Ligament Complex at

Realistic Sprain-inducing Strain Rates

3.2.1 Introduction

Some studies exist which report the mechanical properties of the lateral ankle ligaments (St
Pierre et al., 1983; Attarian et al., 1985; Siegler et al., 1988; Funk et al., 2000; Beumer et al.,
2003; Butler and Walsh, 2004; Viens et al., 2014). The methodology of each study varies
including the ligaments tested, as well as the material testing device, gripping technique and
strain rate used. The general set-up tests BLB specimens using a mechanical testing device.
None of these studies determine the failure mechanical properties for the intact LCL complex
(ATFL, CFL and PTFL), or the AITFL and the PiTFL from the same donor foot. The absence of
literature detailing such information is likely due to the difficulty faced isolating and gripping
ankle ligaments, as previously reported (Siegler et al., 1988; Funk et al., 2000). A lack of
published work on this topic has hindered the understanding of the mechanical requirements
of repair techniques for ankle sprain and the failure mechanisms of natural ligaments during

ankle sprain.

The detailed anatomy of the lateral ankle ligaments is provided in Chapter 1 Ankle Complex
Anatomy. Of importance to this chapter are the location of fibular insertions as well as the

orientation and geometry of the ligaments, shown in Figure 50A and Figure 50B.

This study aimed to improve understanding of the ultimate failure load, stiffness and failure
modes of the human LCL complex characterised individually at strain rates representative of
LAS.
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Figure 50. A) Anterolateral view and B) posterolateral view of a dissected human ankle
showing the lateral ankle ligaments. Ligaments shown are the AiTFL (1), anterior talofibular
ligament (2), calcaneofibular ligament (3), posterior talofibular ligament (4) and PiTFL (5).

3.2.2 Materials and Methods

3.2.2.1 Specimens

Ethical approval for this study was granted by the University of Leeds Research Ethics
Committee (MEEC 15-020). Eight fresh frozen human cadaver feet, sourced from MedCure
(USA), were used in the study. Exclusion criteria for the cadaver tissue included a reported
prior lower limb trauma or surgery, or a history of diabetes. Two samples were excluded from
the study, one due to a fibular fracture and another because of the presence of an os trigonum
accessory bone, both identified during initial dissection. The mean + 95 % Cl donor age was
56.2 + 12.2 years, body mass index (BMI) was 22.3 + 2.9 kg.m? and there were three males and

three females. A summary of donor information is shown in Table 14.

Table 14. Tissue donor demographic details. The mean and 95 % Cl is given for age, weight
and BMI. (M — male, F — female, A.A — African American, C — Caucasian, R — right & L — left).

Sample Age (years) Sex Race Weight(kg) BMI(kg.m?2) L/RFoot

1 72 M AA 71 22.4 R
2 60 F C 53 18.9 L
3 49 F C 49 20.9 R
4 61 M C 66 21.4 R
5 38 M C 85 27.0 L
6 57 F C 61 23.2 R
Mean 56.2 64.1 22.3
+Cl +12.2 _ _ +13.8 +2.9 _
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3.2.2.2 Sample Preparation

Following shipping from the United States of America the intact frozen specimens were stored
in a -80 °C freezer, compliant with the Human Tissue Act, until they were tested. Specimens
were thawed for 48 hours at 4 °C in a refrigerator prior to dissection. After at least 24 hours of
thawing, each foot was scanned, at a resolution of 82 um, using a SCANCO Medical xtreme CT
scanner (SCANCO Medical, Briittisellen, Switzerland). Each scan lasted approximately 90
minutes and was performed to ensure no major undiagnosed damage was present as well as

for computational modelling purposes for other projects.

The LCL complex was dissected intact from each foot, whilst preserving the syndesmosis joint
for potential future study, following a novel dissection protocol, shown in Figure 51 and Figure
52. The proximity of fibular insertions provided particular difficulty for the dissection protocol
as they limited the amount of bone stock available for each of the ligaments. Initially, all
ligaments were intended to be isolated as individual BLB constructs for mechanical
characterisation. The interconnecting fibres of the ATFL, CFL and PTFL prevented the LCL
complex from being isolated for testing (Dalmau-Pastor et al., 2020). Furthermore, particular
consideration was given to the fibular insertions of the AiTFL and ATFL as well as the PiTFL and
PTFL which are also in close proximity. Due to these factors it was determined that the LCL

complex would not be able to be split separately into its constituent structures for testing.

Pre-planning of the dissection protocol was performed with an aim to preserve as much bone
stock as possible for each of the BLB constructs. The initial soft tissue dissection to expose the
ligaments and bony constructs of the ankle was performed by a foot and ankle specialist
consultant orthopaedic surgeon. Firstly, all fascia and soft tissue was dissected from the
calcaneocuboid talonavicular joint posteriorly and then proximally to the transverse cut
through the tibia and fibula. Next, the forefoot was removed by transecting along the

talonavicular calcaneocuboid joint.

From this point onwards the dissection was performed by the author. Using an oscillating bone
saw, a sagittal cut was made through the entirety of the calcaneus and talus and
approximately 50 mm into the tibia, as shown in Figure 51B. The cut was made approximately
one third of the distance between the medial and lateral malleoli on the medial side of the
ankle to preserve bone on the lateral side for the tibial, talar and calcaneal insertions. The
lateral ankle complex was then removed by a transverse cut through the fibula, separating the
LCL complex from the distal tibiofibular syndesmosis, as shown in Figure 51C. The cut was
performed between the fibular insertions of the ATFL and AIiTFL and the PTFL and PiTFL. The
delicate cut was performed ensuring the fibular insertions of the four aforementioned

ligaments were not disrupted.
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Figure 51. The dissection protocol employed to remove the LCL complex from the ankle
complex. A) Posterior view of the intact ankle complex. B) Posterior view of the sagittal cut
through the tibia separating the medial and lateral aspects of the rearfoot. C) Lateral view of
the transverse cut (white line) made through the fibula to separate the LCL complex and
distal tibiofibular syndesmosis.

To further prepare the LCL complex the talus was split in half with a frontal cut creating
independent talar insertions for ATFL and PTFL, shown in Figure 52. The calcaneus was then
reduced in size and shaped to fit within the gripping fixture. Two parallel frontal cuts, either
side of the calcaneal insertion, parallel with the fibres of the CFL were performed. Finally, two
transverse cuts, one distal and one proximal to the calcaneal insertion of the CFL were
performed. The proximal transverse cut was performed using a small handheld hacksaw for
increased precision and was made from directly proximal to the calcaneal insertion in a lateral

to medial direction. The final construct for testing was produced, as shown in Figure 52.
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Figure 52. The LCL complex fully dissected prior to testing. The frontal cut into talus has been
performed, creating separate bone pieces for the ATFL and PTFL, and the calcaneus has been
shaped to fit within the bespoke testing grip. The ATFL (1), CFL (2) and PTFL (3) are shown.

Following this technique, independent BLB samples for the AiTFL and PiTFL could be produced
for potential future study. First, a transverse cut through the fibula and tibia was made 50 mm
proximal to the tibial plafond as deep as the initial sagittal cut through the tibia, separating the
distal tibiofibular syndesmosis from the shank of the leg, shown in Figure 53A. A final frontal

cut was made centrally through the fibula and tibia to isolate the AiTFL and PiTFL, shown in

Figure 53B.
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Figure 53. A) Lateral view of the distal tibiofibular syndesmosis dissected from the tibia. B)
Anterior view of an isolated AITFL BLB construct.

Post-dissection ligament lengths were measured using Vernier callipers with the ligaments
orientated in line with their collagen fibres and the slack in the ligament was removed by hand.
The ligaments were measured once, from the centre of the origin to the centre of the
insertion. This measurement technique, was determined to be comparable to laser

micrometre systems for similar tissues and is therefore considered acceptable (Woo et al.,
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1990). The tissue hydration level of the ankle complex was maintained by wrapping the

complex in PBS (Oxoid Ltd, Basingstoke, UK) soaked paper towel (Herbert et al., 2016).

3.2.2.3 Testing Protocol

Each ligament of the LCL complex was tested individually whilst the complex was kept intact.
Tissue rehydration was performed to ensure the viscoelastic nature of ligaments could act
efficiently during the testing. Immediately before the characterisation of the CFL, the complex
was submerged in PBS for 30 minutes. The complex was then submerged for 15 minutes prior
to testing the ATFL and a further 15 minutes prior to testing the PTFL due to the short length of

time taken for each test.

A bespoke gripping technique was required due to the LCL complex being characterised as an
intact complex, rather than as individual BLB constructs. The novel fixation device developed,
shown in Figure 54, was a small cubic pot with a removable front cover. Engineering drawings

of the design are provided in Appendix A — Lateral Collateral Ligament Complex Pot.

Front view B Side view

Figure 54. The bespoke fixation device manufactured for the testing of the LCL complex. A)
shows the front view of the pot with front cover detached. B) shows a side view of the
assembled pot. C) shows the top view of the pot when arranged for testing the T-shaped
slots are on opposing faces.

79



The bone attachments of the ligaments were fixed within the gripping fixture using six gripping
bolts for each bone attachment ensuring collagen fibre alignment, as shown in Figure 55. The
locating bolts had tapered tips which were partially imbedded into the bone to provide secure
fixation. Two locating bolts were inserted from the lateral and medial sides with an additional
bolt through the anterior and posterior faces of the fixation device. The cubic pot was
designed with a T-shaped slot in the bottom face, between the two pots, to allow the ligament

to slide into the pots easily, shown in Figure 54.

The ligaments were too short for the other bone attachments to be located outside of the
testing device whilst the first and second ligaments were tested. Therefore, the CFL was
characterised first, then the ATFL followed by the PTFL. During testing of the CFL both talar
insertions of the ATFL and PTFL were in the same pot as the fibula bone attachment with the
calcaneal bone attachment in the other pot to characterise the CFL, shown in Figure 55. The
congruency of the talar insertions of the ATFL and PTFL to the fibula also aided in the

positioning and fixation of the fibular insertion of the CFL.
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Figure 55. The LCL complex fixed into the bespoke LCL fixation device prior to
characterisation of the CFL. The ATFL and PTFL, and their bony attachments from the fibula
(1) to the talus (2) are within the top pot and the calcaneus (3) is within the bottom pot.

The mechanical characterisation was performed using an Instron ElectroPuls E10000, with a

1 kN load cell (Instron, Buckinghamshire, UK). A 1 kN load cell was selected as the failure loads
previously reported in the literature were considerably lower than 1 kN (Attarian et al., 1985;
Siegler et al., 1988). A floating joint was used to attach the top grip to the Instron to correct for

any unintended malalignment within the setup.

Preconditioning was completed to ensure specimens were in an appropriate physiological

state of readiness and fluid redistribution had occurred within the specimens prior to failure
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testing (Quinn and Winkelstein, 2011). Fifteen cycles of preconditioning following a sinusoidal
waveform, ranging between 2 N and a load value corresponding to 3.5 % strain, were
performed at a frequency of 0.83 Hz. The 3.5 % strain value represents the minimum amount
of strain accumulated by any of the LCLs during one step of a normal walking cycle (10 degrees
dorsiflexion through to 20 degrees plantar flexion) (Colville et al., 1990). A strain of 3.5 % is
also considerably lower than the 20 % strain value quoted as the maximum value for safe
physiological loading for ligaments of the LCL complex (Attarian et al., 1985). The
preconditioning load values representing 3.5 % strain were determined in a preliminary test of
each ligament tested under strain control at a rate of 10 %.s. The frequency of 0.83 Hz is

equivalent to the rate of normal walking (approximately one full gait cycle per second).

Following preconditioning, the specimens were then ramp loaded to failure at a strain rate of
100 %.s™. A strain rate of 100 %.s™ was selected to be representative of sprain, having
previously been suggested to be a suitable injury strain rate for anterior cruciate ligament
injury (Blevins et al., 1994). The following equation, incorporating real-world inputs, also
suggests that a strain rate of 100 %.s is appropriate to replicate lateral ankle ligament sprain.
. AL
Tt
Where € is the strain rate, AL is the change in length of the ATFL from neutral position to
maximum plantar flexion (4.5 mm) (de Asla et al., 2009), L is the length of the ATFL in the
neutral position (16.3 mm) (de Asla et al., 2009) and t is the time taken for the sprain motion
of an ankle (0.3 s) (Fong et al., 2009b).

3.2.2.4 Data Analysis

The mode of failure was determined via physical palpation and visual examination of the
specimens. Any specimens where the ligament had torn away from bone, torn cartilage away
from bone or torn a small fragment of bone away from bone were categorised as an avulsion.
Any intra-ligamentous failures were defined as mid-substance failures. After the experimental
testing, post-processing was completed to calculate the ultimate failure load and stiffness of
each ligament from each donor. The linear stiffness value (k1) was calculated using a custom
Matlab algorithm (Herbert et al., 2016).

Mean values and 95 % Cl for the ligament ultimate failure load, stiffness and length, as well as
the donor BMI, weight and age were calculated for the ATFL, CFL and PTFL. A repeated
measures ANOVA with a Greenhouse-Geisser correction (p < 0.01) was performed to calculate
any significant differences in ultimate failure load or stiffness between the ATFL, CFL and PTFL.
Analysis of the data stratified by age, weight and BMI was performed to identify any potential
correlations with these patient-specific factors and both ultimate failure load and stiffness.
Correlations were calculated for the ATFL, CFL and PTFL individually using a two-tailed Pearson

correlation test (p < 0.01).
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3.2.3 Results

The post-dissection ligament lengths used to calculate the ligament specific preconditioning
limits are provided in Table 15. The CFL was the longest of the three ligaments forming the LCL
complex, with mean £ 95 % Cl length of 20.0 £ 1.9 mm. The PTFL and ATFL followed in order

but were similar in length with mean lengths of 13.4 + 3.2 mm and 12.6 + 0.9 mm, respectively.

Table 15. Ligament lengths (mm) for each individual ligament and the mean ligament length
and 95 % CI for ATFL, CFL and PTFL.

Sample ATFL CFL PTFL
1 11.62 17.60 10.50
2 11.76 20.66 14.66
3 12.90 19.24 10.54
4 13.50 23.00 18.34
5 12.08 20.06 14.80
6 13.54 19.66 11.66

MeantCl 12609 20.0+19 13.4+3.2

The mechanical characterisation results for the ATFL, CFL and PTFL are shown in Table 16. The
CFL had the highest mean ultimate failure load + 95 % Cl of 367.8 + 79.8 N followed by the
PTFL351.4 + 110.8 N, while the ATFL was the weakest 263.6 + 164.3 N. No significant
differences were found for the ultimate failure load (p = 0.24) or stiffness (p = 0.30) between
the ATFL, CFL and PTFL.

The ratio of avulsions to mid-substance failures was similar for the ligament types tested, as
detailed in Table 16. The ATFL avulsed from the fibula in four of the six tests, the CFL avulsed
from the fibula in two of the six tests and the PTFL avulsed from the talus in two of the six
tests. No systematic differences in ultimate failure load or stiffness were identified between
the different failure modes. When avulsion did occur, the site of avulsion was consistent
amongst ligament types, shown in Table 16. Figure 56A and Figure 56B illustrate clear

examples of a mid-substance failure and avulsion, respectively.
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Table 16. The mean and 95 % Cl for the ultimate failure load and stiffness results of the ATFL,
CFL and PTFL. As well as the failure mode (A — avulsion and M — mid-substance) and avulsion
location.

ATFL CFL PTFL

Ultimate

Failure Load 263.6 + 367.8 + 3514 +

Mean £ Cl 164.3 79.8 110.8
(N)
Stiffness
44.7 + 458 + 59.0 +
Mean = Cl
16.6 19.0 10.7
(N.mm?)
Failure
Mode 4/2 2/4 2/4
(A/M)
Avulsion
Fibula Fibula Talus
Site

Figure 56. A) A mid-substance failure where intra-ligamentous failure has occurred. B) An
avulsion failure where a fragment of bone has also been avulsed from the bone surface
(white arrows).

The correlation results for the ultimate failure load and stiffness to the patient-specific factors:
BMI, weight and age are presented in Table 17. The ultimate failure load of the CFL was found
to have a significant strong positive Pearson correlation with BMI (r = 0.92; p = 0.01). The
ultimate failure load of the ATFL and PTFL had non-significant Pearson correlation scores with
BMI (r=0.18; p=0.73 and r = 0.65; p = 0.16, respectively). No significant relationship was
found for either age or weight with relation to both the ultimate failure load and stiffness of
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the ATFL, CFL and PTFL. No significant relationship was identified between BMI and stiffness
for the ATFL (r =-0.05; p = 0.92), CFL (r =0.22; p = 0.68) and PTFL (r = -0.01; p = 0.98).

Table 17. The correlation (r-value) and respective significance (p-value) of both ligament
ultimate failure load and ligament stiffness against the patient-specific factors (PSF): BMI,
weight and age.

Ligament Property PSF r-value p-value
Failure Load ATFL BMI 0.184 0.727
CFL BMI 0.919* 0.010

PTFL BMI 0.650 0.162

ATFL Weight 0.516 0.395

CFL Weight 0.874 0.023

PTFL Weight 0.327 0.527

ATFL Age 0.560 0.248

CFL Age -0.273 0.600

PTFL Age -0.496 0.317

Stiffness (k1) ATFL BMI -0.052 0.922
CFL BMI 0.216 0.681

PTFL BMI -0.013 0.981

ATFL Weight 0.176 0.738

CFL Weight 0.410 0.419

PTFL Weight 0.000 0.999

ATFL Age 0.750 0.086

CFL Age -0.397 0.436

PTFL Age -0.340 0.510

*indicates result is significant at the 0.01 level (two-tailed).

The ultimate failure load results of the ATFL, CFL and PTFL are plotted against BMI in Figure 57
with the results for all three ligaments of each donor aligned vertically according to the
donor’s BMI. There is no evidence of a systematic tendency for the ultimate failure load to

vary by ligament type either within or between donors.
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Figure 57. A graphical representation of the relationship between BMI and ultimate failure
load. The three ligaments of each donor are vertically aligned according to the BMI of the
donor.

3.2.4 Discussion

The aim of this study was to improve understanding of the mechanical properties and failure
modes of the LCL complex when strained at a rate representative of LAS. The mechanical
characteristics of the entire LCL complex when loaded at a realistic sprain-like strain rate (100
%.s) are reported. The mean ultimate failure load results concur with previously published
work, that the CFL and PTFL provide similar levels of support under load and that the ATFL is
the weakest (Attarian et al., 1985; Siegler et al., 1988). There is however, a large amount
variability between specimens, as shown in Figure 57. At the individual donor level there was
no clear pattern for which ligament is the strongest or weakest of the LCL complex. This finding
can also be shown by the results of St Pierre et al. (1983) for the ATFL, ranging in failure load
from 44 N to 556 N, however this was not discussed within the article (St Pierre et al., 1983).
Notably, the ATFL, which is widely established as the weakest LCL, was the strongest for two
donors in this study, contradicting the general consensus suggested by mean values (Attarian
et al., 1985; Siegler et al., 1988). The widely established view that the ATFL is the weakest of
the LCLs could therefore be incorrect for some individuals. The cause of this finding is likely
multifactorial with possible explanations including unreported prior injuries, BMI and activity
level. A much larger sample size and in-depth patient information is required to substantiate

any hypothesis.

Stiffness results in this study are similar to those previously reported by Attarian et al. (1985)
who strained the LCLs at strain rates considerably higher than 100 %.s™. This study and the
Attarian et al. (1985) paper therefore support the theory that the strain-rate dependency of
ligaments can be neglected when tested at strain rates greater than 100 %.s* (Funk et al.,

2000; Bonner et al., 2015).
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Both mid-substance failure and avulsion are abundantly prevalent as failure modes of the LCLs.
Categorisation of the failure mode is somewhat subjective due to the fibrous nature of
ligamentous failure, the difficulty faced differentiating between failure modes and the lack of a
standardised definition of avulsion. The location of ligament avulsion was consistent, at the
fibula for the ATFL and CFL and at the talus for the PTFL. Siegler et al. (1988) found the AFTL to
avulse 58 % of the time and the CFL and PTFL to avulse in 70 % of tests, with remaining
specimen failing mid-substance (Siegler et al., 1988). Attarian et al. (1985) reported eight mid-
substance failures and four talar avulsions for the ATFL, eight mid-substance failures, four
calcaneal avulsions and four fibula avulsions for the CFL and four mid-substance failures for the
PTFL (Attarian et al., 1985). St Pierre et al. (1983) reported 18 talar avulsions, 16 mid-substance

failures and two unknown failures for the ATFL (St Pierre et al., 1983).

The location of ATFL avulsion in this study is inconsistent with those previously reported and
an explanation as to why is unclear. Possible explanations include the status of the fibula, the
orientation of the ligament or the vastly different strain rates. The fibula was intact for testing
in the studies by St Pierre et al. (1983) and Attarian et al. (1985) whereas in this study the
fibula was split reducing the amount of bone to be gripped. The orientation of the specimen
may differ slightly between this study and the two studies highlighted due to the fibula not
being intact, although all studies attempted tensile testing with fibre alignment. The
orientation of ligaments and alignment of collagen fibres during testing can have a significant
effect on the failure properties of ligaments (Von Forell et al., 2014). The similarity in failure
load and stiffness results for avulsion and mid-substance failures support previous findings
(Noyes et al., 1974).

The prevalence of avulsion and mid-substance failures are however comparable. The high
prevalence of avulsions could be due to the significantly higher local strain proximal to the
attachment site of ligaments compared to the central region (Stouffer et al., 1985).
Alternatively the age of the donors could impact the results as a greater amount of avulsion
have been identified in an older population (Noyes and Grood, 1976). The failure mechanism
of a ligament is an important consideration prior to a ligament repair being performed as the
fixation method may differ depending on whether the ligament needs reattaching to bone or

to ligament.

A potentially noteworthy finding was the positive correlation between BMI and ultimate
failure load values for the ligaments of the LCL complex, specifically the significant correlation
for the CFL. This finding suggests that the CFL of individuals with a higher BMI have a greater
load bearing capacity than those with a lower BMI. This is likely due to the adaptive
remodelling nature of ligaments as individuals with a greater BMI are likely to apply more
stress to the ligament, increasing strength over time (Bonnel et al., 2010). The BMI of an
individual could therefore be an important factor when selecting the appropriate material
properties of a synthetic intervention, and notably people with a high BMI who are more often

candidates for a synthetic ligament replacement (Ajis et al., 2006). Therefore, the load bearing
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capacity of the synthetic interventions, and their fixation devices, should at least match the
upper boundary of the 95 % Cl of ultimate failure load to ensure the synthetic does not
subsequently fail. The stiffness of the synthetic material, along with the tension applied upon
insertion, is arguably as important. A stiffness that is too high could reduce the joint mobility
and too low could affect the stability of the joint. Therefore it could be recommended that the
stiffness of the synthetic material is matched to that of the natural tissue results reported

here.

The anatomy of ligaments is often depicted incorrectly in illustrations because of stylistic
licence. A previously published pictorial essay does however provide detailed images of the
ankle ligament anatomy (Goland et al., 2016). Figure 50 shows the fibular insertions of the
ATFL and CFL. These attachments are often illustrated as separate insertion points however, as
shown in Figure 50, the two ligaments commonly insert at the same point on the fibula. It is
suggested that the inferior aspect of the ATFL and CFL are connected by arciform fibres, thus
forming the lateral fibulotalocalcaneal complex (Dalmau-Pastor et al., 2020). This observation
was also made when performing the dissections for this study. The results of this study
however suggest that the connecting fibres are not of a sufficient strength to cause both the
ATFL and CFL to rupture simultaneously. The CFL was tested first in every instance and no
macroscopic damage to the ATFL was observed. The mechanical property results of both the

ATFL and CFL are also similar to those previously published (Siegler et al., 1988).

The limitations to the study predominantly centre on the use of human cadaveric tissue. The
main limitation is the small sample size (n = 6). Research using donor cadaveric tissue should
be minimised to only what is essential and performed with maximum efficiency and integrity
out of respect for the donors. The characterisation of cadaveric human tissue may not reflect
the same response as living tissue. However, ligamentous tissue primarily attributes its
strength properties to the collagen fibres which form the majority of ligament structure. The
collagen would not be greatly affected by the tissue being alive or dead, providing it remains
well hydrated and is stored appropriately to abate tissue degradation. Although the exclusion
criteria required donors to have not reported any lower limb trauma, certain that a prior
sprain has not occurred at some point during the donor’s lifespan cannot be guaranteed. It is
estimated that ankle injury rates are approximately five and a half times higher than those
registered in emergency departments (Kemler et al., 2015). This could provide some
explanation for the inconsistencies in strength between ligament types. Large variations in the
results following the mechanical characterisation of ankle ligaments are also reported

elsewhere (Siegler et al., 1988).

The use of elderly donor tissue to investigate sprain has previously been suggested to be a
limitation of cadaver studies due to deteriorating tissue quality and its impact on mechanical
properties (Noyes and Grood, 1976). An effort was therefore made to be provided with the
youngest donor specimen’s possible (mean 56.2 years). Other previous studies, including ATFL

specific literature, have however reported no correlation between mechanical properties and
87



age (St Pierre et al., 1983; Blevins et al., 1994; Johnson et al., 1994; Flahiff et al., 1995; Couppé
et al., 2009). Half of the human tissue specimens used in this study were inherited from a
previous researcher who had not used the human tissue. This tissue had been frozen for 23
months prior to its use in the characterisation study which could have significantly reduced the
tear resistance of the ligament according to the subsequent findings of another researcher
(Quirk et al., 2018). All other human tissue samples had been frozen for no more than four
months after their receipt at the university. Among the small sample of n = 3 for longer-term
and shorter term freeze, no systematic difference was observed for any of the ligaments of the
LCL complex. Finally, the link identified between BMI and ultimate failure load of the CFL and
PTFL is based on a narrow range of BMI with only one donor having a BMI outside of the
normal range and the trend may not be reflected in a population at the extremities of the BMI

scale.

The current findings highlight a range of indicative ultimate failure loading requirements that
can further inform the mechanical property specifications for synthetic ankle ligaments.
Through improved matching of the mechanical properties, particularly the stiffness, of
synthetic ligaments to their natural counterparts joint mobility and stability have the potential

to also improve.

3.2.5 Conclusion

Limitations aside, the conditions of this study were carefully defined to reflect those
experienced by individuals who would suffer an ankle sprain allowing for the entire LCL
complex to be characterised at realistic sprain inducing strain rates. In the current study the
ultimate failure load and stiffness of the ATFL, CFL and PTFL did not differ systematically but
there was a tendency toward greater strength in people with a higher BMI. The maximum
likely exposure loads, the BMI of the patient and the failure mode of the LCLs all appear to be
factors to be further considered when selecting the material, repair or reconstruction

technique to be used for surgical stabilisation of the sprained ankle.
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3.3 Characterisation of the Anterior and Posterior Tibiofibular

Ligaments

3.3.1 Introduction

This section describes the various fixation devices explored during this project to characterise
the AITFL and PiTFL of the distal tibiofibular syndesmosis. The differing anatomy of the AiTFL
and PiTFL to the ligaments of the LCL complex prevented the technique described in the
previous section from being used. Characterisation of the syndesmosis ligaments has
previously been performed but not at strain rates representative of ankle sprain.
Characterisation of the AiTFL and PiTFL under such conditions can provide insight to the
requirements of synthetic interventions, such as those developed by the industrial sponsors of

this project, for syndesmosis sprain applications.

A survey of the literature identified previous studies to have characterised the AiTFL and PiTFL
(Funk et al., 2000; Beumer et al., 2003; Butler and Walsh, 2004). Butler and Walsh (2004) did
not test intact BLB constructs, instead they dissected and tested a 5 mm gauge length of mid-
substance (Butler and Walsh, 2004). The study only calculated mechanical properties at strains
of 10 % and 30 % opposed to testing to complete failure. Funk et al. (2000) were able to
successfully characterise to failure BLB constructs. They were however only successful for one
out of six AiTFL samples and zero out of six PiTFL samples, demonstrating the difficulty faced
characterising these ligaments (Funk et al., 2000). The article attributed the failed tests to the

cutting and drilling of bone attachments leading to failure at the potting.

Beumer et al. (2003) provide the most complete failure characterisation results for the AiTFL
and PiTFL (Beumer et al., 2003). Unlike the two studies highlighted above the research
focussed on the AITFL and PiTFL specifically and were able to successfully characterise 10
samples for each ligament. The results of the study are shown in Table 18 and report the AiTFL
to fail on average at 499 + 105 N and the PiTFL at 708 £ 91 N (Beumer et al., 2003). The study
also reports the mode of failure as 30 % avulsion and 70 % mid-substance for the AiTFL and 50
% avulsion and 50 % mid-substance for the PiTFL (Beumer et al., 2003). Their method involved
splitting the tibia into an anterior and posterior segment using a frontal cut with the fibula
remaining intact. Each bone piece was then potted using an epoxy resin which would have
covered the fibular insertions of the ATFL, CFL and PTFL. Their method was therefore
unfortunately irreproducible for this project as the successful characterisation of the LCL
complex would have been compromised. An appropriate gripping technique was therefore
required for the testing of the AiTFL and PiTFL after sectioning of the fibula for the LCL

complex.
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Table 18. The structural properties and failure modes of the anteroinferior tibiofibular and
posteroinferior tibiofibular ligaments. Source: (Beumer et al., 2003).

AITFL PiTFL
Sample size 10 10
Mean age (years) 72+8 72+8
Strain rate used (mm.s?) 0.5 0.5
Ultimate load (N) 499 + 105 708 £ 91
Stiffness (N.mm™) 78 +12 101+ 16
Failure type  Mid-substance 70% 50 %
Avulsion 30 % (F) 50 % (F)

The aim of this study was to develop an effective gripping technique for the mechanical
characterisation of the AiTFL and PiTFL individually at strain rates representative of severe LAS

causing complete rupture of the ligament.

3.3.2 Materials and Methods

3.3.2.1 Specimens

Porcine tissue was used for the evaluation of gripping techniques for the AiTFL and PiTFL as the
anatomy of porcine distal tibiofibular syndesmosis is similar to that of human tissue, shown in
Figure 58. The use of porcine tissue for this exploratory testing prevented wastage of valuable
human tissue. Fresh right hind legs of six month old pigs, sourced from John Penny & Sons
(Leeds, UK), were used in this study. To prevent wastage of porcine tissue, no specimens were
ordered specifically for this testing. Instead, ankles were harvested from porcine specimens

ordered for hip projects within iMBE where the ankle is normally disposed of.

Proximal

Figure 58. Posterior view of the distal tibiofibular syndesmosis showing the PiTFL (1) in A)
porcine and B) human tissue.
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3.3.2.2 Sample Preparation

The fresh samples arrived from the abattoir as intact right hind legs and the ankles joint was

separated from the remainder of the leg. An incision was made with a scalpel through the skin
and musculature, around the circumference of the leg, approximately midway between the
knee and ankle joints, shown in Figure 59. An oscillating bone saw was then used to perform a
transverse cut through the tibia and fibula at the same point as the incision, shown in Figure
59.

Anterior

+

Posterior

Proximal

Figure 59. Lateral view of a porcine right hind leg with the ankle joint complex removed
approximately midway between the knee and ankle joints.

A second incision was made on the anterior side of the specimen from the most proximal point
of the tibia distally to the ankle joint complex. A mediolateral incision was then performed at
the most distal point of the second incision and all skin proximal to the third incision was
removed. All musculature around the tibia and fibula was removed by severing the Achilles
tendon at its calcaneal insertion and the tendons of the tibialis anterior, peroneus tertius,
peroneus longus and anterior digital extensor muscles at the point they pass the cruciate
ligament, shown in Figure 60. The lateral and medial ligaments of the ankle in addition to the
joint capsule were then severed isolating the distal tibiofibular syndesmosis, shown in Figure
58A.

Proximal

Posterior
Jolauy

Figure 60. Lateral view of the porcine ankle complex after removal of skin, musculature and
associated tendons.
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To produce samples replicable of human AITFL and PiTFL BLB constructs the samples were
sectioned further. A midsagittal cut was made through the tibia using an oscillating saw, shown
in Figure 61A. A frontal cut followed, made centrally through the fibula and tibia, to isolate the
AITFL and PiTFL, shown in Figure 61B. The distal tip of the fibula was not removed, as with
human tissue, as it is much smaller in the immature porcine ankle than in mature human tissue
and was deemed unnecessary, shown in Figure 58. Bone-ligament-bone constructs for the
AITFL and PiTFL were produced, shown in Figure 61C and Figure 61D, respectively.

Proximal Proximal

+ +

Posterior
Joldjuy
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+: | R aid

Distal Distal

Figure 61. The dissection protocol followed to isolate the AIiTFL and PiTFL. A) Anterior view of
the midsagittal cut performed through the tibia. B) Lateral view of the frontal cut made
through the fibula and tibia. C) Anterior view of an AiTFL sample. D) Posterior view of a PiTFL
sample.

3.3.2.3 Testing Protocol

The gripping techniques for the AiTFL and PiTFL were mechanically investigated using an
Instron ElectroPuls E10000 equipped with a 5 kN load cell (Instron, Buckinghamshire, UK). The
testing protocol was similar to that of the human LCL complex previously described. First, 15
cycles of preconditioning following a sinusoidal waveform, ranging between 2 N and a load
value corresponding to 3.5 % strain, were performed at a frequency of 0.83 Hz. The samples

were then ramp loaded to failure at a strain rate of 100 %.s™.
3.3.3 Results and Discussion

Novel custom gripping techniques were developed for the AITFL and PiTFL of the distal
tibiofibular syndesmosis. The lack of tibial and fibular bone available, particularly distally to the

fibular insertion for both the AITFL and PiTFL, is shown in Figure 53. This posed a considerable
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challenge in terms of gripping the syndesmosis ligaments sufficiently. Several approaches were

made in an attempt to characterise the AiTFL and PiTFL which are described hereinafter.

3.3.3.1 Lateral Collateral Ligament Complex Pot

Initially, an attempt was made to use the same fixation device used for the characterisation of

the LCL complex. Due to the shorter ligament length and the lack of a gap between the tibia
and fibula at the distal tibiofibular syndesmosis joint, a portion of bone needed to be removed.
Using a small handheld hacksaw, a 12 mm wide portion of bone was removed from the medial
side of the fibula and tibia perpendicular to the orientation of the collagen fibres of the

ligament, shown in Figure 62.

Proximal

e

Figure 62. Posterior view of porcine AiTFL sample prepared for testing in the LCL complex
testing pot with a 12 mm wide section of bone removed (white arrows).

The width of the bone portion removed was slightly larger than the combined 10 mm thickness
of the two walls of the pots. This was purposeful to prevent the pots from touching at the
initiation of the test and to afford the balancing of the load cell. The depth of the bone portion
was sufficiently deep to allow for the remaining bone and the ligament to slide within the 10
mm gap in the pot, shown in Figure 63. The AIiTFL or PiTFL was positioned in the pots and
secured with four bolts in each pot, two into each of the lateral and medial sides of the bone

piece, shown in Figure 63.

Figure 63. Distal view of a porcine PiTFL sample loaded within the LCL complex pot prior to
testing.
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Some success occurred with this gripping technique with one AIiTFL sample failing through a
tibial avulsion, shown in Figure 64A. Other attempts were however unsuccessful with failure
often occurring due to fibular bone fracture where the bone interfaced with the pot, shown in
Figure 64B. The removal of bone tissue caused a weak point in the fibula where abnormal
loading was applied. This type of failure suggested that the locating bolts were ineffective at
securing the smaller bone pieces of the AiTFL and PiTFL than those of the LCL complex.
Although fibular fracture can occur with distal tibiofibular syndesmosis sprains, this type of
failure was determined to be unsuccessful as the fracture was not representative of those
associated with natural syndesmosis sprain. Failure loads reached up to 580 N for this gripping

technique before failing in a non-representative manner.

Figure 64. Failed porcine AITFL specimens that have failed through A) an avulsion and B) a
tibial fracture at the interface with the pot.

3.3.3.2 Distal Tibiofibular Syndesmosis Cement Pot

The next approach to characterise the AiTFL and PiTFL involved a fixation device designed
specifically for the AiTFL and PiTFL, shown in Figure 65 and — Syndesmosis Pot. This fixation
device aimed to capitalise on the larger amount of tibial and fibular bone proximal to the

ligaments whilst also ensuring fibre alignment for the ligament during testing.

94



Figure 65. A bespoke fixation device for the testing of the AiTFL and PiTFL. F = Fibula, T =
Tibia and the red ring highlights the weak point during testing.

Prior to cementing the proximal bone into small cylindrical cement pots, shown in Figure 66A,
the tibial bone insertion of the ligaments needed to be thinned to no more than 10 mm in
width and thickness. The bone was secured within the cement pots using one locating bolt into
each of the pots from the medial side into the tibia and lateral side into the fibula. The
cemented BLB constructs, shown in Figure 66B, could then be inserted into the fixation device

and secured by the two bolts through the pots and into the bone cement.

Figure 66. A) Cement pots for the distal tibiofibular cement pot. B) Anterior view of a
cemented porcine AiTFL sample prior to loading into the distal tibiofibular syndesmosis pot.
Both porcine AIiTFL and PiTFL samples were tested and both ligaments failed through fracture

of the fibula at the cement border. Failure occurred at lower loads than the prior gripping
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technique at loads of 140 N and 200 N for the AITFL and PiTFL, respectively. The positioning of
the AITFL and PiTFL was such that the ligament fibres were perfectly aligned with the axis of
loading. This however meant that the application of load onto the fibular bone attachment
from the top grip was slightly off centre. Subsequently a moment arm force was generated as
the two bones were separated. This caused abnormal stresses to occur at the surface of the
interface between the fibula and bone cement, shown in Figure 65. The increased flexibility of
immature porcine bone aided the generation of a moment arm force and decreased the
likelihood of ligament failure. This gripping technology failed to apply load in a manner
representative of distal tibiofibular syndesmosis sprain and was therefore determined to be

insufficient for AiTFL and PiTFL characterisation.

3.3.3.3 Patellar Tendon Cement Pot

At this point expert external counsel was sought from Dr James Funk, a laboratory and
research specialist at the Centre for Applied Biomechanics in Charlottesville, USA. Dr Funk had
previously published characterisation results for the AiTFL and PiTFL (Funk et al., 2000).
Although their research had low success rates for the characterisation of the AiTFL and PiTFL
their research article hinted towards why failures occurred and gave advice for future testing
(Funk et al., 2000). This research study epitomises the difficulties faced when characterising
the structures of the distal tibiofibular syndesmosis. Dr Funk kindly offered advice and the full
methodology implemented during their prior research. Their approach involved cementing the
specimens and drilling small holes into the bone to afford improved integration of the potting

material within bone.

Further external expert advice was sought from Dr James Rudert from The University of lowa,
USA. Dr Rudert has over 40 years of experience in the mechanical characterisation of
musculoskeletal tissues. Dr Rudert was also kind enough to disseminate their wealth of
knowledge and described their methods for testing similar musculoskeletal structures. Dr
Rudert’s suggestion was to screw six to ten very small screws into each bone piece aligned
with the orientation of the ligament fibres. The screw heads were then to be cemented using a
PMMA cement mixture. It was advised that the PMMA be mixed with a higher fluid content

than standard.

Given the similarity of the methods in terms of cementing, and the low success rate of the
former method, the method proposed by Dr Rudert was chosen to be pursued. In addition to
the previously described dissection protocol a further transverse cut was made no more than
30 mm proximal to the distal tip of the fibula, shown in Figure 67. This produced a smaller
bone piece but one which could be cemented into an existing cement pot previously used in
the porcine patellar tendon study in Chapter 2. The cementing method was identical to that
described in Chapter 2. The cement was however mixed at a 9:5 ratio of solid to fluid
components of the PMMA bone cement rather than the 2:1 ratio previously used, following

the advice from Dr Rudert.
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Figure 67. Porcine AIiTFL sample prepared for testing following recommendations by Dr
Rudert with three small (20 x 4 mm) screws into each bone piece.

Originally two 25 x 4 mm screws were inserted into each bone piece parallel with the ligament
fibre orientation. This method produced the highest failure loads of all methods explored so
far for the syndesmosis with the AITFL failing at 646 N. The failure mode however was still not
representable of natural damage as fibula fracture occurred at the interface with the screws

into the bone, shown in Figure 68A.

Various combination of smaller (8 x 2 mm) screws were then attempted with up to nine screws

into the tibial bone piece and up to eight screws into the fibula bone piece, detailed in Table

19.

Figure 68. A failed porcine AIiTFL specimen prepared with three small (20 x 4 mm) screws into
each bone piece (left). A failed porcine AiTFL specimen prepared with eight small (8 x 2 mm)
screws into each bone piece (right). Failure has occurred at the bone-screw interface within
the fibula for both specimens.
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Table 19. Testing iterations, failure load and failure mode for samples tested.

Fibular Failure
Sample Ligament Tibial Screws Failure Mode
Screws Load
3x 3x Fibular fracture at screw
AITFL 630 N
(4x25mm) (4 x25mm) interface
1
2X 2X
PIiTFL 284 N Tibial avulsion
(4x25mm)  (4x25mm)
2x 2x Fibular fracture at screw
AITFL 646 N
(4x25mm)  (4x25mm) interface
2
2X 2X
PIiTFL 461N Tibial fracture
(4x25mm)  (4x25mm)
6X 6X Screw pulled out of the
AITFL 269 N
(2 x8 mm) (2x8 mm) fibula or cement
3
6X 6X Screws pulled out of
PiTFL 570N
(2 x8 mm) (2x8 mm) fibula
8x 8x
AITFL 781N Fibular fracture
(2x8 mm) (2x8 mm)
4
8x 8x
PIiTFL 739 N Tibial avulsion
(2 x8 mm) (2x8 mm)
8x 8x Fibular fracture at screw
AITFL 428 N
(2 x8 mm) (2x8 mm) interface
5
8x 8x Tibial fracture at growth
PiTFL 282 N
(2 x 8 mm) (2 x8 mm) plate
8x 8x Tibial fracture at growth
AITFL 552 N
(2 x 8 mm) (2 x 8 mm) plate
6
8x 8x Fibular fracture at screw
PiTFL 507 N
(2 x 8 mm) (2 x8 mm) interface
9x 8x Tibial fracture at screw
AITFL 645 N
(2 x 8 mm) (2 x 8 mm) interface
7
9x 8x
PIiTFL 430 N Tibial fracture
(2 x 8 mm) (2x8 mm)

The highest failure loads occurred when eight 8 x 2 mm screws were inserted into both the

fibula and tibia. The maximum load achieved for the AiTFL was 781 N where failure occurred
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through a fibular fracture, shown in Figure 68B. Some success was achieved in the

characterisation of the PiTFL with a maximum load of 739 N inducing a tibial avulsion.

This method was by far the most promising achieving failure loads close to, and at times
exceeding, those of previously published studies on human AiTFLs and PiTFLs (Funk et al.,
2000; Beumer et al., 2003). This method was therefore trialled with human AiTFL and PiTFL
samples from the same donor. A replica of the pot previously used was required for use with
human tissue manufactured from 316 stainless steel, shown in Appendix C — Human Cement
Pot. This trial was however made with some reservations as the loads achieved during the
porcine testing were somewhat inconsistent, ranging from 270 N to 781 N. The failure mode of
specimens tested was also inconsistent with bone fracture occurring at the bone-screw

interface in either the fibula or the tibia, shown in Figure 68.

During the human trial of this methodology, failure occurred due to the screws pulling out of
the bone at considerably lower loads of 100 N and 97 N for the AiTFL and PiTFL, respectively.
Upon visual inspection, the density of the mature human bone appeared to be much lower
than that of the immature porcine bone previously trialled, supporting previously published
findings (Aerssens et al., 1998; Reinwald and Burr, 2008). The deteriorated trabecular bone
quality of the mature human donor tissue determined this method to be insufficient for the

characterisation of human AITFL and PiTFL.

3.3.4 Conclusion

A suitable gripping technique for human AIiTFL and PiTFL samples, after the sectioning of the
distal tip of the fibula for LCL complex characterisation, is still yet to be determined. The most
promising technique of those investigated in this study was the final technique explained. The
technique involved the insertion of several small 8 x 2 mm screws into the tibia and fibula
parallel with the collagen fibre alignment of the ligaments which were then cemented. This
technique produced failure loads up to 781 N in immature porcine tissue exceeding the failure
loads of human AITFL and PiTFL samples reported in the literature. Repeatable
characterisation of the intact AiTFL and PiTFL is most likely achievable when testing the AIiTFL
and PiTFL individually with the cortical shell of the fibula and tibia bones intact. A study using
such an approach would benefit from a paired specimen study with contralateral limbs of

healthy individuals being used for each ligament to reduce the variability between groups.
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Chapter 4 — Development of a Lateral Ankle Sprain Simulation

4.1 Introduction

This chapter describes the design and development of a device capable of simulating LAS in
cadaveric tissue. Cadaveric tissue was used in this study given the destructive nature of the
testing and the lack of an adequate animal model for ankle complex biomechanics. The use of
an artificial model was explored however artificial models were either inadequate or were cost
inefficient and untested. Ankle sprain simulation was desired to further investigate the
biomechanics of ankle sprain, assess stability changes pre-/post-sprain and to better
understand the failure mode of ankle ligaments due to sprain. The novel sprain simulation
device was intended to be able to replicate various ankle sprain types including lateral and

distal tibiofibular syndesmosis sprain for both left and right feet.

This chapter does not follow the traditional layout of an academic research paper. Rather the
topic is introduced and general methods explained prior to a narrative progression of the
research performed, results and some discussion within sections ‘Sprain Platform Validation’

and ‘Cadaver Testing’, before an overall discussion and final conclusions.

4.1.1 Natural Ankle Sprain Biomechanics

A detailed description of the literature available on the biomechanics of LAS is reported in
Chapter 1 Biomechanics of Lateral Ankle Sprain. Two studies captured the biomechanics of LAS
during a cutting motion and provided the full ROM values. During a cutting trial where a
participant suffered a mild ATFL sprain, the maximum ROM in plantar flexion, inversion and
internal rotation was 1 degree, 48 degrees and 10 degrees, respectively (Fong et al., 2009b).
Whereas the other study reported a ROM of 50 degrees plantar flexion, 45 degrees inversion
and 24 degrees internal rotation to induce a mild LAS injury (Gehring et al., 2013). Even though
the two participants were performing similar cutting patterns and the injury diagnosed was
similar, if not the same, the biomechanics captured to cause the injury were considerably
different. Therefore, potentially suggesting that there may not be specific values for the
causation of LAS. More likely there are a multitude of possible combinations of plantar flexion,
inversion and internal rotation which can induce LAS. To the knowledge of the author, no
studies exist detailing the biomechanics of severe ankle sprain. The minimal and varied data on
the biomechanics of natural ankle sprain highlights the significant challenge in the simulation

of LAS injury.
4.1.2 Lateral Ankle Sprain Simulation

Experimental simulation provides an alternative approach for the exploration of the
biomechanics of LAS. The literature on this subject is described in Chapter 1 Simulation of

Lateral Ankle Sprain. Devices which mimic the ROM associated with LAS to a safe non-injury
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limits in vivo in live subjects, exist in the form of fulcrum soles and collapsing/tilting platforms
(Ha et al., 2015). These devices offer valuable research opportunities into the proprioceptive
response and muscle activation in patients during sprain initiation. Although in their current
application these devices are limited to safe ROM limits, similar devices could be developed
with larger ROM to induce ankle sprain. The potential of these designs for a LAS simulation

device is greatest in collapsing platform, shown in Figure 26.

Alternatively, a tilting platform aiming to simulate LAS with cadaveric tissue has previously
been developed, shown in Figure 69 (Konradsen and Voigt, 2002). The platform could be pre-
set at angles of 0 to 40 degrees for dorsi-/plantar flexion, 0 to 40 degrees inversion/eversion
and 0 to 30 degrees internal/external rotation. The platform allowed for the analysis of
ligament elongation during the application of a 500 N vertical load using a materials testing
device. This approach was deemed unsuitable for this study as the specimens were attached to
the platform which was pre-set at the required angles. This prevents the full biomechanics of

LAS motion from being investigated. To the author’s knowledge, no device exists capable of

simulating the biomechanics of LAS through to severe injury of the LCL complex.

—

F

T

Figure 69. A loading platform designed for the investigation of ankle motions and ligament
elongation (Konradsen and Voigt, 2002).

Other devices exist which, although not intended to replicate LAS, do investigate ankle motion
through the full ROM. A double-cradle platform, shown in Figure 70, was developed to analyse
joint stability (Fujii et al., 2010). The platform is capable of six degrees-of-freedom (DOF)
motion affording dorsi-/plantar flexion, inversion/eversion and internal/external rotation as
well as anterior-posterior, medial-lateral and proximal-distal translation. The ROM of the
platform was not published by the authors however a device similar to this could be produced
to be capable of generating the required angles for LAS. Inspiration into device design was also
sought from other natural ankle simulations unrelated to sprain briefly discussed in the

Simulation of Lateral Ankle Sprain section of Chapter 1.
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Figure 70. A double-cradle device used for the analysis of joint stability capable of six
degrees of freedom motion (Fujii et al., 2010).

The strength of a simulation is defined by its ability to accurately replicate an event. There are
many variables to consider for the accurate simulation of LAS to reproduce in vivo conditions.
Variables including the ROM, rotational velocity, load and intactness of structures all influence
the validity of a simulation of LAS and each have a differing level of significance. The
importance of each variable can be argued and is influenced by the aims of the simulation. For
this study the most important aspect of a simulation of lateral ankle sprain was the ROM
achieved by the ankle joint complex. The previous chapters have emphasised the importance
of strain rate for the mechanical performance of the LCL complex and therefore the rotational
velocity is also of great importance. Load is an important aspect for the simulation of LAS but is
also linked to the ROM as without sufficient load the ankle joint complex will not achieve the
desired ROM to induce injury. Of least importance to this study was the intactness of the
structures around the ankle joint complex as the focus of this study was on the LCL complex
and not the other tissues which may play a role during LAS. This does not however mean that

other structures play no role during LAS.

4.1.3 Aim

The aim of this study was to develop a simulation of severe LAS through the design and
manufacture a device capable of successfully replicating severe LAS in human cadaveric

samples, where a complete rupture of the ATFL and/or CFL occurs.
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4.2 Method Development

The extreme novelty of this work, particularly within iMBE at the University of Leeds, meant
extensive preparation and development of methods was required for this study. The
development of a platform capable of replicating the ROM associated with LAS, a suitable
loading device and motion analysis method were all required. These factors and their impacts
on one another were simultaneously considered throughout the entire method development

procedure.

4.2.1 Device Specification

An ideal device specification was first established, based on the limited published data and

protocols associated to the iMBE laboratories.

4.2.1.1 Range of Motion

The literature reporting biomechanics of LAS is highly varied between studies and the severity
of injury is vaguely reported, shown in Table 3. It is generally agreed that a combination of

plantar flexion, inversion and internal rotation typically occurs during LAS, shown in Figure 71.

Neutral Position Terminal Position

~]

Figure 71. A free body diagram representing the motions associated with LAS. The neutral
position is the natural position of the foot relative to the shank of the leg when standing.
The terminal position is the position of the foot during a LAS event. The Red arrow = x-axis
(anterior/posterior), green arrow = y-axis (medial/lateral) and blue arrow = z-axis (vertical
axis).

To the author’s knowledge, at the point of developing this specification, no research article

reporting the biomechanics of a severe LAS existed. The results of Panagiotakis et al. 2017 had

not yet been published and did not come to the author’s attention for some time after
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publication. The range of values reported for plantar flexion, inversion and internal rotation

ROM are shown in Figure 72.

Maximum ROM recorded during LAS
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Figure 72. The range in values reported for the maximum ROM achieved during LAS. The
blue markers indicate the minimum values chosen for maximum ROM of the simulation
device within the device specification.

Those who did specify the severity of injury reported mild LAS injuries, caused by a ROM of up
to 50 degrees of plantar flexion, 48 degrees inversion and 24 degrees internal rotation (Fong et
al., 2009b; Gehring et al., 2013). It was therefore determined that the ROM achievable by the
sprain platform must be at least 50 degrees plantar flexion, 50 degrees inversion and 30
degrees internal rotation, shown in Figure 72. The ROM required must also be able to be

performed for both left and right feet specimens.

4.2.1.2 Loading

To the knowledge of the author, the load applied to the ankle complex during LAS is unknown
and likely varies considerably given the individual, type of sprain, severity of sprain and the
activity being performed during sprain initiation. The load required to initiate LAS in this study
was therefore required to be estimated. First, the biomechanics of LAS literature was
reviewed, shown in Table 3. The plantar flexion, inversion and internal rotation velocities have

been analysed for real-life sprain events and the range in results are summarised in Figure 73.
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Figure 73. The range in values reported for the maximum rotational velocity achieved during
LAS. The blue markers indicate the rotational velocity chosen for all motions performed in
this study.

Unfortunately, kinetic data for LAS has not been previously captured, to the author’s
knowledge. The ground reaction forces of various activities associated to LAS have however
been reported. The ground reaction force of walking, jogging, running, landing a jump and
cutting range between 1x and 3.5x BW (Rowlands and Stiles, 2012). As a conservative
measure, to prevent the wastage of specimens, a load of BW was initially selected for

simulation of ankle sprain.

Previous literature, and the results of the two prior studies, indicate the importance of strain
rate in the replication of sprain conditions. The rate of loading was therefore considered of
particular performance for this study. ldeally, plantar flexion, inversion and internal rotation
would each be driven by an independent source affording unique rates of loading for each

motion.

4.2.1.3 Motion Capture

In terms of product specification, the main requirement of the motion capture system was a
sufficient capture rate to analyse the biomechanics of LAS which occurred at very high rates of
rotational velocity. Also required to be considered however was the devices’ compatibility with
the sprain platform, loading device and human tissue usage as well as the size and portability

of the system.

4.2.1.4 Simulation of Sprain Specification

As previously mentioned, the sprain platform, loading device and motion capture system must
integrate and be compatible with each other to allow for the full biomechanical analysis of
severe LAS motion. The sprain platform must therefore not obstruct the view of the specimen

by motion capture cameras and be capable of withstanding the potentially high loads applied
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during the testing. Additional considerations were required due to the fact that the specimens

were human cadaveric feet. Health and safety protocols within iMBE, to be compliant with the

Health and Safety Executive, dictated that the parts contacting human tissue specimens must

be disposable or manufactured from a suitable sterilisable material, such as 316 stainless steel.

The specifications of the devices used to simulate severe LAS are displayed in Table 20. The

success criteria for the simulation of severe LAS would be a complete rupture of the ATFL

and/or CFL. Complete rupture could present as an avulsion or mid-substance tear.

Table 20. The overall device specification for the development of a simulation of severe LAS.
PF = platar flexion, INV = inversion, IR = internal rotation and deg = degrees.

Essential Desirable
Range of Motion
Maximum PF (deg) 50 60
PF velocity (deg.s™) >370 Up to 1240
Maximum INV (deg) 50 150
INV velocity (deg.s?) >559 Up to 1752
Maximum IR (deg) 30 60
IR velocity (deg.s?) >271 Up to 690
Scale of motion limits (deg) <5 1
Applicable to left and right
footed specimens v
Load
Load capacity (kg.f) 60 100

Rate of loading

Causes rotational velocity

Causes rotational velocity

>600 deg.s? up to 1752 deg.s?
Independent loading rates
. v
for each motion
Scale of load (kg) 5 0.1
Motion Capture
Capture rate (Hz) 100 1000

Portable system

Other

Sterilisable
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4.2.2 Sprain Platform

Given the scarcity of data on the biomechanics of LAS, capable of inducing ligament injury, the
development of a sprain platform required an adaptable and agile approach. The design
process was initiated with the analysis of previously developed ankle sprain platforms, joint
stability and gait motion, described previously in this chapter and in Chapter 1. A collapsing
platform or double-cradle design was identified as the most promising concept for a LAS
platform. Both approaches had the potential to provide the ROM requirements detailed by the

specification and warranted further exploration.

Two potential platform designs were developed whilst on an industrial placement at Instron
Ltd (Buckinghamshire, UK). The first design, shown in Figure 74, was a double-cradle fixture
driven by hydraulic actuators. This platform could only control motion in the dorsi-/plantar
flexion and inversion/eversion directions. The ROM capable in these planes was adaptable in 5
degree increments, using metal pins inserted through the small holes located around the axes
of rotation, between 50 degrees. The platform was intended for use with an ElectroPuls
E10000 (Instron, Buckinghamshire, UK) materials testing device which has the capability of
applying torsional loads, thus generating the internal/external rotation. Dependent on the
placement of the foot and the configuration of the actuators this design could, in theory, drive
the foot through the required motions for lateral, medial and syndesmaosis sprain of both left

and right feet.

Foot plate Hydraulic actuator

Dorsi-/plantar flexion

axis of rotation
Inversion/eversion

)

axis of rotation

Pin insertion
positions to
limit ROM

Base plate

Figure 74. A double-cradle sprain platform concept designed for the simulation of lateral,
medial and distal tibiofibular ankle sprain for left and right feet.

The second design, based on the collapsing platform concept, is shown in Figure 75. The design
operated as a collapsing platform where the foot plate was supported by solenoids at three

corners and a universal joint bracket at the other corner. When triggered, at the point of load
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initiation, the solenoids retract allowing the foot plate to fall. During the sprain simulation,
only the universal joint supported the foot plate, shown in closer detail in Figure 76. The
motion of the foot plate terminated at the point of contact with the hard stop plates below,
shown in Figure 75. Similar to the double-cradle design, the collapsing platform could
theoretically simulate lateral, medial and distal tibiofibular syndesmosis ankle sprain of both

left and right feet.

Figure 75. A collapsing platform design for a sprain platform configured for a LAS trial with a
right foot. 1 = solenoids, 2 = hard stops, 3 = universal joint, red arrow = x-axis (anterior/
posterior), green arrow = y-axis (medial/lateral) and blue arrow = z-axis (vertical axis).

Figure 76. The universal joint designed to attach the foot plate to the fixture and allow
motion in both the inversion/eversion (INV/EVE) and dorsi-/plantar flexion (DF/PF)
directions.
Unlike the double-cradle design, the universal joint generated internal/external rotation in
addition to dorsi-/plantar flexion and inversion/eversion motion. One advantage of this design
over the double-cradle design was that the degree of motion could be limited along the full
ROM, for dorsi-/plantar flexion and inversion/eversion, rather than in 5 degree increments.
This was achieved by altering the position of the hard stops below the footplate which could
slide up and down the aluminium extrusion supports and be secured. The degree of
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internal/external rotation was a by-product of the amount of dorsi-/plantar flexion and
inversion/eversion prescribed and was less controllable. Similar to the previous design the
collapsing platform design was developed under the assumption that an Instron ElectroPuls

E10000 would be used to apply the load.

Figure 77. The collapsing platform design at the termination point of testing demonstrating
the plantar flexion, inversion and internal rotation ROM of the foot plate.

The collapsing platform design was selected as the most favourable design due to the
versatility and adaptability of the modular design. The collapsing platform design had many
advantages over the double-cradle design, detailed in Table 21. The modularity of the design
was particularly important given the unknown ROM required to induce severe LAS and the
therefore iterative approach to testing undertook. One limitation to the design was that
plantar flexion, inversion and internal rotation would all be driven by the same load source.
This therefore determined that the rate of loading, considered to be of particular importance,
would have to be compromised for all three ranges of motion. This compromise was
considered important though as the ROM achieved by the collapsing platform design was
more versatile and replicable of LAS than the double-cradle design and significantly less

complex in design. As explained later in the chapter, this compromise became essential due to
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the inclusion of internal rotation motion within the platform design as the loading device used

was unable to generate internal rotation.

Table 21. The advantages and disadvantages of the collapsing platform compared to the
double-cradle design.

Advantages Disadvantages
e Plantar flexion and inversion ROM e Solenoids are an additional
can be adapted along the full scale complexity which require
rather than in 5 degree increments triggering at the precisely correct
e (Can generate internal/external moment

rotation motion

e Easily modified for left/right feet

e Loadis applied by an external
system opposed to the actuators
driving the double-cradle, which
may not be able to apply an
appropriate load

e Modular design to change parts
for individual modifications

e Less metalwork which could

obstruct motion capture analysis.

The design of the collapsing platform was refined and manufactured within iMBE in
accordance with the engineering drawings in Appendix Sprain Platform Assembly v.1. The base
plate, foot plate, hard stops and universal joint were manufactured from 316 stainless steel
and the frame was constructed using aluminium extrusion. Use of 316 stainless steel was
preferable due to the sterilisation and strength capabilities of the material. Aluminium
extrusion was selected for the frame to allow for positioning of the other parts, attached to
the frame using T-nuts, to be repositioned with ease. The solenoids were replaced with weak
sacrificial supports, in the form of wooden golf tees, which gave way under impact, eliminating
the complexity of the design. The hard stops, responsible for limiting the motion of the plate
were altered from the original design to be cylindrical so that point contact could be initiated
with the foot plate, shown in Figure 78. The cylindrical hard stops were reinforced using M5
threaded rod, inserted through the hard stop distal to the attachment to the sprain platform,
to the base of the sprain platform. A further M5 threaded rod was used to reinforce the
inferior hard stop to the posterior side of the sprain platform. Additional lengths of aluminium
extrusion were placed between the vertical extrusion pieces to reinforce the platform, shown
in Figure 78. Two further longer lengths of aluminium extrusion were placed on the medial and

lateral sides of the platform, positioned in line with the medial and lateral malleoli, shown in
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Figure 78. These two pieces of extrusion were to limit the movement of the tibia during

testing, restricting all but inferior/superior translation.

Figure 78. The first version of the sprain platform with the hard stops of the sprain platform
configured to generate 40 degrees of inversion and plantar flexion for a right foot. 1 =
cylindrical hard stops.

4.2.3 Loading Device

Throughout the design process it was assumed that the sprain platform would be mounted
onto an Instron ElectroPuls E10000 (Instron, Buckinghamshire, UK). The ElectroPuls E10000
was proposed due to its ability to apply both axial and torsional controlled loads. The device
can apply an axial load up to +10 kN at a strain rate up to 1 m.s over a 60 mm stroke length. It
is also capable of applying a rotational torque load up to 100 Nm over a +135 degrees ROM.
The ElectroPuls E10000 also has the capability to control the loading applied throughout
testing, meaning that should an unexpected or abnormal load occur the test can be terminated
safely. The ElectroPuls E10000 has the capability to operate in load control (and measure
corresponding displacements) or displacement control (and measure corresponding loads).
The improved control systems reduce the likelihood of unanticipated damage to the
specimens occurring during testing aiding in the prevention of specimen wastage, an
important consideration when working with human tissue. The device also has a capture rate
of up to 10,000 Hz ensuring as much detail as possible is captured during sprain events. This is

of particular importance given the high strain rate and rotational velocity associated with LAS.

Regrettably, however, the ElectroPuls E10000 was determined to be unfeasible for this testing,

as it was being used extensively around the proposed time of testing in a collaborative
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research project with other university partners. In addition, the position of the ElectroPuls
E10000 within the iMBE laboratory restricted the placement of motion capture cameras. The
device was positioned in a corner of the laboratory and would need to be moved more
centrally in order to position motion capture cameras around the device, shown in Figure 79.
Furthermore, the Perspex safety casing of the ElectroPuls E10000 needed to be removed for
testing as infrared light emitted from motion capture cameras is not able to pass through
Perspex. The combination of these factors and disruption to many laboratory users led to the

ElectroPuls E10000 not being used in this study.
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Figure 79 The configuration of the lab A) during normal operation and B) as required for this
testing. Single black arc = entrance door, double black arc = fire exit, white square with grey
border = refrigerators, grey rectangle = Instron ElectroPuls E10000, white square with blue
border = drawer with PC station for Instron ElectroPuls E10000, black triangles = motion
capture cameras, black chevron area = other fixed parts and black arrows = the rest of the
lab. Not to scale.

A

As an alternative loading device, a drop-weight test rig was considered, shown in Figure 80.
The drop rig is a simple device whereby a mass carrier, loaded between 2.5 kg to 15.5 kg in
increments of 1.3 kg, can be suspended at a variable height from 1.0 m to 1.7 m above the
ground, shown in Figure 80. The mass carrier is manually released by holding the safety release
buttons and pulling the handle supporting the mass carrier out from underneath it. When
released the mass carrier slides down the vertical pole to impact with the specimen impactor.
The increased portability of the drop rig compared to the Instron ElectroPuls E10000 allowed it
to be moved to a quiet area of the laboratory with no footfall required and sufficient space

around the device for appropriate placement of the motion capture cameras.

The use of the drop rig did however compromise the loading of the ankle joint complex during
the simulation of LAS. The drop rig lacked the ability to control the rate of loading and the load
applied independently. The ability of the ElectroPuls E10000 to measure and analyse force and

displacement data was also absent from the drop rig.
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Figure 80. The drop-weight test rig. 1 = main frame, 2 = release mechanism, 3 = clamp, 4 =
vertical pole, 5 = mass carrier and 6 = safety release button.

4.2.3.1 Mass-energy Calculations

The design of the collapsing platform, and use of the drop-weight rig, determined that the
rotational velocities for plantar flexion, inversion and internal rotation must all be generated
by the same falling mass. Based upon the published data, initial testing values for a
compromised rotational velocity, plantar flexion angle and inversion angle were selected as
600 degrees per second, 40 degrees and 40 degrees, respectively. The large variability of
kinematic data between sprain trials made the selection of appropriate angles very
challenging. Only the plantar flexion and inversion angles were selected for the load
calculations as the internal rotation angle was a by-product of the two other motions.
Inversion angle was given a greater importance in the determination of required values to
generate LAS as plantar flexion was not always present, shown in Table 3. In terms of the
rotational velocity a value of 600 degrees per second was chosen as it was higher than the

values quoted for the majority of sprain scenarios reported in Table 3.

The load capacity of the drop-weight rig (15.5 kg) is considerably lower than the mean BW of
the six donor samples expected to be used in the study (60.0 + 14.4 kg), shown in Table 30. The
load capacity of the drop weight rig was restricted by the size of the mass carrier and the
release mechanism, shown in Figure 80. The production of slightly wider individual masses was
considered, however the mass would have likely been similar as the current masses were lead
and new masses would have been steel. The total mass could certainly not be increased

sufficiently, matching that of the human donors. This posed an additional limitation to the
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simulation of severe LAS causing an unavoidable shift in focus from replicating the rotational
velocity of the ankle joint complex, and therefore the strain rate of the lateral ankle ligaments,
to matching the energy of sprain. To do so an estimation of the energy experienced during

sprain was calculated.

To estimate the energy of sprain the following equations were used:

A
Velocity (v) = TZ (1)

N

mv
Kinetic Energy (KE) = (2)

Where Az = vertical displacement, t = time and m = mass.

Vertical displacement describes the vertical distance the foot plate travels from the neutral
position (0 degrees of inversion and plantar flexion) to the simulated sprain position (40
degrees of plantar flexion and inversion). The vertical displacement was 95mm, measured in

the laboratory using Vernier callipers, shown in Figure 81.

!

1.15m

Figure 81. The vertical displacement (Az) of the footplate from the neutral starting position
to the final simulated sprain position. Black square = specimen impactor, beige rectangle =
foot, grey rectangles = sprain platform in neutral position and white rectangle with grey
dotted border = simulated sprain position of foot plate.

The time taken to rotate 40 degrees at a rotational velocity of 600 degrees per second was
calculated by rearranging Equation 1 to solve for time resulting in a time of 0.06 s. The linear
velocity was then calculated by inputting the time (0.06 s) and vertical displacement (95 mm)
into Equation 1 to give a linear velocity of 1.43 m.s%. The average mass of donors (59.95 kg)
and velocity (1.43 m.s?) were then input into Equation 2 to calculate an estimation for a sprain

inducing energy of 61.3 J.

As previously stated, the maximum mass for the drop test was 15.5 kg and the maximum
height the mass could be dropped from was 1.7 m above the ground. The height of the

platform, specimen, intramedullary rod and impactor was estimated to total 1.15 m, shown in
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Figure 81. The distance between the bottom of the mass carrier and the top of the specimen

impactor, the maximum drop height for testing, was therefore 0.55 m.

The mass and height values for the drop test required to produce 61.3 J of energy were

calculated using Equation 2 and the following equations:
v=vy+at (3)

1 .
AZ=v0t+Eat (4)

Where v, = initial velocity and a = acceleration.

The initial linear velocity was 0 m.s for the drop testing, simplifying the equations. Prior to
calculating the height from which the maximum mass of 15.5 kg should be dropped from, to
create 61.3 J of energy, Equation 2 was rearranged to solve for velocity. Inputting the energy
value (61.3 J) and mass value (15.5 kg) resulted in a linear velocity (v) of 2.81 m.s. The time
taken for the mass to drop, from the initiation of the test until impact with the specimen
impactor, was then calculated by rearranging Equation 3 to solve for time and inputting the
initial velocity as 0 m.s™, the linear velocity as 2.81 m.s ! and acceleration as 9.81 m.s% to give a
time of 0.286 s. The time result was input into Equation 4 to give a drop distance required to
produce 61.3 J of energy when a 15.5 kg mass is dropped of 0.40 m. The drop-weight loading
rig was therefore determined to be capable of applying sufficient energy loads to induce LAS in

cadaveric specimens.

4.2.4 Motion Capture

The motions of the ankle complex, talocrural joint and subtalar joint were of importance in this
study to analyse the biomechanics of LAS. Both goniometers and optical motion capture
analysis exist as techniques to analyse joint motion. Optical motion capture was selected as
the most favourable technique for this project due to the 3-dimensional capabilities of the
technique. Importantly the motion capture system was able to function at the required
capture rate and the existing expertise within the supervisory team was advantageous. Optical
motion capture cameras operate using light (usually infrared) to track the motion of reflective

markers or LEDs attached to moving objects or bodies.

4.3 Materials and Methods

4.3.1 Samples

Two fresh frozen human cadaveric feet, sourced from MedCure (USA), were used in this study.
Ethical approval was granted by the University of Leeds Research Ethics Committee (MEEC
15-020). Exclusion criteria for the tissues included a reported prior lower limb trauma or
surgery, or a history of diabetes. The mean donor age was 63 years, BMI was 21.8 kg.m%2 and

there was one male and one female. A summary of donor information is shown in Table 22.
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Table 22. Tissue donor demographic details. (M = male, F = female, R = right & L = left).

Sample Age (years) Sex L/RFoot Weight(kg) BMI (kg.m?)

1 68 M L 97.5 290.1

2 58 F R 40.8 144

4.3.2 Sample Preparation

The feet were stored in a -40 °C freezer, compliant with the Human Tissue Act, until testing.
Samples were thawed for 48 hours at 4 °C in a refrigerator prior to dissection. The dissections
for this study were performed by the author, who had a large amount of dissection experience
and had previously received training from a foot and ankle specialist consultant orthopaedic
surgeon during prior ankle dissections. To start the dissection all fascia and soft tissue were
dissected posterior to the calcaneocuboid talonavicular joint, except for the fat pad distal to
the calcaneus, shown in Figure 82A/B. The skin and fascia were removed around the ankle
complex to afford the visualisation of the LCL complex, for visual assessment of damage to the
ankle. The removal of skin and fascia around the tibia and fibula was performed as the tissue
was providing minimal stabilisation to the ankle joint complex and decreased the difficulty
implanting the intramedullary rod. The fat pad was retained to maintain the natural dorsi-

/plantar flexion position of the foot.

A 10 mm hole was drilled into the intramedullary cavity of the tibia, perpendicular to the
ground, with the foot in the neutral position. Where possible, two 5 mm diameter holes were
drilled through the cortex of the tibia into the centre of the cavity. The holes were drilled from
the posterior side of the tibia and were vertically spaced 100 mm apart from their centres. The
intramedullary rod, shown in Appendix D.3.6 Specimen Impactor Intramedullary Nail, was
inserted into the tibial cavity and secured with two M5 bolts through the tibia and
intramedullary rod. Where the length of the cavity was insufficient one M5 bolt was used, as
shown in Figure 82, which worked as effectively as two bolts in restricting relative motion

between the intramedullary rod and the tibia.

An 8 mm medial-lateral hole was drilled through the calcaneus perpendicular to the axis of the
intramedullary rod. A metal tube with internal diameter of 5 mm and external diameter of 8
mm was implanted, shown in Figure 82, to aid potential stability analysis. A 1 mm pilot hole
was drilled into the fibula, tibia and calcaneus at the positions of the lateral malleolus, medial
malleolus and posterior calcaneal static markers, respectively, as shown in Figure 86. A2 x 8
mm screw was inserted into each pilot hole, flush to the surface of the bone, to provide

additional attachment for the static passive markers, shown in Figure 82.
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Figure 82. A) medial view and B) posterior view of a dissected sample with the
intramedullary rod, calcaneal tube and medial, lateral and posterior static marker screws
implanted.

A 2.5 mm hole was then drilled into the calcaneus, talus, fibula and tibia for the implantation
of bone pins to anchor the marker triads. The hole into the calcaneus was positioned on the
posterolateral side of the proximal surface of the calcaneus, shown in Figure 83. The hole was
drilled approximately 45 degrees from the frontal and sagittal planes to prevent the arms of
the marker triad from colliding with the tibia or fibula. The hole into the talus was located on
the medial side of the articulating surface of the tibiotalar joint on the anterior surface of the
talus proximal to the talar head, shown in Figure 83. The hole was drilled at approximately 45
degrees to the vertical axis in the sagittal plane, shown in Figure 83, to avoid collision of the

marker triad arms with the tibia or midfoot.

Figure 83. Lateral view of a dissected foot with marker triads implanted.
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The holes into the tibia and fibula were drilled approximately 60 mm superior to the medial
and lateral malleoli, respectively. The hole into the tibia was drilled perpendicular to the
surface of the bone and located posteriorly on the medial side of the tibia, shown in Figure 84.
The hole into the fibula was positioned posteriorly on the lateral side of the fibula and drilled

perpendicular to the bone surface, shown in Figure 84.

The sample preparation differs between samples one and two at this point in terms of marker
triad fixation. For sample one a 6 mm M3 grub screw was screwed into each of the 2.5 mm
drilled holes to anchor marker triads. Marker triads could be push-fit into the hexagonal holes
of the grub screws. In later trials the grub screws were removed and the marker triads were
screwed directly into the bone of the specimen. The latter methodology was performed for the
second sample. At this point the samples were fully prepared for testing and were submerged
in PBS (Oxoid Ltd, Basingstoke, UK) solution for 30 minutes at room temperature (21 °C), to

rehydrate the sample after an extended period exposed to the air.

Figure 84. Posterior view of a dissected foot with marker triads implanted.

4.3.3 Foot Model

To allow for biomechanical comparison of ankle joint complex kinematics between specimens
the placement of reflective markers must be consistent, achieved by following a model. There
are many different foot and ankle multi-segment models that exist, varying in complexity and

functionality (Leardini et al., 1999; Carson et al., 2001; Nester et al., 2014; Oosterwaal et al.,
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2016). The use of cadaver tissue further affords the implantation of marker triads into the
bones of the ankle complex using bone pins. A custom five segment marker model (tibia,
fibula, talus, calcaneus and foot) was used in this study, adapted from a previous bone pin
study on foot and ankle kinematics, shown in Figure 85 (Lundgren et al., 2008). The previous
model was chosen as a guide to build a custom model as the 3-dimensional motion of all bones
of the ankle joint complex were able to be tracked from the placement of a single bone pin

into each bone.

Tibia

Figure 85. Bone pin and marker placement model previously used for the kinematic analysis
of the foot and ankle (Lundgren et al., 2008).

The custom model developed for this study focussed on the talocrural and subtalar joints of
the ankle complex, therefore 3-dimensional data for the cuboid, navicular and medial
cuneiform was not required. Bone pins with marker triads were inserted into the fibula, tibia,
talus and calcaneus, shown in Figure 86. Individual anatomical markers were located on the
medial and lateral malleoli, the first, third and fifth metatarsal and the posterior of the
calcaneus, in line with the third metatarsal marker, shown in Figure 86. The first, third and fifth
metatarsal markers and the posterior calcaneus marker formed a single segment foot model
and the medial and lateral malleoli markers determined the centre of rotation for the foot
segment. As no past research, to the author’s knowledge, has examined the effect of
simulated ankle sprain on ankle complex kinematics, a single segment foot model was also
used to compare outputs from each bone and the foot plate to ensure that all
outputs/kinematics were following similar trends. Individual markers were also placed in the
four corners of the foot plate to track the motion of the foot plate as a single segment, shown

in Figure 86.
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Figure 86. A) Anterior view and B) posterior view of the marker placement of the custom
model for this study. B1, B2, B3 and B4 = base marker 1, 2, 3 and 4, M1, M3 and M5 = first,
third and fifth metatarsal markers, MM and LM = medial and lateral malleolar markers, PC =
posterior calcaneus marker, C1, C2 and C3 = calcaneal markers 1, 2 and 3, Tal, Ta2 and Ta3 =
talar marker 1, 2 and 3, Til, Ti2 and Ti3 = tibial markers 1, 2 and 3, F1, F2 and F3 = fibular
markers 1, 2 and 3.

4.3.4 Data Collection

Simulated ankle sprain kinematics were captured in this study using a six Miqus M3 camera 3D
infrared passive marker motion capture system, integrated with one Miqus video camera
(Qualysis AB, Gothenburg, Sweden). The Miqus M3, shown in Figure 87A, acquired data at up
to 1000 Hz and to a 0.1 mm accuracy. Whereas the Miqus video camera, shown in Figure 87B,

used to potentially identify the time point of ligament rupture operated at 550 Hz.

Figure 87. A) Miqus M3 motion capture camera and B) Miqus Video camera.
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The motion capture system was set up with the cameras positioned around the collapsing
platform for optimal capture dependent on the configuration of the collapsing platform and
the type of foot (left/right) being tested, shown in Figure 88. Once positioned the motion
capture cameras were individually optimised in terms of focus and exposure and the system
was calibrated. The collapsing platform was removed from the capture volume and the
calibration L-frame was positioned in the corner where the collapsing platform had been
positioned, shown in Figure 88A. The L-frame determines the orientation of the laboratory
space and it was therefore important that the placement of the L-frame was consistent
between trials. Black electrical tape was placed on the floor of the laboratory to mark the

position and orientation of the L-frame.
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Figure 88. A) Floorplan schematic and B) image of the lab showing the positioning of motion
capture cameras for the analysis of a right foot. Also shown is the location of the L-frame
during calibration. White rectangle with solid grey border = drop rig frame, white rectangle
with dashed grey border = sprain platform, black L = L-frame, black triangle = Qualisys Miqus
M3 motion capture camera and blue triangle = Qualisys Miqus video camera. Not to scale.
Calibration was performed, following the standard procedure detailed by Qualisys, using a
small carbon fibre calibration kit, shown in Figure 89. The 123.2 mm calibration wand was
moved through the entire capture volume for 60 seconds in all directions to cover as much of
the capture volume as possible. The system was calibrated before testing each specimen and
the calibration data was recorded. On average the standard deviation of the wand length
during the calibration was 0.1 mm. Should the calibration require repeating, due to movement
of the portable cameras throughout testing, the Qualisys Track Manager (QTM) software

(Qualisys AB, Gothenburg, Sweden) provided a prompt and the calibration was repeated. The
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calibration volume was checked to ensure that the entire potential volume required for sprain

simulation was calibrated, shown in Figure 90

Figure 89. The small carbon fibre calibration kit, comprised of a calibration wand and L-
frame, provided by Qualisys.

Figure 90. The capture volume for the calibration (pink volume) shown within the virtual
laboratory created within QTM. The laboratory origin is at the position of the L-frame during
calibration and the axes show the relevant directions.

4.3.4.1 Simulation of Sprain

Following the PBS soak, the skin and bone at the location of the anatomical markers was dried
with paper towel to improve the adhesion of the markers to the appropriate anatomical
landmarks. Twenty-two super-spherical 6.5 mm diameter reflective markers (Qualisys AB,
Gothenburg, Sweden) were then screwed onto the marker triad arms and anatomical marker
bases. Individual anatomical markers were then attached to the following anatomical
landmarks using double sided adhesive tape; medial and lateral malleoli, the first, third and
fifth metatarsal, the posterior of the calcaneus in line with the third metatarsal marker and the

four corners of the foot plate, shown in Figure 86.
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The collapsing platform was repositioned under the drop rig following the calibration of the
motion capture system, ensuring the corner of the platform was aligned with the tape
markings on the floor. The foot plate was positioned in zero degrees of dorsi-/plantar flexion
and inversion/eversion, measured using a digital angle gauge. The golf tees supporting the foot
plate were exchanged for metal bolts to prevent the foot plate from giving way during the
preparation stages, shown in Figure 91. The specimen was attached to the sprain platform
using a 160 mm long M5 threaded rod inserted through the 5 mm mediolateral hole in the
intramedullary rod. A nut was threaded onto each side of the threaded rod to secure the
position of the intramedullary rod centrally on the M5 threaded rod and prevent any medial-
lateral translation. A T-nut was threaded onto each end of the M5 threaded rod and the T-nuts
were slid down the vertical supports to restrict internal/external rotation of the tibia. The
specimen impactor, containing a linear bearing, was then screwed onto the intramedullary

rod, shown in Figure 91.

Figure 91. Tibial attachment to the sprain platform and the drop rig. 1 = specimen impactor,
2 =threaded rod, 3 = nut, 4 = T-nut 5 = intramedullary rod, 6 = vertical support and 7 =
bolt/golf tee.

The height of the release mechanism was adjusted to the appropriate height by loosening the
upper clamp around the vertical pole and releasing the tension bolts attaching the release
mechanism to the main frame. The height of the release mechanism was positioned
appropriately above the specimen impactor and secured by tightening the tension bolts. The
vertical pole was repositioned to allow the mass carrier to be slid onto the pole. Both clamps
around the vertical pole were loosened, the pole was raised and the clamps tightened. The

mass carrier was loaded with the appropriate mass for the given trial and slid up the vertical
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pole and secured in place by the release mechanism. The vertical pole was finally repositioned

so that the bottom of the vertical pole was as low as possible.

The metal bolts supporting the foot plate were replaced with wooden golf tees and a static
trial of the specimen was taken. Following the first static trial of each specimen an automatic
identification of markers (AIM) model was established to quicken the labelling process within
QTM, shown in Figure 92. After applying the AIM model to the static trial, a 100 % capture of
the markers was ensured for the static trial. When markers were not all visible the marker
triads were adjusted and markers were visually inspected for fading/damage, being replaced
where necessary. The static trial was then repeated and if markers were still not captured the
positioning of the motion capture cameras was adjusted to be optimal for the specimen being
tested. The motion capture system was then recalibrated, the sprain platform was
repositioned under the drop rig and the static trial was repeated.
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Figure 92. A) Proximal view, B) lateral view and C) medial view of an AIM model produced
and applied to a specimen within QTM. B1, B2, B3 and B4 (light blue) = base marker 1, 2, 3
and 4, M1, M3 and M5 (light pink) = first, third and fifth metatarsal markers, MM and LM
(forest green) = medial and lateral malleolar markers, PC (bright pink) = posterior calcaneus
marker, C1, C2 and C3 (light purple) = calcaneal markers 1, 2 and 3, Tal, Ta2 and Ta3 (lime
green)= talar marker 1, 2 and 3, Til, Ti2 and Ti3 (yellow) = tibial markers 1, 2 and 3, F1, F2
and F3 (orange) = fibular markers 1, 2 and 3. Red arrow = x-axis (anterior/posterior), green
arrow = y-axis (medial/lateral) and blue arrow = z-axis (vertical axis).

The motion capture system was then initiated to record the dynamic trial of the sprain

simulation. Sprain simulation was performed by pressing the safety release buttons and
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triggering the release mechanism. The mass carrier fell down the vertical pole, due to gravity,
to impact with the specimen impactor below. The dynamic motion capture trial was stopped
and the specimen and sprain platform were inspected for damage. The calcaneal bolt, marker

triads and intramedullary rod were removed and the specimen returned to the -40 °C freezer.

4.3.5 Data Processing

The motion capture data was captured within the QTM software and the AIM model was
applied. The data was exported from QTM as a .c3d file and post-processing of the data was
performed within Visual 3D (C-Motion, Maryland, USA). Kinematic data was filtered using a

low pass Butterworth filter at 6Hz.

4.3.6 Data Analysis

The markers were grouped to allow for the analysis of the different segments of the foot and

ankle as well as the foot plate of the sprain platform, shown in Table 23. When analysing joint
motion the convention was established that motion of the distal bone segment was reported

in relation to the proximal bone segment. The motion of the talocrural joint segment, for

example, was described by the motion of the talus with respect to the tibia.

Table 23. The marker groupings for different segments of the foot and ankle. Wrt = with
respect to.

Segment Name Anatomical Relations Markers Used
Tibial Triad 3D motion of tibia Til, Ti2 and Ti3
Fibular Triad 3D motion of fibula F1, F2 and F3
Talar Triad 3D motion of talus Tal, Ta2 and Ta3

Calcaneal Triad 3D motion of calcaneus Cl,C2andC3

Ankle Complex 3D motion of ankle complex C1,C2 and C3 wrt Ti1, Ti2 and Ti3
Talocrural Joint 3D motion of talocrural joint  Tal, Ta2 and Ta3 wrt Til, Ti2 and Ti3
Subtalar Joint 3D motion of subtalar joint C1, C2 and C3 wrt Tal, Ta2 and Ta3
Foot 3D motion of the foot MM, LM, M1, M5

Foot Plate 3D motion of the foot plate B1, B2, B3 and B4

A local coordinate system was defined for each of the five foot and ankle segments and the
foot plate segment using the markers on the triads and the markers the foot plate,
respectively, in combination with some virtual markers. Virtual markers were created from the
malleoli markers (defines x-axis, medial/lateral) and the posterior calcaneus and 3™ metatarsal

marker (defines y-axis, anterior/posterior) which were projected onto the floor thus the foot,
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and all segments, were parallel to the floor. The local coordinate systems for each segment
were co-incident with the axes of the global frame when the foot was in the neutral position
during the static trial. For the foot plate x-axis (medial/lateral) was determined by base
markers two (B2) and three (B3) and the y-axis (anterior/posterior) by base markers two (B2)

and one (B1). The z-axis (vertical) was defined to be perpendicular to the x- and y-axes.

Angular motion at the ankle complex, talocrural and subtalar joints was assumed to have six
DOF and was formed by the combination of the tibia and calcaneus, tibia and talus, and the
talus and calcaneus, respectively, as shown in Table 23. Euler angles were calculated for the
ankle complex, talocrural and subtalar joints using the rotation sequence sagittal (x), frontal (y)
and transverse (z) plane motion. The data was normalised to be percentage of trial, opposed
to simply time, and the peak positive and negative values of plantar flexion, inversion and
internal rotation were used to calculate the overall ROM of each segment and intersegment

joint during the simulation of sprain.

4.4 Sprain Platform Validation

Validation of the sprain platform was performed prior to use with valuable cadaver specimens
to ensure the collapsing platform operated safely and effectively. Two different trials were
performed for the validation testing to investigate the foot plate angles achieved, load capacity
of the collapsing platform, effectiveness of the weak supports and 3D printed polymer marker

triads, shown in Table 24.

Table 24. The testing conditions used for the validation of the sprain platform. Bolded text
highlights the unique features of, or changes made between, trials.

Testing Conditions

Trial 1 e 2.5 kg dropped from 1 m equal to 24.5 J energy
e 40 degrees plantar flexion and 40 degrees
inversion
e Polyurethane block as specimen
e Wooden golf tees used as weak supports
Trial 2 e 12.9 kg dropped from 1 m equal to 126.5 J energy
e 40 degrees plantar flexion and 40 degrees
inversion
e Sawbone model foot as specimen

e 3D printed polymer marker triads

4.4.1 Trial 1 - Foot Plate Angles and Weak Support

Initial testing investigated the angles achieved by the foot plate and the effectiveness of

wooden golf tees as weak supports for the foot plate. The mass carrier (2.5 kg) was dropped
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from a height of 1 m (equal to 24.5 J energy). A polyurethane block was used as a replacement
for a specimen, secured to the foot plate using two M10 bolts and nuts, shown in Figure 93.
Only the static base markers (B1, B2, B3 and B4) were used for the motion capture in this trial
to analyse the ROM of the foot plate, expected to achieve 40 degrees of plantar flexion and

inversion.

Figure 93. Initial trial testing the weak supports with a polyurethane block at the point of
trial initiation (A) and termination (B). The white and blue wooden golf tees (white arrows)
supporting the foot plate can be seen intact in (A) and snapped in (B).

4.4.1.1 Outcome

Golf tees successfully gave way under the relatively low load of 24.5 J energy. At the point of
terminal impact, the foot plate plantar flexed 38.8 degrees, inverted 33.6 degrees and
internally rotated 24.9 degrees. The point of terminal impact was defined as the point where
the foot plate made contact with the hard stops at a position closest to the desired degrees of
plantar flexion and inversion prior to any evident vibrations of the foot plate. The universal
joint arm of the collapsing platform, shown in Appendix D.1.29 Universal Joint Arm 2 v.1, was

bent during the drop testing at a relatively low load.

4.4.2 Trial 2 - Marker Placement and Load Capacity

A more substantial universal joint arm was produced, shown in Appendix D.1.30 Universal
Joint Arm 2 v.2. An anatomical model foot was used in the second trial to assess the marker
placement and to test the 3D printed polymer marker triads, shown in Appendix D.2.1 Marker
Triad. The model was prepared for sprain simulation following the protocol previously
described for cadaver samples, shown in Figure 94. The model foot was attached to the
footplate using a heavy duty cable tie positioned around the metatarsals. The previously
estimated maximum drop height of the mass carrier (0.55 m) was conservative. Once set-up

with a cadaveric sample a maximum height of 0.85 m was possible which achieved an energy
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of 121.6 J when the maximum mass of 15.5 kg was dropped. In this trial an increased mass of
12.9 kg was dropped from a height of 1 m, equal to 126.5 J energy to determine the load

capacity of the sprain platform under the maximum possible loading energy for testing.

Figure 94. Sawbone model foot mounted to the collapsing platform prior to testing. The
model and foot plate markers and triads are attached in the appropriate places.

4.4.2.1 Outcome

The model foot was damaged during testing as the elastic holding the talocrural joint together
snapped. The model foot was also deemed to be insufficient for the purpose of this study and
therefore its use was discontinued. The lack of an adequate synthetic model determined that
cadaver testing was initiated. Damage had also occurred to the universal joint small diameter
bracket and medial hard stop as a result of the increased loading. Polymer marker triads were
also damaged and although the motion of the model was abnormal their use was discontinued

due to the weak and brittle nature of the material.

4.5 Cadaver Testing

Following initial rig validation tests and with the lack of an adequate model for sprain
simulation testing, cadaver donor tissue testing was commenced. Trials were performed on
different days due to the significant amount of time required to prepare for testing and the
replacement/repair of damaged parts between trials, with the exception of trials three and
four which were performed within 15 minutes of each other. Where trials were performed on
separate days, the 30 minute PBS soak was repeated to rehydrate the sample after an
extended period exposed to air without hydration measures being conducted. The use of
hydration methods throughout testing was hindered by the reflective markers used for motion

capture analysis. The markers were required to remain clean and dry to be captured efficiently
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by the infrared cameras. Excess moisture would also cause issues with the adhesion of

anatomical markers.

4.5.1 Sample 1

Four trials were performed using sample 1 to investigate fixation of the specimen to the foot
plate, anchorage of the marker triads to bone and design iterations to the collapsing platform.
Repetitive testing using the same sample was performed until catastrophic damage to the
specimens to prevent excessive wastage of human specimens. The testing conditions

investigated in the four trials for sample 1 are detailed in Table 25.

Table 25. The testing conditions used for investigation of the simulation of LAS. Bolded text
highlights the unique features of, or changes made between, trials.

Testing Conditions

Trial 1 e 15.5 kg dropped from 0.4 m equal to 60.6 J energy
e 40 degrees inversion and 40 degrees plantar flexion
e Foot secured to plate with a heavy duty cable tie
e 316 stainless steel triads - hex insert
e Universal joint and medial hard stop were redesigned
e Additional posterior hard stop
Trial 2 e 15.5 kg dropped from 0.4 m equal to 60.6 J energy
e 40 degrees inversion and 40 degrees plantar flexion
e Foot secured to plate with an M8 bolt into calcaneus
and two heavy duty cable ties
e 316 stainless steel triads - threaded insert
e Intramedullary rod realigned
Trial 3 e 15.5 kg dropped from 0.4 m equal to 60.6 J energy
e 40 degrees inversion and 40 degrees plantar flexion
e Foot secured to plate with an M8 bolt into calcaneus
and two heavy duty cable ties
e 316 stainless steel triads - threaded insert embedded
until no relative motion between triad and bone
e Threaded bar replaced
Trial 4 e 15.5 kg dropped from 0.8 m equal to 121.6 J energy
e 40 degrees inversion and 40 degrees plantar flexion
e Foot secured to plate with an M8 bolt into calcaneus
and two heavy duty cable ties
e 316 stainless steel triads - threaded insert embedded

until no relative motion between triad and bone
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4.5.1.1 Trial 1 - Sprain Platform Version Two, Foot Fixation and Marker Triad

Fixation

The medial hard stop and universal joint of the collapsing platform were redesigned and
manufactured, shown in Appendix D.1.2 Sprain Platform Assembly v.2. An additional posterior
hard stop was also designed and implemented to reinforce the stopping power and reduce the
load acting on the universal joint at the attachment point to the sprain platform. Similarly to
the other hard stops the posterior hard stop was attached to the sprain platform by screwing it
into a T-nut within the aluminium extrusion, additionally a corner bracket was placed under

the other end of the hard stop to reinforce it.

Fixation of the specimen to the foot plate was first trialled using a heavy-duty cable tie around
the talonavicular calcaneocuboid joint, shown in Figure 95. The marker triads were reproduced
from 316 stainless steel with a modular design and a hexagonal insert to the grub screws,
shown in Appendix D.2.2 Marker Triad Assembly v.2. The appropriate mass (15.5 kg) and drop
height (0.4 m) previously estimated to generate sprain were used in this study, equating to

60.6 J of energy.

Figure 95. Sample one prepared for testing of the first trial.

4.5.1.1.1 Outcome

The cable tie fixing the specimen to the foot plate snapped upon impact with the hard stops.
Marker triads were dislodged from the grub screws during the drop test. No damage to the
universal joint occurred at the appropriate loading energy. The full impact may not however
have been absorbed by the sprain platform due to the cable tie snapping and the foot sliding.
Slippage of the specimen caused abnormal loading to occur within the intramedullary rod

bending the intramedullary rod at the insertion to the specimen impactor.

130



4.5.1.2 Trial 2 — Foot Fixation and Marker Triad Fixation

A second heavy duty cable tie was used to reinforce the attachment of the specimen to the
foot plate around the metatarsals, shown in Figure 96. Additionally, the fat pad distal to the
calcaneus was removed by scalpel to allow for a 6 mm hole to be drilled into the distal surface
of the calcaneus approximately 10 mm medial to the midline of the foot. An M8 bolt was
inserted through the medial of the two central slots in the foot plate and into the hole in the
calcaneus, shown in Figure 96. Two nuts positioned on the M8 bolt between the foot and the
foot plate could be adjusted change the height of the rearfoot to correct for the removed fat

pad.

To improve marker triad anchorage the grub screws were removed and the marker triads were
inserted directly into the pilot holes. To facilitate this the triad arm with a hexagonal cross-
section was replaced with another threaded triad arm, shown in Appendix D.2.3 Marker Triad
Assembly v.3. The triads were screwed 3.5 mm into the pilot holes, equal to the threaded
length of the triad arm. The damaged intramedullary rod was realigned and the drop test was

repeated.

Figure 96. Sample one prepared for the second trial, with a bolt into the calcaneus for
addition attachment to the foot plate.

4.5.1.2.1 Outcome

The improved fixation of the specimen to the foot plate proved to be sufficient with no visible
slippage of the specimen. The threaded bar through the mediolateral hole in the
intramedullary rod, responsible for restricting internal/external rotation of the tibia, was
however severely bent. One of the T-nuts within the vertical supports appeared to catch within
the aluminium extrusion during testing causing it to be jammed. The load transmitted from the
specimen to the foot plate was therefore considerably lower than the anticipated 60.6 J
energy. Anchorage of the marker triads was again insufficient with the marker triads into the

tibia, fibula and talus falling out.

4.5.1.3 Trial 3 — Marker Triad Fixation

Marker triads were inserted by hand into the bone beyond the thread limit for this trial to

improve their integration into the bone. Triads were screwed into bone until resistance was
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felt for two full rotations of the marker triad and no relative motion between the triad and the
bone occurred upon applied pressure. The threaded rod through the intramedullary rod was

replaced and the drop test was repeated.

4.5.1.3.1 Outcome

All markers and triads remained fixed in place, no damage occurred to any parts of the sprain
platform and no slippage of the sample occurred. Ligament rupture did not occur and no
visible tearing of the ligaments was observed, shown in Figure 97.
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Figure 97. A specimen after drop test and the end point where no noticeable damage to the
ligaments had occurred.

The biomechanical data for this sprain simulation trial is tabulated in Table 26 and graphed in
Appendix E.1 Sample 1 Trial 3. Analysis of the motion capture data revealed that the foot plate
plantar flexed 34.1 degrees, inverted 29.4 degrees and internally rotated 14.7 degrees. These
values, below the anticipated ROM for the foot plate, did not cause macroscopic damage to

the ligaments.

Table 26. The biomechanical data for the third trial of the first sample during the sprain
simulation. Three-dimensional data is reported for each element of the foot, ankle and
platform analysed. Min = the minimum value for the respective motion of the element
analysed. A negative value represents the opposing motion to the one listed (negative
dorsiflexion is positive plantar flexion). Max = the maximum value for the respective motion
of the element analysed. ROM = range of motion of the element during the full sprain trial.
PF = plantar flexion, INV = inversion and IR = internal rotation. * = data capture was not 100
%.
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Element Motion Min Max ROM
(Degrees) (Degrees) (Degrees)
Foot Plate PF -1.5 34.1 35.6
INV -1.5 294 30.8
IR 2.1 14.7 12.6
Foot PF -0.7 37.3 38.0
INV -0.2 29.0 29.1
IR -4.6 13.2 17.8
Tibia PF -8.9 0.6 9.5
INV -3.8 24 6.2
IR -18.4 4.6 23.0
Calcaneus* PF 1.3 50.1 48.8
INV -1.0 34.7 35.6
IR -10.8 14.0 24.8
Fibula PF -11.2 3.9 15.2
INV -0.6 8.2 8.8
IR -21.7 4.9 26.6
Talus* PF -21.9 18.4 40.3
INV -17.0 20.8 37.8
IR -17.8 5.5 233
Ankle PF 1.2 57.7 56.5
Complex* INV -3.0 27.5 30.4
IR -11.1 20.1 31.2
Subtalar PF -4.5 34.9 39.4
Joint* INV 118.9 35.9 54.8
IR -15.3 12.3 27.7
Talocrural PF -20.7 19.9 40.6
Joint™ INV -14.9 19.2 34.0
IR -8.9 3.2 121
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The ankle complex can be split into its independent components of the subtalar and talocrural
joints. At the subtalar joint 34.9 degrees of plantar flexion, 35.9 degrees of inversion and 12.3

degrees of internal rotation occurred. At the talocrural joint 19.9 degrees plantar flexion, 19.2
degrees inversion and 8.9 degrees of external rotation occurred. Not all the data was captured
during the sprain trial for the subtalar and talocrural joints due to the talus marker triad not

being fully tracked for the duration of the trial.

4.5.1.4 Trial 4 — Increased Loading Energy

A decision was made in the laboratory, since the BW load used for energy estimations was
conservative, to increase the load applied to the specimen. The increased load experienced by
the ligaments was expected to potentially cause damage to the lateral ankle ligaments which
had survived loading at the previous lower value. The height from which the 15.5 kg mass was

dropped from was increased to 0.8 m, equal to an energy of 121.6 J.

4.5.1.4.1 Outcome

In trial 4, the increased load caused a calcaneal fracture to occur at the insertion point of the
M8 bolt into the calcaneus, shown in Figure 98. Subsequent to the calcaneal fracture, the two
cable ties around the foot snapped causing the specimen to slip down the platform. The
slippage and consequential change in the contact point of loading caused the intramedullary
rod to bend near the insertion to the specimen impactor. The abnormal motion of the foot
also meant that marker triad arms were bent during the test after collision with the foot plate

and sprain platform.

| =N

Figure 98. A failed specimen due to calcaneal fracture at the insertion point of an M8 bolt
into the bone securing the specimen to the foot plate of the collapsing platform.

4.5.2 Sample 2

Following the catastrophic failure of the first sample, a second sample was assigned for the
investigation into the simulation of LAS. Two trials are described in this section however only
the second trial was performed with the second sample, the first trial did not use a specimen.

The testing conditions of each trial are shown in Table 27.
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Table 27. The testing conditions used for investigation of the simulation of LAS. Bolded text
highlights the unique features of, or changes made between, trials.

Testing Conditions

Trial 1 e No applied force, plate fell under gravity
e 45 degrees inversion and 50 degrees plantar flexion
e No specimen
Trial 2 e 15.5 kg dropped from 0.4 m equal to 60.6 J energy
e 45 degrees inversion and 50 degrees plantar flexion
e New hard stop design
e Foot secured to plate with an M8 bolt into calcaneus,
using a calcaneal mount, and two heavy duty cable ties
e 316 stainless steel triads - threaded insert embedded

until no relative motion between triad and bone

4.5.2.1 Trial 1 - Increased Range of Motion

Due to an increased impact energy causing a calcaneal fracture in the fourth trial of the first
sample increasing the ROM was explored as an alternative approach to cause rupture of the
LCLs. The plantar flexion and inversion ROM were increased in an effort to induce LAS. The
hard stops of the collapsing platform were repositioned to limit ROM to 50 degrees of plantar
flexion and 45 degrees of inversion. No specimen was used, load was not applied to the foot
plate and motion capture analysis was not performed in this trial. Golf tees were removed and
the foot plate was held in its initial position, the foot plate was then released and allowed to

fall under gravity.

4.5.2.1.1 Outcome

The repositioning of the hard stops prevented the plate from being able to travel the intended
ROM. Multiple configurations of the medial and inferior hard stops were attempted. The
anteromedial corner of the foot plate either collided with the medial hard stop, preventing the
appropriate amount of inversion, or the foot plate swung above the medial hard stop, not

limiting inversion at all.

4.5.2.2 Trial 2 - New Hard Stop

A new hard stop was manufactured specifically for testing of samples to 50 degrees of plantar
flexion and 45 degrees of inversion, shown in Appendix D.1.16 Base Hard Stop. Although this
removed somewhat a proportion of the adaptability of the sprain platform, it was deemed a
necessary step towards a successful sprain trial. A section of dead rubber was duct taped to
the surface of the hard stop to limit the vibrations of the foot plate upon impact with the hard

stop, shown in Figure 99.

135



&N

Figure 99. New hard stop manufactured to limit motion to 45 degrees of inversion and 50
degrees of plantar flexion.

Upon inspection of the sample used for this test it became clear that the previous sample
fixation method would not be suitable. The width of the calcaneus was much smaller and did
not cover either of the slots in the foot plate. A calcaneal mount was manufactured to attach
the calcaneus to the foot plate affording the centralisation of the 6 mm hole drilled into the
inferior side of the calcaneus, shown in Appendix D.1.17 Calcaneal Mount. The calcaneal
mount was an essential part for smaller samples where a hole could not be drilled 10 mm
medially to the midline of the foot. The release height of the mass carrier was returned to 0.4

m, equal to an energy of 60.6 J.

4.5.2.2.1 Outcome

Calcaneal fracture occurred once again followed by the subsequent failure of cable ties and
slippage of the specimen. The results for this trial are shown in Table 28 and Appendix E.2
Sample 2 Trial 2. The foot plate plantar flexed 46.7 degrees, inverted 39.7 degrees and
internally rotated 19.5 degrees. The foot itself plantar flexed 48.3 degrees, inverted 47.2
degrees and internally rotated 31.4 degrees. These figures are similar to the values the
simulation was aiming to replicate. Once again, on visual inspection, the ankle ligaments

remained intact.

Table 28. The biomechanical data for the second trial of the second sample during the sprain
simulation. Three-dimensional data is reported for each element of the foot, ankle and
platform analysed. Min = the minimum value for the respective motion of the element
analysed. A negative value represents the opposing motion to the one listed (negative
dorsiflexion is positive plantar flexion). Max = the maximum value for the respective motion
of the element analysed. ROM = range of motion of the element during the full sprain trial.
PF = plantar flexion, INV = inversion and IR = internal rotation. * = data capture was not 100
%.
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Element Motion Min Max ROM
(Degrees) (Degrees) (Degrees)

Foot Plate PF -0.8 46.7 47.5
INV 0.0 39.7 39.8
IR -2.8 19.5 22.3
Foot PF -04 48.3 48.8
INV 0.0 47.2 47.2
IR -7.3 314 38.8
Tibia PF -15.9 1.4 17.2
INV -5.1 3.8 8.9
IR -14.5 0.8 15.3
Calcaneus PF -0.0 63.0 63.0
INV -3.1 30.6 33.7
IR -4.6 15.9 20.5
Fibula PF -8.4 6.3 14.7
INV -6.3 15.5 21.8
IR -16.4 20.8 37.1
Talus PF -10.3 34.0 44.4
INV -3.6 54.0 57.6
IR -14.2 235 37.7
Ankle PF -0.1 68.6 68.7
Complex INV -6.9 28.2 35.2
IR 0.0 22.4 22.4
Subtalar PF -0.1 42.8 43.0
INV -14.9 11.3 26.3
IR -50.0 12.8 62.8
Talocrural PF -5.9 44.8 50.6
INV -54 50.7 56.1
IR -9.1 38.1 47.1
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4.6 General Discussion

Although severe sprain was not simulated successfully in this study a sprain platform capable
of replicating the ROM associated with lateral, syndesmosis and potentially medial sprain was
produced. The sprain platform went through many design iterations throughout this study,
capitalising on the adaptable nature afforded by the modularity of the design. The second
version of the platform, shown in Appendix D.1.2 Sprain Platform Assembly v.2, is a robust and
effective collapsing platform for various general investigations into ankle motion under low
loads at angles up to 45 degrees of plantar flexion and inversion. For investigations into ankle
motion greater than 45 degrees plantar flexion and inversion a design similar to the third
version, shown in Appendix D.1.3 Sprain Platform Assembly v.3, would be required with a hard

stop designed for the specific angles to be investigated.

The trial closest to simulating LAS was the third trial of the first sample where no damage
occurred to the sprain platform, intramedullary rod, marker triads nor the bones. Ligament
rupture was however not initiated during the trial. Analysis of the foot plate ROM determined
the foot plate to plantar flex, invert and internally rotate by 34.1 degrees, 29.4 degrees and
14.7 degrees, respectively. These values, below the anticipated ROM for the foot plate, could
explain why no macroscopic damage to the ligaments was observed. A possible explanation for
the plate not achieving the desired plantar flexion and inversion ROM could be that the natural
tissue was providing a greater level of resistance against the natural motion of the plate than
expected. Alternatively, the load applied could have been insufficient to drive the ankle
complex and attached foot plate through to the desired termination point. There was however
no guarantee that rupture of the lateral ankle ligaments would occur even at the expected
ROM angles. The unknown nature of the biomechanics of severe LAS at the initiation of this
study posed a significant challenge for the effective simulation of LAS. The estimated loads and
ROM used in this study were perhaps too conservative to generate ligament rupture, given

they were made using data associated to mild LAS.

The ROM of the foot plate dictates the ROM of the foot and the ankle complex, all of which
were expected to be equal. Both the foot and ankle complex achieved greater plantar flexion
ROM than the foot plate by 3.2 degrees and 23.6 degrees, respectively, in the third trial of the
first sample. The considerably higher plantar flexion ROM for the ankle complex was
investigated further. Firstly, the tibia was determined to have dorsiflexed 8.9 degrees during
this trial, possibly caused by minor anterior slippage of the calcaneus relative to the foot plate.
Dorsiflexion of the tibia translates to additional plantar flexion of the ankle complex as it is
calculated using the motion of the calcaneal marker triad relative to the tibial marker triad.
This 8.9 degrees alone is not sufficient to cause the 23.6 degree increase in plantar flexion
between the ankle complex and the foot plate. The calcaneal marker triad plantar flexed 50.1
degrees which is considerably higher than expected given the calcaneus is fixed to the foot

plate, which only plantar flexed 34.1 degrees. A small amount of relative ROM between the
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calcaneus and the foot plate could have occurred, however the amount would have been
minimal and certainly not accountable for the 16.0 degree increase in plantar flexion between
the foot plate and calcaneus. Relative motion between the calcaneus and the calcaneal marker
triad is therefore likely responsible for this discrepancy due to inadequate fixation of the
marker triad into the calcaneus. This theory would also explain why the data tends to a steady-
state value after impact with the hard stops of approximately 46.0 degrees, shown in Figure
100.
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Time (s)

Figure 100. The plantar flexion of the ankle complex during the sprain simulation trial.

A period of missing data occurred for the talus in the third trial of the first sample. It is likely
that a marker of the talar triad was not within view of at least two cameras at the points no
data was captured due to the foot or framework of the sprain platform obstructing the view.
The ability of the motion capture system to capture all data is imperative to the success of this
study as all sprain trials, unlike most biomechanics studies, were intended to be single attempt

tests to failure.

The increase in load between the third and fourth trial of the first sample, performed as the
load estimates were likely lower than required for severe LAS, was considerable. The load was
increased to approximately the maximum capacity of the drop weight rig (121.6 J) causing
calcaneal fracture. Upon reflection a more measured approach whereby the load was perhaps
scaled up using BW would have been more appropriate, given the considerably higher BW of
the donor (97.5 kg) compared to the BW used for the estimations (60.0 kg). The maximum load
capacity was used however with the aim of determining whether the maximum load was
capable of initiating ligament rupture, it was not foreseen that bone fracture would occur prior
to ligament rupture. Ligament rupture did not occur in the final trial however this could be
expected as the calcaneal fracture would have prevented the full load from being transmitted
through the lateral ankle ligaments. Had the fracture not occurred rupture of the ligaments

was still not a certainty given the biomechanics of severe LAS are unknown.
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The final trial in this study was performed after reducing the load to 60.6 J, where previously
no damage occurred to the first sample, yet a calcaneal fracture occurred again. This could
possibly highlight the large variability which is associated with natural tissue testing. The two
samples were however from considerably different donors with the first sample being from a
97.5 kg donor with a BMI of 29.1 whereas the second sample was from a 40.8 kg donor with a
BMI of 14.4 kg.m. The second sample was also much smaller than the first, therefore the
amount of bone between the calcaneal bolt and the cortical shell was reduced. Both the donor
BMI and the amount of bone stock could provide an explanation for the difference observed
between samples at the lower load of 60.6 J. Alternatively, the outcome could be due to
differing mechanics of each trial, shown in Figure 101. In the final trial the calcaneus plantar
flexed 63 degrees compared to 50 degrees in the third trial of the first sample. The increased
plantar flexion ROM would have caused an increased anterodistal force in the final trial (44.1 J
compared to 34.0 J). This load would be absorbed by the calcaneal bone posterior to the M8
bolt. The use of a bolt into the calcaneus was the most effective way to attach the sample to
the foot plate while still being able to track the biomechanical data. The abnormal loading
through the calcaneus did however result in the failure of the simulation and therefore its
effectiveness as a fixation method of the sample to the foot plate is questionable.

A 6061 B 60.6])

Figure 101. Schematic of the resolved angles for A) the third trial of the first sample and B)
the second trial of the second sample. Grey bar = foot plate.

Had LAS been simulated successfully, ligament strain data could have been collected during
the simulation of LAS. Such analysis would require further experimental equipment such as
buckle transducers previously used for this purpose (Best et al., 2016). Additionally, it would
have been beneficial to have imaged the ligaments before and after the simulation of LAS to
identify potential microscale damaged to the ligaments or lower grade ligament sprains.
Imaging of samples was explored using either MRI or ultrasound. Imaging facilities were
however not available during the time of this project due to a shortage of radiographers at the
local facility and the author did not possess the required skills to confidently perform the
imaging. Analysis of joint stability using drawer tests, typically performed during clinical
assessment, was alternatively planned to be performed before and after successful simulation

of LAS, detailed in Chapter 5 Stability Assessment.
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Insight and lessons learnt from this study can be used to guide future studies into the
cadaveric simulation of ankle sprain. A conceptual specification is proposed by the author for
those wishing to attempt to replicate LAS in cadaveric tissue in the future based on the
experiences of this study, shown in Table 29.

Table 29. A conceptual specification for future simulations of severe LAS. Bold text indicates

where the values have changed from the original device specification. PF = platar flexion,
INV = inversion, IR = internal rotation and deg = degrees.

Essential Desirable
Range of Motion
Maximum PF (deg) 50 60
PF velocity (deg.s) >370 Up to 1240
Maximum INV (deg) 920 150
INV velocity (deg.s™) >559 Up to 1752
Maximum IR (deg) 30 60
IR velocity (deg.s?) >271 Up to 690
Load
Load capacity (kg.f) 60 160
Rate of loading Causes rotational velocity Causes rotational velocity

>600 deg.s™ up to 1752 deg.s?

Independent loading rates

v

for each motion

Scale of load (kg) 5 0.1

Motion Capture

Capture rate (Hz) 500 21000

The only alterations to the original device specification are an increased degree of inversion
motion and a higher capture rate for motion capture. The simulation of sprain configured in
this project had the capacity to meet the essential requirements of the conceptual
specification. Unfortunately, a lack of resource and time prevented the full exploration into the
capacity of the sprain simulation developed in this project. There are however several
considerations the author would recommend for future researchers of severe LAS. Firstly,
when simulating ankle sprain with cadaver tissue, which is inherently variable, the loading
device used should be capable of adapting the load applied based on a feedback loop. The
ElectroPuls E10000 and robotic arm devices have previously been used to apply loads to the
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ankle joint (Viens et al., 2014; El. Daou et al., 2018). Such devices allow for greater control over
the loading capacity and rate of loading applied to individual samples. The loads applied could
perhaps be scaled between samples using the foot size of the sample or BMI of the donor,

previously determined in this project to affect the strength of the LCL complex.

Secondly, a less severe dissection protocol than that adopted in this study would be beneficial
where the desire is to understand the natural response more accurately. As much of the joint
capsule, soft tissue and fascia should be retained as possible in such circumstances. This study
however sought the contributions of the lateral ankle ligaments only and required the
visualisation of the LCL complex, given the lack of an imaging technique to identify ligament
rupture. Retaining the joint capsule has the additional benefit of retaining the synovial fluid

within the joints for lubrication.

Thirdly, the author believes LAS to be too broad a term. Future researchers would benefit from
an increased specificity and should hypothesise which ligaments they aim to severely rupture.
Whilst the required biomechanics are currently somewhat unknown, should they become
known in the future the researcher should aim to replicate the exact motion first as a proof of

concept study.

Fourthly, when performing optical motion capture analysis of cadaver tissue firm implantation
of the marker triads is essential to successful capture. This was achieved in this study through
the implantation of a rigid bone pin directly into the bone until no relative motion between the
bone pin and bone occurred upon applied pressure. Optical motion analysis was effective for
the analysis of ankle complex joint motion at the high rates of loading in this study. The use of
optimal motion capture for the catastrophic testing performed in this study did however raise
some concerns when data was not captured at a 100 % success rate. This could be avoided
with the careful and considered placement of motion capture cameras and regular inspection
of reflective markers for damage/saturation. The use of the chosen optical motion capture
system prevented regular hydration of the sample after placement of the reflective markers.
For sprain simulation testing this was not considered an issue as the testing occurred over a
short length of time. This factor should however be considered for longer tests performed

using optical motion capture.

Finally, medical imaging in the form of ultrasound or MRI should be performed to validate the
simulation of sprain and to confirm complete rupture of the ligament. This would also aid in

the reduction of soft tissue dissection previously discussed.

4.7 Conclusion

A sprain platform was developed capable of replicating the ROM associated with LAS. The
simulation of LAS motion provided insight into the contributions of the talocrural and subtalar
joints to the ROM of the ankle during such motions. A reproducible simulation of severe LAS

was not achieved and therefore an alternative approach to identify the stability changes due
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to severe LAS was explored within the following chapter. Finally, advice to future researchers

wishing to simulate ankle sprain with cadaver tissue is described.
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Chapter 5 — Joint Stability and Suture Tape Analysis

5.1 Introduction

A study based on surgically sectioning specific ligaments was devised for the stability analysis
of the ankle complex following the inconsistent results for the simulation of sprain. A
sectioning study allowed individual ligaments to be consistently damaged and their
contributions to lateral ankle stability to be evaluated. This chapter has two parts, the first part
explores the changes in lateral ankle stability due to the sequential sectioning of the ATFL and
CFL. Subsequently, the analysis of synthetic surgical interventions for LAS to restore joint
stability are also investigated within this section. The second section characterises the current

implantation methods for synthetic surgical interventions for LAS.

5.2 The Effect of Lateral Ankle Sprain on Joint Stability and the

Effectiveness of Synthetic Interventions in Restoring Joint Stability

5.2.1 Introduction

The typical ankle sprain injury pathway is believed to be primary injury to the ATFL, followed
by damage to the CFL and in extreme circumstances injury to the PTFL (Colville et al., 1990).
Ligament sprains are graded as mild, moderate and severe, as described in Chapter 1 Ligament
Failure Mechanisms. Grade Ill ankle sprain describes a complete rupture of a ligament. Ankle
sprain can be diagnosed in multiple ways including: clinical examination, the AOFAS Ankle-
Hindfoot Scale, Karlsson score, VAS score, talar tilt tests and anterior drawer stress

radiographs (Song et al., 2019).

Stress tests are commonly performed by clinicians and physiotherapists to assess the stability
of the ankle and to assess whether a sprain has occurred. Commonly anterior drawer and talar
tilt tests or an anterolateral drawer test is performed (Song et al., 2019). In an anterior drawer
test, the clinician applies an anterior force to the hindfoot with one hand while the other hand
restrains the distal tibia. Similarly, a talar tilt test involves restraining the distal tibia with one
hand while applying an inversion force with the other. The anterolateral drawer test is similar
to the anterior drawer test however the foot is allowed to internally rotate in addition to the
anterior force applied to the hindfoot. This prevents potential restriction of anterior
displacement due to the medial ligaments of the ankle complex. There is evidence that the
anterolateral drawer test is superior to the anterior drawer test when assessing lateral ankle
stability (Phisitkul et al., 2009; Miller et al., 2016). Stress radiographs and stress
ultrasonography have also both been used to quantitatively assess ankle stability during stress
tests. It was determined that for healthy participants, no more than 3 mm of anterior talar
translation and no more than 18 degrees of talar tilt should occur under loads of 95 N and 20

Nm, respectively (Seligson et al., 1980). The figure of 3 mm of distal translation has been
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longstanding and is often quoted as a threshold for ankle instability when performing a clinical

diagnosis.

Alternatively others have developed testing machines to assess the stability of the ankle for
both living patients and cadaveric tissue (Kerkhoffs et al., 2005; Kovaleski et al., 2014). These
devices are typically used in research settings to quantify joint stability, without the need of
imaging equipment, where a consistent and measurable load can be applied. Kovaleski et al.
(2014) used an ankle arthrometer, shown in Figure 102A, to analyse anterior and inversion
drawer ROM when loads of 125 N and 4 N.m torque were applied, respectively (Kovaleski et
al., 2014). Samples were tested intact, after sectioning of the ATFL and after combined
sectioning of the ATFL and CFL to investigate stability changes after sequential sectioning of
the lateral ankle ligaments (Kovaleski et al., 2014). Kerkhoffs et al. (2005) used a custom
device, shown in Figure 102B, to analyse anterior displacement, applying 150 N anterior load
through the ankle. In cadaver testing anterior drawer tests were performed on intact, ATFL
sectioned, combined ATFL and CFL sectioned and combined ATFL, CFL and PTFL sectioned
samples (Kerkhoffs et al., 2005).
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Figure 102. A) An ankle arthrometer developed to assess ankle ROM (Kovaleski et al., 2014).
B) A quantitative anterior ankle tester to assess anterior displacement in patients and
cadavers (Kerkhoffs et al., 2005).

Following an ankle sprain, should the ankle complex be determined to be unstable,
conservative treatment options are first explored, detailed in Chapter 1 Conservative
Treatment. Initial treatments focus on reducing inflammation and healing but typically, if after
three to six months the ankle complex stability is not restored through conservative
treatments or a Grade Il severe ankle sprain occurs, surgical treatment can be required (Song
et al., 2019). Synthetic interventions gained popularity during the 1980s and 1990s and were
explored as replacement ligaments. Long-term follow-up studies of synthetic interventions

highlighted poor outcomes and high incidence of complications leading to a rapid decline in
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the use of synthetic interventions for ankle ligament repair in the 1990s (Wredmark and
Engstrom, 1993; Miller et al., 2006; Chen et al., 2015; Tourné and Mabit, 2017).

The modified Brostrém procedure has been considered the gold standard technique for
ligament repair for over 50 years (Song et al., 2019). The modified Brostrém procedure has
however been determined to be approximately half the strength of native ATFL (Waldrop et
al., 2012; Viens et al., 2014). Patients who have generalised ligament laxity have been shown
to have an increased laxity over time after a modified Brostrom procedure (Xu and Lee, 2016).
The repaired ligament stretches under load as the weaker collagen crosslinks do not
regenerate and remodel sufficiently to pre-injury levels (Hauser and Dolan, 2011). Synthetic
interventions have experienced a recent resurgence, however rather than being a synthetic
ligament in their own right they are usually used to augment a natural tissue repair, shown in
Figure 103 (Viens et al., 2014; Coetzee et al., 2018). Currently, to the author’s knowledge, the
InternalBrace (Arthrex Inc, Naples, FL, USA) is the only synthetic intervention routinely used for
lateral ankle repair, with a large amount of research-based evidence (Waldrop et al., 2012;
Viens et al., 2014; Schuh et al., 2016; Yoo and Yang, 2016; Coetzee et al., 2018; Cho et al.,
2019; Boey et al., 2019; Xu et al., 2019). A Brostrom repair with InternalBrace ligament
augmentation (Arthrex Inc, Naples, FL, USA) boasts strengths surpassing that of the native
ATFL, earlier mobility during recovery and quicker return to activity (Viens et al., 2014; Coetzee
et al., 2018). The InternalBrace prevents over-stretching of the repaired ligament acting as a

static brace of the ATFL, shown in Figure 103.

Figure 103. An illustration of a Brostrom repair augmented with InternalBrace (Arthrex Inc,
Naples, FL, USA). Source: (https://www.arthrex.com/foot-ankle/open-brostrom. Accessed:
27/09/2020).

The industrial sponsors of this project (Xiros Ltd, Leeds, UK) have developed their own suture
tape, currently used for surgical applications in the shoulder, with the potential to be used for
ankle ligament repair. The 3 mm Infinity-Lock tube tape (Xiros Ltd, Leeds, UK) has an open
weave structure allowing for cell infiltration within the suture tape, shown in Figure 104. Xiros

have characterised the synthetic ligament in-house and analysed suture anchor fixation of the
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synthetic within Sawbone models. No testing of the product had however previously been

performed in animal or human tissue.

Figure 104. The Infinity-Lock tube tape produced by Xiros. Source:
(https://www.neoligaments.com/product/infinity-lock/. Accessed: 27/09/2020)

The first aim of this study was to analyse the change in ankle stability (anterior translation and
inversion rotation) after sequential sectioning of the lateral ankle ligaments in human
cadaveric samples. The second aim was to evaluate the capability of synthetic interventions to

restore ankle joint stability after rupture of the ATFL and CFL.

5.2.2 Materials and Methods

5.2.2.1 Samples

Six fresh frozen human cadaver feet were procured for use in this study from MedCure (USA).
Ethical approval was granted by the University of Leeds Research Ethics Committee (MEEC 15-
020). Exclusion criteria for the tissues included a reported prior lower limb trauma or surgery,

or a history of diabetes. A summary of donor information is shown in Table 30.
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Table 30. Tissue donor demographic details. The mean and standard deviation (SD) is given
for age, weight and BMI. (M = male, F = female, R = right & L = left).

Sample  Age (years) Sex L/RFoot Weight(kg) BMI (kg.m?)

1 49 F L 48.5 20.9
2 38 M R 85.3 27.0
3 61 M R 65.8 21.4
4 57 F L 55.3 19.7
5 33 M L 50.8 19.2
6 49 F R 54.0 18.1

Mean +SD 47.8+10.7 60.0£13.8 21.1+31

5.2.2.2 Sample Preparation

The samples were stored in a -40 °C freezer, compliant with the Human Tissue Act, until they
were tested. Samples were thawed for 48 hours at 6 °C in a refrigerator prior to dissection. The
sample preparation for this study was identical to the procedure described in Chapter 4
Sample Preparation for the second sample, with the exception of the 6 mm diameter hole
drilled into the distal surface of the calcaneus not being performed in this study. Once
dissected, the samples were stored in a 6 °C refrigerator overnight and testing commenced the
following day. The samples were soaked in PBS (Oxoid Ltd, Basingstoke, UK) for 30 minutes to

rehydrate the sample while the motion capture system was calibrated.

5.2.2.3 Motion Capture

5.2.2.3.1 Foot Model

The six segment model (tibia, fibula, talus, calcaneus, foot and foot plate) described in the Foot
Model section of Chapter 4 was used to analyse joint kinematics in this study. Twenty-two 6.5
mm passive markers were screwed onto the marker triads and anatomical markers. Marker
triads were implanted directly into the bone and anatomical markers affixed using double
sided tape, as described for the second sample in the Simulation of Sprain section of Chapter
4,

5.2.2.3.2 Data Collection

A six Miqus M3 camera 3D infrared passive marker motion capture system, intergrated with
one Miqus video camera (Qualisys AB, Gothenburg, Sweden), was configured and calibrated as
described in Chapter 4 Data Collection. The average standard deviation of the calibration wand

length across all trials was 0.08 mm, ranging from 0.064 mm to 0.094 mm.
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The specimen was attached to the sprain platform and drop rig following the methods
described in the Simulation of Sprain section of Chapter 4. The vertical pole and vertical
supports of the sprain platform prevented tibial motion in all directions except inferior and
superior translation, shown in Figure 105. Metal bolts replaced golf tees to support the foot

plate throughout testing to prevent accidental giving way of the platform.

Figure 105. The motions of the tibia restricted by the vertical supports of the sprain platform
and the vertical pole of the drop rig. AP = anterior-posterior displacement, ML = medial-
lateral displacement, PF/DF = dorsi-/plantar flexion, INV/EVE = inversion/eversion and IR/ER
= internal/external rotation.

5.2.2.3.3 Stability Assessment

Stability of the ankle was assessed through four motion drawer stress tests including anterior,
posterior, inversion and eversion drawer tests. Once positioned on the sprain platform with all
of the markers attached to the sample, the first set of stability analysis tests were performed

for the intact specimen, shown in Figure 106.
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Figure 106. The testing protocol pathway describing the order of stability analyses and
ligament sectioning.

A static trial was captured prior to the dynamic trial performed for each drawer test. During
the static trial the foot was relaxed in the neutral position (zero degrees on dorsi-/plantar
flexion, inversion/eversion and internal/external rotation) and no load was applied to the
sample. Each drawer test was performed three times within a dynamic trial to improve the
accuracy of the test consistency. At the end of each dynamic trial, the data was briefly

analysed to ensure a 100 % capture rate and if data was missing the drawer test was repeated.

A load of 10 kg.f (98.1 N) was applied to the sample using a spring balance for the anterior and
posterior drawer tests. The load value was selected based on previously published stability
analysis literature (Seligson et al., 1980; Kovaleski et al., 2014). The spring balance was
attached to the tube through the calcaneal tube with strong twine, shown in Figure 107. Twine
was chosen due to its flexibility, resistance to stretching and cost-efficiency as it was required

to be disposed of as clinical waste after contacting human tissue.

Figure 107. Test setup for an anterior drawer test. A calibrated spring balance is used to
apply a load of 10 kg.f to the ankle through the calcaneus.
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For the eversion and inversion drawer tests the twine was removed from the calcaneal tube
and a custom calcaneal attachment was connected using two 4.9 mm diameter 316 stainless
steel pins, shown in Figure 108 and Appendix F — Torque Adapter. A 4 N.m torque load was
applied to the specimens using a calibrated dial torque wrench for both the eversion and
inversion drawer tests, based on loading values previously used (Kovaleski et al., 2014). During
inversion and eversion drawer tests the sample was elevated slightly, by no more than 30 mm,

to allow for clearance of the foot, calcaneal tube and calcaneal adapter from the foot plate.

Figure 108. Test setup for an inversion or eversion drawer test. A calibrated dial torque
wrench, connected to the calcaneal tube, is used to apply a torque load of 4 N.m to the ankle
through the calcaneus.

Following the first set of drawer tests, the ATFL was sectioned with a scalpel. One clean cut
was made centrally through the cross-section of the ATFL, shown in Figure 109A. The drawer
tests were repeated for the ATFL damage condition. The order of the drawer tests was
changed to be eversion drawer, inversion drawer, posterior drawer and anterior drawer (see
Figure 106) to improve the efficiency of the testing and reduce the time the sample spent
exposed to the dry air. Similarly to the ATFL, the CFL was sectioned with a scalpel, shown in

Figure 109B, and the drawer tests were performed a further time in the original order. The
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intramedullary rod, marker triads and calcaneal tube were removed and samples were stored

in a -20 °C freezer prior to any further testing.
v ' AN

Figure 109. Samples after sectioning of the ATFL (A) and CFL (B). Black arrowheads indicate
the where the ligament was sectioned.

5.2.2.3.4 Data Processing

The kinematic data was exported from QTM (Qualisys AB, Gothenburg, Sweden) as a .c3d file
and imported into Visual3D (C-Motion, Maryland, USA). Kinematic data was filtered using a

low pass Butterworth filter at 6Hz.

5.2.2.4 Suture Tape Repair Surgical Procedure

5.2.2.4.1 Method Development

Repair of the sectioned samples was explored using a synthetic intervention produced by the
industrial sponsor of this project. A 3 mm wide synthetic Infinity-Lock suture tape was
proposed by the industrial sponsors as an appropriate synthetic intervention for LAS. Although
no surgical technique had been determined, fixation of the Infinity-Lock suture tape had been
explored by Xiros using a custom SawBone model, previously used by Arthrex Inc, shown in
Appendix G.1 Arthrex White Paper 1. The SawBone model was suggested to replicate the
densities of human bone with a 40 mm thick lower density (160 kg.m™) region surrounded by
two 3 mm thick layers of higher density (320 kg.m™) Sawbone. During their testing, Xiros had
successfully implanted the Infinity-Lock suture into the Sawbone model using SwivelLock suture
anchors (Arthrex Inc, Naples, FL, USA).

After consultation with the industrial sponsor and a foot and ankle specialist clinical fellow the
Brostrom repair with InternalBrace ligament augmentation procedure was selected as the
surgical procedure to be followed. Particularly important to the decision was that the
technique was being performed in practice, the surgeon was trained in the technique and the

Infinity-Lock suture tape had successfully been implanted into Sawbone using SwivelLock
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suture anchors. The suture tape was secured in the talus by a foot and ankle specialist clinical
fellow orthopaedic surgeon using a 4.75 x 19.1 mm SwivelLock suture anchor and in the fibula

using a 3.5 x 15.8 mm SwivelLock suture anchor.

Upon implantation of the Infinity-Lock suture tape using SwivelLock suture anchors it became
evident that the suture anchors were not suitable. Excessive force was required to implant the
suture tape into human bone using both the 3.5 x 15.8 mm and 4.75 x 19.1 mm suture
anchors. In an attempt to utilise the suture anchors with the Infinity-Lock suture tape the pilot
holes were reamed to accommodate the thicker suture tape than the technique was
developed for. The suture tapes were then able to be implanted into human bone under
excessive force. During implantation the thread of the suture anchor struggled to engage with
the bone due to the thickness of the suture tape and/or the widening of the pilot hole, causing
the suture anchor to rotate without progressing into the bone at times. This action under high
torque loads caused fraying of the suture tape to occur, shown in Figure 110. The strength of

the fixation was also low failing under a weak inversion load applied by the surgeon.

Figure 110. A failed ATFL suture tape augmentation using the Infinity-Lock suture tape (Xiros,
Ltd, Leeds, UK). Visible fraying of the suture tape is noticeable where the suture tape was
originally seated in the fibula.

5.2.2.4.1.1 Outcomes

e The 3 mm Infinity-Lock suture tape (Xiros Ltd, Leeds, UK) could not be implanted into
human tissue following the previously described method due to the thickness of the
suture tape (Viens et al., 2014).

e Larger pilot holes afforded the implantation of the suture anchors (SwivelLock, Arthrex
Inc, Naples, FL, USA) upon excessive force but caused the suture tape to fray, shown in
Figure 110. A larger pilot hole and/or the thickness of the suture tape caused the
suture anchor to rotate within the pilot hole rather than screw into the bone. Once

implanted the fixation failed under a small inversion load applied by the surgeon.
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5.2.2.4.2 Main Study

In order to achieve the second aim of the study to evaluate the stability restorative capacity of
synthetic interventions for severe LAS a decision was made to use an alternative suture tape
(InternalBrace). Although, these findings would not directly benefit the industrial sponsors of
this project they could provide argument for the use of synthetic interventions in the ankle.
Devices were sourced from a company specialising in the sale of medical devices (eSutures,
USA) and from the wastage stock of a local hospital. Some devices were expired products with
one suture anchor expiring 17 months before use. All other devices used in this study had

expired within 12 months of the study taking place or were still valid.

The synthetic repair procedure was performed by a foot and ankle specialist clinical fellow
orthopaedic surgeon on all six samples in this study. The samples were removed from the -
20°C freezer and defrosted within a 6 °C fridge for 24 hours. The suture tape augmentation
procedure performed was similar to that detailed in previously published literature, with the
exception of the soft tissue repair (Viens et al., 2014). The soft tissue repair was omitted to
establish the stability contributions of the suture tape alone to the augmentation procedure.
The foot was positioned in a neutral position, as previously defined, and secured with a

guidewire inserted through the tibia, talus and calcaneus, shown in Figure 111.

Figure 111. A sample fixed in the neutral position with a guidewire through the tibia, talus
and into the calcaneus.

The surgeon does not typically repair the CFL as this is not felt to improve surgical outcomes,
however a recent review suggested repair to both the ATFL and CFL should be considered
(Song et al., 2019). Opposed to the suggested technique documented on the Arthrex website
repair of the ATFL and CFL was performed individually, rather than as a combined
augmentation, due to the preference of the surgeon performing the procedure (Arthrex,
2017). The procedures differ with respect to the fibular insertion(s), with the combined
approach using one anchor into the fibular for both the ATFL and CFL augmentations and the
technique followed in this study having separate fibular anchors for the ATFL and CFL
augmentations. It was the opinion of the surgeon that the individual repair allowed for an

anatomical repair of both the ATFL and CFL rather than a compromised positioning of the
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fibular bone anchor. To the knowledge of the author no literature exists however investigating

the strength, stability or biomechanical difference between the procedures.

5.2.2.4.2.1 Anterior Talofibular Ligament Repair

The ATFL was repaired first, a 2.7 mm tunnel was drilled into the talus at the insertion point of
the ATFL and a 3.4 mm tunnel at the origin of the ATFL into the fibula. The drilled tunnels were
then tapped with a 3.5 mm and 4.75 mm tap (Arthrex Inc, Naples, FL, USA) into the talus and
fibula, respectively. A 3.5 x 15.8 mm Swivelock suture anchor was loaded with a 2 mm wide
InternalBrace suture tape. The InternalBrace is a braided ultra-high molecular weight
polyethylene (ULHMWPE) and polyester suture tape. The anchor was seated into the talus and
progressed into the tapped hole until sufficient tension was achieved, signified by an audible
squeaking of the suture anchor in the tunnel. The anchor was implanted to be flush with the
surface of the bone. A 4.75 x 19.1 mm SwiveLock suture anchor was then loaded with one of
the strands of InternalBrace and seated into the tapped hole in the fibula under tension and

progressed until flush with the surface of the bone, shown in Figure 112.

5.2.2.4.2.2 Calcaneofibular Ligament Repair

The CFL was then repaired, two 3.4 mm tunnels were drilled into the origin and insertion of
the CFL. The holes were then tapped using a 4.75 mm tap. A 4.75 x 19.1 mm Swivelock suture
anchor was loaded with 2 mm wide InternalBrace and seated into the calcaneus tunnel and
progressed until tensioned and flush with the bone surface. A second 4.75 mm SwivelLock
suture anchor was then loaded onto the InternalBrace, seated into the fibula under
appropriate tension and progressed until flush with the bone surface, shown in Figure 112. The
excess InternalBrace was removed using a scalpel and the FiberWire within the suture anchors
was removed. The length of the sutures was measured using Vernier callipers accurate to 0.02
mm three times for improved accuracy. Following the repair procedure all samples were

frozen once again until the final stability analyses could be performed.
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Figure 112. Anterolateral view of samples following suture tape augmentation procedure of
the ATFL and CFL. A) Sample 1, B) sample 2, C) sample 3, D) sample 4, E) sample 5 and F)
sample 6. White arrowheads indicate the origin and insertion points of the ATFL and white
rings indicate the origin and insertion points of the CFL.
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5.2.2.5 Secondary Stability Analysis

The repaired samples were defrosted for 24 hours within a 6 °C refrigerator. Once fully thawed
samples were soaked in PBS for 30 minutes to maintain testing protocols between intact and
repaired samples. The calcaneal tube, intramedullary rod and marker triads were implanted
once again. For the stability analysis of the repaired samples, the drawer tests were performed
using the same procedure described earlier in this chapter in the Stability Assessment section,
in the following order; anterior, posterior, eversion and inversion drawer test. The length of
the sutures tapes replacing the ATFL and CFL were measured once again using a Vernier
calliper three times after all drawer tests had been completed. The intramedullary rod,
calcaneal tube and marker triads were removed and samples were returned to the -80 °C

freezer.

5.2.2.6 Data Analysis

The drawer tests performed in this study were each defined using the motion of the respective
passive markers, shown in Table 31. Anterior and posterior drawer tests were calculated using
the displacement of the anatomical marker on the posterior side of the calcaneus (PC) with
respect to the anatomical marker on the medial malleolus (MM) in the y-direction. The
inversion and eversion drawer tests analyse the rotations of the ankle complex, talocrural and
subtalar joints independently, shown in Table 31. The convention of analysing joint motion of
the distal segments in relation to proximal segments was used in this study, as in the Data

Analysis section of Chapter 4.

Table 31. The passive markers used to analyse joint motion during the respective drawer
tests. Wrt = with respect to.

Drawer Test Anatomical Relation Markers Used
Anterior/Posterior Calcaneus wrt Tibia PC wrt MM (y-axis)
Inversion/Eversion Ankle Complex C1, C2 and C3 wrt Ti1, Ti2 and Ti3

Tal, Ta2 and Ta3 wrt Til, Ti2 and
Ti3

Talocrural Joint

Subtalar Joint C1, C2 and C3 wrt Tal, Ta2 and Ta3

As in Chapter 4 a local coordinate system was determined for each segment of the model. The
anterior and posterior drawer displacement of the ankle complex, as well as the inversion and
eversion ROM of the ankle complex, subtalar and talocrural joints, were calculated. Range of
motion graphs in the x-, y- and z-directions reporting the inversion/eversion, dorsi-/plantar
flexion and internal/external rotation, respectively, were produced for each drawer test. The
data was exported from Visual3D (C-Motion, Maryland, USA) as .txt files and imported into

Microsoft Excel to be collated within a single spreadsheet.
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The results for anterior and posterior drawer tests were normalised by deducting the initial
displacement between the PC and the MM anatomical markers, in the anterior-posterior
displacement direction (y-direction), from all results for each individual trial. The anterior and
posterior displacements were then converted from metres into millimetres. Inversion and
eversion results were also imported into the same Microsoft Excel spreadsheet. No
normalisation or conversion was required as the ROM measurements were made by the

motion capture system in degrees relative to a virtual lab.

For anterior and posterior drawer tests the maximum displacement achieved for each of the
three measurements per trial was calculated. Similarly, the maximum ROM values for inversion
and eversion drawer tests were calculated. An average value for each trial performed was
calculated using the three maximum values of the trial. The mean and 95 % Cl of all samples
for each test condition and each drawer test were then calculated by averaging the mean
values of each respective trial. A comparison of means was also performed between the mean
values of each testing condition for individual samples. This method was necessary as
comparing the overall mean values for the testing condition was not acceptable as different

testing conditions had different sample sizes affecting the result.

5.2.3 Results

The average maximum ROM and displacements achieved during drawer tests performed for
each testing condition are documented in their respective sub-sections which follow. The
intact results are reported followed by those for the sequentially sectioned ankle and finally
the synthetic repair results. Sample two was excluded from the drawer testing analysis due to
the ATFL sustaining damage during dissection. The results for sample two are however still

reported individually.

5.2.3.1 Intact

On average, intact samples displaced by 11.0 £ 2.3 mm and 4.7 £ 1.0 mm in anterior and
posterior drawer tests, respectively. The ROM achieved by the ankle complex in inversion and
eversion drawer tests was 21.3 £ 5.7 degrees and 8.2 + 4.0 degrees, respectively. Inversion and
eversion motion occurred primarily at the subtalar joint in intact specimens, shown in Table
32.
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Table 32. The average maximum displacements and ROM achieved during the four drawer
tests for every sample tested intact. The mean + standard deviation (SD) for the intact test
condition is shown for all drawer tests. ANT = anterior drawer, POST = posterior drawer, INV
= inversion drawer, EVE = eversion drawer, AC = ankle complex, TALO = talocrural joint, SUB
= subtalar joint and deg = degrees. *data not included when calculating mean values.

INV INV INV EVE EVE EVE
Test ANT POST

Sample AC TALO SUB AC TALO SUB
State (mm) (mm)
(deg) (deg) (deg) (deg) (deg) (deg)
1 Intact 7.2 5.8 154 14 139 3.3 1.7 2.2
2 Intact 21.0%* 6.2* 34.4* 18.4* 19.8* 3.2% 1.9* 1.4*
3 Intact 10.8 5.3 25.3 7.9 17.5 11.0 1.7 9.0
4 Intact 11.4 5.1 29.2 4.9 23.2 4.4 0.8 3.8
5 Intact 12.4 3.4 18.5 1.8 16.5 10.7 1.3 9.9
6 Intact 13.1 4.1 18.3 2.9 15.3 11.6 1.0 10.6
Mean * | 110+ 47+ 213+ 38+ 173+ 8.2t% 13+ 7.1%
ntact
SD 2.3 1.0 5.7 2.7 3.6 4.0 0.4 3.8

5.2.3.2 Anterior Talofibular Ligament Sectioned

Anterior and posterior drawer displacement mean values were 14.6 £ 2.3 mmand 5.4 £ 2.0
mm, respectively. A comparison of mean translations determined that sectioning of the ATFL
causeda 3.6 £ 1.6 mm and 0.7 £ 1.1 mm increase in anterior and posterior displacement,

respectively.

The average inversion ROM for the ankle complex increased by 1.8 + 2.7 degrees to 23.2 £ 3.6
degrees after sectioning of the ATFL, shown in Table 33. Sectioning of the ATFL caused a 2.7 +
2.6 degrees increase in inversion ROM at the talocrural joint and a marginal decrease of 0.7 £
1.4 degrees at the subtalar joint. The average eversion ROM decreased negligibly by 0.2 £ 2.8
degrees to 8.0 £ 2.4 degrees after sectioning of the ATFL.
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Table 33. The change in average maximum displacement and ROM from intact state

achieved during the four drawer tests for every sample tested after ATFL sectioning (ATFL).
The comparison of means mean + 95 % Cl result against the intact state are shown (Vs
Intact). Negative values indicate a reduction in the range of motion. ANT = anterior drawer,

POST = posterior drawer, INV = inversion drawer, EVE = eversion drawer, AC = ankle

complex, TALO = talocrural joint, SUB = subtalar joint and deg = degrees. *data not included
when calculating average values.

INV INV EVE EVE EVE
Test ANT POST
Sample AC TALO SUB AC TALO SuB
State (mm) (mm)
(deg) (deg) (deg) (deg) (deg) (deg)
1 ATFL 3.6 0.7 4.3 2.1 2.1 4.3 04 34
2 ATFL -3.8%* 2.4% 6.6* 1.7* 1.7* 1.9* -0.3* 3.9*
3 ATFL 6.0 1.8 -0.3 1.5 -1.8 -2.7 -0.2 -2.5
4 ATFL 4.2 1.8 -1.6 -0.2 -0.9 1.0 -0.3 1.6
5 ATFL 3.0 0.2 5.6 7.6 -1.3 -3.7 1.1 -4.9
6 ATFL 1.0 -1.1 1.0 2.7 -1.3 0.2 0.8 -0.2
Meant Vs 36 07 18 27 07 02 o3 05
Cl Intact *1.6 1.1 +2.7 +2.6 +1.4 +2.8 0.5 +2.9

5.2.3.3 Anterior Talofibular Ligament & Calcaneofibular Ligament Sectioned

Anterior and posterior drawer results increased further after sectioning of the CFL averaging
displacements of 15.7 + 3.0 mm and 6.0 = 2.0 mm, respectively, shown in Table 34. The
increase from the intact state as calculated using a comparison of means was 4.8 + 2.6 mm and

1.3 £ 1.9 mm, respectively.

Eversion drawer results were similar to those of the ATFL sectioned and intact state at 7.8 +
3.4 degrees at the ankle complex. The eversion ROM increased most at the talocrural joint
with sequential sectioning by 1.2 + 1.3 degrees, whereas a decrease of 1.6 + 2.1 degrees was

observed at the subtalar joint.
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Table 34. The change in average maximum displacements and ROM from intact state
achieved during the four drawer tests for every sample tested after combined ATFL and CFL
sectioning (CFL). The comparison of means mean t 95 % Cl result against the intact state are
shown (Vs Intact). Negative values indicate a reduction in the range of motion. ANT =
anterior drawer, POST = posterior drawer, INV = inversion drawer, EVE = eversion drawer, AC
= ankle complex, TALO = talocrural joint, SUB = subtalar joint and deg = degrees. *data not
included when calculating average values.

INV INV EVE EVE EVE
Test ANT POST

Sample AC TALO SUB AC TALO SUB
State (mm) (mm)

(deg) (deg) (deg) (deg) (deg) (deg)

1 CFL 4.8 -1.0 5 5 5 1.4 -0.7 1.8

2 CFL  -5.0%*  7.8% - - - 2.5%  1.4%  1.2*

3 CFL 9.7 3.2 5 5 5 0.3 3.0 2.1

4 CFL 43 1.4 5.1 7.5 0.6 0.1 0.3 0.3

5 CFL 3.0 3.6 5 5 5 3.4 1.2 4.7

6 CFL 2.1 -0.8 - - - 0.1 2.2 24
Meant Vs 4.8 13 51 75 06 04 12 16
Cl Intact +2.6 19 *- +- +- +1.6 +13 +2.1

During the inversion drawer tests for the combined ATFL and CFL sectioned samples, the PTFL
of all samples failed during testing. Samples two and four were only partially damaged, shown
in Figure 113A, whereas a complete rupture or avulsion of the PTFL occurred for the other
samples, shown in Figure 113B. Two complete inversion drawer tests were performed for
sample four prior to failure of the PTFL, whereas all other samples failed to some extent during
the first of three inversion drawer tests. A new test condition was therefore produced for

complete LCL complex failure.
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Figure 113. A) Posterior view of a partially ruptured PTFL and B) lateral view of a fully
ruptured PTFL after inversion stability testing ATFL and CFL sectioned samples.

The fourth sample inverted 34.3 degrees at the ankle complex, 12.4 degrees at the talocrural
joint and 23.8 degrees at the subtalar joint. The comparison of means result determined the
inversion to increase at the ankle complex by 5.1 degrees, talocrural joint by 7.5 degrees and
subtalar joint by 0.6 degrees after sectioning of the ATFL and CFL in comparison with the intact

state.

5.2.3.4 Lateral Collateral Ligament Complex Failure

Complete LCL failure ranged from a partial rupture of the PTFL (Grade Il sprain) to a complete
rupture (Grade Ill sprain). A partial rupture of the PTFL was defined by an audible tearing of
the ligament without complete macroscopic rupture being visibly evident. After PTFL failure
the lateral side of the ankle was almost completely unrestrained at the talocrural joint. The
inversion ROM increased by 40.1 + 14.3 degrees at the ankle complex, 42.9 + 22.5 degrees at
the talocrural joint and 9.4 £ 6.5 degrees at the subtalar joint. The average inversion ROM
values after LCL failure were 61.5 + 13.9 degrees, 46.7 + 25.1 degrees and 26.7 + 10.6 degrees

at the ankle complex, talocrural and subtalar joints, respectively, shown in Table 35.

Table 35. The change in average maximum displacements and ROM from intact state
achieved during the inversion drawer test for every sample tested after LCL complex failure
(PTFL). The comparison of means mean * 95 % Cl result against the intact state are shown
(Vs Intact). Negative values indicate a reduction in the range of motion. ANT = anterior
drawer, POST = posterior drawer, INV = inversion drawer, EVE = eversion drawer, AC = ankle
complex, TALO = talocrural joint, SUB = subtalar joint and deg = degrees. *data not included
when calculating average values.

INV INV INV EVE EVE EVE
Test ANT POST

Sample AC TALO suB AC TALO SUB
State (mm) (mm)
(deg) (deg) (deg) (deg) (deg) (deg)
1 PTFL - - 66.4 78.1 7.4 - - -
2 PTFL - - 21.5% 30.9* -1.6* - - -
3 PTFL - - 42.4 51.9 2.6 - - -
4 PTFL - - 26.0 10.6 22.0 - - -
5 PTFL - - 38.7 47.1 9.1 - - -
6 PTFL - - 27.1 26.9 5.9 - - -
Mean = Vs 40.1 42.9 94
Cl Intact +143 +225 +6.5
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5.2.3.5 Synthetic Intervention

Only two samples (1 and 3) were successfully repaired, all remaining samples experienced at
least one synthetic ligament failure prior to testing or during inversion testing, shown in Figure
114. A successful repair was determined by the following two factors: the ability of the suture
tape augmentation to restore joint stability to that of the intact state; and the change in length
of the suture tape augmentation due to stability testing. Inversion results for repaired samples

were therefore separated into successful (repaired) and unsuccessful (failed) categories.

5.2.3.5.1 Repaired

The mean maximum displacement and ROM results for the repaired samples are shown in
Table 36. After repair the anterior and posterior displacements were 9.9 + 2.1 mm and 4.5 +
1.1 mm, respectively. The anterior displacement decreased by 0.9 + 3.0 mm and posterior
displacement decreased by 0.1 + 0.9 mm from the intact state for the comparison of means

result.

Mean eversion ROM after repair of the ATFL and CFL was 7.4 + 1.4 degrees, 1.8 + 0.9 degrees
and 5.9 £ 2.0 degrees at the ankle complex, talocrural and subtalar joints, respectively. The
ankle complex eversion ROM decreased from the intact state by 1.8 + 4.4 degrees. Eversion
ROM increased at the talocrural joint by 0.4 £ 1.1 degrees and decreased at the subtalar joint

by 2.0 + 5.4 degrees according to comparison of mean results.

The mean inversion ROM of repaired samples was 20.6 + 2.1 degrees for the ankle complex,
1.3 £ 0.4 degrees for the talocrural joint and 19.1 + 1.8 degrees for the subtalar joint. The
comparison of means results state that the average ankle complex inversion ROM was similar
to the intact state increasing by 0.2 £ 7.0 degrees. A decrease of 3.4 + 6.8 degrees occurred at

the talocrural joint and an increase of 3.4 £ 1.0 degrees occurred at the subtalar joint.
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Table 36. The change in average maximum displacements and ROM from intact state
achieved during the four drawer tests for every sample tested after synthetic repair with
InternalBrace (repair). The comparison of means mean + 95 % Cl result against the intact
state are shown (Vs Intact). Negative values indicate a reduction in the range of motion. ANT
= anterior drawer, POST = posterior drawer, INV = inversion drawer, EVE = eversion drawer,
AC = ankle complex, TALO = talocrural joint, SUB = subtalar joint and deg = degrees. *data

not included when calculating average values.

INV INV INV EVE EVE EVE
Test ANT POST
Sample AC TALO suB AC TALO SuUB
State (mm) (mm)
(deg) (deg) (deg) (deg) (deg) (deg)
1 Repair 1.7 0.3 3.7 0.1 3.9 4.8 -1.0 6.3
2 Repair 1.3%* -2.1%* - - - 1.4%* 2.7* 3.3*
3 Repair -0.1 -1.5 -3.3 -6.8 2.9 -5.6 0.0 -5.0
4 Repair - - - - - - - -
5 Repair 0.0 0.6 - - - -3.4 1.6 -5.3
6 Repair -5.4 0.0 - - - -2.9 1.0 -4.0
Meant Vs 09 01 0.2 -3.4 3.4 -1.8 0.4 2.0
Cl Intact +3.0 +0.9 +7.0 +6.8 +1.0 +4.4 +1.1 +5.4

Only samples one and three met the criteria to be considered successful repairs. The anterior
displacement and inversion ROM of the ankle complex for sample one increased by 1.7 mm
and 3.7 degrees, shown in Table 36 and Table 38. The average length of the ATFL and CFL
suture tape augmentations both increased during the stability analysis by 0.2 mm and 0.5 mm,
respectively, shown in Table 38. The anterior displacement and inversion ROM of the ankle
complex decreased for sample three by 0.1 mm and 3.3 degrees, respectively. The ATFL and
CFL suture tape augmentations for sample three increased in length by 1.5 mm and 3.1 mm,

respectively.

5.2.3.5.2 Failed Repair

Samples two, four, five and six all had failed repairs, shown in Figure 114. Sample four failed
prior to any repair testing being performed, when removed from the freezer the suture anchor
securing the CFL suture tape into the fibula had been dislodged, shown in Figure 114D.

Samples two, five and six all failed during inversion drawer tests.

When repairs failed, the average ankle complex inversion ROM was 59.9 + 33.1 degrees
ranging from 36.5 degrees to 83.3 degrees dependent on the severity of the failure, shown in

Table 37. The comparison of means calculated the inversion ROM to increase by 41.5 + 45.8
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degrees, 38.9 = 65.5 degrees and 8.3 + 8.3 degrees for the ankle complex, talocrural and

subtalar joints, respectively.

A combined ATFL and CFL failure occurred for the second sample, shown in Figure 114B. The
CFL failed due to the fibular suture anchor dislodging and the ATFL failed through slippage of
the suture tape whilst the suture anchors remained fixed in place. The average length of the
ATFL suture tape augmentation for sample two increased from 14.0 mm to 23.6 mm, shown in
Table 38. The ankle complex inverted 59.2 degrees, an increase of 24.8 degrees from the intact

state.

Sample five also failed through a combined ATFL and CFL failure, shown in Figure 114E. The
talar anchor of the ATFL and fibular anchor of the CFL were dislodged. The combined ATFL and
CFL augmentation rupture allowed a maximum inversion ROM of 83.3 degrees, an increase of

64.8 degrees.

Only the CFL failed in sample six which occurred due to slippage of the suture tape as the
calcaneal anchor was loosened, shown in Figure 114F. This caused the length of the suture
tape augmentation to increase from 22.7 mm to 33.1 mm and the inversion ROM of the ankle
complex to increase by 18.2 degrees to 36.5 degrees. The ATFL was not determined to have
failed as the anterior displacement was lower than for the intact state and the length of the

ligament only increased on average by 0.3 mm.

Table 37. The change in average maximum displacements and ROM from intact state
achieved during the four drawer tests for every sample tested after synthetic repair with
InternalBrace failure (Failed). The comparison of means mean + 95 % Cl result against the
intact state are shown (Vs Intact). Negative values indicate a reduction in the range of
motion. ANT = anterior drawer, POST = posterior drawer, INV = inversion drawer, EVE =
eversion drawer, AC = ankle complex, TALO = talocrural joint, SUB = subtalar joint and deg =
degrees. *data not included when calculating average values.

INV INV INV EVE EVE EVE
Test ANT POST

Sample AC TALO SUB AC TALO SUB
State (mm) (mm)

(deg) (deg) (deg) (deg) (deg) (deg)

1 Failed - - - = = - - -
2 Failed - - 24.8* 19.8*  3.4* - - -
3 Failed - - - = = - - -
4 Failed - - - - - . - -
5 Failed - - 64.8 72.3 4.0 - - =
6 Failed - - 18.2 5.5 12.6 - - -
Mean + Vs 415+ 389+ 83t%
a0 Intact "~ 458 655 83 ) ) )
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Figure 114. Specimens after suture augmentation repair and stability analysis. A) Successful
repair of sample 1, B) failed repair of CFL and slippage of ATFL for sample 2, C) successful
repair of sample 3, D) failed repair of CFL for sample 4, E) failed repair of ATFL and CFL for
sample 5, F) failed repair of CFL for sample 6. White arrowheads = point of failure.
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Table 38. The average and (range) length of the synthetic ligament augmentations of the
ATFL and CFL before and after stability analysis.

Samplel Sample2 Sample3 Sample4 Sample5 Sample6

12.4 14.0 10.0 21.9 11.4

length ATFL (122-  (136-  (9.1- - (21.6-  (11.0-
Before 12.6) 14.7) 10.6) 22.1) 11.6)
Testing 28.2 24.7 22.4 25.7 22.7

(mm)  cpL (278-  (247-  (223- - (255-  (22.4-
28.7) 24.8) 22.5) 25.9) 23.2)
12.6 23.6 11.5 11.7

length ATFL (121-  (226-  (109- - - (11.3 -
After 12.9) 24.5) 12.2) 12.0)
Testing 28.7 43.3 25.5 33.1

(mm)  cpL (283-  (427-  (247- - - (32.8-
29.4) 44.3) 26.1) 33.6)

5.2.4 Discussion

The aims of this study were to analyse the change in ankle stability after sequential sectioning
of the lateral ankle ligaments, as well as to determine the capacity of synthetic interventions to
restore lateral ankle stability. The alterations in ankle stability due to injury of the ATFL, ATFL
and CFL, and the entire LCL complex are compared with the intact state. In agreement with
previously published findings, the anterior displacement and inversion ROM, the two key
indicators of lateral ankle stability, both increased with the sequential sectioning of the LCL
complex (Kerkhoffs et al., 2005; Fujii et al., 2010; Kovaleski et al., 2014; Lohrer et al., 2019).
Whilst the mean and general trend in the data reflect the same pattern as the published

literature this was not true for every sample.

The small overall increase in ROM after ATFL sectioning when performing an inversion drawer
test highlights the difficulties faced when diagnosing ankle sprain with a talar tilt test alone
(Wilkin et al., 2012). The anterior drawer test however yielded a more distinct average
increase in ROM after ATFL sectioning, with anterior displacement increasing by 3.6 + 1.6 mm.
This result is above the threshold value of 3.0 mm increase in anterior displacement when
compared to the contralateral limb using stress radiography (Seligson et al., 1980). The
threshold value for the anterior drawer test analysed using motion capture, as in this study,
would be 2.0 mm to capture 95 % of the sprains within the population when loaded with

approximately 100 N force.

The inversion ROM results for some samples even demonstrated a negligible decrease after

ATFL sectioning. The largest decrease in inversion ROM of the ankle complex from the intact
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state was 1.6 degrees, for sample four. A small decrease could be attributed to a test error
such as slightly over loading in the intact trial and/or under loading during the ATFL sectioned

trial.

To the author’s knowledge only one research article exists where motion capture technology
has been used to analyse the stability of the ankle (Lohrer et al., 2019) and the previous study
only reported anterior displacement. The inversion ROM during an inversion drawer test is
however, to the author’s knowledge, reported here for the first time using motion capture
analysis. The use of motion capture analysis was proposed to provide a greater level of
precision for stability analysis. The calibration results indicate that the system had a standard
deviation for the wand length of 0.08 mm. The inter-subject variation in the results is however
much higher (2.0 mm for anterior drawer of intact samples) and is likely due to the inherent
natural variability between donors. The variation in the results compares well to previous
studies particularly for anterior drawer tests where the variation is smaller, shown in Table 39
(Kovaleski et al., 2002).

Table 39. A comparison of results for anterior (ANT) and inversion (INV) drawer tests
performed with cadaver tissue using three different calculation methods. A six DOF spatial
linkage, arthrometer and motion capture analysis are compared.

Kovaleski, 2002 Kovaleski, 2002 Present study
Spatial Linkage Arthrometer Motion Capture

ANT (mm) INV (deg) ANT(mm) INV (deg) ANT(mm) INV (deg)

Intact 74+31 16.7+24 138+3.6 30.1+43 11.0+2.0 21.3*5.0

ATFL 114+3.8 19.1+34 163+3.1 346+51 14620 232131

CFL 12.8+4.8 254+48 189+27 441+48 157+2.7 343+0.0

Differentiating between a combined ATFL and CFL sprain and an isolated ATFL sprain diagnosis
is greatest when analysing the results of the inversion drawer test. The anterior drawer results
for ATFL and combined ATFL and CFL sectioned samples had a large overlap in the results. The
results for the inversion drawer test are more distinct, however the combined ATFL and CFL

inversion result is only representative of one sample and further samples would be required to

draw any meaningful inference.

When analysing the change in stability of the ankle due to increasing damage to the LCL
complex it is important to compare the results of samples independently, due to the large
natural variation between individuals shown in this study. Between-subject variability, among
many others, exposes the issues with calculating absolute generalised population means to
define ankle stability. Particularly in this study where not every sample contributed towards
the average measurement for each testing condition and resulting sample sizes were small.

The most appropriate way to display data therefore is as a change from the intact state
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measurements. This can be achieved in patients by contrast to the contralateral limb where no

previous damage to the ankle complex of the contralateral limb has occurred.

Sectioning of the ATFL and CFL considerably reduced the strength of the support on the lateral
side of the ankle. Every sample in this study experienced PTFL failure during the inversion
drawer tests subsequent to the sectioning of the ATFL and CFL. Failure of the PTFL occurred at
loads as low as approximately 1 N.m. Failures varied in severity between a Grade Il sprain, with
partial tearing of the PTFL, to a Grade lll sprain where complete ligament rupture occurred. As
with the results of Chapter 4, this study would have benefitted from the use of medical
imaging for diagnostic purposes, such as MRI or ultrasound, however these facilities were not

available.

The amount of dissection performed was significant in this study with a lot of auxiliary tissue
intentionally being dissected from the samples. The effect of such severe dissection would be
most noticeable in the results where the entire LCL complex is damaged. The results of this
study could therefore overestimate the ROM achieved when similarly loading living patients.
Lateral ankle stability results however compare to those in previous studies where similar
inversion loads were applied with an arthrometer and minimal soft tissue dissection was
performed, shown in Table 39 (Kovaleski et al., 2002; Kovaleski et al., 2014). The severity of the
dissection performed in this study could therefore have had a limited effect on lateral ankle
stability as the anterior and inversion drawer results of this study lie between those reported
in the two previous studies, shown in Table 39. This study did not however intend to define
results for use in a clinical setting but rather define the contributions of individual ligaments to
lateral ankle joint stability and how well synthetic interventions could replace such
contributions. A severe dissection was therefore required to prevent other influences masking
the effects of ligament damage or repair. Individuals who sustain a Grade Ill sprain of the ATFL

and/or CFL would require treatment to prevent further long-term damage.

When successful, the suture tape augmentation procedure produced good results for the
stability restoration of the LCL complex. The main issue was the success rate of the repair
procedure with only two out of six samples being determined to be sufficiently repaired.
Samples one and three were determined to be successfully repaired. For sample one, the
anterior displacement increased by 1.7 mm from the intact state, well within the 3.0 mm
threshold for stability. This small increase is likely due to the tensioning applied by the
orthopaedic surgeon being different to that of the natural ligament. Slippage of the suture
tape was discredited as the length of the ATFL suture tape only increased by 0.2 mm during
testing. The CFL repair increased in length by 0.5 mm and inversion ROM increased by 3.7
degrees from the intact state. Whilst this level of inversion is similar to that of an ATFL rupture
the small change in suture length again indicates that this could be due to surgical placement
rather than the device failing. The categorisation of repair success is less clear for sample three
as the suture tape length of the ATFL and CFL increased by 1.5 mm and 3.1 mm, respectively.

Such an increase is more than one would expect for a static brace of the ligament. The anterior
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and inversion ROM during stability tests were however in close agreement with those of the
intact state. The tensioning could have been too tight for these samples causing the tape
slippage to restore joint stability to intact state. This raises concerns however as to whether
with continued load or higher forces suture tape slippage would continue to a point of ankle
instability. The author acknowledges that sample three could be defined as either a failure or
success. The decision to categorise sample three as successful was due to the stability analysis
results being in such close proximity to those of the intact state and catastrophic failure of the

suture tape repair not occurring.

The suture tape repair of the CFL failed frequently and under very low loads in this study. The
results for the ATFL were a slight improvement with less suture tape slippage and improved
joint stability. An effective brace should have a load capacity high enough to prevent
overstretching of the repaired ligament. The augmented Brostrom procedure with
InternalBrace has been reported to be “at least as strong and stiff as the native ATFL” with a
strength of 315.5 + 66.8 N (Viens et al., 2014). The strength of an augmented Brostrom
procedure with InternalBrace has not however, to the author’s knowledge, been compared to
that of the modified Brostrém procedure. Comparing the procedure to the intact state
provides opportunity for the benefits of the suture tape augmentation, or lack thereof, to be
masked by the soft tissue repair performed as it is not investigating the impact of the tape

alone.

Failure occurred predominantly within the CFL repair during inversion motion in this study. No
study exists, to the author’s knowledge, identifying the strength of an augmented repair to the
CFL. The strength of the intact CFL was however reported in Chapter 3 to be greater than the
augmented Brostréom procedure with InternalBrace of the ATFL at 367.8 £ 79.8 N. The
procedure performed in this study was not an augmented Brostrém procedure with
InternalBrace and therefore cannot question the effectiveness of the treatment. It does
however raise questions as to what contribution the additional suture tape augmentation

provides for the patient over the modified Brostréom procedure.

Clinical outcome studies do however exist comparing the augmented Brostrém procedure with
InternalBrace to the modified Brostrom procedure. The anterior drawer, talar tilt, AOFAS and
VAS scores have been shown to not be significantly different between the two procedures
(Cho et al., 2019; Xu et al., 2019). This finding is often interpreted in the literature as a positive
finding for the augmented Brostrom procedure with InternalBrace. The addition of a suture
tape is unlikely however to lower outcome scores for the otherwise identical surgical
procedure, providing no allergic reaction or over tensioning of the implant are present.
Meanwhile the healthcare cost of the augmented Brostrom procedure with InternalBrace is
1.3 times higher than the modified Brostrém procedure (Cho et al., 2019). The augmented
procedure has been reported to provide a quicker return to sport over a modified Brostrom

procedure (Yoo and Yang, 2016). The post-operative patient management was different for the
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two procedures however with the modified Brostrém patients being immobilised for two

weeks and therefore this result would be expected.

These findings in addition to those reported in this study highlight relevant questions regarding
what contribution the suture tape provides in an augmented Brostrom procedure with
InternalBrace. The lack of a significant improvement in clinical outcomes and the higher cost of
the augmented Brostrém procedure with InternalBrace suggests that the augmented

procedure should not be considered over a modified Brostrom procedure.

Limitations to this study exist which could affect the outcome of the procedure. A suture tape
augmentation procedure is typically performed on younger patients than the average age of
the cohort for this study. The cadaver tissue, particularly which is from an older population,
could have an inferior bone quality to that of patients typically operated on with this
procedure. Other previous studies, including ATFL specific literature, have however reported
no correlation between age and the mechanical properties of ligaments tested as BLB
structures (St Pierre et al., 1983; Blevins et al., 1994; Johnson et al., 1994; Flahiff et al., 1995;
Couppé et al., 2009). The sample size of the study was small exaggerating the percentage of
failures. These factors could mostly not be avoided and requests were made with the source of
the cadaver tissue to procure samples with a younger age. As with all studies within this
project using human tissue, the exclusion criteria of no previous history of lower limb trauma
existed but unreported sprains are frequent within society (Kemler et al., 2015). When
comparing the repaired samples to intact ones it must be acknowledged that the PTFL was not
repaired and some of the devices used in this study were expired. Both of these factors could

have reduced the effectiveness of suture tape repair.

Sample two was excluded from the stability testing results due to damage occurring to the
ATFL either during or prior to dissection of the sample as well as the presence of a small talar
fracture at the location of PTFL insertion. The results for sample two were anomalous across all
stability tests for the intact condition making a comparison impossible. Particularly noticeable
was the excessive anterior displacement and the contribution of the talocrural joint to
inversion ROM. The repair of sample four failed whilst stored within the freezer and an
explanation for this occurrence is unclear. No literature exists on the effect of freezing to the
structure of polylactic acid (PLLA) the polymer used to manufacture the Swivelock suture
anchors. Repairs were checked by the surgeon and an effort was made to store samples
unloaded in the neutral position. Whether freezing the suture anchors affected the size of the
suture anchors is unknown however it is unlikely to have altered the diameter of the suture

anchor by more than the thread depth, allowing them to simply fall out.

Single plane anterior and inversion drawer tests were performed in this study rather than an
anterolateral drawer test due to the use of motion capture cameras. The positioning of motion
capture cameras shown in Figure 88 restricted where the examiner could be positioned to

perform the drawer tests. For posterior, inversion and eversion drawer tests the examiner was
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positioned on the medial side of the drop rig without restricting the view of the motion
capture cameras. For the anterior drawer however this was not possible and the examiner was
positioned on the anterior side of the specimen behind the motion capture cameras. Such a

position prevented internal rotation motions from being applied to the specimen.

Considering the limitations the author still has serious concerns regarding the implantation of
the InternalBrace using SwiveLock bone anchors as the suture tape alone provided little to no
support in most samples. The results do not suggest that the augmented Brostrém procedure
with InternalBrace is unsafe due to the absence of soft tissue repair and the severe level of
dissection performed in this study. The rhetoric of the literature for the augmented Brostrom
procedure with InternalBrace is however disconcerting as most authors appear determined to
interpret the results which are dissimilar to the modified Brostrém procedure in favour of the

augmented procedure.

5.2.5 Conclusion

Lateral ankle stability decreases as ligaments of the LCL complex are sequentially sectioned.
Anterior drawer and talar tilt tests are adequate indicators of injury to the ATFL and CFL,
respectively. Only well trained and highly skilled clinicians are able to identify such nuances in
ankle joint stability through touch sense. Attempting to use quantitative measurement
systems to evaluate lateral ankle stability raises some issues due to variations between
individuals, yet is still a viable approach. The InternalBrace suture tape has been shown to
independently be a sufficient stabiliser of the ATFL at times. Catastrophic failure occurred
however at a high rate in this study, given the small sample size, particularly for the CFL repair
during inversion motion. These results suggest further testing of the InternalBrace augmented
Brostrém repair procedure is required to demonstrate any potential benefit over the modified

Brostrom procedure.
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5.3 The Evaluation of Synthetic Interventions to Lateral Ankle Sprain

5.3.1 Introduction

Following the unsuccessful implantation of the Infinity-Lock suture tape (Xiros Ltd, Leeds, UK)
and the frequent failures of the InternalBrace suture tape (Arthrex Inc, Naples, FL, USA)
investigations were made into the fixation of the suture tapes. Arthrex had previously
characterised their InternalBrace FiberTape suture tape (Arthrex Inc, Naples, FL, USA) when
implanted into a SawBone model using Swivelock suture anchors (Arthrex Inc, Naples, FL,
USA). The findings are reported in an article not formally published, shown in Appendix G.1
Arthrex White Paper 1. As previously mentioned, the Infinity-Lock suture tape had been
successfully implanted into the same Sawbone model using SwiveLock suture anchors during
in-house research at Xiros. Alternative to the methods described in Appendix G.1 Arthrex
White Paper 1 the tunnel for the suture anchor was not tapped. The researchers at Xiros had
previously used a 4.75 mm punch directly into the Sawbone model to create a tunnel for the
suture anchor. As both the Arthrex and Xiros studies had only used a Sawbone model, a
preliminary characterisation study in animal and human bone tissue was developed to

characterise the fixation method and identify the potential source of implantation issues.

The first aim of this study was to identify the most suitable implantation technique for the
Infinity-Lock suture tape using SwivelLock suture anchors in both Sawbone and porcine bone
material. The study also aimed to evaluate the structural properties (ultimate failure load and
stiffness) and failure mode of the InternalBrace when implanted into both Sawbone and
porcine bone, following manufacturer guidelines. The final aim of the study was to compare
the ultimate failure load, stiffness and failure mode of the Infinity-Lock suture tape to those of

the InternalBrace suture tape when implanted into both Sawbone and porcine bone.

5.3.2 Method

5.3.2.1 Specimens

Artificial Sawbone blocks (Sawbones, Seattle, USA), replicating those used in the Arthrex study
described in Appendix G.1 Arthrex White Paper 1, were used in this study. The structure
consisted of a 40 mm deep lower density (160 kg.m3) polyurethane core sandwiched between
two 3 mm deep higher density (320 kg.m?) polyurethane layers, shown in Figure 115. Three
porcine right hind legs from six month old pigs, sourced from a local abattoir (Penny & Sons,
Leeds, UK), were used in this study. The average weight of the pigs was 68.9 kg and ranged
from 67.8 kg to 69.8 kg. Ethical approval was not required for the testing as the porcine legs

were sourced from the food chain.
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Figure 115. Artificial bone made from polyurethane foam layers of differing densities.

5.3.2.2 Sample Preparation

Three Sawbone blocks were cut with dimensions 28 x 40 x 46 mm and the bottom layer of
higher density polyurethane was removed to fit within a bespoke gripping fixture. The bespoke
gripping fixture had previously been used for the characterisation of similar tissues (Whitaker
et al., 2019). The porcine legs arrived into the laboratory fresh from the abattoir as intact
whole limbs. A transverse cut was made through the skin and muscle layers approximately 5
cm proximal to the ankle joint. Using an oscillating saw a transverse cut was made through the
tibia and fibula at the same location, separating the ankle complex and trotter from the rest of
the leg, shown in Figure 116.

Anterior

Proximal

Posterior

Figure 116. Lateral view of a porcine leg where the foot and ankle has been removed with a
transverse cut through the skin, musculature and bone.

Using a scalpel, an anterior midsagittal cut was made through the skin distally from the
proximal surface of the tibia to 5 cm distal to the ankle joint. A medial-lateral circumferential
cut through the skin was then made around the trotter 5 cm distal to the ankle joint. The skin
was then separated from the muscle fascia and removed exposing the ankle joint. The Achilles
tendon was severed at its insertion to the calcaneus and all musculature surrounding the tibia

and fibula was removed, as shown in Figure 117.
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Figure 117. Lateral view of the porcine ankle joint with skin and musculature removed.

The ligaments on the medial and lateral side of the ankle were divided with a scalpel at their
insertion points to the tibia and fibula, respectively. The joint capsule was dissected away from
the tibia on both the anterior and posterior sides of the ankle joint allowing for the tibia and
fibula to be removed from the talocrural joint, see Figure 118A. The distal tibiofibular
syndesmosis ligaments were severed with a scalpel separating the fibula and tibia, see Figure
118B. The samples were wrapped in PBS (Oxoid Ltd, Basingstoke, UK) soaked tissue, sealed in

airtight plastic bags and stored in a -20 °C freezer until further testing.

Figure 118. A) Posterior view of the distal portion of the tibia and fibula of a porcine leg. B)
Posterior view of the distal portion of the tibia and medial view of the fibula separated at
the distal tibiofibular syndesmosis.

Samples were defrosted overnight within a 6 °C refrigerator. Using an oscillating saw, a cut was
made approximately 30 degrees inferiorly in the transverse plane through the fibula
approximately 30 mm proximal to the distal tip of the fibula on the anterior side, shown in
Figure 119A. Two 3 mm pilot holes were drilled all the way through the fibula from the lateral
side approximately 30 mm proximal to the distal tip of the fibula. Two 4 x 20 mm screws were
inserted into the pilot holes, one from the lateral side and one from the medial, as shown in

Figure 119B.
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Figure 119. A) Lateral view and B) Anterior view of the distal tip of the fibula with a 4 x 20
mm screw inserted into the lateral and medial sides of the fibula.

The portions of distal fibula were then positioned within cement pots so that the 30 degree cut
was parallel with the vertical walls of the pot and the anterior side of the distal tip of the fibula
was facing superiorly, shown in Figure 120. The fibula was held in position within the cement
pot using four locating bolts. A standard PMMA mixture (WHW Plastics, Hull, UK), created at a
2:1 ratio, was poured into the pots and left to set for 30 minutes. Once set a piece of PBS
soaked tissue was placed over the fibula to reduce tissue dehydration. The samples were

placed in sealed plastic bags and stored in a 6 °C refrigerator overnight.

Figure 120. Superior view of the cement pot showing the distal tip of the fibula held in place
prior to cementing by locating bolts.

5.3.2.3 Suture Tape Implantation

The samples were removed from the refrigerator and suture tape implantation was
performed. The Infinity-Lock suture tape was implanted into both Sawbone and porcine fibula
using a punched tunnel and tapped tunnel approach to suture anchor implantation. Whereas
the InternalBrace FiberTape was only prepared according to manufacture guidelines, using a
tapped tunnel, into both Sawbone and porcine fibula. Table 40 shows the experimental design

for the testing and combinations of ligament, preparatory method of the suture anchor tunnel
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and tissue implanted into. A sample size of n = 1 was used for this preliminary study due to

time and resource constraints.

Table 40. Experimental design for the testing detailing ligament type, suture anchor tunnel
preparation method (punch or tap) and material used.

Artificial Ligament Hole Preparation Tissue

Xiros Infinity-Lock (3 Punch Sawbone
mm)

Xiros Infinity-Lock (3 Tap Sawbone
mm)

Xiros Infinity-Lock (3 Punch Porcine fibula
mm)

Xiros Infinity-Lock (3 Tap Porcine fibula
mm)

Arthrex InternalBrace Tap Sawbone
Arthrex InternalBrace Tap Porcine fibula

Both the punched and tapped suture anchor tunnels were located centrally on the Sawbone
and fibula specimens and orientated in the same axis of loading as the suture tapes. By
orientating the suture anchor to be in the same axis as loading the results should represent the
lowest loads achieved when implanted into patients where loading would occur at different
angles. Testing the suture anchor fixations in this manner introduces a safety tolerance as the
results should represent the worst case scenario. The punch preparation method for the
suture anchor tunnel was performed by driving a 4.75 mm tapered punch (Arthrex Inc, Naples,
FL, USA), shown in Figure 121A, into the specimen with a mallet. The punch was inserted up to
the second black laser line producing a hole, shown in Figure 122A. The tapped procedure was
performed by drilling a 3.5 mm pilot hole 20.5 mm deep into the centre of the specimen to the
black laser line on the 3.5 mm drill bit (Arthrex Inc, Naples, FL, USA), shown in Figure 121B. The
pilot hole was then tapped by inserting the 4.75 mm tap (Arthrex Inc, Naples, FL, USA), shown
in Figure 121C, 20.5 mm into the pilot hole to the black laser line creating an internal thread

for the suture anchor, shown in Figure 122B.
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Figure 121. Arthrex tools for InternalBrace fixation with suture anchors. A) 4.75 mm punch,
B) 3.5 mm drill bit, C) 4.75 mm tap driver and D) suture anchor device where 1 = closed
eyelet, 2 = suture anchor, 3 = paddle and 4 = handle. Black arrowheads show the laser lines
used to guide suture anchor tunnel creation.

Figure 122. A) Punched and B) tapped holes in porcine fibula prior to implantation of suture
anchor and suture tape.

The 4.75 mm Swivelock suture anchors were loaded with either a 3 mm Infinity-Lock or 3 mm
InternalBrace suture tape, in accordance with Table 40. The suture tapes were loaded onto the
suture anchors by passing the tape through the closed eyelet, shown in Figure 121D. The
anchors were seated into the prepared tunnels with a gentle tap on top of the suture anchor
device with the palm of the hand, as per surgical guidelines. The suture anchors were then
progressed into the tunnel by turning the suture anchor device handle clockwise whilst holding
the paddle in a fixed orientation. The suture anchors were progressed until flush with the
surface of the specimen, shown in Figure 123. The specimen preparation was completed by

removing the FiberWire® (Arthrex Inc, Naples, FL, USA) strand(s) from the anchor, typically
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used to perform the soft tissue element of the repair. The implantation of suture tapes into

the Sawbone and porcine samples was scored on a scale from 1 to 5, as detailed in Table 41.

Figure 123. Specimens implanted with anchor and suture tape prior to testing. A) Infinity-
Lock tape (Xiros Ltd, Leeds, UK) (1) implanted into artificial Sawbone blocks, B) Infinity-Lock
(Xiros Ltd, Leeds, UK) (1) implanted into porcine fibula and C) InternalBrace (Arthrex Inc,
Naples, FL, USA) (3) implanted into porcine fibula. 2 = FiberWire of the SwiveLock suture
anchor (Arthrex Inc, Naples, FL, USA).

Table 41. The scoring system implemented to rank the ease of implantation of suture tapes
into the samples using a SwiveLock suture anchor (Arthrex Inc, Naples, FL, USA).

Score Description

1 Implantation not possible

2 Implantation performed with great difficulty
3 Implantation performed with some difficulty
4 Implantation performed with some ease

5 Implantation performed with great ease

5.3.2.4 Testing Protocol

Tensile pull out testing was performed using an ElectroPuls E10000 (Instron, Buckinghamshire,
UK) material testing device with a 1 kN load cell. A linear pull out test was performed to enable
comparisons to be drawn between the results of this study and a previously published white
paper by Arthrex, shown in Appendix G.1 Arthrex White Paper 1. An x-y translating platform
and universal joint, allowing 5 degrees of angular motion in any direction and 360 degrees
rotation, were used to reduce potential misalignment, shown in Figure 124. The Sawbone
specimens were attached to the ElectroPuls E10000 with a bespoke fixture previously
developed within iMBE for testing Sawbone samples (Whitaker et al., 2019), shown in Figure

124. The fibula specimens were attached to the materials testing device using the cement
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pots, as described in Chapter 2. One of the loose ends of the suture tape was held within the
interference grip approximately 30 mm from the suture anchor, shown in Figure 124. The grip

had two smooth crimped surfaces which were tightened using two bolts to create an

interference grip of the suture tape.

Figure 124. Testing setup showing the x-y translating platform (1), universal joint (2),
interference grip (3), Infinity-Lock tape and Sawbone block within a fixed rigid grip (4).
Suture tapes were exposed to a pre-load of approximately 1 N to ensure they were taut and
the x-y translating platform was correctly aligned. Exact gauge length measurements were
then made using Vernier callipers accurate to 0.02 mm. The suture tapes were pre-conditioned
by cyclically loading to observe if any stretching occurred. The suture tapes were exposed to
100 cycles of loading between 2 N and 100 N at a frequency of 1 Hz. A load of 100 N was
determined to be a safe loading value as suture tapes were exposed to this load during
anterior drawer tests performed in the previously reported study. The rate of loading was
selected based on being similar to that of walking speed. All tapes were then ramped to failure
at a strain rate of 1 mm.s™*. The mode of failure was recorded and where this was not evident
the sample was separated with a small hacksaw to further investigate the failure mode. The
InternalBrace suture tape implanted into fibula was tested a second time with both loose ends
of the suture tape gripped by the interference grip in response to slippage of the suture tape

occurring in the first trial.

5.3.2.5 Data Analysis

The results from the mechanical characterisation of the suture tape implantation study were

exported into, and collated in, Microsoft Excel. The pre-conditioning and load to failure results
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were separated for analysis. Maximum displacements were calculated for every 10 cycles of
the pre-conditioning and normalised by the gauge length of specimens. The maximum load
and load at 3 mm displacement, the threshold anterior displacement value for ankle stability,

were also calculated.

5.3.3 Results

5.3.3.1 Implantation

The implantation scores for each of the methods using the two different suture tapes into both
Sawbone and porcine bone are shown in Table 42. The Infinity-Lock suture tape was implanted
into the Sawbone material with ease using both the punch and tap suture anchor tunnel
preparation methods. Implanting the Infinity-Lock suture tape into porcine bone was much
more challenging. For the tapped method the anchor thread struggled to engage with the
tapped thread whereas the punched method required excessive force for implantation.
Implantation of the InternalBrace using the tapped method into the Sawbone was performed

with great ease and with ease into porcine bone.

Table 42. The implantation ranking scores (n = 1) for the two suture tapes using either a
tapped or punched suture anchor tunnel preparation method and implanting into Sawbone
(SB) and porcine bone (PB).

Xiros Infinity-Lock Arthrex InternalBrace
SB PB
SB Tap PB Tap SB Tap PB Tap
Punch Punch
Implantation
4 4 3 2 5 4
Score

5.3.3.2 Mechanical Characterisation

5.3.3.2.1 Pre-conditioning

Cyclic loading was not completed for the Infinity-Lock suture tape implanted into porcine bone
after the punch anchor tunnel preparation method as suture tape failure occurred at 44.8 N.
Cyclic loading was not performed for the InternalBrace suture tape implanted into porcine

bone where only one strand of the suture tape was held within the grip due to a test error.

5.3.3.2.1.1 Infinity-Lock Suture Tape

During pre-conditioning creep was experienced in all tests, shown in Figure 125. The greatest
amount of creep (0.63 mm) was experienced by the Infinity-Lock suture tape implanted into
Sawbone using the tapped preparation method. When the same suture tape was implanted

into Sawbone using the punched preparation method the level of creep was lower (0.35 mm).
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The overall displacement during the final 100 N load application for the Infinity-Lock suture
tape implanted into Sawbone using the tapped and punched approach was 2.48 mm and 2.55
mm, respectively. Considerably less displacement and creep occurred when the suture tape
was implanted into porcine fibula using the tapped preparation method in the single trials

performed (1.22 mm and 0.18 mm, respectively).

5.3.3.2.1.2 InternalBrace Suture Tape

The InternalBrace suture tape was found to creep 0.20 mm and 0.31 mm when implanted into
Sawbone and Porcine bone, respectively. Overall displacement at the final cycle of 100 N load
for the suture tape was 1.44 mm and 1.68 mm when implanted into Sawbone and porcine

fibula, respectively.
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Figure 125. The displacement against number of cycles results for the cyclic loading
performed (n = 1). IB = InternalBrace (blue), IL = Infinity-Lock (green), SB = Sawbone (light
tone), PB = porcine bone (dark tone), Tap = tapped approach (solid line) and punch =
punched approach (square dotted line).

5.3.3.2.2 Load to Failure

The failure loads of the Infinity-Lock and InternalBrace suture tapes tested are shown in Table

43 and Figure 126.
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Table 43. Maximum failure load and load at 3 mm displacement of the suture tapes
implanted into Sawbone (SB) and porcine bone (PB) (n = 1). Numbers within parentheses
indicate the number of suture tape strands gripped.

Xiros Infinity-Lock Arthrex InternalBrace
SB SB Tap PB PB Tap SB Tap PB Tap PB Tap

Punch Punch Q) (2)
Max

181.7 153.0 44.8 164.9 180.8 214.0 447.8
Load (N)
Load at

119.6 133.5 35.6 121.3 176.6 199.2 324.8
3mm

5.3.3.2.2.1 Infinity-Lock Suture Tape

When the Infinity-Lock suture tape was implanted into Sawbone the punched suture anchor
tunnel method was stronger than the tapped method failing at 181.7 N and 153.0 N,
respectively. The opposite was true for porcine tissue testing with the punched method failing
at 44.8 N and the tapped method failing at 164.9 N. At the 3 mm threshold the Infinity-Lock

devices implanted into porcine bone had already failed.

5.3.3.2.2.2 InternalBrace Suture Tape

The InternalBrace failed at 180.8 N and 214.0 N when implanted into Sawbone and porcine
bone, respectively, when only one strand of the suture tape was gripped. Gripping both
strands of the suture tape increased the failure load to 447.8 N when implanted into porcine
fibula. The Internal Brace was close to failure in all three tests at the 3 mm displacement

threshold but the loads were higher than the Infinity-Lock suture tapes, shown in Table 43.
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Figure 126. The load-displacement results for the load to failure pull out tests performed (n =
1). IB = InternalBrace (blue), IL = Infinity-Lock (green), SB = Sawbone (light tone), PB =
porcine bone (dark tone), Tap = tapped approach (solid line), punch = punched approach
(square dotted line) and the numbers within parentheses = how many strands of the suture
tape were gripped (2 = round dotted line). The 3 mm stability threshold is shown (red solid
line).

5.3.3.3 Failure Mode

The mode of failure differed between suture tapes, implantation method and tissue used in
this study. The modes of failure for each trial are described in Table 44 and shown in Figure
127. In no cases for either suture tape did failure of the suture tape occur, all failures were an

issue of suture tape fixation.

Table 44. The failure mode of each trial performed in this study.

Suture Tape Tissue Method Failure Mode
Infinity-Lock  Sawbone  Punched Eyelet fracture and suture tape slippage
Tapped Eyelet detachment from the anchor
Porcine Punched Suture anchor fragmentation
Tapped Suture anchor pulled out of fibula
InternalBrace Sawbone Tapped Suture anchor pulled out of Sawbone

Porcine Tapped (1) Suture tape slippage

Tapped (2) Eyelet cracked, suture anchor deformed

and suture tape slippage
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5.3.3.3.1 Infinity-Lock Suture Tape

When implanted into Sawbone using the punched method the Infinity-Lock suture tape failed
due to the eyelet of the SwivelLock suture anchor fracturing. Fracture of the eyelet allowed the
suture tape to slip along the Sawbone-anchor interface, shown in Figure 127A. When the
tapped method was used to implant the suture tape into Sawbone failure occurred due to the
eyelet of the Swivelock suture anchor dislodging from the suture anchor. The eyelet was able
to pass through the low density polyurethane core to the higher density polyurethane layer,
shown in Figure 127B & Figure 127C.

Figure 127. The failure modes of the Infinity-Lock suture tape implanted into Sawbone using
the punched method (A) and tapped method (B & C). All Sawbone blocks have been cut to
expose the suture anchor after testing to failure. The anchor was removed from the tapped
specimen (B) to show the position of the eyelet (C).

Fragmentation of the SwivelLock suture anchor occurred when the Infinity-Lock suture tape
was implanted into porcine fibula with the punched method. The anchor fractured into five
separate pieces, shown in Figure 128A. Whereas, when the tapped method was used to
implant the Infinity-Lock suture tape into porcine fibula the suture anchor dislodged from the
tapped anchor tunnel. The SwiveLock suture anchor and Infinity-Lock suture tape were both

removed from the porcine fibula without any noticeable damage, shown in Figure 128B.
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Figure 128. The failure modes of the Infinity-Lock suture tape implanted into porcine fibula
using the A) punched method and B) tapped method.

5.3.3.3.2 InternalBrace Suture Tape

The InternalBrace failed through pull out of the suture anchor when implanted into Sawbone
similarly to the Infinity-Lock suture tape implanted into porcine bone using the tapped
method. When the InternalBrace was implanted into porcine bone slippage of the suture tape
occurred when only one strand of the suture tape was gripped within the interference grip.
When both strands of the InternalBrace suture tape were held in the grip failure occurred due
to the eyelet fracturing allowing the suture tape to slip along the bone-anchor interface. On
the surface the anchor had not moved and was still flush with the bone but the suture tape

had been removed, shown in Figure 129.

Figure 129. The porcine fibula specimen after failure of the InternalBrace suture tape.

Upon further inspection by cutting into the porcine fibula it was evident that the anchor had
deformed under the high failure load due to the load being applied by the eyelet onto the

anchor, shown in Figure 130. The InternalBrace suture anchor showed no visible damage to its
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structure other than a crimping pattern where the thread of the suture anchor had applied

pressure.

Figure 130. A failed Arthrex SwiveLock suture anchor where the eyelet has fractured and the
anchor has been deformed. The suture anchor was loaded with an Arthrex InternalBrace
suture tape and implanted using the tapped method described by the manufacturer.

5.3.4 Discussion

This study aimed to identify the most suitable implantation technique for the Infinity-Lock
suture tape using SwivelLock suture anchors. The suture tape was implanted into both porcine
bone and a custom Sawbone model. The study also aimed to mechanically characterise the
InternalBrace when implanted into Sawbone and porcine bone following manufacturer
guidelines. Finally the study aimed to compare the mechanical performance of the two suture

tapes.

To determine the most effective method for the implantation of the suture tapes the
appropriateness of the Sawbone model and porcine bone at replicating human bone must be
considered. The Sawbone, although modelled on bone densities, had a very brittle core which
would crumble into a fine dust when rubbed between the fingers. Implantation of the Infinity-
Lock suture tape into the Sawbone model was also performed with ease, not reflecting the
previously described experiences implanting into human bone. Such implantation difficulties
were however evident when implanted into porcine bone. The Sawbone model was therefore
determined to be a less effective model of human fibula bone than porcine fibula bone. The
results of the Sawbone tests should therefore be interpreted with caution and a greater

significance given to the results of the porcine bone testing.

A standard linear pull out test was performed, replicating a previous study conducted by
Arthrex, shown in Appendix G.1 Arthrex White Paper 1. This produced comparable results for
the Infinity-Lock suture tape to the InternalBrace suture tape using an industry established
methodology. The results do not replicate failure in the ankle due to sprain and instead
provide a more general understanding of the mechanical performance of various fixation

methods for the two suture tapes.
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5.3.4.1 Infinity-Lock Suture Tape

Based on the limited data, the highest failure load for the Infinity-Lock suture tape using a
Swivelock suture anchor was achieved when implanted into Sawbone using the punched
suture anchor tunnel preparation method. The higher failure load of the punched method
compared to the tapped method, when implanted into Sawbone, could have been due to the
preservation and compression of Sawbone material around the thread within the suture
anchor tunnel. The tapped approach involved drilling a tunnel and therefore removing some of
the polyurethane whereas the punched method compressed the polyurethane material
around the tunnel. The punched method would therefore have had an increased local density

around the suture anchor tunnel enabling greater interaction with the suture anchor.

When implanted into porcine bone however the Infinity-Lock suture tape was considerably
stronger after the tapped suture anchor tunnel preparation method had been performed. The
removal of bone tissue when performing the tapped approach to suture anchor tunnel
preparation reduced some of the difficulty faced implanting the Infinity-Lock suture tape into

porcine bone.

The implantation of the suture anchor loaded with the Infinity-Lock suture tape was
considerably more challenging when implanted into immature porcine bone than the Sawbone
model for both suture anchor tunnel preparation techniques. Implantation of the Infinity-Lock
suture tape into porcine bone was made difficult by the increased thickness of the suture tape
compared to the InternalBrace. The thickness of the suture tape reduced the ability of the
suture anchor thread to engage with the thread of the tapped bone tunnel as the suture tape
was thicker than the thread depth. This could provide an explanation for the suture anchor
dislodging when implanted into porcine bone following the tapped suture anchor tunnel

preparation method.

Implantation into porcine bone, particularly following the punched suture anchor tunnel
preparation method, required an excessive force. Deformation or even failure of the suture
anchor could have occurred during implantation prior to pull out testing. This in combination
with the lack of an internal thread and within the suture anchor tunnel made implantation of
the suture anchor very challenging. This likely explains the reason for suture tape fraying and
catastrophic failure of the suture anchor at a considerably lower load following the punched

suture anchor tunnel preparation technique.

5.3.4.2 InternalBrace Suture Tape

The slim design of the InternalBrace suture tape allowed for easy implantation of the
Swivelock suture anchor into both Sawbone and porcine fibula. When one strand of the suture
tape was tested in porcine fibula the fixation failed through tape slippage. Whilst the smooth
and thin profile of the suture tape aids in achieving a stronger fixation of the SwiveLock anchor

into bone it also appears to impact the interaction between the suture tape and suture anchor.
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The InternalBrace is not branded as a synthetic ligament replacement but as a synthetic used

to augment a modified Brostrom procedure. The effectiveness of the InternalBrace to provide
additional support to the Brostrédm repair cannot be definitively challenged by this study. The

study does however raise questions regarding what strength contribution the suture tape

provides in an augmented modified Brostrom procedure.

In response to slippage failure occurring, both strands of the suture tape were gripped to
prevent slippage from occurring and the mechanical characterisation was repeated, shown in
Figure 131. Equal tensioning of the suture tapes was incredibly challenging due to the enclosed
design of the gripping fixture. As the tape had slipped previously it was however hypothesised
that the suture tape would slip once again to self-balance the strands of the suture tape. This
hypothesis was correct and after self-balancing further slippage of the suture tape was
prevented. The data was normalised by removing the 4.0 mm displacement achieved at the
start of the load to failure pull out test when under a load of 6.7 N. There is a noticeable
anomaly in the profile of this test, shown in Figure 126, where the load reached 400 N and
then plummeted along with a slight reduction in displacement. This occurred due to a safety
limit for the ElectroPuls E10000 being triggered. The limit was raised to 900 N and the trial

continued in a matter of seconds.

Figure 131. Arthrex SutureTape cemented into porcine fibula and both ends of the
SutureTape are gripped within a mechanical grip.

When both strands of the suture tape were gripped the failure load of the InternalBrace
implanted with a SwivelLock suture anchor almost doubled in the single trial performed.
Typically the excess suture tape is simply cut away in the recommended procedure by the
manufacturer, shown in Figure 132A. The potentially huge improvement in load capacity
achieved when slippage of the suture tape is prevented is therefore not capitalised upon. This

could however be achieved by attaching the loose ends of the suture tape together or to the
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tensioned suture tape near the suture anchor, shown in Figure 132B. The practicalities of
performing such an adaptation intraoperatively do however require some further
consideration. For example, would suturing to the tensioned suture tape cause the suture tape
to fail? Also to be considered is that in this pull out study the load was applied in the same axis
as suture anchor orientation. This is not the reality for load application in patients who have an
augmented Brostrom procedure with InternalBrace. The load would be applied from different
angles in the fibula, talus and calcaneus as dictated by the procedure, therefore these results

represent the worst case scenario.

=

A B

Figure 132. lllustration of InternalBrace suture tape (white with blue border) implanted into
bone (beige block) using a SwiveLock suture anchor (grey threaded anchor) A) following
manufacturer guidelines and B) following adaptation proposed by the author. The loose end
of the suture tape is connected to the tensioned tape, in this case with a surgical suture
(dark blue solid line).

5.3.4.3 General Discussion

Both the Infinity-Lock and InternalBrace suture tapes performed well under cyclic loading with
minimal amounts of creep occurring. The InternalBrace failed at a higher load than the Infinity-
Lock suture tape when both suture tapes were implanted into porcine bone following the
Arthrex implantation guidelines of tapping the suture anchor tunnel. The InternalBrace was
also easier to implant and from the limited data appeared to allow the Swivelock suture
anchor to integrate with the bone more than the Infinity-Lock suture tape. Bone integration
can be interpreted by the failure mode with SwivelLock suture anchors used to implant
InternalBrace suture tapes remaining within the bone whereas those implanted with the

Infinity-Lock suture tape were dislodged.

The mean and 95 % Cl values for failure load of the ATFL, CFL and PTFL were reported in
Chapter 3 as 263.6 + 164.3 N, 367.8 + 79.8 N and 351.4 £ 110.8 N, respectively. Within the
small sample, neither the Infinity-Lock nor the InternalBrace suture tapes were capable of
achieving suitable loads when implanted with a SwiveLock suture anchor following
manufacturer guidelines. Suture tape failure did not occur in any of the testing with the
exception of incidental fraying of the Infinity-Lock suture tape following the punched suture

anchor tunnel preparation method into porcine bone. Occurrence of fraying was likely due to
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an inappropriate implantation method requiring excessive force whilst screwing the suture

anchor into bone.

With a sample size of one for each investigation it is difficult to draw meaningful conclusions
from the data. The thickness of the Infinity-Lock suture tape provided considerable challenge
to implantation when using a Swivelock suture anchor following the manufacturer guidelines.
The small thread depth of SwivelLock suture anchors and the low tolerance between the suture
anchor and the bone tunnel hinder the ability of SwiveLock suture anchors to effectively fix the
Infinity-Lock suture tape. A similar approach has potential to work, however the thread depth
would have to be increased and the tolerances between the suture anchor and bone tunnel
refined for the specific implantation of the Infinity-Lock suture tape. Alternatively a different
fixation method could be explored or perhaps the suture tape is adapted to be thinner. Should
fixation of the Infinity-Lock suture tape be explored further the author recommends that it is

developed and tested within natural bone tissue rather than a Sawbone model.

Failure occurred in all trials due to the fixation method, a SwivelLock suture anchor. Failure
occurred in various ways and under a wide range of loads. When using a SwivelLock suture
anchor the author believes that a tapped approach, as recommended by the manufacturer, is
favourable over a punched approach to suture anchor tunnel preparation. This belief is based
on the assumption of good quality bone stock for the patient. In patients with poor bone
quality the tunnel preparation method is unlikely to influence results dramatically and the use

of bone anchors has an increased potential to fail.

5.3.5 Conclusion

No suitable implantation method for the Infinity-Lock suture tape was identified within the
small amount of investigations performed in this preliminary study. Future investigation of
fixation methods for the Infinity-Lock suture tape should be performed using natural bone
tissue opposed to the Sawbone model previously used. Within the small sample, both the
Infinity-Lock and InternalBrace suture tapes failed, when implanted with a SwivelLock suture
anchor, at loads lower than the natural tissue they are intended to repair. The InternalBrace
cannot however be discredited as an augmentation to the Brostrém procedure by the findings
of this study. The study does raise questions regarding the contribution that the suture tape is
able to provide over the gold standard modified Brostrém procedure. A comparative study of
the mechanical support provided by the InternalBrace during an augmented repair of the
lateral ankle ligaments should be conducted. A potentially simple adaptation to limit tape
slippage in the augmented Brostréom procedure with InternalBrace has the potential to double

the load capacity of the suture tape augmentation.
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Chapter 6 — Overall Discussions, Conclusions and Future Work

6.1 Overall Discussion

This project aimed to mechanically characterise the lateral ankle ligaments under conditions
representative of LAS. A further aim was to analyse the biomechanics of ankle sprain and
subsequent changes in joint stability through the simulation of sprain. The final aim was to
evaluate the ability of synthetic interventions to restore joint stability and the effectiveness of

their fixation technique.

Studies conducted were mostly of an exploratory preliminary nature due to the lack of existing
knowledge and novel methodologies developed throughout the project. A great amount of
insight was however still generated through the completion of the project to advance the
development of synthetic interventions for LAS. The most significant finding of the project was
the mechanical properties of the LCL complex were determined when characterised at strain
rates representative of LAS. These results are reported in chapter three and further inform
manufacturers of the mechanical requirements of synthetic interventions. A large volume of
highly novel and exploratory research was conducted contributing to the development of a
conceptual specification for future investigations into the simulation of LAS, detailed in chapter
four. Changes in stability due to LAS were analysed and the effectiveness of synthetic
interventions to restore joint stability was evaluated. The suture anchor fixation technique was
mechanically characterised for both the Infinity-Lock (Xiros Ltd, Leeds, UK) and InternalBrace
(Arthrex Inc, Naples, FL, USA) suture tapes and an adaptation was proposed potentially

capable of doubling the failure load of the fixation technique.

6.1.1 Ligament Characterisation

6.1.1.1 Storage and Experimental Condition Effects

Cadaveric tissue if often sourced from a tissue bank and can require a large amount of
dissection and sample preparation prior to testing. A preliminary study was therefore
performed to identify possible effects of freeze duration and repeated freeze-thaw cycles on
the mechanical properties of BLB constructs. The study also analysed the effects of testing
environment conditions and strain rate on mechanical properties due to the lack of and
contradictory nature of knowledge, respectively. Initial preliminary testing of the porcine
patellar tendon identified that strain rate has a significant effect on the failure stress of
ligaments, in agreement with previously published literature (Noyes et al., 1974; Neumann et
al., 1994; Hawkins, 2002; Bonner et al., 2015; Karunaratne et al., 2018). The 40.8 % increase in
failure load with increased strain rate was considerable and of importance yet determined to
be statistically non-significant, likely due to the small sample size and large variation in data.
This finding provides a specific novelty to the subsequent human ankle ligament

characterisation study where a focus was on characterising the LCL complex at strain rates
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estimated to be representative of LAS. Other storage and testing environment conditions
investigated (up to four freeze-thaw cycles, freezing up to 151 days, freezing intact/dissected
and tissue hydration with PBS spray/bath) were determined to have no significant effect on
the mechanical properties of the patellar tendon BLB construct. A testing protocol was
therefore established for future mechanical characterisation using the most time-efficient
aspects investigated. These results are of particular importance for bioengineering researchers

wanting to mechanically characterise tendinous and ligamentous structures of the body.

The porcine preliminary testing investigated the length of time samples were frozen for, up to
151 days (5 months). This time period covered the maximum length of time the donor tissue
was expected to be stored frozen at the university. Research projects are often susceptible to
change due to unforeseen circumstances preventing planned research from occurring in-line
with an anticipated schedule, such as the ongoing global pandemic for example. Tissue
inherited from a previous researcher was used in this study in an effort to prevent the wastage
of precious human tissue and as no literature existed, to the knowledge of the author at the
time, detailing the negative effect of freeze duration on the tensile mechanical properties of
ligamentous structures. Research conducted after the mechanical characterisation studies
highlighted the significant effect long term freezing can have on the failure load of tendinous
tissue (Quirk et al., 2018). The study by Quirk et al. (2018) attributed the reduced failure load
in rat Achilles tendon after 9 months of freezing to an increased collagen fibril spacing
observed under electron microscopy (Quirk et al., 2018). The study raises a potential limitation
not only for the mechanical characterisation study of this project but for all studies using
tendinous or ligamentous tissue frozen for an extended period of time. This includes studies
using human tissue from tissue banks, where the tissue is typically stored frozen for longer
durations, and studies interrupted by the ongoing global pandemic. Researchers should
therefore limit, as best within their control, the length of time tissues are frozen for and report
the time period when publishing mechanical characterisation results to afford better

interpretation.

When investigating the effects of experimental conditions on the mechanical properties of
ligamentous tissues however, the use of porcine tissue as a surrogate model for human tissue
is warranted. Not only does the use of porcine tissue, which is readily available, prevent the
excessive and unnecessary wastage of human tissue it has also been demonstrated to be an
effective model for human tissue characterisation (Kiapour et al., 2015; Cone et al., 2017).
Particularly, as the inference made within this study is on what effect changes to storage
conditions or testing procedures had on a particular ligamentous structure. Similarly the use of
porcine tissue, considered by many to be less valuable than human tissue, is equally effective
for the investigations into gripping technique development performed in this study,
demonstrating responsible innovation. The main caveat to that point is that the anatomy of

the model used must sufficiently reflect that of the modelled tissue. In situations where this is
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not true, tissue wastage would in fact be increased for the model tissue, during model

development, and the modelled tissue upon model validation.

6.1.1.2 Lateral Ankle Ligament Characterisation

The mechanical characterisation of the LCL complex was performed, at a strain rate estimated
to be realistic for LAS, to determine the mechanical properties required of synthetic
interventions. Should synthetic interventions be able to burden the excessive loads
experienced during sprain then the augmented repair would be less prone to recurrent sprain
than the repaired natural tissue. The average ultimate failure load of the ATFL was found to be
noticeably lower than that of the CFL and PTFL, which had similar average ultimate failure
loads, in agreement with previously published literature (Attarian et al., 1985; Siegler et al.,
1988).

When the results were interpreted on an individual donor level, no systematic pattern was
observed with the ATFL even being the strongest of the three ligaments of the LCL complex for
some donors. Commentary on this observation has not previously been performed, to the
author’s knowledge, even where similar findings are present within the results of previous
research articles (St Pierre et al., 1983). The relevance of this finding may not have been
obvious in previous studies however in the context of ligament repair it is of great importance.
It is known that the ATFL is the most frequently damaged lateral ankle ligament followed by
combined ATFL and CFL injury and in a small number of very severe injuries the PTFL can also
be damaged (Ferran and Maffulli, 2006; de Asla et al., 2009). Isolated cases of CFL injury have
been reported but are uncommon and the occurrence is negligible in comparison to the other

presentations of lateral ligament injury (Lynch, 2002; Rigby et al., 2015).

In an effort to ascertain an explanation for this phenomenon, previous researchers have
assumed that the ATFL is the most frequently damaged ligament due to the fact that it is the
weakest (Ferran and Maffulli, 2006; Fong et al., 2009a). Whilst this assumption could still be
true for some how can it be that the ATFL is the strongest of the three ligaments of the LCL
complex among some of the population? An alternative theory is that the average result for
the ATFL is being reduced by the inclusion of numerous donor samples where the ATFL has
been previously damaged and unreported, something that occurs very frequently (Hertel,
2002; Kemler et al., 2015). This theory could expose new understanding on the strengths of
the ATFL, CFL and PTFL as well as guide an explanation for the higher frequency of ATFL
ligament damage. If substantiated through further large-scale analysis, this theory would
suggest that the anatomical position and insertions as well as the associated biomechanics of
the ankle are more critical to the predisposition of the ATFL to have an increased injury

prevalence rather than its strength (Al-Mohrej and Al-Kenani, 2016).

The advancement of synthetic ankle ligaments could optimise ligament repair treatments. The
human ankle ligament characterisation findings of this study can further inform mechanical

property specifications for the development of synthetic interventions. Through improved
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matching of the mechanical properties, particularly the stiffness, of synthetic ligaments to
their natural counterparts, joint mobility and stability have the potential to also benefit. In
order for this to become a reality, novel manufacturing techniques may also be required for
the production of synthetic ankle ligaments whereby varying sizes and properties of synthetic
ligaments can be produced. Additional complexity is likely to be introduced when personalising
medicine but even a stratified approach would surely be beneficial over a one device suits all

approach.

A positive correlation between BMI and the ultimate failure load of the CFL was identified in
this project within a cohort with a normal BMI (r = 0.92; p = 0.01). Further investigation with a
larger sample covering a wider ranging BMI is required to corroborate this correlation. The
same relationship was also observed for the ATFL and PTFL but no significant correlation was
identified. This relationship is likely due to the adaptive remodelling nature of ligaments as
individuals with a greater BMI are expected to apply more stress to the ligament, increasing
strength over time (Hauser, 2013). This theory is supported by the findings of Tas and co-
workers who identified a correlation between BMI and the thickness of the patellar tendon
(Tas et al., 2017). Increased loading of tendinous tissue due to performing exercise consistently
over a 12 month period has been shown to increase “tendon weight, cross-sectional area,
collagen content, modulus and strength” (Woo et al., 1980; Wren et al., 2000). Likewise joint
disuse can lead to a deterioration of the mechanical properties of ligaments and tendons
(Yasuda and Hayashi, 1999). A patient’s BMI could therefore be an important factor when
selecting the appropriate material properties of a synthetic intervention, and notably patients
with a high BMI who are more often candidates for a synthetic ligament repair (Ajis et al.,
2006).

The mechanical property results of this study can also be employed in computational models
in the form of ligament property definitions within OpenSim or AnyBody models (AnyBody
Technology A/S, Aalborg, Denmark). The data has in fact already been used in an international
collaboration using a foot and ankle musculoskeletal model to understand ligament behaviour

during functional movements (Boey et al., n.d.).

6.1.1.3 The Lateral Collateral Ligament Complex

An important consideration in the design and development of synthetic ligament interventions
is the anatomy and structure of the ligament they intend to repair, particularly the location of
the origin and insertion points. As detailed in the section of the literature review titled ‘Lateral
Collateral Ligament Complex’ the anatomy of the LCL complex varies significantly between
individuals. The size, orientation and number of constituent ligamentous bands forming the
ATFL, CFL and PTFL have been reported to vary between individuals. With increasing
inspection of the LCL complex by anatomists, the interconnected nature of the ATFL, CFL and
PTFL at their fibular insertion has been observed (Golané et al., 2016; Dalmau-Pastor et al.,

2020). The same observation was made in this project and although it was discovered by
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anatomists within the field over four years ago, it is yet to become common knowledge among

researchers in the ankle field.

This raises a question on how we should consider the ligaments of the LCL complex. Should the
ATFL, CFL and PTFL be considered as three distinct ligament structures or as a single
interconnected ligamentous complex? The lateral ankle ligaments could be considered as an
interconnected complex which varies depending on patient-specific factors to collectively
stabilise the lateral side of the ankle joint complex and achieve the same function. Regardless
of how they are considered, it appears to be growing ever more evident that there is no
standard presentation of the LCL complex. Repair of the lateral ankle ligaments should
therefore also be non-standardised and a patient-specific approach to anatomical repair would

be preferable.

Dalmau-Pastor et al. (2020) suggests that the interconnecting fibres may play some role in the
mechanical stabilisation of the lateral ankle but admits their exact function is unknown
(Dalmau-Pastor et al., 2020). The mechanical properties of the interconnecting fibres were not
directly reported in this project however they were retained when the entire LCL complex was
characterised. No macroscopic damage to the fibular insertions of the ATFL or PTFL occurred
when the CFL was ruptured, even for samples where fibular avulsion was the mode of failure.
The small connecting fibres are therefore unlikely to provide a significant amount of strength
to the LCL complex to aid in the stabilisation of the lateral ankle complex. Further
experimentation is required to determine the exact function of the interconnecting fibres of
the LCL complex. Alternatively computational modelling could be beneficial with a reverse
engineering approach being adopted for the investigation into the role of the interconnecting

fibres.

6.1.2 Development of a Lateral Ankle Sprain Simulation

The current understanding of ankle sprain biomechanics is poor considering the high
prevalence of ankle sprains. This is in part due to the complexity of motion at the ankle
complex, the likely diverse ROM combinations possible of instigating LAS and the lack of a
sprain simulation methodology. Most agree that excessive inversion is a major factor to the
causation of lateral ankle ligament injury with increased plantar flexion and internal rotation
having the ability to increase the level of damage (Fong et al., 2009b; Mok et al., 2011; Gehring
et al., 2013). The rate of loading is of importance too as sprain often occurs quicker than the
reaction time of the muscles in the lower leg (Gehring et al., 2013). Less is known about the
loads applied during sprain events due to the difficulty faced capturing kinetic data during

sprain events.

One avenue to investigate the biomechanics of LAS is through the simulation of LAS using
cadaveric tissue. To the author’s knowledge, there are currently no sprain simulators capable

of replicating LAS using realistic loads and strain rates. Thus the development of such a device
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for cadaver testing was a central aim of this project. An iterative approach to design and
development of the sprain simulation was adopted during this project, whilst simultaneously
considering the three different aspects which guide motion, generate load and analyse motion.
Focus was primarily on the development of a sprain platform to replicate the motions of ankle

sprain whilst harmoniously combining with the loading device and motion capture system.

A robust and modular sprain platform capable of performing the motions associated with
lateral, medial and distal tibiofibular syndesmosis sprain for both left and right feet was
produced. The sprain platform was capable of performing up to 90 degrees of plantar flexion
and inversion, individually, with zero degrees of internal rotation. Alternatively, combined
plantar flexion and inversion could be performed, up to 45 degrees in each direction,
generating internal rotation as a by-product of the combined universal joint motion. Higher
degrees of plantar flexion (50 degrees) and inversion (45 degrees) ROM was achieved using the
final hard stop design, shown in Appendix D.1.16 Base Hard Stop. The use of this style of hard
stop did however reduce the adaptability of the sprain platform as a new hard stop is required
to be manufactured for the investigation of different angles. Adaptability was considered a key
aspect of the sprain platform given the lack of knowledge on the angles and loads required to
generate LAS. In hindsight the adaptability of the platform could also have been a downfall of
the design given the current stage of understanding and the investigations required. A
stronger design capable of bearing higher loads could have been achieved if the ROMs tested

were fixed or differed in larger increments, rather than coving the entire ROM scale.

Estimations of the required motion and loading to cause LAS were calculated from the limited
literature available on the biomechanics of LAS. The data available was for unspecified or mild
LASs and therefore the estimations made could have been underestimates for the generation
of severe LAS. The drop-weight rig used was sufficient for applying the estimated loads
required to generate LAS. A major restriction of the drop-weight rig however was that the rate
of loading (strain rate applied to ligaments) could not be tailored to be specific for LAS without
affecting the impact energy load. In a previous study within this project, detailed in Error! R
eference source not found., the importance of strain rate on the mechanical properties of
lateral ankle ligaments was highlighted. Therefore, the unrealistic strain rates used in this
study, as a consequence of using a drop-weight rig, could provide explanation for the
difficulties faced around appropriately loading the specimen. The lack of load control offered
by the drop rig throughout the sprain simulation trial was another limitation of the loading
device. The inability to control load prevented the application of a consistent load at a
consistent rate throughout the simulation. Rather an impact energy was applied to the sample
which either caused catastrophic failure in the form of bone fracture or was absorbed by the
sample with no evidence of macroscopic damage. The application of a consistent load rather
than one which reduces in both magnitude and application rate during the trial could

potentially have eliminated some of the challenges faced loading the sample. Of the devices
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available to the author at the time the study was conducted the drop rig was however the

most appropriate loading device.

Kinematic data was captured for sprain simulation efficiently using a Miqus motion capture
system (Qualisys AB, Gothenburg, Sweden). An optical motion capture system was selected for
biomechanical analysis due to the 3-dimensional capabilities in addition to the high capture
rate. The use of motion capture presented a few obstacles for the sprain simulation study.
Firstly, the line of sight of reflective markers is required by two or more motion capture
cameras at all times. This initially posed a considerable design challenge for the sprain

platform as a balance between structural integrity and a clear line of sight of reflective markers
was required. The positioning of motion capture cameras became a specimen-specific task due
to the variation in size and footedness of specimens altering the position of the reflective
markers. Positioning of cameras became a time-exhaustive task due to the essentiality of

obtaining a 100 % capture rate through the complete sprain motion on the first attempt.

The use of passive reflective markers also posed a separate issue in terms of hydrating the
specimen throughout testing. Samples were soaked in PBS for 30 minutes prior to marker
fixation in an attempt to combat dehydration effects. The fixation of markers triads into bone
was also problematic and required several iterations. Difficulties arose when markers were not
implanted firmly enough into bone and were either dislodged or moved/vibrated relatively to
the sample. Finally 316 stainless steel marker triads implanted firmly into bone were successful
in accurately tracking the motion of the ankle complex. The capture frequency of the motion
capture system was determined to be critical for this study due to the high rates of loading
employed. Optical motion capture was capable of capturing the fine details of ankle kinematics
when motion occurred at a great rate and is therefore still recommended for ankle sprain

analysis.

The simulation of sprain came close to successfully simulating LAS. Variation between donor
specimens posed a significant challenge to simulating sprain, particularly as a lack of control
over loading existed. The inversion ROM employed in this study was likely too low for the
simulation of severe LAS. Inversion ROM closer to, or even in excess of, the 90 degree
capability of the sprain platform may be required for the simulation of severe LAS as
demonstrated in recently published literature (Panagiotakis et al., 2017). The load and rate of
loading also needs to be closely considered, potentially at an individual donor level, when
attempting to simulate ankle sprain. The sprain platform and optical motion capture system
used in this project are proposed to be adequate for the successful simulation of LAS, although
unproven by this study. The use of a drop-weight rig to apply load is however not
recommended where more suitable devices with load control capabilities are available, such as
electromechanical materials testing devices. Further research into the biomechanics of sprain
through computational modelling can also potentially provide essential insight into the
motions associated with ankle sprain. The computational work of Fong and their colleagues

could provide answers to the current gaps in knowledge (Fong et al., 2009b).
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6.1.3 Joint Stability after Lateral Ankle Sprain

Joint stability is imperative to the quality of life and ability to participate in sport with many
people with CAl, where treatment has been ineffective, changing sports or stopping
participation in sport entirely (Vuurberg et al., 2018a). Patients who suffer chronic lateral ankle
instability can experience frequent episodes of the ankle instantaneously and unexpectedly
giving way (Gribble et al., 2016b). Ankle instability is most commonly analysed through clinical
assessment of the patient in the form of an anterior drawer and talar tilt tests (Song et al.,
2019). Stress radiography can be used to quantify the stability of the ankle joint and an
instability threshold value of 3 mm anterior displacement of the talus, relative to the

contralateral limb, has been established (Seligson et al., 1980).

Individual contributions of the ankle complex, talocrural and subtalar joints to anterior-
posterior displacement and inversion/eversion ROM during stability drawer tests were
calculated in this project for the first time, to the knowledge of the author. The individual joint
data provides insight into the effect an ATFL or combined ATFL and CFL rupture can have on
the biomechanics of the ankle. Ankle stability was found to decrease with sequential
sectioning of the ATFL and CFL in this project when analysed through anterior drawer and talar
tilt tests measured using motion capture. Chronic ankle instability, among other factors
(altered joint mechanics, congruity and malalignment), is widely accepted as a contributing
factor to the progression of PTOA (McKinley et al., 2004; Saltzman et al., 2005; Valderrabano
et al., 2009; Weatherall et al., 2013; Buckwalter et al., 2013; Blalock et al., 2015; Delco et al.,
2017). Chronic ankle instability is however not the main cause of PTOA with up to 95 % of
individuals suffering severe ankle sprain presenting with an osteochondral lesion, often on the
dome of the talus (Taga et al., 1993). An osteochondral lesion lead to the development of
PTOA in over 50 % of patients (Klammer et al., 2015). Increased ligament length and resulting
ligament laxity, due to sprain, alters the ROM of the ankle complex, as demonstrated in the
results of this study. Changes in contact stresses are therefore likely experienced in the joints,
particularly in the talocrural joint after ATFL injury, exacerbating the issues associated with the
osteochondral lesion present on the talar dome (Anderson et al., 2011). If an osteochondral
lesion was not formed due to the primary injury during a sprain event one can arise over time
due to the increased localised contact stresses experienced. This data could potentially aid in

the explanation of how chronic instability can lead to the progression of PTOA.

On average the anterior drawer results increased by 3.6 + 1.6 mm after sectioning the ATFL
and by 4.8 + 2.6 mm after combined ATFL and CFL sectioning. These findings suggest that the
threshold value of 3 mm, which has been longstanding for clinical assessment of lateral ankle
instability, could possibly exclude some patients who have suffered a severe ATFL rupture or
even a combined ATFL and CFL rupture. Within the small sample, the variability between
individuals for anterior drawer test measured using motion capture was found to be 2.0 mm in

the intact condition when an anterior load of 100 N was applied. The threshold value to
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determine rupture of the ATFL could therefore be lowered when using this technique to
improve the accuracy of the test. A single threshold value is unlikely to be perfect for an entire
population however based on the results of this project a value of 2.0 mm anterior drawer
would be more suitable than 3 mm to identify severe LAS and instability. For such a value to be
adopted clinically, a quantitative and equally accurate load application technique would have
to be implemented. Preferably load would be applied and motion captured from the skin
surface opposed to directly implanting load devices and bone pins. This would likely increase
the variance in results slightly due to different levels of soft tissue depth between the bone

and skin surfaces.

Motion capture was found to be a suitable tool for the evaluation of joint motion during
drawer tests. The mean and variation results of the study, evaluating the validity of the motion
capture and motion drawer techniques performed in this study, were comparable to two
different techniques performed in a previous study (Kovaleski et al., 2002). Anterior drawer
was found to be considerably more accurate than the talar tilt test for the identification of
ATFL rupture in this study. Whereas the talar tilt test was much more effective at identifying
combined rupture of the ATFL and CFL. Therefore the use of both the anterior drawer and talar
tilt tests is recommended for the identification of LAS as well as the evaluation of repair

techniques to restore joint stability, supporting the current understanding (Song et al., 2019).

6.1.4 Synthetic Repair of Lateral Ankle Ligaments

The use of synthetic interventions has recently gained some traction as an augmentation of
soft tissue repair in the form of the augmented Brostrom procedure with InternalBrace. This
type of procedure has been suggested to improve return to sport and is therefore a popular
treatment for elite athletes suffering an ankle sprain (Viens et al., 2014; Coetzee et al., 2018).
The use of synthetic interventions has also been proposed to be beneficial for patients with a

higher than normal BMI (Cho et al., 2015).

6.1.4.1 Infinity-Lock

Testing of the Infinity-Lock suture tape, produced by the industrial sponsors of the project, was
the original aim of this project. A considerable amount of resource had been spent by the
industrial sponsors on the development of a strong suture tape with an open weave structure
offering the opportunity for cell infiltration. An adequate strength and appropriate stiffness is
imperative to the success of synthetic interventions, being able to restore joint stability, and to
prevent implant failure. Unfortunately, the fixation and surgical implantation techniques for
the suture tape were not sufficiently developed at the point in time of the stability analysis

study for the inclusion of the Infinity-Lock suture tape.

Some initial preliminary testing was performed for the fixation of the Infinity-Lock suture tape,
described in Chapter 5. Unfortunately a successful fixation technique was not developed
during the preliminary testing however insight was gained surrounding the use of suture

200



anchors for the Infinity-Lock suture tape. Use of a SwivelLock (Arthrex Inc, Naples, FL, USA)
suture anchor was determined to be unfeasible due to the inability to progress the suture
anchor into the bone tunnel without the application of excessive force. The required
positioning of the suture tape between the suture anchor-bone interface for the fixation
technique and the thickness of the suture tape were responsible for the significant challenges
faced upon implantation. The action of progressing the suture anchor into bone using a
considerable torque force was also responsible for occasional fraying of the suture tape due to
its fibrous and open-weave structure. The Infinity-Lock suture tape was originally developed
for repair of the shoulder and fixed using a titanium alloy button (Neoligaments, n.d.).
Therefore, should applications of the Infinity-Lock suture tape be pursued within the ankle, the
author would recommend that a technique which does not involve a torque load being applied
to the suture tape should be adopted. A considerable amount of further investigation into a
suitable fixation method for the Infinity-Lock suture tape is still required. With the
development of a potentially novel fixation technique the manufacturers of the Infinity-Lock
suture tape would also need to consider the potential implications this would have on the

surgical technique adopted.

6.1.4.2 InternalBrace

Clinical outcomes of the most routinely used synthetic repair, the augmented Brostrém
procedure with InternalBrace, are comparable to the current gold standard procedure, the
modified Brostrom procedure (Coetzee et al., 2018). Ascertainable benefits of the augmented
procedure over the gold standard are however limited with a reduced return to sport and
quicker surgical time being the standout advantages (Ulku et al., 2020). Whilst FAAM sports
scores were enhanced for the augmented procedure no difference was reported during daily
life (Ulku et al., 2020). The reduced return to sport is attributed to the ability to immediately
partially weight-bear and subsequent earlier commencement of rehabilitation due to
immobilisation within a cast for two weeks not being required as it is with the modified
Brostrém procedure. The quicker surgical time does not translate to an increased cost
effectiveness with the augmented procedures calculated to be 1.3x the cost of the gold
standard even when accounting for the cost benefits of a reduced surgical time (Cho et al.,
2019). No significant difference was found between the two procedures for other outcomes

including FAQS, FAAM, recurrence rate of instability and stress radiographs (Cho et al., 2019).

Within this project the InternalBrace suture tape was found to adequately restore joint
stability in two out of six repairs, where all other repairs failed at their fixation during inversion
testing. The results for successful trials were promising considering soft tissue repair was
absent from the augmented Brostrom procedure with InternalBrace. The high proportion and
manner of fixation failures was however concerning since the suture tape is currently being
implanted into patients using the same SwivelLock suture anchors. Whilst the clinical relevance

of the study could be questioned due to the absence of soft tissue repair, this study exposed
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potential vulnerabilities of the suture anchor fixation technique used for suture tape
augmentation. Failure at relatively low loads of 4 N.m torque is unacceptable and
demonstrates the inadequacy of the augmented repair for joint stability restoration when
compared to the intact condition. Clinical stability analysis of ankles repaired using the
augmented Brostrom procedure with InternalBrace produce good outcomes in patients (Ulku
et al., 2020). The contribution of the suture tape augmentation to joint stability is however
unknown as the soft tissue repair could be responsible for the entirety of the stability
produced, which did not differ significantly from those of the modified Brostrém procedure
(Ulku et al., 2020). The effects of the suture tape could be, and theoretically should be, masked
by the soft tissue repair performed. This is due to the suture tape being implanted slightly slack
to prevent impingement or stress shielding of the repaired tissue. Since the augmented
procedure only differs from the gold standard procedure through the addition of the suture
tape, the outcome of no significant difference between the two procedures for any outcome

measure is akin to a false positive result.

In order to identify the contribution of the InternalBrace to the augmented repair procedure
the strength of the fixation, identified as the weak point of the repair, was mechanically
characterised. The strength of the augmented Brostrém procedure with InternalBrace (315.5 +
66.8 N) (Arthrex Inc, Naples, FL, USA) has previously been reported to be as strong as the
native ATFL (154.0 + 63.7 N) it is most commonly used to replace (Viens et al., 2014). Similarly
to the stability results, the published strength result of the augmented suture tape repair
offers little indication of the strength provided by the suture tape due to the soft tissue repair
performed simultaneously. To the author’s knowledge no comparable strength data for the
modified Brostrom procedure exists either. A comparison between the two procedures is an
important one to potentially justify the use of the augmented procedure. The suture tape
repair procedure performed in this study therefore excluded soft tissue repair, although less
clinically relevant, to investigate more closely the ability of the suture tape to provide stability
to the lateral ankle complex. The mean strength of the ATFL when characterised in this project
at realistic sprain strain rates was 263.6 + 164.3 N. Therefore, the InternalBrace is unlikely
sufficiently strong enough to prevent recurrent sprain for a proportion of the population due
to the overlapping of Cls. Nor is the InternalBrace strong enough to adequately replace the
native CFL (367.8 = 79.8 N) when fixed using the manufacturer’s currently recommended

implantation method using suture anchors, a procedure currently being performed in patients.

When fixation failure mode was further scrutinised, failures of the preliminary pull out study
were not representative of those observed in the stability analysis study. A potential
explanation for this could be a difference in the strength and stiffness of bone between the
older human cadaver tissue compared to the immature porcine bone (Patton et al., 2019). The
bone density of immature porcine bone also visually appeared to be higher than that of the
human cadaver bone, although this parameter was not quantified. If the density of the aged

human cadaver bone was lower, then pull out of suture anchors would be more likely as the
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thread of the suture anchor would have less bone to engage with. The mean age of the
stability study (47.8 £ 10.7 years) was higher than that of the peak sprain population (< 19
years) (Waterman et al., 2010), however the repair procedure is performed on a wide age
range of patient’s as demonstrated in a recent study (mean age of 41.94 years, (Kumar Batra
et al., 2018)). In porcine bone the suture anchors were very effective at integrating with bone
tissue, possibly due to an increased bone density, causing failure to occur through slippage of
the suture tape. When slippage of the suture tape was prevented by clamping both strands of
the suture tape within the gripping fixture the failure load almost doubled. Possible
implantation techniques to prevent slippage have been proposed by the author and the
findings warrant further investigation. Should a suitable method be developed where other
complications are not presented and the structural integrity of the suture tape is not impaired,
the strength performance of the suture tape could be sufficiently high to adequately repair the
ATFL for at least 95 % of the population. Alternatively, the differences in failure mode could be
related to the axis of loading applied to the fixation of the augmented repair in the two

studies.

Changing from a gold standard procedure to a lesser developed surgical technique involves risk
and the novel technique should therefore boast major attributes over the gold standard
procedure such as reduced surgical time, cost, complication rate or return to sport/daily
activity, or improved outcome scores. Since the augmented suture tape involves all aspects of
the modified Brostrom procedure and few significant improvements in clinical outcomes have
been identified to date, in addition to the frequent failure at low loads observed in this project,
it is the opinion of the author that the benefits of the augmented Brostrém procedure with
InternalBrace are unlikely to outweigh the 1.3 times cost of the procedure. Robust healthcare

economics analysis is however required to substantiate such a claim.

6.1.5 Limitations

The limitations of the individual studies conducted as part of this project are discussed in detail
within their respective sections of this thesis. There are however some overarching limitations
to the project and some which are relevant to the conclusions drawn by the author. Firstly, the
sample size of all studies was small, but pragmatic, and therefore when statistical analyses
were employed they were often insufficiently powered. The statistical results are documented
within this thesis to provide information to those who desire statistical analyses to be
presented for engineering studies, even with a small sample size. The inferences made should
however be interpreted with caution and larger scale studies, appropriately powered on the

findings of this study, would be required to allow any conclusions to be drawn with conviction.

The inference made through mechanical characterisation of porcine patellar tendon may not
directly correspond to the outcomes for human lateral ankle ligaments as assumed by the
author. Should this be the case then the mechanical properties reported for lateral ankle
ligaments could have been affected by the storage or testing conditions. This is however
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considered unlikely given comparable results have been reported for other ligaments from
different species. As previously discussed, use of porcine patellar tendon was deemed

acceptable for reasons pertaining to minimisation of cadaver tissue wastage.

The use of cadaveric tissue comes with several limitations, particularly when the tissue is from
mature adult donors, likely frozen for an extended duration and with an unknown history of
sprain. Age of donors as a limitation to the study could be argued as although sprain sufferers
are typically younger the age of repair patients can vary. It also appears age has no significant
effect on the mechanical properties of ligaments in a healthy population (St Pierre et al., 1983;
Blevins et al., 1994; Johnson et al., 1994; Flahiff et al., 1995; Couppé et al., 2009). The length of
time frozen was out of the control of the author for the inherited human tissue samples and
samples acquired by the author were grouped into as few transactions as possible to reduce
the considerable cost implications associated with the international shipping of human tissue.
Previous history of sprain was also out of the control of the author, although no prior history of
lower limb trauma was a requirement of human tissue sample selection. The exclusion criteria
was reliant on the patients reporting prior injuries to a medical practitioner, which often is not

the case with mild/moderate ankle sprains.

A correlation between BMI and ultimate failure load was identified in this project however the
finding should be interpreted with caution. In addition to a greater sample size being required
the correlation was based on a donor sample with a narrow ranging BMI, with all donors
within the normal category, the same correlation cannot be assumed for underweight or

obese individuals.

Opinions regarding the use of suture tape augmentation are purely informed opinions of the
author based on their experiences using the devices within this project. Prospective
randomized studies are required to provide rigorous scientific evidence for the potential
benefits of the suture tape augmentation procedure with InternalBrace. Differences in the
failures observed for the fixation between studies was attributed to the difference of tissues
used (human, porcine or Sawbone) however inter-surgeon differences could provide

explanation.

6.2 Conclusions

Limitations aside, several meaningful and insightful conclusions can be drawn from the results

of the studies performed in this project.

e Initial preliminary mechanical characterisation identified an increase in strain rate to
significantly increase the failure stress and considerably increase the failure load of
porcine patellar tendon, emphasising the importance of selecting an appropriate strain
rate when characterising ligamentous tissue. Future ligament characterisation studies
should consider carefully the strain rate used, up to 100 %.s*, and select the strain rate

based on the conditions being investigated. For ligament sprain or damage studies
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realistic strain rates should be used or, where not published, estimates from real-
world data should be made, as in this project. The study also found a high prevalence
of avulsion failures to occur when ligaments were tested at strain rates representative
of in vivo sprain. Therefore the consideration of structural properties of BLB complexes
could be more suitable over material properties from a biomaterials engineering
perspective as more than one material is being characterised. Of the other storage and
testing conditions investigated no significant difference was found for the ultimate
failure load and stiffness of BLB constructs. This afforded the repetitive freezing and
thawing of samples for logistical purposes and determined that the use of a water bath
was unnecessary, increasing the time-efficiency of the testing protocol for BLB
constructs.

Mechanical characterisation of cadaveric tissue identified no systematic difference for
the ultimate failure load and stiffness of the ATFL, CFL and PTFL when investigated in
isolation and in vitro. There was however, a tendency toward greater strength in
people with a higher BMI. This phenomenon suggests the general understanding that
the ATFL is the weakest ligament in individuals could be flawed, however a larger sized
study is required. This finding has potential implications for the required mechanical
properties of synthetic repair interventions as average ATFL failure loads could be
underestimates for a healthy population. The maximum likely exposure loads, the BMI
of the patient and the failure mode of the LCLs all appear to be factors requiring
further consideration when selecting the material and repair or reconstruction
technique for surgical stabilisation of the sprained ankle.

A sprain simulation platform was produced which was capable of replicating the
motions associated with LAS providing insight into the motions occurring at the ankle
complex, talocrural and subtalar joints during LAS motion.

When investigating the influence of the lateral ankle ligaments to ankle joint complex
stability through the sequential sectioning of the ATFL and CFL, an increase in anterior
drawer displacement and talar tilt inversion ROM was determined. Anterior drawer
was most sensitive to identify ATFL rupture and the talar tilt test for combined ATFL
and CFL rupture. Performing both an anterior drawer and talar tilt test can therefore
assist in the clinical assessment of ankle joint stability and diagnosis of sprain. Motion
capture was an effective tool to measure anterior-posterior displacements and
inversion/eversion ROM when performing stability drawer tests. An anterior
displacement greater than 2.0 mm could indicate ATFL rupture when analysed using
optical motion capture following the technique described for anterior drawer in this
project.

The InternalBrace suture tape used in augmented repairs of the lateral ankle ligaments
fail at their fixation, when implanted with SwivelLock suture anchors. Failure occurred
at loads below that of the ATFL and CFL which it is intended to replace. Adapting the

fixation to prevent tape slippage has the potential to double the failure load of the
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synthetic repair however a larger sample size is required to confirm this finding and
testing should be performed with cadaveric tissue.

e The Infinity-Lock suture tape requires further development of its fixation method as
the use of SwivelLock suture anchors appear to be unsuitable. A fixation method
whereby a rotational torque is not applied to the suture tape during implantation
would be preferable, similar to the button fixation method used for applications in the

shoulder.

6.3 Future Work

6.3.1 Mechanical Characterisation

A study into the effect of long term freezing to the structure and mechanical properties of
human tissues should be conducted to address the current knowledge gap. The potential
effect of long term freezing could influence the results of all tissue biomechanical studies
conducted using human tissue sourced from tissue banks or where freezing durations have
been extended by the ongoing global pandemic. Should an effect of long term freezing be
confirmed then efforts should be made by tissue banks and researchers alike to store tissue for
the minimal length of time within their control post-mortem. Freeze durations should also be
recorded, supplied to researchers and reported in published results to allow for improved

interpretation of results.

The possible link identified between ligament failure load and BMI requires further exploration
in a larger scale study. Donor tissue used should span the BMI spectrum rather than only the
normal range, as in this study, to identify whether the pattern is still observed at the
extremities of BMI. Should a link be confirmed synthetic interventions to LAS could be
stratified based on patient BMI to provide a closer match to the patient’s mechanical

requirements.

To realise the possible strength benefits of the augmented Brostrom procedure with
InternalBrace over the gold standard modified Brostrém procedure a comparative mechanical
characterisation study of the two repair techniques could be performed. Should the strength
of the augmented procedure be significantly higher than the gold standard procedure then the
benefits of the augmented procedure could be worth the increased cost of the procedure.
Should, however, the results display no significant difference then the outcome should be

interpreted as a ‘false positive’ rather than a beneficial outcome.

6.3.2 Lateral Ankle Sprain Simulation

Further research is required to fill the existing knowledge gap on the biomechanics of the LAS.
Such information can be ethically sourced through the cadaveric simulation of LAS. An iterative
approach to the design and development of a sprain simulation platform is recommended for

those wishing to simulate LAS in the future. Adaptability of a sprain platform is required due to
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the current uncertainty regarding the ROM and loads acting at the ankle complex during sprain
events which can be enabled through a modular design. The sprain platform should aim to
achieve plantar flexion and inversion angles up to 50 degrees to replicate mild LAS based on
published data (Gehring et al., 2013). To replicate severe LAS the ROM is relatively unknown.
Studies not specifying the grade of damage quote plantar flexion angles up to 52 degrees,
inversion angles up to 142 degrees and internal rotation angles up to 56 degrees therefore

versatility in design is essential.

Loading of specimens should be controlled and adaptable for individual specimens. Both the
load and rate of loading should be tailored to individual donor specimens. Should the potential
link between ligament strength and BMI be confirmed then an individual’s BMI would be an
effective method for the scaling of applied loads between specimens. Electromechanical
testing devices, such as the ElectroPuls E10000 (Instron, Buckinghamshire, UK), have the
potential to be appropriate loading devices. The working space volume required would
however require careful consideration when designing a sprain platform. Alternatively, a 6
DOF robotic device could be used, similar to a robotic arm previously used for ankle motion
analysis (El. Daou et al., 2018). Although the rate of loading could be a potential limitation of

using such as device as strain rates associated with LAS may not be achievable.

Kinematic analysis was performed in this study using a Miqus motion capture system and is
recommended for future investigation into the biomechanics of the ankle complex through
sprain simulation. Although motion capture poses additional challenges to the design of a
sprain simulation the capture rate is high enough to generate smooth good quality data,

essential for the kinematic analysis of ankle sprain.

6.3.3 Synthetic Repair of Lateral Ankle Ligaments

The use of Swivelock suture anchors provided significant challenge for the fixation of the
Infinity-Lock suture tape. Should suture anchors be the preferred fixation method then suture
anchors specifically for the Infinity-Lock suture tape should be developed. Features such as a
deep and smooth thread would be beneficial to allow for improved integration with the bone
tunnel thread whilst not fraying the fibrous suture tape. Alternative fixation methods may
however be more preferable for the Infinity-Lock suture tape due to the fraying of the suture
tape when exposed to excessive torque loads. Future fixation analysis should be explored
using natural bone tissue opposed to a Sawbone model where failures appear to be

unrepresentative of those within natural bone.

Ankle ligament surgical repair is behind respective treatments for the knee and hip and
requires significant development, particularly when synthetic interventions are used. The
future of medicine is moving towards a personalised patient-specific approach and steps have
already been taken to perform such activities within the knee. The advancement of robotic

assisted surgery has afforded greater precision and accelerated the development of

207



preoperative planning for surgical techniques. Knee arthroplasty procedures, for example,
involve preoperative planning whereby imaging techniques are used to create a 3-dimensional
patient-specific model to optimise the implant size and position as well as to calculate a haptic
window for surgical cuts to be performed prior to the surgical procedure being performed
(Kayani et al., 2018). To accomplish this standard of pre-operative planning for ligament repair
procedures further understanding of the variation in ankle anatomy, ligament properties and
intrinsic risk factors for LAS are required. The other main advantage of preoperative planning is
that abnormalities or variations in patient anatomy can be discovered prior to surgery, of
which for the ankle there are many (Aparisi Gomez et al., 2019). Potentially important is the
bone density of a patient which could be calculated preoperatively to select the most suitable
size, or even type, of fixation. The benefits of haptic control and intraoperative feedback
during a LAS repair procedure would also be hugely beneficial to surgeons performing the
procedure allowing them to adequately tension the soft-tissue repair, and synthetic
intervention if used, to produce a balanced ankle joint. Correct soft-tissue tensioning is learnt
through the experiences of a surgeon at present and is not measured in a quantifiable way
intraoperatively. Surgeons can perform basic clinical stability assessments after the treatment
has been performed but providing the results lie within the boundaries considered to be
adequate for stability the repair will not be further optimised. Effective pre-operative planning
is likely to improve surgical outcomes and reduce the onset of PTOA through optimisation of

joint mechanics, ligament tensioning and congruity.
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Appendices

Appendix A — Lateral Collateral Ligament Complex Pot
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A.2 Lateral Collateral Ligament Complex Pot Drawing
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A3 Lateral Collateral Ligament Complex Pot Front Cover Drawing
4 3 2 1
F
55
E
- A Ee (=]
- 3.20 3.50 2
D { — |
A4 N |
o2
) o5
) _— -
- =t
L~
o~
- L~
3] -
o By - /] [
C . -
3.50_| L =
3.50 27.50 “
—_ e | ——— . ;r
All sharp edges removed with a 0.5 mm chamfer at 45 degrees.
e A o | Pomiod D0 MOTSCALE DRAWIG REVEICK
SmFaCE Al EDCES
TOLERAMCES:
LIKEAR: 5 0] i
RAME BCraTURE DaTE MLE:
DEamy | David Rochale FIATYAT
coen | paness LCL Complex Pot
APFAYT
A
aa AATERLAL: DWIC HIOL
316 Stainless Steel Front Cover
WEGHT: SCALENR SHEETIOF 3
4 3 2 1

230

Ad



Appendix B — Syndesmosis Pot

B.1 Syndesmosis Pot Assembly
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B.2 Syndesmosis Pot Top Pot
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B.3 Syndesmosis Pot Bottom Pot
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B.4 Syndesmosis Pot Cement Pot
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Appendix C — Human Cement Pot

C.1 Human Cement Pot Assembly
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C.2 Human Cement Pot
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Appendix D — Simulation of Sprain Engineering Drawings
D.1 Sprain Platform

D.1.1 Sprain Platform Assembly v.1

ltem | Drawing -
Number | Number ltem Name Quantity
= e 1 4 Base plate 1
— Il 2 6 Extrusion 800 1
—— ﬂll 3 7 Extrusion 600 1
k| 4 8 Extrusion 400 4
————r = 5 9 Extrusion 340 2
6 10 Extrusion 160 3
7 11 Foot plate v.1 1
8 13 Inferior hard stop 1
9 14 Medial hard stop v.1 1
10 18 Corner bracket 31
11 19 Uni.J assembly 1
?{L%?EEE;E%\%;::TAN‘DA;?D EDGES
DRAWN D. R:)ACZ: LLE Ds:?GONg::EE 0:;.EIB " .
Sprain Platform v.1
MFG
(=X} MATERIAL: DWG NO Ad
Assembly
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D.1.2 Sprain Platform Assembly v.2

Fl

ltem Drawing .
Number | Number l[tfem Name Quantity
1 4 Base plate v.1 1
2 [ Extrusion 800 1
3 7 Extrusion 600 1
4 8 Extrusion 400 4
5 9 Extrusion 340 2
< 10 Extrusion 160 3
7 12 Foot plate v.2 1
8 13 Inferior hard stop 1
9 14 Posterior hard stop 1
10 15 Medial hard stop v.2 1
11 18 Corner bracket 33
12 20 Uni.J assembly v.2 1
?%?Eg;ﬁ%l%lz::mrﬂbﬁm EDGES
DRAWN D. E:‘:Z’::LLE DS.::‘;::EE 1 \D'\l:@l " .
= Sprain Platform v.2
MFG
QA MATERIAL: DWG NO Ad
Assembly
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D.1.3

Sprain Platform Assembly v.3

UNLESS OTHERWISE SPECIFIED: FINISH
DIMENSIONS ARE IN MILLIMETERS
SURFACE FINISH: STANDARD

TOLERANCES:

LINEAR: +/- 0.05
ANGULAR: +/-0.1
NAME SIGNATURE

DRAWN  D.ROCHELLE D.ROCHELLE
CHKD
APPVD)
MFG
QA

DATE
29.04.19

MATERIAL:

WEIGHT.

Z0=0]
; L

N

ltem | Drawing ltem Name Quantit
Number | Number Y

1 5 Base plate v.2 1

2 6 Extrusion 800 1

3 7 Extrusion 400 1

4 8 Extrusion 400 4

5 9 Extrusion 340 2

6 10 Extrusion 160 3

7 12 Foot plate v.2 1

8 16 Base hard stop 1

9 14 Posterior hard stop 1

10 18 Corner bracket 32

11 20 Uni.J assembly v.2 1

TMLE:

Sprain Platform v.3

DWG NO.

SCALE: 1:10
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D.1.4 Base Plate v.1
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| UNLESS OTHERWISE SPECIFIED: FINISH:
DIMENSIONS ARE IN MILLIMETERS | BREAK SHARP
| SURFACE FINISH: STANDARD | EDGES

| TOLERANCES:

| LINEAR: +/- 005
ANGULAR: +/-0.1

NAME SIGNATURE DATE TMLE:

»DRAWN: D.ROCHELLE D.ROCHELLE 05.07.18

Sprain Platform

A4

— " Base Plate v.]1

316 Stainless Steel
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D.1.5 Base Plate v.2
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| ANGULAR: +/-0.1 |
| NAME | SIGNATURE | DATE e

" sprain Platform

o " Base Plate v.2

316 Stainless Steel
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D.1.6

UNLESS OTHERWISE SPECIFIED:

Extrusion 800 mm

800

30

i

FINISH:

DIMENSIONS ARE IN MILLIMETERS

SURFACE FINISH: STANDARD

TOLERANCES:
LINEAR: +/- 0.05
ANGULAR: +/- 0.1

DRAWN
CHK'D
APPVD
MFG
QA

NAME

D.ROCHELLE

SIGNATURE
D.ROCHELLE

DEBUR AND
BREAK SHARP
EDGES
DATE TLE:
05.07.18
MATERIAL DWG NO
Aluminium Exfrusion
WEIGHT: SCALE: 1:5
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DO NOT SCALE DRAWING REVISION

Sprain Platform

Extrusion 800
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D.1.7 Extrusion 600 mm
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UNLESS OTHERWISE SPECIFIED: | INISH DEBUR AND
DIMENSIONS ARE IN MILLIMETERS BREAK SHARP DO NOTSCALE DRAWING REVISION
SURFACE FINISH: STANDARD EDGES
TOLERANCES
LINEAR: +/- D.05
ANGULAR: +1-0.1
NAME SIGNATURE DATE me:

DRAWN  D.ROCHELLE D.ROCHELLE 05.07.18

Sprain Platform

APPVD
MFG
QA MATERIAL: DWG NO
Aluminium Exirusion EXTFU S |0 N 600
WEIGHT: SCALE: 1.5 SHEET 7 OF 42
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D.1.8 Extrusion 400 mm

UNLESS OTHERWISE SPECIFIED: FINISH:
DIMENSIONS ARE IN MILLIMETERS
SURFACE FINISH: STANDARD
TOLERANCES:
LINEAR: +/- 0.05
ANGULAR: +/- 0.1

NAME SIGNATURE
DRAWN DROCHELLE | D.ROCHELLE
CHK'D
APPVD
MFG
QA

400

30

DATE
05.07.18

DEBUR AND
BREAK SHARP
EDGES
TMLE:
MATERIAL DWG NO
Aluminium Exfrusion
WEIGHT: SCALE: 1:5
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Sprain Platform

Extrusion 400
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D.1.9 Extrusion 340 mm
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UNLESS OTHERWISE SPECIFIED: | FINISH: DEBUR AND

DIMENSIONS ARE IN MILLIMETERS BREAK SHARP DO NOTSCALE DRAWING REVISION
SURFACE FINISH: STANDARD EDGES

TOLERANCES:

LINEAR: +/- 0.05
ANGULAR: +/-0.1

NAME SIGNATURE DATE
DRAWN  D.ROCHELLE D.ROCHELLE 05.07.18

e Sprain Platform

TITLE:

MFG
QA MATERIAL: DWG NO. . A4
Aluminium Extrusion EXTI’USIOH 340
WEIGHT: SCALE: 1:2 SHEET 9 OF 42
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D.1.10 Extrusion 160 mm
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UNLESS OTHERWISE SPECIFIED: | FINISH: DEBUR AND
DIMENSIONS ARE IN MILLIMETERS BREAK SHARP DO NOTSCALE DRAWING REVISION
SURFACE FINISH: STANDARD EDGES

TOLERANCES:
LINEAR: +/- 0.05
ANGULAR: +/- 0.1
NAME SIGNATURE DATE e
DRAWN  D.ROCHELLE D.ROCHELLE 05.07.18

Sprain Platform

APPVD
MFG
QA MATERIAL: DWG NO
Aluminium Exirusion EXTrUSlon ] 60
WEIGHT: SCALE: 1:2 SHEET 10 OF 42
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D.1.11 Foot Plate v.1
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WEIGHT: SCALE: 1:2 SHEET 11 OF 42 :
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D.1.12

Foot Plate v.2

52

=t
,
1 (( / V
N —
C D]
i (( )) i A
L. e 0]
REMOVE ALL SHARP EDGES WITH A Tmm x 45 DEG CHAMFER
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NAME SIGNATURE DATE TITLE:
DRAWN D.ROCHELLE | D.ROCHELLE 29.04.19 .
Sprain Platform
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MFG
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D.1.13

Inferior Hard Stop
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SURFACE FINISH: STANDARD EDGES
TOLERANCES:

LINEAR: +/- 0.05

ANGULAR: +/-0.1

NAME SIGNATURE DATE TMLE:

DRAWN D.ROCHELLE D.ROCHELLE 05.07.18 .
| Sprain Platform

MFG
MATERIAL: DWG NO.
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WEIGHT: SCALE: 111 SHEET 13 OF 42
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D.1.14 Medial Hard Stop v.1
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ANGULAR: +/- 0.1
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CHKD
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MFG
QA MATERIAL:

316 Stainless Steel

WEIGHT:

TMLE:

DWG NO.

SCALE: 1:2
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Sprain Platform

Medial Hard Stop v.1/ A4
Posterior Hard Stop
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D.1.15 Medial Hard Stop v.2
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DIMENSIONS ARE IN MILLIMETERS BREAK SHARP DO NOTSCALE DRAWING REVISION
SURFACE FINISH: STANDARD EDGES
TOLERANCES:
LINEAR: +/- 0.05
ANGULAR: +-0.1
NAME SIGNATURE DATE me:

DRAWN  D.ROCHELLE D.ROCHELLE 121118

Sprain Platform
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MFG
QA MATERIAL: WG O a4
316 Stainless Steel Medigl Hord S.I.Op V.2
WEIGHT: SCALE: 12 SHEET 15 OF 42
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D.1.16

Base Hard Stop
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UNLESS OTHERWISE SPECIFIED:
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SURFACE FINISH: STANDARD
TOLERANCES:
LINEAR: +/-0.05
ANGULAR: +/- 0.1

NAME
DRAWN  D.ROCHELLE
CHK'D
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MFG
QA

FINISH: DEBUR AND
BREAK SHARP
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SIGNATURE DATE
D.ROCHELLE 10.04.19

MATERIAL:
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Sprain Platform
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D.1.17 Calcaneal Mount
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TOLERANCES:

LINEAR: +/- 0.05
ANGULAR: +/-0.1

NAME SIGNATURE DATE TLE:
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CHK'D
APPVD
MFG
QA MATERIAL: DWG NO
316 Stainless Steel
WEIGHT: SCALE: 111
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D.1.18

Corner Bracket
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FINISH:
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TOLERANCES:
LINEAR: +/-0.05
ANGULAR: +/- 0.1
NAME
DRAWN  D.ROCHELLE
CHK'D
APPVD
MFG
QA

SIGNATURE DATE
D.ROCHELLE 05.07.18

f——

DEBUR AND
BREAK SHARP

EDGES

MATERIAL:

Aluminium Extrusion

WEIGHT:
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TMLE:

DO NOT SCALE DRAWING

REVISION

Sprain Platform

DWG NO.

SCALE: 111
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D.1.19 Universal Joint Assembly v.1

[fem Drawing

H Number | Number lfem Name Quantity
1 21 Uni.J Large Diameter
- 25 Uni.J Small Diameter v.1
”””” 23 Uni.J Arm 1 v.1

29 Uni.J Arm 2 v.1
27 Small Bearing 607-2RSH
22 Large Bearing W 61902-2RS1

UNLESS OTHERWISE SPECIFIED: FINISH DEBUR AND

o~ WM
NN === =

DIMENSIONS ARE IN MILLIMETERS BREAK SHARP DO NOTSCALE DRAWING REVISION
SURFACE FINISH: STANDARD EDGES
TOLERANCES

LINEAR: +/- 0.05
ANGULAR: +/-0.1

NAME SIGNATURE DATE TTLE:
DRAWN  D.ROCHELLE D.ROCHELLE 05.07.18

= Universal Joint v.1

MFG

QA MATERIAL: DWG NO.

Ad

Assembly

WEIGHT SCALE: 1:2 SHEET 19 of 42
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D.1.20 Universal Joint Assembly v.2

ltfem | Drawing
I Number | Number

1 21 Uni.J Large Diameter 1

ltem Name Quantity

26 Uni.J Small Diameter v.2
24 Uni.J Arm 1 v.2

30 Uni.J Arm 2 v.2

22 Large Bearing W 61902-2RS1
28 Small Bush

5

UNLESS OTHERWISE SPECIFIED: FINISH: DEBUR AND

ol AWM
NIl = =] =

DIMENSIONS ARE IN MILLIMETERS BREAK SHARP DO NOTSCALE DRAWING REVISION
SURFACE FINISH: STANDARD EDGES
TOLERANCES

LINEAR: +/- 0.05
ANGULAR: +/- 0.1

NAME SIGNATURE DATE TME:
DRAWN  D.ROCHELLE D.ROCHELLE 111218 . .
Universal Joint v.2
APPVD!
MFG
QA MATERIAL: DWG NO
A ol M
WEIGHT. SCALE: 1:2 SHEET 20 OF 42
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D.1.21 Universal Joint Large Diameter Bracket
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M6 - 6H THRU ALL

REMOVE ALL SHARP EDGES WITH A 1Tmm x 45 DEG CHAMFER

UNLESS OTHERWISE SPECIFIED: | FINISH DEBUR AND
DIMENSIONS ARE IN MILLIMETERS BREAK SHARP DO NOTSCALE DRAWING REVISION
SURFACE FINISH: STANDARD EDGES

TOLERANCES

LINEAR: +/- 0.05
ANGULAR: +/-0.1

MAME SIGNATURE DATE TTLE:
DRAWN  D.ROCHELLE D.ROCHELLE 05.07.18

Universal Joint

APPVD
MFG
QA MATERIAL: DWG NO Ad
316 Stainiesssteel Uni.J Large Diameter
WEIGHT. SCALE: 1:2 SHEET 21 OF 42

258



D.1.22 Universal Joint Large Bearing
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UNLESS OTHERWISE SPECIFIED: | FINISH: DEBUR AND
DIMENSIONS ARE IN MILLIMETERS BREAK SHARP DO NOTSCALE DRAWING REVISION
SURFACE FINISH: STANDARD EDGES
TOLERANCES

LINEAR: +/-0.05
ANGULAR: +/- 0.1

NAME SIGNATURE DATE TILE:
DRAWN  D.ROCHELLE D.ROCHELLE 05.07.18

Universal Joint

APPVD
MFG
QA MATERIAL DWG NO
Steel Large Bearing W 61902-2RS1
WEIGHT: SCALE: 1:2 SHEET 22 OF 42
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D.1.23
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Universal Joint Arm 1 v.1
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REMOVE ALL SHARP EDGES WITH A 0.25mm x 45 DEG CHAMFER

UNLESS OTHERWISE SPECIFIED:
DIMENSIONS ARE IN MILLIMETERS
SURFACE FINISH: STANDARD
TOLERANCES:

LINEAR: +/- 0.05

ANGULAR: +/-0.1

FINISH: DEBUR AND

BREAK SHARP
EDGES

NAME SIGNATURE DATE TMLE:

DRAWN  D.ROCHELLE
CHK'D

APPVD)

MFG

Q@A

D.ROCHELLE 05.07.18

MATERIAL: DWG MO
316 Stainless Steel

WEIGHT SCALE: 121
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DO NOT SCALE DRAWING REVISION
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Uni.J Arm 1 v.1
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D.1.24 Universal Joint Arm 1 v.2

M12x1.75 THREAD

D 6.800 | 2.750
M8x1.25 - 6H I 8.500

REMOVE ALL SHARP EDGES WITH A 0.25mm x 45 DEG CHAMFER

UNLESS OTHERWISE SPECIFIED: FINISH: DEBUR AND

DIMENSIONS ARE IN MILLIMETERS BREAK SHARP
SURFACE FINISH: STANDARD EDGES
TOLERANCES:

LINEAR: +/-0.05
ANGULAR: +/- 0.1

NAME SIGNATURE DATE MLE:
DRAWN DROCHELLE | DROCHELLE | 111218
CHK'D
APPVD
MFG
QA MATERIAL DWG NO

316 Stainless Steel

WEIGHT: SCALE: 121
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DO NOT SCALE DRAWING REVISION
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D.1.25 Universal Joint Small Bracket v.1

PETHRU =Ly

7 .2 8 THRU

o 4 4]

X

P ]5_:_; - ]5--.-;

30

|
——— el

@

519 +0.02/-0.00 T 6 3435 THRU
@19 +0.02/-0.00 7 6

REMOVE ALL SHARP EDGES WITH A 1Tmm x 45 DEG CHAMFER

UNLESS OTHERWISE SPECIFIED: FINISH DEBUR AND
BREAK SHARP DO NOT SCALE DRAWING REVISION

DIMENSIONS ARE IN MILLIMETERS
SURFACE FINISH: STANDARD EDGES
TOLERANCES:

LINEAR: +/- 0.05

ANGULAR: +/-0.1

NAME SIGNATURE DATE TMLE:

DRAWN  D.ROCHELLE D.ROCHELLE 05.07.18 . .
Universal Joint
.

MFG
MATERIAL: DWG NO

| sianesssteeLsis i, Small Diameter v. 1

WEIGHT, SCALE: 1:2 SHEET 25 OF 42
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D.1.27 Universal Joint Small Bearing
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D.1.28
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D.1.29

Universal Joint Arm 2 v.1

Mé THREAD 15

85

UNLESS OTHERWISE SPECIFIED: FINISH DEBUR AND
DIMENSIONS ARE IN MILLIMETERS BREAK SHARP
SURFACE FINISH: STANDARD EDGES
TOLERANCES:
LINEAR: +/- 0.05
ANGULAR: +/-0.1
NAME SIGNATURE DATE

DRAWN  D.ROCHELLE
CHK'D

APPVD)

MFG

QA

D.ROCHELLE 05.07.18

MATERIAL:
316 Stainless Steel

WEIGHT.

Universal Joint
Uni.J Arm 2 v.1

266

D7 +0.00/-0.02_

A4



D.1.30
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D.2 Marker Triads
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D.2.2
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D.2.3 Marker Triad Assembly v.3
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D.2.5 Marker Triad Centre
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D.3

D.3.1

Specimen Impactor
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D.3.2 Specimen Impactor Assembly v.2
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D.3.3
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D.3.4 Specimen Impactor Top v.2
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D.3.5 Specimen Impactor Bottom
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D.3.6 Specimen Impactor Intramedullary Nail
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Appendix E — Simulation of Sprain Biomechanical Data
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Appendix E.1. The biomechanical data output from Visual3D for the third trial of sample 1.
Each column contains the data for a particular motion. The first column shows data for dorsi-
/plantar flexion (dorsiflexion is positive), the second column inversion/eversion (inversion is
positive) and the third column internal/external rotation (internal rotation is positive). Each
row represents a section to be analysed. The first row is of the foot plate, the second is of the
foot, the third is the tibia, the fourth is the calcaneus, the fifth is the fibula, the sixth is the
talus, the seventh is the ankle complex, the eighth is the subtalar joint and the ninth is the

talocrural joint.
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Appendix E.2. The biomechanical data output from Visual3D for the second trial of sample 2.
Each column contains the data for a particular motion. The first column shows data for dorsi-
/plantar flexion (dorsiflexion is positive), the second column inversion/eversion (inversion is
positive) and the third column internal/external rotation (internal rotation is positive). Each
row represents a section to be analysed. The first row is of the foot plate, the second is of the
foot, the third is the tibia, the fourth is the calcaneus, the fifth is the fibula, the sixth is the

talus, the seventh is the ankle complex, the eighth is the subtalar joint and the ninth is the

talocrural joint.
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Appendix F — Torque Adapter

F.1 Torque Adapter Assembly Drawing
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Appendix G — Arthrex White Papers

G.1

Arthrex White Paper 1

Knotted with FiberWire® #2 versus Knotless with FiberWire®
#2 and Knotless with FiberTape® - A Biomechanical Study

Arthrex Research and Development

Objective

The purpose of this study was 1o evaluate and compare a
knotted technique using FiberWire #2 to a knotless tech-
nigue using either FiberTape or FiberWire #2.

Materials and Methods

Specimen Preparation:

Test blocs used In this study were made of two solid rigid
polyurethane foam layers: the top layer had a density of
20pcf and a height of 3mm and the main layer had a den-
sity of 10pcf and a height of 40 mm. All test blocs used in
this study were prepared in the same way using a mallet
and a punch as described in the surgical technique. Each
surgeon performed three knotted procedures using 5.5mm
Corkscrews with their own preferred arthroscopic knots with
FiberWire #2 and three knotiess specimens using a 5.5mm
Swivelock with either FiberTape or with FiberWire #2.

Mechanical Testing:

Surgeons prepared 205 specimens in total for testing (see
Table 1). Testing blocs were secured to a dynamic tensile
testing system (ElectroPuls E10000; Instron, UK) with the
sutures attached to a hook on a metal rod (see Figure 1).
Specimens were each preloaded at SN at 1 mm/s 1o remove
any initial slack. After preloading. each specimen was pulled
to fallure at a constant displacement rate of 1mm/s. Max
load was defined as the load at which the suture or eyelet
falled. Point of failure was noted. Load over extension were
recorded for each specimen and used to calculate load
at 3mm (termed clinical failure), max load and stiffness.
Stiffness of each specimen was compared to the average
construct stiffness evaluated from Burkhart et al. (2013) of
TON/mm [1).

Analysis:

Statistical analysis was performed using Sigma Plot Statss-
tics for Windows, version 12.0 (Systat Software Inc., USA).
Groups were compared using t-test. The significance level
was set at P=0.05. Data analysis was performed with Matiab
(R2015b, USA) for each set of data and the mean, standard
deviation (std), confidence interval (C.1.), highest and lowest
values were calculated.

Figure 1: Test sebup
Results
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Table 1: Overview for sl results

Knotted FiberWire failed 62 percent of the time due to knot
slippage, 36 percent due to suture rupture and less than 3
percent due 1o eyelet plane breakage. Knotless FiberWire
mostly failed due to suture slippage as well and 10 percent
of samples faded due to anchor pull-out. In the knotless
FiberTape specimen, 79 percent of anchors were pulied out
and other causes of fallure were suture slippage and bone
bioc failure. There was no statistical difference between
knotted and knotiess FiberWire regarding the average ulti-
mate load (p=0.584). Differences between knotted and
knotless FiberWire regarding the standard deviation were
neither significant In clinical fadlure (p=0.693) nor extension
(p=0.693). Regarding the standard dewiation and mean
load values of the knotless FiberTape samples, there were
significant differences (all p<0.001).
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Conclusion

Knotless technique using FiberTape withstood the highest
load at clinical failure, showed the highest ultimate load in
totad, the least slippage and the greatest stiffness comparad
o all other constructs. Motably, unlike the other two tech-
miques, the knotless anchor with FiberTape had a higher
stiffness than the TOM/mm reference [1]. The wtimate load
values of knotless FiberTape constructs were maore con-
sistent and therefore more reproducibility than the knottad
technigue which produced a large range of valves. Con-
siderable variations in knot strength between arthroscopic
knots tied by surgecns is thought to be the reesaon for this [2].
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G.2 Arthrex White Paper 2

InternalBrace™ Ligament Augmentation:
Biomechanical Testing of an Anterior Talofibular
Ligament Repair, Insertion Order vs. SwiveLock Anchor Size

Arthrex Research and Development

Ohbjective

The purpose of this study is to compare the maximum load
and mode of failure of Brostrdm anterior talofibular higament
{ATFL) repairs with fnternalBrace Ligament Augmentation as
a function of SwiveLock anchor size and insertion order in the

fibula and talus.
Methods and Materials

Twelve matched pairs of fresh-frozen human cadaveric
ankle specimens (average age=51213 years) were used.
The ATFL was isolated during specimen dissection and
the InfernalBrace Ligament Augmentation construct was
performed by Nicholas T. Gates, MD {Edgewood, KY).
A medial to lateral hole was drilled through the distal fibula,
proximal to the lateral malleolus and the fibula was shortened
to facilitate loading in the material testing machine. The repairs
were then isolated by releasing the ATFL.

All repairs were performed using one 3.5 mm
BioComposite SwiveLock and one 4.75 mm BioComposite
SwiveLock (AR-2325BCC and AR-2324BCC, respectively)
amd the appropriate drills and taps found in Implant System,
InternalBrace Ligament Augmentation Repair { AR-16T8-CP).
The repairs were categorized into one of four groups as

presented in Table 1.

Table 1: Test Group Description

After preloading, each
sample was pulled to failure at
a rate of 20 mm/min. A two-
way ANOVA was performed
to identify any statistically
significant differences in
maximum load with respect o
insertion order and anchor size,
(o=0.05).

Results

The average maximum load
for each group is presented
in Table 2 and illustrated in
Figure 2. The results of the
two-way ANOVA indicated
that the order in which anchors
were implanted did not significantly influence maximum load
(p=0.722). Addinonally, a significant difference was noted in
anchor size. Constructs with 4.75 mm anchors in the fibula
had sigmficantly higher maximum loads than those implanted
with the 3.5 mm anchors (p=0.001). No significant interac-
tion existed between anchor size and insertion order (p=0.156).
Each of these four test groups provide maximum load values
above that of native higament {154N) and studied Brostrim
repairs (68N & T9N). [1.2]

Figure 1: Complete testing setup

Table 2: Average Maximum Load Results to Failure

Tensile Testing Results Summary

Maximum Losd
[N] avg & std dev

Muode of Tailure

o (W of securences)

G 1a: Eyelet pull-out from fibula (1),

Testing Group Swmmary
G Talus Anchor Fibular Anchor Tnserved
Size (mm) Hize (mm) First
Ciroup 1a 4.75 a5 Fibula
Ciroup 1k 4.75 35 Talus
Ciroup 2a 15 4.75 Fibula
Ciroup 2h is 4.75 Talus

33FA, 4.T3TA FF

24157+ 127.15

anchor pullowt’suture slip from fbula
{2y suture pull-cout from fbula (1)

Following repair, each sample was strapped (o a custom
designed jig which held the foot in 20° of inversion and [0°
of plantar Aexion to simulate worst-case mechanical loading.
A set serew was tumed into the superior portion of the heel
to prevent lift during testing and the fibula was secured to an
INSTROMN ElectroPuls Dynamic Testing System (INSTRON,
Canton, MA) via the fibula drill hole using a elevis/pin fixture,
Figure 1.

Ciroup 1b:
3AFA, A75TA, TF

18113 £63.14

Anchar pulkoutfsusture slip from
fibula {1, suture slip from fibuls (5)

Arncher pull-out’suture slip from e ()

1a suture skip from talus (2],
4. H4FA, 3.3TA, FF AGT 3056 suture slip from fibulba (1},
surture slip From both (1)
Subsre slip from fibula {3),
Ciroup 2b: suture pulleout from tmlus (1),
35231 5761
4. TFA, 5.5TA, TF eyelet pull-out from tlbus {1},

anchiar slip fram fibuk (1)




Figure 2: Average Maximum Load per Group

450

A0
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Ml imum Load (M)

Conclusion

Insertion order did not significantly influence maximum load.
Additionally, each of the constructs and insertion protocols
tested in the current study demonstrated maximum load values
comparable or higher than those found for native ligament
(154N} and previously studied Brostrim repars (68N & T9N).
[1.2] Suture slip/pull-out contributed to 87.5% of the observed
failures as compared to eyelet/anchor pull-out, 33%. Bone
avulsion did not contribute to construct fulure.
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G.3

Arthrex White Paper 3

Arthrex InternalBrace™ Ligament Augmentation
Versus Smith & Nephew Knotless Constructs for

Lateral Ankle Repairs

Troy Watson, MD, and Arthrex Research and Development

Objective

Results

Determine the biomechanical differences on lateral
ankle repair between an Arthrex lnfernalBrace ligament
augmentation and a Smith & Mephew construct.

Methods and Materials

Fiwe matched pairs of cadaver ankles were used for this
testing (awerage age =57 years; all male). The specimens
were dissected to expose the lateral ankle joint. The
tibias were remowed, and an 8 mm hole was drilled
through the fibula, prosximal to the lateral malkeaolus.

Al repairs were performed by Troy Watson, MD. Group

1 repairs were performed using Swivelock® anchors,
FiberMape® suture, and instrumentation contained in
Arthrex's InfernalBrace Repair Kit (AR-1688-CF). Group 2
repairs were performed with Smith & Nephew's Healicoil
and Bioraptor™ anchors, Ultratape, and instrumentation.
The implants for all groups were inserted according to
published surgical techniques with the recommended
instrumentation. All other soft tissue connecting the
fibula to the talus was transected.

Mechanical testing was performed using an Instron®*
machine with a 10 kN load cell. 5amples were mounted
on custom jigs designed to hold the foot in 207 of
inversion and 10 of plantar flexion. & dowel pin was
inserted through the 8 mm fibular hole to allow for
superiorly directed loads to be applied to the repair,

as shown in Figure 1. Samples were loaded to failure in
tension at 20 mm/min.

Figure 1. Sample prepared for mechanical testing

Wsinon is a regisered radamark of Ilinok Tool Works Inc

www.arthrex.com
£ 2020 Arthrex, Inc. All rights reserved. LA1-00098-EN_B

The ultimate load of the Arthrex InfernalBrace construct
was 249 + 47 N, and the ultimate load of the Smith &
Mephew constructs was 90 + 17 N. A paired t test was
performed to compare differences between the 2 sample
groups. The ultimate load of the Arthrex construct was
significantly greater than that of the Smith & Nephew
construct (F=.001). The results are shown in Figure 2.

350

Uliimase Loas )

W Hatiwe ATFL' W Arthrex [ Smith & Hephew

Figure 2. Mechanical testing results

Conclusions

We conclude that the Arthrex intemaiBrace construct
is biomechanically superior to the Smith & Mephew
construct. At time zero, the Smith & Mephew construct
offers significantly kess strength than that of the native
ATFL and Arthrex intermalBrace, 154 N and 250 M,
respactively™ The lack of strength of the Smith &
Mephew repair draws into question its validity as a
solution to lateral ankle instability.
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i blamechanical compartion. A J Sports Med. :smzmzs;u-am
SotiITT A6 EE4E5 0258400

ArthreX=o

292



Appendix H — Author’s Journal Article

journal of the mechanical behavior of bicmedical materials 102 (2020) 103473

Contents lists avallable at Sclencelirect

Journal of the Mechanical Behavior of Biomedical Materials

journal homepage: hitpfaew. elsavier. comilocatafmbbm

ELSEVIER

Mechanical characterisation of the lateral collateral ligament complex of
the ankle at realistic sprain-like strain rates

David Christopher Rochelle . Anthony Herbert®, loannis Ktistakis b
Anthony Charles Redmond “**, Graham John Chapman ', Claire Louise Brockett ™"

* Insnimate of Medical and Biokogical Engineering, Usiversity of Leeds, Leeds, LEZ ST, UK

B Chapel Alleron Hespial, Chapeliown Rosd, Leeds, LS7 454, UK

© tnsnirete for Rheumsse and Mesculoghelesal Medicine, University of Leeds, Leeds, 1%

? National Instiute for Health Reseanch (NIHR) Lesds Biomedics) Ressarch Centre, Leeds, UK

* Arthritis Research UR Cenme for Spars, Exercise and Ostasarrhnizis, Nomngham, Oxferd, Loughboroegh, Leeds, UK
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ARTICLE INFO ABSTRACT

Eeywords: Badcground: Synthetic interventions continue to evolve with the progression made in materials science, surgical
Charcierisation technologies and surgical methods. To facilitate the evolution of synthetic devices for lateral ankle repair a better
Aukde understanding of the mechanical properties and failure mechanisms of the lateral collateral ligament (LCL)
ﬁ‘:’“‘ omplex is required. This study aimed to improve understanding of the mechanical properties and filure modes
of the LCL complex at strain rates representative of sprain.
Method: The LOLs were dissectsd from six human cadavers to produce individual bone-ligament-bone specimens.
A mechamical testing device unisaxially loaded the ligaments in tension. Initially, preconditioning between 2N
and a koad value comesponding to 3.5% strain was conducted for 15 cycles, before extension to failure at strain
rate of 100%.s~". The results were stratified by age, weight and body mass index (BAI) to explore potential
correlations with ligament ultimate failure load or lgament stiffness.
Resulte: The mean ultimate failure loads and the 95% confidence intervals for the ATFL, cablmneoAbular (CFL)
and posterior @lofibular (FTFL) ligaments were 2636 = 164.3 N, 3678+ 798N and 3504 = 110AN,
respectively. A strong positive Pearson correlation was found between BAMI and vltimate Exilure koad of the CFL
{re= 0919 P (1), A nonssignificant relationship was found between the mechanical properiies and both age
and weight. The ATFL avulsed from the fibula four times, the CFL avulsed from the fibula twice, the FTFL avualsed
from the talus twice and all remaining failures were midsuhstance.
Conchemion: The results identify the forces required to induce failure of the ndividual ligaments of the LCL
complex and the related failere modes of individual lgamenis. A correlation may exist between BMI and the
ultimate failure load of the CFL and PTFL, although a greater sample size is required for confirmation.

1. Introduction spraln, followed by the CFL and finally the PTFL (Attaran eral,, 1985
Slegler and Schneck, 1985). In cases of severe sprain or In people, such
ag elite athletes, whereln whom restoration of stability s important,

surgheal stabillsatbon may be performed. The current peeferred standard

The lateral collateral ligament (LCL) complex of the ankle (see
Fig. 1), consists of the anterior talofibular ligament (ATFL), calcaneo-

fbular ligament (CFL) and posterior talofibular ligament (PTFLYL The
LCLs of the ankle are collectively responsible for the stabilisarion of the
taloerural joint on the lateral side and the CFL also plays a role in the
stabilisation of the subtalar jolnt.

The ATFL is the most frequentdy injured LCL in a typleal lateral ankle

15 the Brostrim-Gould procedure in which ruptured ligaments are sta-
bilised with sumres. If this approach is inadequate or has falled or if the
patlent has an Increased BMI, general ligament laxity or ls a
high-demand athlete, then stabilisatbon with syathetie ligaments may be
anempted (Ajks et al., 2006)

Abbrevigtion: ATFL, Anterior talofbular igament; CFL, Calcaneofibular ligament; LCL, Lateral collateral ligament; FTFL, Posterior talofbular ligament.

* Cormespanding author.
Eemuoil address: modori@ leeds.ac.uk (D.C. Rochelle].

hatps://dod.org/1 0. 1006/ jmbbm. 200 9. 103473

Beceived 3 June 2019; Received in revised form 2 September 2019; Accepied 2 October 2019

Available online 5 October 3019
175160161,45 2019 Elsevier Led. All rights reserved.
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AITFL

Talonavicular
, Calcaneocuboid
. Joint

Fig. 1. Lateral view of the ankle highlighting the LCL complex (ATFL, CFL &
PFTFL), the syndesmosis {ATTFL & PiTFL), the talocrural joint, the subtalar joint,
the talonavicular calcanescuboid joint and the bones of the ankle (fibala, b,
tahes and cabmamens).

Matural ligaments exhibit a viscoelastic response to strain, starting
with a progressively stffer nonlinear toe reglon followed by a linear
loading reglon. The response of ligamentous tissue i belleved o be
strain rate dependent due to the inherent viscoelastic namure of the tdasue
(Bonner et al, 2015) This viscoelasticity causes ligaments to display
hysteresis, due to the fuld component of the ligament being redis-
tributed and balanced by the stress carried by the solid component of the
ligament. When the lateral collateral ligament of the knee was tested at
strain rates greater than 100%.s~), a strain rate representative of
Inducing sprain in real-world events, it was found that the strain-rate
dependency of the lUgament can be neglected as there is Insuffelent
tme for appreciable ligament relaxatbon (Bonner e al., 2015). The lig-
aments of the ankle have been reported o be generally Insensitdve o
straln rate (Funk et al., 2000}, Conversely, the mechanbeal properties of
the LCLs have been reported to be significantly affected by strain rates
both above and below 1008.5™" (Attarian et al, 1945).

Research artleles detailing the mechanical characteristes of the LOL
complex are searce (Attarian et al., 1985; Funk et al., 2000; Slegler and
Schneck, 1988; S5t Plerre et al., 1983). Mone of the previous papers report
mechanical characteristies of the LCL complex tested at realistic
sprain-like strain rates. Amarlan et al. (1985) and Funk er al. (200:0)
characterised the LCL complex ar strain rates considerably higher than
those which oeeur during a speain event (Attarian er al, 1985 Funk
etal., 20000, Although ligaments are consldered relatively Insensitive to
strain rates over 100%.s~" the effect on the fallure mode of the ligaments
ls not understood. The absence of literature on this tople s potentally
due w the difficulty faced when grpping ankle ligament tlssue, as pre-
viously reported (Slegler and Schneck, 1938). A lack of published work
in this area has hindered the understanding of the mechandeal re-
quiremenis and fallure modes of synthetic interventions for lateral ankle
sprain.

This study almed o improve understanding of the mechandeal
properties and fadlure modes of the LCL complex at straln rates repre-
sentative of real-world sprain events.

2. Materials and Methods
21 Samples

Six fresh frozen human cadaverie feet, sourced from MedCure (LISA),

Jounal of the Mechanical Behavior of Binmedical Maserials 102 (2020) 103473

were used in the study. Ethical approval was granted by the University of
Leeds Research Ethlcs Committes (MEEC 15-020). Exclusion eriteria for
the tissues included a reported prios lower Hmb trauma or surgery, ora
history of diabetes. The mean (+95% confidence intervals) donor age
was 56,2+ 12.2 years, BMI was 22.3 + 2 9kg m™ (noemal) and there
were three males and three females. A summary of donor information s
shown In Table 1.

2.2 Sample Preparation

The feat were stored in a —80*C freeper, compliant with the Human
Tisswe Act, untl they were tested. Samples were thawed for 48 h ar4°C
in a refrigerator prior to dissection. After at least 24 h of thawing, each
foot was imaged, at a resolutbon of B2 pm, using a SCANCO Medical
xtreme CT scanner (SCANCO Medical, Briittisellen, Switzerland). Each
scan lasted approsimately 90 min and was performed to ensure no major
undiagnosed damage was present.

The LCL complex was dissected intact from each foot while preser-
ving the syndesmosls jolnt for furure sudy, as shown in Figs. 2 and 3
Flrstly, all fascla and soft tsswe were dissected from around the ankle by
a foot and ankle specialist consultant crthopaedic surgeon. Next, the
forefioot was removed by transecting along the talonavicular calcaneo-
cubodd joint. Using an oscillating bone saw, a sagittal cut was made
through the entirety of the calcaneus and talus, as shown in Flg. 2, Panel
B. The lateral ankle complex was then removed by a transverse cut
through the fibula, separating the LOL complex from the syndesmosis, as
shown In Flg. 2, Panel € The cut was made from in-berween the
artachment polnts of the ATFL and antesbor inferior talofibular ligament
{AITFL) to in-between the attachment podnts of the PTFL and postesior
inferior talofibular ligament (PITFL). The talus was then split in half
with a coronal cut creating an anterlor and posterior bone amachment
segment for the ATFL and PTFL, respectively. Finally, the calcaneus was
reduced in size and shaped to fit within the gripping fixture by per-
forming pwo parallel coromsal curs elther dide of the amachment point and
one ransverse cut distally to the attachment polnt, as shown in Fig. 3
The tsswe hydeation level of the ankle complex was malntained by
wrapping the complex in phosphate-buffered saline (PES) soaked paper
towel (Herbert et al., 2016).

Post-dissection ligament lengths were measured using Vernler calli-
pers with the ligaments orfentated in line with their collagen fibres and
the slack in the ligament was removed by hand. The ligaments were
measured once, from the centre of one Insertion to the centre of the
other.

2.3 Teuing Pratocol

Each ligament of the LOL complex was tested individually whilst the
complex was kept Intact. The CFL was characterised first, then the ATFL
followed by the PTFL. Tissue rehydration was performed to ensure the
viscoelastic nature of ligaments could act efficlently during the testing.
Immediarely before the characterisation of the CFL, the complex was

Table 1

Tiszsue donor demographic details. The mean and 95% confidence interval (Cl) is
given for age, weight and body mass index (BMI). (M - male, F - female, A4 -
African American, € - Cancasian, B - right & L = beft).

Sample  Agelyears) Sex  Race  Welghr (kg mﬁ[k;_ L/R Foat
-
1 72 M AA 71 24 R
2 &0 F C 53 189 L
3 43 F C 1 g R
4 61 ] C s 4 R
5 a8 ] C 85 ol ] L
& 57 F C &1 bt R
Mean 562 - - 541 23 -
01 +122 £138 + 19
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Fig. 2. The di i | employed to the LCL complex from the
mAmmﬁemmﬁwtlﬂdm:damo‘&Pm
(1), PTFL (2) and CFL (3). B illustrates the sagittal cut made to separate the
mexdial and lateral aspects of the rearfoot. C ill the cut (black
line) made through the fibula to the LCL lex and synd i

Fig. 3. ﬂml&cuwhﬁﬂydmwdmmmn&ﬁemlmmm
talus has been perfi bone pisces for the ATFL and PTFL,
anﬂ&edamhzbmﬁapdmﬁtmﬂwbupokemmp.m
ATFL (1), CFL (2) and PTFL (3) are shown.

Jeurnal of the Mechanical Behavior of Biamedical s 102 (2020) 103473
submerged In PBS for 30 min. The complex was then submerged for
15 min prior to testing the ATFL and a further 15 min prior to testing the
PTFL due to the short length of time taken for each test. Testing the
individual ligaments as an intact complex was facilitated by a bespoke
gripping fixture. The bone segments at each end of the ligaments were
ﬁxad within the gripping ﬂxmxe using six gripping bolts for each bone
at 2 g collagen fibre alig) as shown In
Fig. 4.

The mechanical characterisation was performed using an Instron
ElectroPuls E10000, with a 1 kN load cell (Instron, Buckinghamshire,
UK). A floating Joint was used to attach the top grip to the Instron to

for any uni ded malali within the setup.

Preconditioning was completed to ensure specimens were In an
appropriate physiological state of readiness prior to failure testing and
fluld redistribution had occurred within the specimens (Quinn and
Winkelstein, 2011). Plﬁaen cycles of preconditioning following a sinu-
soldal form, ranging b 2N and a load value corresponding
to 3.5% strain, were perf dataf v of 0.83 Hz. The 3.5%
strain value represents the minimum amount of strain accumulated by
any of the LCLs during one step of a normal walking cycle (10° dorsi-
flexion through to 20° plantarflexion) (Colville et al., 1990). The pre-
conditioning load values representing 3.5% strain were determined in a
preliminary test of each ligament tested under strain control at a rate of
10%.5". The frequency of 0.83 Hz is equivalent to the rate of normal
walking (approximately one full gait cycle per second).

Following preconditioning, the specimens were then ramp loaded to
failure ar a strain rate of 100%.s~". A strain rate of 100%.5~" was
selected to be representative of sprain, having previously been suggested
to be a sultable injury strain rate for anterior cruclate ligament injury
(Blevins et al., 1994). The following equation, incorporating real-world
inputs, also suggests that a strain rate of 100%.s~ Is appropriate to
replicate ankle ligament sprain.

AL

P=—

Lt

where # is the strain rate, AL is the change in length of the ATFL from
neutral position to maximum plantarflexion (4.5 mm), (de Asla et al.,
2009) L is the length of the ATFL in the neutral position (16.3 mm) (de
Asla et al., 2009) and t is the time taken for the sprain motion of an ankle
(0.3 ) (Fong et al., 2009).

2.4. Data Analysis

The mode of fallure was determined via physical and visual exami-

nation of the specimens. Any specimens where the ligament had tom
away from bone, torn cartilage away from bone or torn a small fragment

3;

At

~Semsnmsnmemnne

Fig. 4. ﬁelﬂ.mplaﬁndmothebupokemmﬁxtmemﬁd\eOL
for ch ioa. The ATFL and PTFL, and their boay attachments

hmthﬁhla(l)wduuhu(z)mwﬂlmlbemppotmdmmﬂ)s

within the bottom pot.
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of bome away from bone were categorized as an avulsion. Any intra-
ligamentous fallures were defined as mid-substance failures. After the
experimental testing, post-processing was completed to caleulate the
ultimate fallure load and stiffvess of each ligament from each donor. The
linear stiffness value (k1) was caleulared using a custom Matlab algo-
rithm (Herbert et al., 2016).

Mean values and 95% confidence intervals for the ligament ulimate
failure load, stiffness and length, as well a5 the donos BMI, wedght and
age were calculated for the ATFL, CFL and PTFL. A repeated measures
AMNOVA with a Greenhouse-Gelsser correcthon (p < 01) was performed
1o ealeulare any significant differences in ultimare fadlure load or soifi-
ness betwesn the ATFL, CFL and PTFL. Analysis of the data siratified by
age, welight and BMI was performed to ldentify any potential corrala-
tons with these patient-specific factors and both ultimare fadlure load
and stiffness. Correlations were caleulated for the ATFL, CFL and PTFL
Individually using a two-talled Pearson correlathon test (p < 01

3. Results

The post-dissection ligament lengths used to caleulate the ligament
specific preconditioning lmits are provided in Table 2. The CFL was the
longest of the three lgaments forming the LCL complex, with mean
(£95% CI) length of 200+ 1.9mm. The PTFL and ATFL followed in
order but were similar in length with mean lengths of 13.4 £ 3.2 mm and
12.6 + 0.9 mmm, respectively.

The mechanleal characterisation results for the ATFL, CFL and PTFL
are shown in Table 5. The CFL had the highest mean ultimate failure
load (+95% 1) of 367.8+79.8N followed by the PTFL
351.4 4+ 110.8 N, while the ATFL was the weakest 263.6 + 164.3N. No
significant differences were found for the ultimare failure load (p= 24)
or stiffegs (p=30) between the ATFL, CFL and PTFL.

The ratio of avulsions to mid-substance fdlures was similar for the
ligament types tested, as detailed in Table 3. The ATFL avulsed from the
fibula in four of the six tests, the CFL avulsed from the fibula in two of
the six tests and the PTFL avulsed from the talus in two of the six tests.
No gystematic differences in uwliimare fallure load or stifsess were
Identified berween the different fallure modes. When avulsion did occur,
the site of avulsion was conslstent amongst lgament rypes (see Table 3).
Flg. 54 and B Mustrate clear examples of a mid-substance fallure and
avulsion, respectively.

The eorrelation results for the uldmate fallure load and stiffness to
the patlent-specific factors: BML wedght and age are presented in
Table 4. The ultimate fallure load of the CFL was found to have a sig-
nifleant strong positive Pearson correlaton with BMI (FP=0.92;p= 01).
The wltimare fallure load of the ATFL and PTFL had non-significant
Pearson correlation scores (P=0.18 p=.73 and r=085 p=.16,
respectively). A non-significant relatdonship was found for both age and
wedght with relation to both the uldmate faflure load and stiffmess of the
ATFL, CFL and PTFL. Any relatdonship ldentified berween BMI and
stiffness of the ATFL (F= —.05; p=92), CFL (r = 0.22; p=_68) and PTFL
(F=—0L01; p=_98) was also negligible.

The ultmate faillure load results of the ATFL, CFL and PTFL are
plotted against BMI in Fig. 6 with the results for all three Hgaments of
each donor aligned vertieally according o the donors BMI. There is no

Table 2
Ligament lengths (mm) for each individual ligament and the mean lgament
lengih and 95% confidence intervals (CI) for ATFL, CFL and FTFL.

Sample ATFL CFL PTFL

Journal of the Mechanical Behavior of Blomedical Maierials 102 (2020} 103473

Table 3

The mean and 95% confidence intervals (C1) for the wltimate failure load and
stiffness results of the ATFL, CFL and PTFL. As well as the failure mode (A =
avulsion and M - midssubstance) and avalsion location.

ATFL OFL PTFL
Mean Ultimate Failure 361643 JETELTIE 3514z 1108
Load = O3 (M)
Mean Stiffnes £ O (N/mm) BT + 166 458 190 5900107
Failure Mode [A/) a4 'q 259
Asulsion Sice Fibula Fibula Talus

Fig. 5. A) A mideubstance failure where intradigamentous failure has
accurred. B) An avulsion failure where a fragment of bone has avulsed from the
bone surface (white arrows).

Table 4

The carrelation (roahss) and respective significance (pevalue) of both gament
ultimate failure load and ligament stiffness against the patient.specific factors
{FSF): BMI, weight and age.

Ligament Propenty PSF r-value pevalue

Failure Load ATFL BMIL Jds4 JI
CFL BMIL £l L oo
FTFL BMIL JE50 62
ATFL Weight 516 395
CFL Welght BT4 023
FTFL Welght a3z 527
ATFL Age 560 248
CFL Age -273 0]
FTFL Age -A406 317

Sriffness (k1) ATFL BMIL -052 a
CFL BAAL Zla BE1
FTFL BAAL -013 S5El
ATFL Weight ATE 738
CFL Weight 410 419
FTFL Weight o] L]
ATFL Age 750
CFL Age 397 A35
FTFL Age -340 510

* Indicates result is significant at the (0] level (twostailed).

evidence of a systematie tendency for the ultdmare failure load to vary by

iz type elther within or between donoss.
1 162 17.60 1050
2 1L76 20.66 1466
3 1290 19.24 1054 4. Discussion
4 1350 23.00 1834
5 1208 2006 1420 The alm of this smdy was o improve understanding of the me-
& 1354 19.56 1156 chanical es and fallure modes of the LEL when strained
Mean + 1 126+ 09 00£19 12432 propert] complex

art a rate representative of ankle sprain events in real-life. The
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B

hip between BMI and ultimate failure load. The three ligaments of esch donor are vertically aligned according to

the BMI of the donor. The ATFL is shown by blue diamand markers, the CFL by red square markers and the FTFL by green triangle markers. Trend lines are shown for

the ATFL (blue dash dot), CFL (red dotted) and PTFL (green dached).

mechanical characteristics of the entire LOL complex when loaded at a
realistle speain-like strain rare (100%.5~") are reported. The mean ult-
mate failure load results concur with previously published work, thar the
CFL and PTFL provide similar levels of support under load and that the
ATFL Is the weakest (Attarian et al., 1985; Slegler and Schneck, 1988)
There is however, a large amount varlability berween specimens, as
shown In Fig. &, and there was no clear partern for which ligament is the
strongest or weakest at an individual domor level. Whilst 5t Plerre et al.
(1983) only reports tensile srength of the ATFL: they do so, In most
cases, for each foot of each Individual donore highlighting the substantial
varlability in ATFL faillure load, ranging from 44 N to 556 M. Motably,
the ATFL, which iz widely established as the weakest LCL, was the
srongest for two donors in this study, contradicting the general
consensug (Attarian et al, 1985 Slegler and Schneck, 1988). The widely
egtablished view that the ATFL is the weakest of the LCLs could therefore
be incorrect for some people. The cause of this finding is Ukely muold-
factorial and a much larger sample size and In-depth patient informarion
1 required to substantiate any hypothesis.

Sriffmess results bn this study are similar to those previously reported
by Ararian et al. (1985) who strabned the LOLS ar strain rates consid-
erably higher than 100%.5~". This paper therefore supports the theory
that the straln-rate dependency of ligaments can be neglected when
tested ar strain rates greater than 100%.5™" (Boaner et al., 2015 Funk
etal., 2000). The current Andings Indicate a range of indicative uldmate
failure loading requirervents that can further inform the mechandcal
property specifications for synthete ankle ligaments. Through improved
matching of the mechanical propesties, particularly the stiffness, of
synthetic ligaments o thelr matural counterparts jodnt mobility and
stability have the potential to also improwve.

Both mid-substance failure and avulson are abundantly prevalent as
failure modes of the LOLs. Categorlsation of the failure mode is some-
what subjective due to the fibrous namre of lgamentous failure, the
difficulty faced differentiating between fallure modes and the lack of a
standardised definition of avulsion. The location of ligament avulsion
was consistent, at the fibula for the ATFL and CFL and at the talus for the
PTFL. Slegler er al. (1988) found the AFTL tw avulse 58% of the tdme and
the CFL and PTFL to avulse in 70% of tests, with remaining specimen
failing mid-substance (Slegler and Schneck, 1988). Amarlan et al. (1985)
reported edght mid-substance failures and four ralar avulsions for the
ATFL, elght mid-substance fallures, four caleaneal avulsions and four

fibula avulsions for the CFL and four mid-substance fadlures for the PTFL
{Artarian et al., 1985). 5t Plerre et al. (1983) reported 18 talar avulsions,
16 mid-substance failures and two unknown fallures (50 Plerre et al.,
1983).

The lecaton of ATFL avulsion in this study is inconsistent with those
previowsly reported and an explanarion as to why Is unclear. Possible
explanations include the status of the Abula, the orbentation of the lig-
ament or the vastly different steain rates. The fibula was intact for testing
I the studies by 5t Pleree et al. (1983) and Artarkan et al. (1985) whereas
im this smdy the Abula was split reducing the amount of bone to be
gripped. The orlentatbon of the specimen may differ slightly between
this study and the two studies highlighted due o the fbula not being
Intact, although all stedies amempied tensile testing with fbre align-
ment. The prevalence of avulslon and mid-substance fallures are how-
ever comparable. The high prevalence of avulshons could be due to the
significantly higher local straln prosimal to the artachment site of lig-
aments compared to the central reglon (Srouffer eral | 19585). The fallure

hanizm of a Hg: t is an important consideration prios to a liga-
ment repals belng performed as the Axaton method may differ
depending on whether the lgament needs reamaching to bone or (o
ligament.

A potentally noteworthy finding was the positive correlaton be-
tween BMI and ultimate fallure load values for the ligaments of the LOL
complex, specifically the CFL. This finding, from a sample size of six,
suggests that the CFL of individuals with a higher BMI have a greater
load bearing capacity than those with a lower BMIL. This is most lkely
due to the adaptive remodelling namre of ligamentous structures, as
Individuals with a greater BMI are likely to apply more siress to the
ligament, increasing strength over dme (Bonnel et al . 2010). The BMI of
an individual could therefore be an important factor when selecting the
appropriate material propertes of a synthetle intervention, and notably
people with a high BMI who are more often candidates for a synthetic
ligament replacement (Ajis er al, 2006). Therefore, the load bearing
capacity of the gynthetle, and thelr fixaton devices, should match the
mean ultimare failure load to ensure the synthetbe does not subsequently
faill. The stiifness of the synthetbe material, along with the tension
applied upon insertlon, is arguably more Importane. A stiffness thar s
too high eould reduce the joint mobility and too low could affect the
stability of the joint. Therefore it could be recommended that the soff-
ness of the synthetic material s aleo matched 1o that of the natural Hssee
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resulis reported.

The anatomy of ligaments is often depleted incorrectly in (lustra-
tons because of stylistle licence. The previously published picrostal
essay does howewer provide detalled images of the ankle ligament
anatomy (Goland et al., 20016). Fig. 3 shows the amachment points of the
ATFL and CFL to the fibula. These amachments are often (lustrated as
separate nsertlon points however ag shown In Fig. 3, the two lgaments
commonly attach ar the same insertion point on the fAbula. It is sug-
gested that the inferlor aspect of the ATFL and CFL are connected by
arciform fibres (Sarrafian, 1983), thus forming the lateral fbulotalo-
caleaneal eomplex (Hertel, 2002). This observation was also made when
performing the dissectlons for this smdy. The resulis of this study
however suggest that the connecting flbres are not of a sufficlent
strength to cause both the ATFL and CFL 1o rupture simultaneously. The
CFL was tested first in every instance and the results of the ATFL are srill
similar to those previowsly published, where they were tested without
the arciform Abres present (Slegler and Schneck, 1988

The Umitations to the study predominantly centre on the use of
human cadaveric tissue. The main lmitaton s the small sample size
{n=6). Research using donor cadaverie tissue should be minimised o
only what is essential and performed with maximum efficiency and
Integrity out of respect for the donors. The characterisation of eadaveric
human tissue may nod reflect the same response as living tissue. How-
ever, ligamentous tssue primarily amributes its strength properties to
the collagen fibres which form the majority of ligament structure. The
collagen would not be greatly affected by the tissue belng living or dead,
providing it remains well hydrated and is stored appropriately 1o abate
tssue degradarion. Although the exclusion eriterla required donors o
have not reported any lower limb rauma we cannot be certaln thar a
prior gprain had not occurred at some point during the donoe’s lifespan.
It is estimared that ankle injury rates are approximately five and a half
times higher than those registered in emergency departments {Kemler
et al, 2005) This could provide some explanation for the in-
consistencies in strength between Ugan‘ien:t_',-pa (Flg. &) Large varka-
tons in the results following the bk isatlon of ankle
ligaments are aleo reported elsewhere (Slegler and Schneck, 1988). The
use of elderly donoer tissue to investigate sprain has previously been
suggested to be a limitadon of cadaver studies. An effort was therefore
made when selecting donor specimens 1o obtain the youngest specimens
possible (mean 56.2 years). A previous smdy however, reported no
correlation betwesn ultimare fallure load and age for donors aged 17 o
54 when testing human anterior eruclate ligaments (Blevins et al,
1994). The link identified between BMI and ultimate failure load of the
CFL and PTFL is based on a narrow range of BML with only ane donor
having a BMI ouwtslde of the normal range and the rend may not be
reflected in a population at the extremdities of the BMI scale.

5. Conclusion

Limitarions aside, the conditons of this study were carefully defined
1o peflect those experienced by individuals who would suffer an ankle
sprain, and for the Arst e the entire LCL complex has been charac-
terised an realistic sprain Inducing straln rates. In the current study, the
ultimate fallure load and stiffeess of the ATFL, CFL and PTFL did not
differ systematically bur there was a tendency toward greater strength in
people with a higher BML The maximum likely exposure loads, the BMI
of the patlent and the fallure mode of the LOLs all appear to be factors o
be further considered when selecting the material, repalr or recon-
struction techngque 1o be wed for surgleal stabilisarion of the sprained
ankle.
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