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Ankle arthrodesis has been the gold standard surgical treatment for painful and disabling ankle 

diseases whose symptoms do not respond to conservative treatment. Despite Improvements and new 

techniques that have resulted in high levels of performance, cases of fusion failure are still reported. 

Initial stability at the fusion site is believed to be one of the main mechanical factors affecting the 

outcome of the arthrodesis. Blomechanica! studies have tried to establish the best way to achieve a 

rigid fixation, by comparing the gross motion between the tibia and the talus when using different 

fixation techniques. However, little is know about the mechanical response of ankle arthrodesis 

constructs at the fusion site. The purpose of this research was to use the finite element method as a 

comparative tool to assess the initial stability at the fusion site of ankle arthrodesis constructs 

internally fixed with screws. 

Digital image-based finite element models of ankle arthrodesis constructs were built and subjected 

to the load cases most likely to affect the ankle in the postoperative period. Mesh refinement and 

sensitivity analyses were performed upon a reference model. Two joint surface preparation techniques 

(preserved and flat cut joint contours) were compared in ankle constructs fixed with two and three 

screws in different configurations. Normal and poor bone quality were simulated. The initial stability 

was assessed by measuring the relative micromotions between the tibia and the talus at the fusion 

site, as well as examining the bone strain distributions. 

Preserved joint contours predicted better initial stability at the fusion site and a more uniform 

distribution of loads in the bones than resected joint surfaces. With two-screw fixation, regardless of 

the surface preparation technique, inserting the screws at 30 degrees relative to the long axis of the 

tibia and crossing them above the fusion site predicted the best performance. Increasing the insertion 

angle and lowering the crossing level caused an overall decrease in the stability at the fusion site. 

Three-screw fixation predicted better initial stability, a more uniform distribution of loads in the bones 

and a lower risk of bone failure than two-screw fixation. Adding a third screw anteriorly produced, 

overall, a better performance than adding the screw posteriorly. As compared to the normal quality 

bone, large decreases in stability at the fusion site were predicted when different levels of poor bone 

quality were simulated. Even the most stable two-screw configuration predicted low levels of stability 

and regions at risk of bone failure, suggesting the need for a third screw. 

This research should be seen as a step towards the use of finite element modelling as a tool to 

provide additional information to the orthopaedic surgeon during the preoperative planning of ankle 

arthrodeses. Model limitations must be borne In mind when considering a direct transfer of the 

findings of this research into the clinical situation. Nevertheless, the results of these finite element 

analyses have shown the importance of the surface preparation technique and the screw orientation 

on the initial stability of the ankle arthrodesis construct at the fusion site. The differences obtained 

between the models may well be the difference between success and failure of the ankle arthrodesis. 
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Introduction 

INTRODUCTION 

The computat ional analysis of orthopaedic problems arises f rom the need to 

complement in vivo and in vitro experiments aimed at enlarging the body of knowledge 

that will help to address specific clinical needs. This obviously requires a multidisciplinary 

approach. Thus, before the objectives of this research on ankle arthrodesis are discussed, 

a brief description of the anatomy and function of the ankle j o i n t is presented in Chapter 1, 

followed by an overview of the structure and material propert ies of bone in Chapter 2. 

Chapter 3 introduces the clinical aspects of ankle arthrodesis, with its indications, 

techniques and results. Despite the numerous techniques avai lable and the improvements 

in the clinical outcome of ankle arthrodesis, significant failure rates are stil l being reported. 

Biological and mechanical factors act together to produce a given outcome. Chapter 4 

looks at the mechanical factors that may affect the outcome of ankle arthrodesis. I t 

becomes clear that stabil i ty at the fusion site achieved at the t ime of surgery plays a key 

role in the success or failure of the arthrodesis procedure. Given the l imitations of the in 

vitro experiments designed to assess this initial stabil i ty, the use of computational models 

emerges as a suitable alternative. 

The assessment of the initial stabil ity of ankle arthrodesis w i th internal f ixation using 

finite element analysis starts In Chapter 5. This describes the model l ing procedure followed 

and the results f rom a number of tests performed upon a reference model to determine its 

robustness. Informat ion regarding the benefits in terms of init ial stabil i ty of different 

arthrodesis techniques and screw configurations could help t h e surgeon to choose the 

option most likely to produce the desired outcome. Thus, Chapter 6 and Chapter 7 

compare the initial stabil i ty of two jo in t surface preparation techniques and the effect of 

changing the configuration of the screws. Ankle arthrodesis is of ten performed in patient 

populations with pathologies that affect the quality and mechanical integri ty of their bones. 

To get closer to this clinical scenario, a comparison between a selection of the models 

studied in the previous chapters is performed In several cases of simulated poor bone 

quality in Chapter 8. Finally, a critical discussion of the f inite e lement analyses performed 

is presented, fol lowed by recommendations for future developments. 
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Chapter 1 

ANATOMY AND FUNCTION OF THE ANKLE JOINT 

The ankle jo in t , also called the talocrural jo int , is the j o in t of the lower limb that 

connects the leg and the foot. I ts special configuration and location provide both stability 

and mobi l i ty, making the ankle jo in t essential in weight-bear ing and force transmission 

that occurs during locomotion. 

1.1 A N A T O M I C A L REFERENCE FRAME 

In order to describe the location, orientation and movemen t of the human body in 

three-dimensional space, three orthogonal planes are used as the anatomical reference 

system (Figure 1.1). Consider the body in the anatomical posi t ion, i.e. in erect posture, 

with the arms hanging along the sides of the body and the palms looking forwards. The 

sagittal plane is the vertical antero-posterior plane that passes through the centre of the 

trunk, dividing the body to two sides. The frontal plane (also known as coronal plane) is 

the vertical plane perpendicular to the sagittal plane. The transverse plane is the horizontal 

plane perpendicular to both the sagittal and the frontal plane. Any parallel plane to any of 

these three planes is referred to by the same name. 

Sagittal plane 

Transverse 
plane 

Frontal 
plane 

Figure 1.1 Anatomical planes (Modified 

from Paiastanga et aiJ^^^J). 

The intersect ion of the sagittal and frontal 

planes is called t h e longitudinal axis of the 

body. The terms superior and Inferior describe 

the levels along t h i s axis of parts or structures 

of the body. The intersect ion of the sagittal and 

transverse planes determines the antero-

posterior axis. The relations of structures with 

the front or back of the body or limbs are 

described with t h e te rms anterior (or ventral) 

and posterior (o r dorsal) respectively. The 

intersection of t h e frontal and transverse 

planes gives the transversal axis. The terms 

medial and lateral describe being nearer or 

further f rom the sag i t ta l plane along this axis. 

With regard to t h e l imbs, proximal and distal 

refer to the near and far positions f rom the 

t runk, respectively. 
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1.2 DESCRIPTION OF THE ANKLE JO INT 

The ankle jo in t is formed by the distal ends of the two bones of the leg (tibia and 

fibula) and the proximal bone of the tarsus of the foot (talus). A brief description of these 

bones will be given here. For a more detailed description of these bones, as well as the 

ankle jo in t and its function, refer to the numerous texts available, such as Basmajian M, 

Draves Sarrafian Norkin and Levangie and McMinn et 

1 . 2 .1 A n k l e b o n e s 

Both the tibia and the fibula are long bones, with a long shaft (diaphysis) and 

proximal and distal ends (epiphyses). The distal epiphysis of t he tibia enlarges from the 

diaphysis, presenting three main features related to the ank le jo in t (Figure 1.2): The 

inferior part or tibial plafond, which is wider anteriorly and contains a concave articular 

surface facing downwards towards the talus; the most distal par t of the t ibia, the medial 

malleolus, on the medial side, whose lateral surface is covered with an articular facet, 

continuous wi th that of the tibial plafond; and the fibular notch on the lateral side, which is 

the site of the distal t ibiof ibular jo int . The diaphysis of the f ibula is thinner than the tibial 

diaphysis, expanding distally to the lateral malleolus (Figure 1 .2) . The lateral malleolus lies 

more inferior and slightly posterior than the medial malleolus. On its medial surface there 

is a tr iangular art icular facet for articulation with the talus. 

The talus is a small bone with three main parts: the body , the neck and the head 

(Figure 1.3). The superior part of the body of the talus (talar dome) is wider anteriorly and 

its mostly covered by three articular facets for art iculation wi th the tibia and fibula (two on 

each side and a trochlear surface at the top). The body of t h e talus also articulates with 

the tarsal bone underneath it (the calcaneus), forming the subta lar jo in t . The neck of the 

talus is the narrower part that connects the anterior part of t h e body wi th the head of the 

talus. The head presents a rounded anterior surface, which is covered wi th a facet for 

articulating wi th the navicular bone, another tarsal bone, f o rm ing the talonavicular joint. 

Due to the orientat ion of the neck, the head of the talus lies anter ior and medial to the 

body of the talus. 
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Facet 
for talus 

FIBULA 

Lateral malleolus 

' 

TIBIA 
Fibular notch 

Facets 
for talus 

Medial malleolus 

Tibial plafond 

Figure 1.2 A Anterior view of the tibia and fibula from a right leg. B Detail of the 

distal part of the diaphysis of the fibula and the lateral malleolus (medial view). C 

Detail of the distal end of the tibia (lateral view) (A and B modified from Gray C 

modified from Draves 

Anterior 

Trochlea 
(facet for tibia) pacet for lateral malleolus 

NECK 

Posterior 

Facet for calcaneus 

Facet for navicular bone 

V I v_ 
Y 

HEAD 
Y — 

BODY 

Figure 1.3 Lateral view of a left talus (Modified from Gray^^^^). 
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1 .2 .2 Joint a n a t o m y 

The ankle jo in t is classified as a synovial jo int . I t comprises a jo in t cavity lined with 

art icular carti lage over the art icular facets and synovial membrane over the rest. Synovial 

fluid provides lubrication, reducing friction between the contacting surfaces. A fibrous 

capsule encloses all these structures, isolating the jo in t f rom t h e outside and keeping the 

bones together. Extra-art icular l igaments reinforce the capsule in specific areas. 

Figure 1.4 Anterior view of 
the bones of a left ankle joint. 

The tibia and fibula f o r m a concave cavity, called 

the mortise, into which the talus fits (Figure 1.4). The 

articular facets present on the tibia and fibula form an 

almost continuous jo in t surface for articulating with 

the corresponding three art icular facets on the talar 

dome. The superior face o f the talar body is covered 

by a trochlear surface tha t articulates with the tibial 

plafond. I t is convex f rom anterior to posterior and 

slightly concave f rom medial to lateral. As well as the 

tibial plafond, the trochlea is wider anteriorly than 

posteriorly. The medial and lateral borders of this 

articular surface are cont inuous wi th the medial and 

lateral articular surfaces. On the medial side of the 

talar dome, there is a comma-shaped articular 

surface for art iculating w i t h the medial malleolus of 

the tibia. A concave t r iangular surface covers the 

lateral side of the talar body for articulating with the 

tr iangular articular surface present on the lateral 

malleolus of the fibula. 

The distal ends of the t ibia and fibula are joined by a f ibrous jo in t or syndesmosis, the 

distal t ibiof ibular jo in t . This jo in t allows very small movements between the two bones; it 

varies slightly the dimensions of the ankle mortise during ankle mot ion to adapt it to the 

varying width of the talar trochlea. 

1.2.2.1 Ankle jo in t l igaments 

The l igaments of a synovial jo in t are major stabilizing s t ructures and help to maintain 

the integri ty of the jo in t , l imit ing the range of motion and constra in ing certain undesirable 

movements. At the ankle jo in t , two main groups of l igaments reinforce the articular 

complex, connecting the malleoli wi th the talus and adjacent ta rsa l bones (Figure 1.5). 
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The medial collateral l igament or deltoid ligament connects the medial malleolus to 

several tarsal bones, and consists of several bands whose number and description is 

somewhat controversial in the l iterature. As shown in Figure 1.5 A, there are three bands: 

the naviculotibial ligament, running anteriorly towards the navicular bone; the 

calcaneotibial ligament, f rom the medial malleolus down to the calcaneus; and the 

posterior talotibial ligament, running posteriorly down to the talus. Some authors also 

describe a deeper layer wi th two bands: the deep anterior talotibial ligament and the deep 

posterior talotibial ligament. 

The lateral collateral l igament (Figure 1.5 B) is less extensive and weaker than the 

medial l igament; it has three components originating f rom the lateral malleolus: the 

anterior talofibular ligament, running anteriorly to the ta la r neck; the calcaneofibular 

ligament, attaching to the calcaneus; and the posterior talofibular ligament, running 

posteriorly towards the back of the talus. 

Closely related with the ankle ligaments are the crural tibiofibular interosseous 

ligament and the anterior and posterior tibiofibular ligaments. They are strong ligaments, 

part of the distal t ibiof ibular jo in t , that keep the distal ends of t ibia and fibula together, 

preserving the integri ty of the ankle mortise (Figure 1.5 B). 

B 

Posterior 
tibiofibular lig. 

Posterior 
talofibular lig. 

Naviculotibial lig. 

Calcaneotibial lig. 

Posterior talotibial lig. 

Deltoid lig. 

Anterior 
tibiofibular lig. 

Anterior talofibular lig. 

Calcaneofibular lig. 

Figure 1.5 A Medial view of the ankle joint with the medial collateral ligaments. B Lateral 

view of the ankle joint with the lateral collateral ligaments (Modified from Gray 
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1.3 ANKLE J O I N T FUNCTION 

1 .3 .1 A x i s o f r o t a t i o n a n d m o b i l i t y 

Regarding its function, the ankle jo in t is classified as a diarthrodial jo int . Traditionally, 

the ankle jo in t has been considered as a hinge jo int , al lowing the rotation of the talus 

relative to the shank around a fixed single axis This single axis is usually described 

as passing transversally through the ankle, approximately at t h e level of the tips of the 

malleoli. Relative to the longitudinal axis of the foot, it is external ly rotated in the 

transverse plane and slopes 

downwards f rom medial to lateral. 

The d i rect ion of the axis results in 

ankle mo t ion across the three 

reference planes (Figure 1.6). 

Plantar f lex ion and dorsiflexion are 

the major movements, though small 

degrees o f internal/external rotation 

and inversion/eversion are also 

allowed. (Note: internal/external 

rotation is also called adduction/ 

abduct ion; inversion/eversion is also 

called varus/va lgus) . 

Interna 
rotation 

Eversion 
(valgus) 

Externa 
rotation 

Inversion 
(varus) 

Ta 

Plantar flexion Dorsiflexion 

Figure 1.6 Rotational movements of the talus 

relative to the shank (T=tibia, F=fibula, 

Ta=talus), showed top to bottom in the frontal, 

transverse and sagittal planes respectively. 

More recent ly , several studies have 

reported changes of the talocrural 

jo in t axis throughout the range of 

movement [88,94,149]̂  pointing out the 

fact that t h e normal motion of the 

talocrural j o i n t involves sliding as 

well as ro l l ing. All this suggests that 

considering the ankle jo in t as a fixed 

hinge j o i n t could well mean an over-

simpl i f icat ion of the real ankle 

kinematics. 

With regards to the range of motion of the ankle jo in t , resul ts f rom different studies 

show a certain degree of variation. These differences are apparent ly caused by the 

different methodologies used and by individual variations. I t is wor th noting the lack of 

standard jo in t coordinate systems to describe the motion of t h e human joints. Despite 

recent efforts to address this problem no standard ankle j o i n t coordinate system has 
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yet been established and different coordinate systems have been used when assessing 

ankle motion. Therefore, ranges of motion referred to by t h e same name in different 

studies can describe slightly different motions depending on the coordinate systems 

employed in each case. Values between 20° and 50° of plantarf lexion and between 10° 

and 25° of dorsif lexion have been reported, as well as just a few degrees (less than 10°) 

of external/ internal rotat ion and inversion/eversion [41,80,88,142] 

The complex movements of the foot related to the shank involve several jo ints of the 

foot in addit ion to the talocrural jo int . In particular, the ta locrural jo int is closely related to 

two other jo ints of the foot : distally to the subtalar joint (between inferior face of the talus 

and superior face of the calcaneus) and anteriorly to the transverse tarsal joint (which 

includes the talonavicular joint and the calcaneocuboid joint). Generally, the term "ankle 

jo int complex" is used to describe the structure formed by t h e ankle and subtalar joints. 

Although most of the gross motion between the foot and t h e shank takes place at the 

ankle jo in t complex, other joints of the foot contr ibute to it in dif ferent degrees. In the 

global motion of the foot relative to the shank, a combination o f dorsif lexion, eversion and 

external rotation is called pronation. On the other hand, supinat ion is a combination of 

plantar f lexion, inversion and internal rotation. The various j o i n t s of the foot and ankle 

complex contr ibute in dif ferent degrees to these combined mot ions and, therefore, the 

range of motion of the foot relative to the shank in any direct ion is larger than that of the 

talocrural jo int . 

Several cadaver specimen experiments and in vivo roentgen stereophotogrammetric 

studies have reported the contribution of the various jo ints to t h e motion between the leg 

and the foot [80,93,149] T|- |e major motion occurring at t h e ankle jo in t is plantar 

f lexion/dorsif lexion and it takes place mainly during the plantar f lexion/dorsif lexion of the 

foot relative to the shank. Yet again, differences in terminology and methodology have led 

to some inconsistency when describing the motion of the ankle as a result of the motion of 

the foot relative to the shank. In this way, for instance, Kitaoka et a I . ™ found that some 

degree of dorsif lexion occurred at the ankle jo in t when the foo t was pronated, as well as 

smaller amounts of external rotation and eversion. When the foot was supinated, they 

observed a small amount of dorsiflexion and a smaller amount o f inversion at the ankle. In 

contrast, Leardini et al.c®®5 observed ankle dorsiflexion coupled w i th external rotation and 

supination, and plantar f lexion coupled with internal rotation and pronation ( i t seems as if 

they called supinat ion/pronat ion that which has been considered above as 

eversion/inversion). 
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1.3 .2 Musc les a c t i n g o n t h e a n k l e j o i n t 

The muscles that act on the ankle jo in t are those with or ig ins in the leg and insertions 

upon the foot. These muscles and their tendons cross the ankle jo in t at different positions 

relative to the ankle jo in t axis. Since there are no muscle at tachments to the talus, they 

indirectly cause ankle mot ion by acting on other bones and j o i n t s of the foot. 

The muscles that control the motions of the talocrural jo in t belong to the three 

muscular compartments of the leg: anterior compar tment , lateral compartment and 

posterior compartment. Most of these muscles present tendinous extensions, which enter 

the foot under the cover of several retinacula. Considering the i r position relative to the 

ankle axis indicates the function of each muscle. Name, funct ion and position of the main 

muscles acting on the talocrural jo in t are shown in Table 1.1 and Figure 1.7. 

The muscles of the anterior compartment of the leg are dorsif lexors of the talocrural 

jo in t as they lie anterior to the ankle axis. The tibialis anterior is the main dorsiflexor. They 

also contr ibute to the inversion/eversion and internal/external rotat ion of the foot relative 

to the shank. The muscles of the lateral and posterior compar tments act as plantar flexors 

of the ankle jo in t , being the triceps surae the main plantar f lexor , followed by the flexor 

digitorum longus. They also contr ibute in different degrees t o the relative movements of 

the foot relative to the shank. 

Table 1.1 Function of the main muscles acting upon the ankle joint. 

Leg compartment Muscle name Function * 

Tibialis anterior OF, INV, IR 

Anterior Extensor hallucis longus DF, INV, IR 

Extensor digitorum longus DF, EV, ER 

Lateral 
Peroneus longus ER, EV, PF 

Peroneus brevis ER, EV, PF 

Triceps surae PF, IR, INV 

Posterior 
Flexor hallucis longus IR, INV, PF 

Flexor digitorum longus PF, IR, INV 

Tibialis posterior IR, INV, PF 

* DF=dorsiflexion, PF=plantar flexion, INV=inversion, EV=eversion, IR=lnternal rotation, 
ER=external rotation. Plantar flexion/dorsiflexlon refers to the talocrural joint. Inversion/eversion 
and rotation refer to the motion of the foot relative to the leg. Functions appear In order of 
Importance; bold Indicates main plantar flexor or dorsiflexor of the talocrural Joint. 
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Extensor hallucis 
longus 

Extensor 
digitorum longus 

Tibialis anterior 

Tibialis posterior-

Flexor digitorum 
longus 

Flexor hallucis 
longus 

Anterior compartment 
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Ankle axis 

^Peroneus longus 

Peroneus brevis 

Triceps surae 

Figure 1.7 Position of the muscles and tendons crossing the 

ankle joint relative to the ankle axis. Talus is shown dotted, 

tibia and fibula in blue (Modified from CzernieM 

1.3 .3 Forces and moments acting on the ankle jo in t 

During locomotion, the foot and ankle complex are subjected to functional demands 

that include force absorption and force transmission. Thus, large forces and moments act 

on the ankle jo in t , wi th a combination of internal forces - caused by the action of the 

muscles upon the skeletal segments and the viscoelastic propert ies of the jo ints and their 

surrounding soft tissues, and external forces - gravitat ional, inert ial and ground reaction 

forces. 

In vivo direct and non-invasive measurements of the forces acting at the talocrural 

jo in t are not available. Motion analysis systems provide ranges of mot ion, velocities and 

accelerations between the shank and the foot during locomotion, and predict the forces 

and moments acting on the foot and ankle complex. They are based on relatively simple 

models of the body segments and joints. Using the kinematic data, the ground reaction 

forces measured in force platforms and anthropometric data as inputs, they predict the 

forces and moments acting at the different jo ints. However, they do not consider the 

internal forces generated by the muscles. They are widely used in the clinical practice to 

assess normal and pathological gait patterns. Only through mathematical or invasive 

approaches is it possible to t reat the ankle jo in t and the subtalar jo in t separately. 

Therefore, these systems consider the ankle complex as a single unit. Typical kinematic 

10 
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and kinetic data of the ankle complex obtained from motion analysis systems are shown in 

Figure 1.8 and Figure 1.9, where the moments were normalised wi th respect to the weight 

and height of the subjects. 

More complex mathematical models have tried to predict the forces and moments 

acting on the jo in t of the lower extremit ies. Detailed anthropometr ic data, as well as data 

obtained f rom motion analysis systems and force platforms or in vitro experiments, were 

used as inputs. Muscle forces and jo in t reaction forces were usually considered as the 

unknown variables, leading to a statically indeterminate system of equi l ibr ium equations. 

Various methods to overcome this problem were followed, assuming simplifications such as 

muscle grouping on functional grounds or minimization of d i f ferent variables such as the 

sum of all the muscle forces. However, the l imitations of the models might have led to 

inaccurate magnitudes. 

Seireg and Arkivar presented a purely mathemat ical 3D model of the lower 

extremity, assuming certain arbitrary limb segment motion pat terns. The ankle motion was 

defined as a one degree of freedom (DOF) system, referr ing to the relative motion 

between shank and foot. They reported a peak reaction force of 5.2 t imes body weight 

(BW) (peak vertical component approx 5 BW, peak posterior component approx 2.2 BW 

and peak medial- lateral approx 1 BW). Stauffer et al.t^^'*^ analysed the force and motion of 

the ankle jo in t in a 2D model, also assuming a single DOF between the shank and the foot. 

They predicted a peak compressive force between 4.5 and 5.5 BW (mean 4.73 BW) and a 

peak posterior shear force of 0.8 BW. The results of this s tudy are often mentioned and 

used in the l i terature, despite the l imitation of being a 2D analysis of a jo in t whose axis of 

motion seems to require a 3D approach, leaving aside the fact tha t it only considered the 

gross motion between leg and foot. 

s 
2 
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(U 
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Evendon 

Dorsiflexlon 

-15 

Internal rotation 

% stance phase 

Figure 1.8 Ankle complex kinematics (mean ± 95% confidence) during the 

stance phase of the gait cycle (stance phase = period during which the foot is in 

contact with the floor). Positive values are dorsiflexion, aversion and external 

rotat ion (Modified from Hunt et aiJ^^^). 
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Figure 1.9 Ankle complex moments (mean ± 95% confidence) during the stance phase 

of t h e ga i t cyc le (Modified from Hunt et 

Rohrle et presented a more complex model for a 3 D analysis of the hip, knee 

and ankle during walking. The ankle jo in t also represented t h e relative motion between 

shank and foot but had two DOF, allowing inversion-eversion in addi t ion to plantar flexion-

dorsiflexion. They predicted considerably lower values than Seireg and Arkivar They 

reported a peak force across the shank-foot complex between 3 and 3.8 BW for various 

gait velocities (peak vertical force of 3.18 BW, peak posterior force of 1.41 BW and peak 

lateral force of 0 .1 BW, for an average gait velocity and with respect to a global coordinate 

system). 

12 
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Only two references have been found that consider the isolated behaviour of the 

talocrural jo in t . Procter, in his PhD thesis performed a very detailed study of ankle 

biomechanics, whose main results were later summarized in Procter and Paul [ "2] They 

studied the talocrural and the subtalar joints separately. Like Rohrle et al . t"9], they 

considered plantar f lexion-dorsif lexion and inversion-everslon but , in this case, each joint 

was assumed uniaxial, providing a single DOF. They predicted a peak jo in t force for the 

talocrural jo in t of 3.9 BW (2,9-4.7 BW range)(Figure 1.10 A) . They also presented the 

moments at the talocrural jo in t due to the external forces for one of the subjects studied: 

peak dorsi f lexor/plantar f lexor moments = 110Nm/30Nm; peak evert ing/invert ing 

moments = 45 Nm/10 Nm and peak external/ internal rotat ion moments = 25 Nm/5 Nm 

(Figure 1,10 B). An overall variation of their results of ± 2 0 - 2 5 % was estimated due to 

experimental error, cadaver anthropometric data and individual subject variability. 

However, they considered that their 3D model produced physiologically feasible solutions, 

whilst including the main shank muscles and the talocrural and subtalar jo ints. They 

planned to fur ther improve the model including l igaments, b u t no later references have 

been found. 

Dorsiflexing 
moment 

o 20 

100% Plantar flexing 
moment 

10096 
stance 

Figure 1.10 A Predicted talocrural joint force through the stance phase for the seven 

subjects studied by Procter B External moments at the talocrural joint through the 

stance phase for subject number seven. The dashed line represents 

externally(+)/lnternally(-) rotating moment and the continuous line everting(+)/lnvertlng(-) 

moment. 

Scott and Winter examined the 3D kinematics and kinetics of the ankle jo int 

complex considering rotat ions about the talocrural and subtalar jo in ts . They assumed both 

joints acting as single DOF jo ints, offering a validation of th is assumption. They did not 

report force values but predicted external moments at both j o i n t s for three subjects. In the 

13 
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case of the talocrural jo in t , these moments ranged f rom 83.3 t o 117.8 Nm. The predicted 

moments were described as combinat ion of dors i f lex ion-eversion-external rotation and 

plantar f lexion- inversion- internal rotat ion (probably referr ing to the global laboratory 

coordinate system). Unlike previous studies, they did not include in their model the 

internal forces generated by the muscles. However, they pe r fo rmed an interesting analysis 

to check the error generated when the talocrural axis is assumed to be perpendicular to 

the sagittal plane (as happens in 2D analyses). They found a peak overest imation of 

between 5 .9% and 22 .6% of the talocrural jo in t moment and s ta ted that a 2D analysis of 

the rotat ion between the leg and the calcaneus cannot separate t he contr ibut ion due to the 

talocrural and subtalar jo ints . 

In summary , there is only l imited data available for the forces acting on the ankle 

jo in t . These data are based on predictions f rom inverse dynamics simulat ions and, due to 

simpli f ications, the predicted force values may be questionable. 

14 
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Chapter 2 

BIOMECHANICS OF BONE 

The main functional demands of bone are support and movement of the body, in 

addition to the protection of vital internal organs and its role as a major store for calcium. 

Structure and function of bone have an intrinsic relationship though the precise laws 

that govern it have not been completely described. However, information about bone 

structure and its mechanical behaviour is essential for a numerical approach to bone 

mechanics and modelling of orthopaedic problems. 

2.1 DESCRIPTION OF BONE 

2.1.1 Bone as a s t ruc tu re 

In order to describe the structure of bone, both macrostructure and microstructure 

need to be considered. At a macroscopic level, cortical bone (also known as compact 

bone) forms the outer wall of the bones, accounting for about 8 0 % of the skeletal mass. It 

comprises the diaphysis and the thin shell that surrounds the epiphyses of long bones and 

the outer wall of the rest of bones. Spongy cancellous bone (also referred to as 

trabecular bone) forms the inner regions of the bones, excluding the medullary cavity 

present in the shaft of long bones (see Figure 2.1). Except for the articular surfaces, bones 

are covered by a fibrous membrane called periosteum, which contains blood vessels, 

nerves and an inner layer of bone cells. I t provides nutrition to the bone, allowing for its 

growth and repair. Another thin membrane with bone cells, the endosteum, lines the inner 

cavities of cancellous and cortical bone and the medullary cavities of long bones. 

Cortical bone is a dense solid mass with similarities to fibre-reinforced engineering 

composites, whereas cancellous bone presents an intercommunicated network of rods, 

plates and arches (trabeculae) with cavities of varying dimensions in between, occupied by 

bone marrow. The porosity of cancellous bone can vary from 3 0 % to more than 90% 

Keaveny et al.t^^^ classified trabecular bone as a composite, anisotropic, open porous 

cellular solid. The general assumption is that the direction and orientation of the trabeculae 

is related to the directions of the stresses imposed on the bones [G0]_ n has also been 

suggested that cancellous bone density and its architecture are dependent on the 

magnitude of the imposed loads and the number of loading cycles. Several parameters 

such as mean trabecular thickness, percentage anisotropy and bone volume fraction have 
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Chapter 2 Biomechanics of bone 

been used to quant i fy the architecture of trabecular bone. In general, there is an area of 

dense cancellous bone lying underneath articular surfaces, being referred to as 

subchondral bone. 

2.1.1.1 Bone microstructure 

At a microscopic level, bone is a highly vascularized connect ive tissue formed by bone 

cells embedded in a f ibrous, organic matr ix called osteoid (ma in ly made of collagen and 

some ground substance). This matr ix is calcified by mineral sal ts, which permeate it and 

give the bone its r igidity and strength. The mineral salts t h a t precipitate around the 

collagen fibres of the osteoid are mainly hydroxy apatite [Caio(P04)6(OH)2] crystals and 

amorphous calcium phosphate. Osteoblasts are the bone- forming cells, which secrete the 

osteoid around them. Derived f rom the osteoblasts, osteocytes are the fully formed bone 

cells, which lie in individual cavities (lacunae) enclosed by t h e calcified osteoid. Tubular 

channels called canallcull connect the lacunae and allow the osteocytes to obtain nutrients. 

Osteoclasts are mult inucleated giant cells related to bone resorpt ion (see Figure 2.1). 
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Figure 2.1 Diagram of cortical and trabecular bone in a long bone (femur) (Modified 

from Hayes 
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Lamellar bone is mature bone formed by alternating layers {lamellae) of bone 

deposited by tine osteoblasts, with a characteristic collagen f i b re orientation. In cortical 

bone, this lamellar bone forms osteons or haversian systems, lamellar cylinders 

surrounding a longitudinal vascular canal. Cement lines with a high content of inorganic 

matr ix and litt le collagen bind the osteons. Interstitial lamellar bone fills the areas between 

the osteons, whereas circumferential lamellar bone encloses t h e m , lining the periosteal 

and endosteal surfaces. In trabecular bone, the individual t rabeculae consist primarily of 

interstit ial bone covered by a single layer of osteoblasts and some osteoclasts. 

During life, there is a continuous sequence of bone resorpt ion and bone formation 

carried out by osteoclasts and osteoblasts respectively. Th is process, called bone 

remodelling, continually changes the architecture of bone a n d it is involved in bone 

growth, changes in shape, bone repair, the adjustment of t h e bone to the mechanical 

environment and the calcium ion regulation in the body. The s t rong interaction between 

the biological processes and the mechanical structure and env i ronment Involving bone are 

still being analysed through a variety of biomechanical studies a n d mathematical models. 

2 .1 .2 Bone as a m a t e r i a l 

In addit ion to the information about bone structure and bone geometry, knowledge of 

the material properties of bone and the loads affecting it are necessary to understand the 

mechanical behaviour of the bone as a whole. 

Bone is an anisotropic and heterogeneous material, whose propert ies have been, and 

are still being, intensely analysed. Experimental techniques have gradually provided more 

complex characterizations of bone mechanical properties, assuming isotropy, transverse 

isotropy or anisotropy. These experimental characterizations of bone mechanical properties 

as a function of bone density, anatomical site or age are being current ly complemented by 

sophisticated engineering analysis tools, seeking a more comple te characterization of the 

complex behaviour of bone (see section 2.2). Both elastic a n d plastic properties (such 

as elastic and plastic modulus, yield strain and stress, u l t imate stress and strain) have 

been investigated in the l i terature for cancellous and cortical bone (see section 2.2). Bone 

also exhibits viscoelastic behaviour, but in the human physiological range and during 

normal activit ies the effect of strain rate (generally below 0 .01 s'^ t®°]) on the mechanical 

properties of bone is small compared with other factors. Therefore, bone has usually been 

considered as being elastic or elastic-plastic, except for s i tuat ions with higher strain rates, 

such as t raumat ic events [60,92,112] 
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The material properties of bone can be defined either at the tissue level or at the 

apparent level. Tissue properties refer to the level of individual trabeculae. Bone apparent 

properties represent an average of the properties for a certain volume of bone, considering 

bone as a continuous material. In the case of cancellous bone, it has been suggested that, 

in order to provide meaningful apparent properties, this representative volume should 

include about five trabeculae, measured along any direction (about 3-5 mm) t " ] . 

2.2 BONE MATERIAL PROPERTIES 

2.2.1 Di rect exper imen ta l measurements of bone m a t e r i a l p roper t ies 

A multitude of studies have tried to obtain the apparent material properties of bone 

by using various experimental techniques. Bone heterogeneity leads to varying apparent 

properties depending on the anatomic location and on different biological variables, such 

as gender, age and pathology [38,50,90,100,108] Therefore, a wide range of values of bone 

apparent properties can be found in the literature. These values are generally difficult to 

compare because of the differences in the experimental methods and the specimens 

considered. For instance, apparent densities of trabecular and cortical bone have been 

measured using different experimental methods to determine the volume and bone mass 

of the specimens considered. Values from 50 to 1100 kg m"^ for cancellous bone of various 

degrees of porosity, and about 1800-2100 kg m'^ for dense cortical bone have been 

reported [6o,7i]_ 

Bone anisotropy makes the apparent mechanical properties strongly dependent on the 

orientation of the bone microstructure relative to the direction o f testing. Materials testing 

techniques used include compression, tension, bending and torsion, as well as ultrasound 

measurements. One of the disadvantages of the mechanical tests is that damage of the 

sample after loading in one direction is likely to affect subsequent measurements in other 

directions or loading modes. Ultrasound techniques do not damage the samples and the 

three orthogonal Young's moduli and the three orthogonal shear moduli can be measured 

from a single specimen. Furthermore, with the appropriate frequency of the wave, it is 

possible to estimate the modulus of trabecular tissue. However, when using ultrasound 

techniques to obtain the elastic magnitudes, the assumption of a constant bone density is 

required; another drawback is the impossibility to measure bone strength or time-

dependent properties using ultrasound techniques. 
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The estimation of the mechanical properties of cor t ica l b o n e is usually done in three 

principal directions of the specimens (longitudinal, radial and circumferential), with the 

longitudinal direction usually being parallel to the direction of the osteons, A summary of 

cortical bone properties is given in Table 2.1. Values between 17 and 21 GPa have been 

reported for the Young's modulus of cortical bone tested in the longitudinal direction. The 

longitudinal elastic modulus has been shown to be about 50% greater than the transverse 

elastic moduli and, therefore, cortical bone is generally considered as transversally 

isotropic. Young's moduli under tension and compression do not seem to differ. Shear 

moduli are lower than Young's moduli, with values around 5 GPa. The reported values of 

ultimate stress vary between 51 and 214 MPa, also with higher values in the longitudinal 

direction than in the transverse directions. Cortical bone strength also depends upon the 

type of loading (asymmetric behaviour), as compressive strength is greater than tensile 

strength (see Table 2.1). 

Cancel lous bone shows a much larger variation in mechanical properties than 

cortical bone, mainly due to larger variations in its apparent density and the effect of 

trabecular orientation. A summary of cancellous bone mechanical properties is given in 

Table 2.2. Cancellous bone also presents a greater dependency upon the anatomic location 

and loading direction been commonly tested in the antero-posterior, medio-

lateral and infero-superior anatomical directions of the specimens. More recently, however, 

it has been suggested that mechanical testing should be performed along the principal 

directions of the trabecular architecture, because there is strong evidence that the 

principal directions of cancellous bone are aligned with the trabecular architecture 

Young's moduli of cancellous bone from 20 to 5000 MPa have been reported, with no 

significant differences with respect to the type of loading (i.e. compression and tension). 

Significant differences, however, have been found when Young's modulus was measured in 

different directions (i.e. infero-superior as compared to medio-lateral directions) (see Table 

2.2). With regards to cancellous bone strength, asymmetric behaviour has been reported 

in addition to the dependence on loading direction, with lower strength in tension than in 

compression, and even lower in shear Mean values of ul t imate stress between 2 and 6 

MPa have been reported (see Table 2.2). Bone strength has been commonly estimated by 

means of ultimate stress or yield stress. However, recent findings suggest that the 

apparent failure behaviour of trabecular bone is much simpler when strain is considered. 

Axial loading experiments performed on human cancellous bone have suggested that 

ultimate strain and yield strain can be considered independent of bone density [65,82,92,138] 

At least, within a single anatomic site, yield strains can reasonably be considered as 

homogeneous for uniaxial loading [82,107] in addition, experiments on bovine cancellous 

bone have found that uniaxial yield strains are isotropic though these findings still 

need to be confirmed for human cancellous bone. Asymmetric behaviour of ultimate and 
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yield strain has been reported, with values for compression and tension ranging from 1.10 

to 1.60% for ul t imate strain and from 0.61 to 0 .85% for yield strain (see Table 2.3). 

The Poisson's ratio is another elastic material property, which has not been addressed 

very often in experimental bone-related studies. A wide range of values has been reported 

for the Poisson's ration, but there is no information about factors that could affect it, such 

as anatomic location and strain rate. Nevertheless, in st ructural analyses the Poisson's 

ratio of bone is often assumed to be 0.3 

At a tissue level, experimental studies on individual t rabecula have obtained values 

between 1 and 20 GPa for the elastic modulus of t rabecular tissue wide 

range may reflect the diff iculty in applying tradit ional test ing methods to obtain mechanical 

properties at the tissue level. For the same reason, it is d i f f icul t to compare cortical tissue 

and trabecular tissue properties, though it has been suggested that the Young's modulus 

of trabecular bone tissue is between 20-30% lower than that o f cortical bone tissue [54,7i]̂  

The experimental determinat ion of bone elastic constants has a considerable number 

of l imitations and problems. Size and shape of the specimens, as well as environmental 

and testing conditions seem to have affected the results o f the available experimental 

studies [91.112,118]̂  These experimental errors could explain some of the differences in the 

material properties of bone reported. 
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Table 2.1 Human cortical bone. Publisiied values of Young's modulus, shear modulus and ultimate stresses. 

Study Anatomic site Method Young's Modulus ± SD 
(GPa) 

Shear Modulus 
(GPa) 

Ultimate stress ± SD 
(MPa) 

Ultimate shear 
stress (MPa) 

Reilly et t Femur diaphysis 
Compression 

& tension 
El 

Es 

11.5 

17.1 ± 3.2 
G3+ 3.3 

Si(tension) 

Si(compression) 

SsCtension) 

SsCcompression) 

51 

133 

133 

193 

S3+ 68 

El 12.0 GI2 4.53 
Ashman et a|l̂ ^̂  * Femur diaphysis Ultrasonic E2 

E3 

13.4 

20.0 

GI3 5.61 

G 2 3 6.23 

Snyder & 

Schneideft^^^^ 
Tibial diaphysis 

3-point 

bending E 17.5 ± 1.6 

range 14.3-21.1 

— S(bending) 214 ± 21 

range 178-250 

— 

Ultrasonic ^ E 20.7 ± 1.9 

Rho et Tibial diaphysis — — — Rho et Tibial diaphysis 

Microtensile E 18.6 ± 3.5 

Subscripts 1, 2 and 3 refer to the radial, circumferential and longitudinal anatomical directions respectively, t Compact bone considered transversaily isotropic. * Torsion around 
longitudinal axis. * Compact bone considered orthotropic. ^ Assumed constant density of cortical bone = 1817 kg m"^. 
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Table 2.2 Human cancellous bone. Reported values of Young's modulus, shear modulus and ultimate stress. 

Study Anatomic site Method Young's Modulus ± SD 
(MPa) 

Shear Modulus ± SD 
(MPa) 

Ultimate stress ± SD 
(MPa) 

R0hl et a|[̂ ^®5 

Dalstra et al^^^l 

Goulet et al^^^l 

Proximal tibia 

Pelvis 

Various 

Destresse et al̂ ^?] Tibia 

Compression 

Tension 

Compression 

Compression 

Ultrasonic 

Cody et Proximal femur Compresslont 

Rho et alt^^"! Proximal tibia 
Ultrasonic* 

MIcrotensile* 

485 ± 333 

483 ± 323 

El 59.8 ± 45.2 

Ez 50.1 ± 41.5 

E; 38.3 ± 39.1 

G23 20.8 ± 17.1 

G31 23.5± 18.3 

Gi2 25.2 ± 17.8 

Eis 2 8 7 ± 2 5 5 range 16-1113 

Eap 1 7 3 ± 2 0 4 range 6-1524 

Emu 1 2 3 ± 1 2 0 range 1-654 

range 1 9 7 - 2 5 9 7 

Eis 2 1 0 ± 1 6 2 range 12-1105 

EAP 2 0 2 ± 2 1 1 range 8-2181 

EML 1 6 1 ± 1 3 5 range 6-945 

14800 ± 1400 

10400 ± 3500 

Sis 2 . 2 2 ± 1 . 4 2 range 0.51-5.60 

Sis 2 . 5 4 ± 1 . 1 8 range 0.92-5.38 

Sis 4 . 6 3 ± 3 . 4 8 range 0.51-14.56 

SAP 3 . 3 1 ± 3 . 1 4 range 0.58-16.00 

SML 2 . 5 8 ± 2 . 1 9 range 0.10-9.60 

Sis 6 . 4 7 ± 5 . 3 7 range 0.38-28.64 

SAP 4 . 1 4 ± 3 . 7 3 range 0.23-14.70 

SML 3 . 5 9 ± 3 . 4 2 range 0.22-16.69 

Subscripts IS, AP and I^L refer to the infero-superior, antero-posterior and medio-lateral anatomical directions of the specimens, respectively. Subscripts 1, 2 and 3 refer to the specimens' 
material principal directions, t IS orientated in the primary compressive trabecular direction. * Values for individual trabeculae. For the ultrasonic testing, a constant density of trabecular 
bone = 1764 kg m'^ was assumed. 
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Table 2.3 Human cancellous bone. Reported values of yield strain and ultimate strain. 

Study Anatomic site Method Yield strain ± SD { % ) Ultimate strain ± SD ( % ) 

R0hl et 

Kopperdahl & 

Keavenyf®^^ 

Proximal tiblat 

Vertebrat 

Proximal tibia* 

Morgan & Keavenyt^°^l 

Femoral necl<* 

Compression 

Tension 

Compression 

Tension 

Compression 

Tension 

Compression 

Tension 

0.84 ±0.06 

range 0.75-0.95 

0.78 ±0.04 

range 0.71-0.88 

0.73 ±0.06 

0.65 ±0.05 

0.85 ±0.10 

0.61 ±0.03 

1.11 ± 0.63 

range 0.30-2.79 

1.55 ± 0.49 

range 0.89-2.52 

1.45 ±0.33 

range 0.96-2.30 

1.59 ±0.33 

range 1,09-2.51 

t Loading along the supero-lnferior anatomical directions of the specimens. * Loading direction aligned with the principal trabecular orientation within 

each specimen. 
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2.2.2 Der ived bone mater ia l p roper t ies 

An alternative to the direct measurement of mechanical properties of bone is the use 

of relationships between these mechanical properties and other physical parameters, which 

are, in principle, easier to obtain. Numerous attempts have been made to find valid 

relationships between bone density measurements and bone mechanical properties such as 

elastic constants, strength and fracture risk. Bone density measures and bone mechanical 

properties estimated experimentally have been correlated using statistical models. Despite 

the strong and statistically significant correlations found, the precise form of such 

relationships remains controversial, and there is not an established model that can be 

applied without regard to the type of bone, the anatomical location and the age of the 

patient. This is the case for the numerous relationships reported between bone apparent 

density and bone Young's modulus and strength, a summary of which is given in Table 2.4. 

Because in vivo direct characterization of bone physical parameters is a difficult task, 

alternative means are commonly used. Non-invasive techniques, such as computed 

tomography (CT)^, photon absorptiometry and magnetic resonance (MR) scanning, allow 

quantification of bone density and bone structure, both in vivo and in vitro. Significant high 

correlations have been reported between CT values and cancellous bone apparent density 

[2o,65,74,98,i35]_ vVorse C o r r e l a t i o n s have been reported in the case of cortical bone 

maybe due to the narrow range of cortical densities; it has been suggested that CT can 

only accurately measure cortical bone density if the cortex thickness exceeds 2-2.5 mm 

CT values and mechanical properties, such as Young's modulus and strength, have 

also shown significant correlations [6,20,22,65,98,138]. gs with bone density, the precise form of 

the relationships between them remains controversial. 

Measures of bone density have provided reasonable estimates of mechanical 

properties, such as bone stiffness or strength, and so they have been widely used both in 

clinical practice and biomechanical studies, especially with regard to cancellous bone. 

However, bone density did not explain all of the variability in the measured bone elastic 

constants (see Table 2.4) nor did it account for the bone tissue architecture and, therefore, 

bone anisotropy. Structural parameters were expected to explain some of the variance in 

the elastic properties not explained by density measures alone t2o,73]_ jviore recent studies 

have investigated the effect of the inclusion of such structural parameters in combination 

with bone density in the relationships with elastic constants, showing different degrees of 

improvement in the variability explained in any case, a global form of the 

relationships between elastic properties and bone density and structural parameters 

^ See Appendix A for a description of computed tomography. 
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remains uni<nown. Maybe t l iere is not sufficient i<nowledge to explain the reported 

differences and the fact that some of the variance of the elastic constants still remained 

unexplained. 

Recently, advanced computational models (high-resolut ion finite element models) 

have been designed as an alternative to obtain informat ion about bone properties. 

Representing the trabecular structure in detail and assuming isotropic and homogenous 

behaviour of the trabecular bone tissue, they seem to produce good predictions of 

apparent elastic properties and high correlations between bone density and structural 

parameters and apparent elastic properties The use of such techniques has been 

extended to the study of bone failure, with high levels of performance showing its 

potential to assess strength behaviour. Niebur et a l . t "^ ] even stated that this kind of 

computational models, when using uniform tissue modulus and asymmetr ic tissue failure 

strains, "have reached a level of f idelity that qualifies them as surrogates for destructive 

mechanical test ing of real specimens". However, most of these studies have been 

performed using non-human bone specimens and the val id i ty of the results for human 

bone in general remains to be seen. In addit ion, further research is needed to better 

understand the effect of bone tissue properties on the apparent propert ies of bone. 
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Table 2.4 Linear and non-linear relationships between bone apparent density (p). Young's modulus (E) and strength (S). 

Study Type of bone Anatomic 
site 

E = a + b p (r*) E = a p" (r^) S = a + b p (r^) S = a p" (>•') 

Carter and Hayes^^^^** Trabecular* Tibia & femur - 2875 p3 - - 52 pz — 

Hvid et alt^^l** Trabecular Proximal tibia -99.4-t-1689p (0.57) 2132 (0.61) - 1 .14+18 .99p (0.74) 25.3 pi 49 (0.80) 

Snyder & Schneider^isz]^ Cortical Tibial diaphysis -23.5E9-I-21.91E9P (0.55) 1E9.59 p239 (0.56) - 1 8 9 . 9 + 2 1 7 . I p (0.45) 1E1.81 p i * : (0 .46) 

Linde et Trabecular Proximal tibia - 1624 pi 32 (0 .49) - 25.4 pi s (0.56) 

KellerC^^]^ 
Cortical pao.s Femur -6.79-l- l lp (0.56) 3.31 p^^ (0 .68) - 6 4 . 9 + 1 1 3 p (0.86) 43.9 pz (0 .89) 

KellerC^^]^ 

Trabecular Spine -0.007-H0.203p (0.54) 0.757 pi s* (0 .70) - 0 .971+16 .9p (0.74) 97.9 p " (0 .79) 

Keyak et a\^'''^^**(ash p) Trabecular Proximal tibia - 33900 p " ° (0 .84) - 137 pi GG (0 .91) 

Corticalt 
Femur - 6 . 1 4 2 + 0 . 0 1 4 p (0.77) 

Rho et a|[i35] 
Tibia -3.842+0.013p (0.53) 

Trabeculartt 
Distal femur - 3 8 4 + 5 . 2 7 p (0.91) 0.82 pi z? (0 .95) 

Proximal tibia -326+5.54P (0.95) 0.51 p " ' (0.96) 

In ail the studies, the loading direction ran along the longitudinal axis of the tested bones. * Human and ovine specimens. * * p (g cm'^), E (MPa), S (MPa). Sp (g cm"^), E (GPa), S(MPa). t 
p (l<g m'^), E (GPa). t t p (l<g m"^), E (MPa). 
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2.2.3 Factors a f f ec t i ng bone mater ia l p roper t ies 

2.2.3.1 Age and gender 

I t is generally accepted that there is a relationship between increasing age and 

change of bone material properties, which leads to a decrease in the mechanical integrity 

of bone. Mosekilde stated "age by itself is the major determinant of vertebral bone 

strength, mass and microarchitecture". These changes are a result of aging alone or 

associated pathologies (e.g., osteoporosis). 

Bone mass seems to reach a peak before the age 30, wi th higher peak values in men 

than in women. After reaching this peak, bone mass remains relatively stable and, then, 

starts to decline. Higher rates of bone loss have been observed in women than in men, 

especially after the menopause. Around age 90, women may have lost 20% of their peak 

cortical bone mass and 40-50% of their peak trabecular mass, whereas men at the same 

age may have lost 5% and 10-25% of cortical and trabecular bone mass respectively 

Additionally, geometry, composition and gross architecture of bone may also change with 

age, as a result of bone remodelling. Normal age-related changes include decreases in 

cortical thickness, trabecular bone density and connectivity. Men seem to have an age-

related compensatory increase in bone size; women after the age of menopause seem to 

have a higher tendency for disconnection of the trabecular network than men All 

these changes have a noticeable effect on bone mechanical properties. 

Regarding cancellous bone. Ding et al.t^®] performed axial compression tests on tibial 

cancellous bone from donors aged from 16 to 83 years to determine its mechanical 

properties, density and mineral and collagen content. They reported a decrease of 

apparent density, Young's modulus, strength, ultimate strain, failure energy (energy 

absorption to failure) and collagen density from about age 60, whereas trabecular tissue 

density and mineral concentration remained almost constant (Figure 2.2). They suggested 

that the loss of trabecular bone substance was the main cause of this decrease in 

mechanical properties, rather than a decrease in the quality of the substance itself. 

McCalden et al.f^°°^ studied age-related changes in the compressive strength of distal 

femoral cancellous bone and their relationship with changes in density and trabecular 

architecture. They reported a significant decrease in bone density and compressive 

strength (ultimate stress) with age (specimens from 20 to 102 years), with no significant 

gender differences (Figure 2.3). The decrease of compressive strength was approximately 

8.5% per decade. In this study, density accounted for around 90% of the variations in 
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strength, suggesting that changes in trabecular architecture played only a small 

independent role, with the exception of the mean thickness of the trabecular plate. 

However, they noted that the effect of density and microstructure on mechanical 

properties had only been assessed in one direction and i t could be different in other 

directions. 
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Figure 2.2 Changes of the material properties of tibial trabecular 

bone with age. • = female, o = male (From Ding etaiP^^). 
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Figure 2.3 Changes in apparent density and strength with age in femoral 

cancellous bone (From McCalden 

With regard to cortical bone, Burstein et determined the mechanical properties 

of human femoral and tibial cortical bone for a population ranging from 21 to 86 years. No 

significant gender-related differences were found in age-grouped specimens. With 

increasing age, femoral cortical bone showed a progressive bu t slow degradation in its 

mechanical properties, except for an increase of the plastic modulus (slope of the plastic 

portion of the stress-strain curve). Strength values decreased at approximately 2% per 

decade, but no significant changes were observed in the elastic modulus. However, tibial 

cortical bone did not show any regular change in its mechanical properties, except for the 

ult imate strain and energy absorption. McCalden et al.̂ ®®] repor ted that strength, ult imate 

strain and failure energy were inversely and linearly correlated with age, decreasing by 

5%, 9% and 12% per decade, respectively. They also found litt le change of Young's 

modulus with age. Increase of porosity was found to account f o r 76% of the reduction of 

the strength of cortical bone. Zioupos & Currey also found a steady and significant 

decline with age of the mechanical properties of male human femoral bone. Young's 

modulus and ul t imate stress decreased by 2.3% and 3 .7% per decade, respectively. 

2.2.3.2 Disease 

Joint diseases such as rheumatoid arthrit is and osteoar thr i t is (see Chapter 3) can 

affect the material properties of bone as a result of changes in bone structure and 

composit ion. Patients with rheumatoid arthrit is (RA) have shown lower cancellous bone 

apparent density, strength and stiffness than normal cancellous bone, as well as cortical 

thinning. Different f indings have been reported in osteoarthr i t ic (OA) patients. Hvid [64] 

reported lower in vivo compressive strength for t ibial and femora l cancellous bone in RA 

patients than in OA patients, as measured during total knee arthroplast ies by using a 
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penetration-based technique. At two mil l imetres underneath the tibial resection surface, 

median values of 13.8 MPa and 12.2 MPa were reported f o r the OA and RA groups 

respectively. For the femur, the median values were 12.0 MPa for the OA group and 8.0 

MPa for the RA group. They suggested that tibial bone s t rength values in RA and OA were 

lower than the values reported in studies of normal cadaver knees. Yang et 

measured the stiffness of cancellous bone in vitro f rom rheumato id arthrit ic proximal tibiae 

and concluded that RA affected bone had significantly lower stiffness than normal and 

osteoarthrit ic bone, after comparing their results with those reported by Finlay et al.^^s]. 

They both used an indentation technique to measure the stiffness of tibial plateaus 

obtained during total knee arthroplasties. The average stiffness for the RA group in Yang et 

al.'s [̂ 72] study was 675 N/mm, whereas Finlay et repor ted 1287 N/mm and 1116 

N/mm for the normal and OA groups, respectively. This shows a decrease of 13% in the 

OA group and of 48% in the RA cases, relative to the normal g roup . On the contrary to the 

findings jus t mentioned, Li & Aspden found, in their s tudy of the composition and 

mechanical properties of cancellous bone from OA and normal femoral heads, that OA 

bone presented statistically significant higher apparent dens i ty (51% increase) and 

stiffness (15% increase) than normal bone. However, the mater ia l density from the OA 

group was found to be 8% lower than the material density of no rma l bone. 

Metabolic diseases can modify normal bone composit ion, leading to changes in its 

mechanical integri ty and material properties. In osteoporosis, normal age-related bone 

changes, such as the decrease in trabecular bone density and cortical thickness and the 

change in bone architecture, become more acute increasing the risk of bone fracture. 

In the study mentioned above, LI & Aspden also assessed osteoporot ic (OP) femoral 

heads. OP bone apparent density, stiffness and yield stress showed statistically significant 

differences, with values 19%, 20% and 24% lower than normal bone, respectively. Bone 

material density was not significantly different. Several o t h e r pathologies, such as 

infectious diseases, can also affect bone structure and composi t ion and, therefore, its 

mechanical behaviour. However, not much is known about t h e changes in the material 

properties of the affected bone in such cases. 
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2.3 STRUCTURE AND MATERIAL PROPERTIES OF T H E ANKLE BONES 

Despite the numerous experimental studies on bone mater ia l properties available in 

the l i terature, those referring to the anWe bones are sparse. No data have been found 

about material properties of cortical bone in the ankle jo int . Only a few studies reported on 

the mechanical properties of the trabecular bone of the talus and the distal tibia. All of 

them showed a marked variabil i ty between individuals. In general , the cancellous bone in 

the distal t ibial seemed to be weaker than the cancellous bone of the talus (40% on 

average 

2 . 3 . 1 T i b i a a n d f i b u l a 

As all long bones, the tibia and fibula show strong cort ical bone along their tubular 

diaphyses. At their epiphyses, a much thinner layer of cortical bone on the outside covers 

the cancellous bone. The density of the cancellous bone in the distal t ibia decreases from 

the periphery to the centre. An area of dense cancellous bone (subchondral bone) Is 

present underneath the articular surface on the tibial plafond. 

Regarding the cancellous bone in the distal t ibia, all t h e studies considered the 

subchondral bone layer as the strongest region, with a signif icant reduction in bone 

strength wi th depth ( f rom distal to proximal), especially w i th in the central region. Hvid et 

al.[®®J studied the bone strength in amputat ion specimens by means of penetration tests, 

stating that their results were comparable to those f rom convent ional compression tests. 

They found an area of maximum strength located posterior ly and medial ly in the distal 

tibia. Mean penetrat ion strength values ranged from around 5 MPa to approximately 43 

MPa at the closest level to the subchondral bone. Figure 2 .4 A shows the variation of 

average strength with depth, with a considerable decrease between the f irst levels, 

followed by a slight decrease thereafter. A mean decrease of 2 . 1 2 MPa was found between 

the first two levels, and 1.24 MPa, 0.34 MPa and 0.45 MPa between the subsequent levels. 

Jensen et al.t®®! found the maximum strength at the antero- la tera l area, crossing the 

central part to the postero-medial part, at the closest level to the subchondral bone 

studied. They used both compression and penetration tests on autopsy specimens. In the 

compression test, they observed a significant reduction of bone st rength at the central and 

antero-lateral areas between the first two levels. The mean decrease ranged f rom 24 % to 

36%. Mean peak strength values f rom the compression test w e r e : 18 MPa for yield stress 

and 24 MPa for ul t imate stress. They suggested that ankle specimens f rom below knee 

amputat ions are generally weaker and differ in their bone s t reng th profile f rom ankle 

specimens obtained at autopsies. This could explain the di f ferences between their results 
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and those by Hvid et alJ®®!. Jensen et alJ®®] did not find un i form strain profiles. Yield strain 

showed only slight inter-individual and intra-individual var iabi l i ty and typical values for an 

individual varied between 1.5% and 6.5%. Ult imate strain had a large variabil i ty, with 

typical values between 4 % and 15%. I t is not clear if these st ra in data included data from 

the talus as well. Nevertheless, these strain values are much larger than the values 

reported for other bones. Average yield strain values between 0 .61 and 0 .85% have been 

measured for human vertebra, proximal tibia and femoral neck (Table 2.3, page 23). End 

artefacts make experimental determination of strains in t rabecular bone diff icult, leading to 

substantial errors if appropriate techniques are not used This might explain the large 

differences between Jensen et al.t^^^'s values and other studies. 

f SO'-

s 

LEVEL LEVEL 

Figure 2.4 Cancellous bone strength profiles at the ankle joint (10 specimens). A Tibial 

strength. Levels 1 to 5 go from distal to proximal in 2 mm intervals, starting just above 

the subchondral bone plate. B Talar dome strength. Levels 1 to 5 go from proximal to 

distal in 2 mm intervals, starting just beneath the subchondral plate (From Hvid et 

With regard to the Young's modulus of distal t ibial bone, Destresse et al.t^^J, using an 

ultrasound technique, reported a median value for the Young's modulus of the cancellous 

bone of Emedian= 1210 MPa (ranging f rom 718 to 2057 MPa) a t a level adjacent to the 

subchondral bone (Figure 2.5). Measurements were per formed along the direction of the 

longitudinal axis of the t ibia. Jensen et al.t®®] found a m a x i m u m value of Emax=827 MPa. 
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Aitken et using an indentation technique on amputee specimens, obtained even 

lower values for the Young's modulus, ranging f rom 150 to 3 0 0 MPa for the subchondral 

level, and f rom 60 to 120 MPa just 1-2 cm above it. A max imum value of 427 MPa was 

reported. To be able to compute the Young's modulus, they assumed the bone to be an 

isotropic linear elastic material wi th a Poisson's ratio of 0.2. Differences in testing 

techniques and specimens may explain some of the differences observed between all these 

results. No data was found about the Young's modulus of distal t ibial cortical bone. Typical 

values f rom the tibial mid-diaphysis ranged from 10 to 22 GPa [134,152] 

M 

Figure 2.5 Mean Young's moduli (MPa) 

measured on a transversal slice of the distal 

tibia (just above the subchondral plate) (From 

Destresse et aiP^^). 

Only Jensen et al.l®®] have reported data about the mechanical properties of the distal 

fibula. They performed compression tests in cylinders obtained proximal and distally from 

the lateral malleoli, at r ight angles with the articular surface. Mean ul t imate stress was 6.5 

MPa (range 2.8-32.0 MPa) for the proximal cylinder and 5.7 MPa (range 1.2-24.2 MPa) for 

the distal one. 

2 .3 .2 Talus 

A th in layer of cortical bone forms the outer shell of the ta lus . This shell is thicker at 

the lateral aspects of the neck and the head. The core of the talus consists of cancellous 

bone of varying densities. An area of subchondral bone l ies underneath the articular 

surface at the top of the talar dome. 

No data have been reported in the l i terature about the mechanical properties of the 

cortical bone of the talus. In fact, no study of the mechanical proper t ies of the cortical shell 

that covers the small bones of the foot has been found. 
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With regard to trabecular bone, Hvid at reported a bone strength increase from 

the subchondral plate into the first level and a posterior decrease towards the deeper 

levels (see Figure 2.4 B). A mean increase of 1.47 MPa was found between the first two 

levels and mean decrease values of 2.50 MPa, 3.38 MPa and 4.30 MPa between the 

subsequent levels. They found the strongest area situated posterior ly and medially, at 

roughly corresponding locations with the strongest area found in the distal tibia. Jensen et 

al.[G8] located the strongest area anteriorly and laterally and observed a highly significant 

reduction in bone strength f rom the subchondral level to deeper areas. The mean decrease 

between levels 1 and 2 ranged f rom 19% to 59%, and f rom 2 5 % to 46% between levels 2 

and 3. They reported max imum values of ul t imate stress and y ie ld stress of 30 MPa and 23 

MPa respectively, as well as a maximum Young's modulus of Emax=1224 MPa. 

The only experimental relationship found between apparent density and Young's 

modulus for trabecular bone at the ankle jo in t is the one prov ided by Destresse et al.t^^^ in 

their ultrasound study of the mechanical properties of proximal and distal t ib ia: 

E = 0.2 " 

where E represents the Young's modulus (MPa) and p the apparent density (kg m"^). No 

relationships between bone density and other mechanical propert ies have been found for 

the trabecular and cortical bone at the ankle. 
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Chapter 3 

THE DISEASED ANKLE AND ANKLE ARTHRODESIS 

3 . 1 THE DISEASED ANKLE 

Ankle jo in t diseases, such as ankle arthrit is, can lead to chronic pain, deformation and 

functional disabil i ty, particularly when severe. Arthritis is an in f lammatory disease affecting 

the cartilage and lining of the joints, which has mult iple causes, on occasions with 

undetermined origin. One of the most common types of ar thr i t is is rheumatoid arthritis. I t 

is a complex chronic disorder that often affects several jo ints and may even involve other 

systems of the body. The initial inflamation and swelling of t h e soft tissues of the joints 

can later produce pain, cartilage destruction, bone erosion, malal ignment, subluxation, 

jo in t stiffness and even fusion of the jo in t at the end stages o f the disease Despite 

many theories proposed, the precise etiology remains unclear. Another common form of 

arthrit is is osteoarthritis, a gradual degenerative disease. Wear and tear of the articular 

cartilage leads to exposure of subchondral bone, which then acts as the articular surface. 

Subsequent events of the degenerative process are bone spurs (osteophytes) along the 

margin of the articular carti lage, increased density of the subchondral bone and bone 

atrophy in areas of decreased or no stress. The incidence of osteoarthrit is increases 

dramatically with age but t raumatic injuries, deformity and metabol ic disorders can also 

cause it 

The incidence of arthr i t is in the ankle is lower than in o ther jo in ts such as the hip and 

the knee, but it still affects many people, causing severe pain and disabil ity About 6% 

of the rheumatoid arthri t ic patients have the ankle jo in t init ial ly damaged, though 

mult iart icular rheumatoid arthrit is involves the ankle in 15 to 5 2 % of the patients. In the 

case of juveni le onset of rheumatoid arthrit is, 68% of the pat ients have the ankle affected 

Primary osteoarthri t is of the ankle jo in t is very rare, bu t osteoarthr i t is of the ankle 

secondary to t rauma and to septic arthrit is is more common An important increase 

in the incidence of posttraumatic osteoarthrit is in the ankle has occurred during the last 

decades mainly due to safety improvements in the car indust ry , which have led to a 

decrease in fatalit ies but an increase in trauma injuries affect ing the lower limbs 

Several options are available to t reat ankle arthri t is and o the r causes of ankle disease 

such as fractures, infection or osteonecrosis. They include conservative nonoperative 

means, bone debr idement, l igamentous reconstruction, correct ive osteotomy, arthrodesis 

and arthroplasty As wi th any problem of the musculoskeletal system, the t reatment 

must be individualized for each patient Ankle arthrodesis (ankle fusion) is one of the 
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most popular choices to relieve pain and provide stabil i ty, restor ing the patients to their 

daily activit ies. I t is a surgical procedure to eliminate mot ion in a jo in t by promoting bony 

fusion. I t has been widely and successfully used especially in severely affected patients, 

despite the obvious loss of mobil i ty at the ankle and several complications associated with 

it. Some specialists consider all the problems associated wi th ankle arthrodesis (see 

section 3.2.3) as unacceptably high. Ankle arthroplasty (ankle jo int replacement) appears 

as a logical alternative to ankle arthrodesis, t ry ing to emulate the success of the hip and 

knee jo in t replacements, providing pain relief while preserving jo in t function. The first 

designs of total ankle replacements produced poor results, w i th significant and frequent 

complications such as subsidence and loosening of implant components, ankle instability, 

wound healing problems and infection. Second generat ion prostheses are becoming 

increasingly popular. They are showing a better short- term performance, especially with a 

good patient selection and a good surgical technique. However, long-term results are not 

known yet [24,114,141] 

3 .2 ANKLE ARTHRODESIS 

Numerous orthopaedic surgeons have recommended and still recommend ankle 

arthrodesis as the t reatment of choice for end-stage ankle arthr i t is, regardless of its 

pathological cause. I t presents complications and disadvantages, and unsatisfactory results 

have been reported. Modern surgical techniques have signif icant ly improved ankle 

arthrodesis results and reduced the complication rates associated wi th it. Nevertheless, 

fusion failures are still reported, showing that there is still scope for fur ther improvements. 

3 . 2 . 1 I n d i c a t i o n s 

The general indications for ankle fusion are severe pain, j o i n t destruct ion and arthrit is. 

Post-traumatic ankle jo in t destruction is one of the main indicat ions normal 

subtalar jo in t will help the hindfoot to compensate for the loss of mobi l i ty at the fused 

ankle. There are certain preoperative factors that could increase the risk of nonunion, 

infection and further complications when undergoing an ank le fusion. They include a 

massive loss of bone f rom a previous problem, osteonecrosis of the talus and previous 

failed ankle arthrodesis ti8,39]_ infection, deformity, sensory def ic i t and bony defects can 

complicate the fusion and result in pseudoarthrosis or even amputat ion Ankle 

arthrodesis is the preferred method of salvage of failed total ank le ar throplasty Patient 

selection for ankle arthrodesis is somewhat controversial. For instance, while being 

considered an excellent choice for young, active patients d iagnosed wi th posttraumatic 
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arthrit is of one foot high risk of ankle fusion failure has been related with arthritis 

caused by open t rauma 

Despite its l imitat ions, numerous authors continue to consider ankle fusion as the gold 

standard for the t reatment of rheumatoid arthrit is and osteoarthr i t is, especially when the 

jo in t does not respond to conservative treatments [34,36,44,70,78]_ 

3 .2 .2 Surgical techniques 

Numerous ankle arthrodesis techniques have been described, varying In their surgical 

approach, articular surface preparation, type of f ixation and method of postoperative care 

[1,34,70,146]_ The technique selection is usually based on the underly ing disorder. The two 

main surgical approaches are open surgery and closed surgery. Open surgery is used for 

any kind of patient, whereas closed surgery (percutaneous techniques), although much 

less invasive, is l imited to ankles without severe deformity. 

The shape of the articular surfaces can be preserved (wi th or wi thout cartilage 

removal) or resected, normally with two parallel cuts on the t ib ia and the talus; there is 

also a wide range of methods of onlay grafts (Figure 3.1). In t e r m s of methods of fixation, 

both external and internal types have been described, usually t ry ing to apply a certain 

level of compression through the fusion site. External f ixation uses devices externally fixed 

to the shank and talus with pins and screws (Figure 3 .1 g). These devices allow a change 

of the compression across the jo in t postoperatively. Staples, pins, screws and plates are 

used in various configurations and combinations in internal f ixat ion (Figure 3.2). The use 

of the fibula as strut graft is also possible, being fixed to the t ib ia and talus with additional 

screws. Whatever the f ixation means, bone graft can be added to improve the stability of 

the construct, especially in patients with poor bone quality. 

Regardless of the surgical procedure, the recommended fus ion position for the ankle 

is in neutral dorsi f lexion/plantar flexion, slight valgus (5°) and 5° to 10° of external 

rotation. A slightly posterior translation of the talus relative to the tibia is also advised, in 

order to improve the mechanical level arm of the calcaneus dur ing ambulat ion [1,34,70,146] 

Ankle arthrodesis increases the stresses on the surrounding jo in ts of the foot and leg, 

often leading to secondary degenerative changes. Accurate posi t ioning of the ankle will 

minimise the increase of stress, as well as avoid further a l terat ion of the patient 's gait. 

The postoperative management varies depending upon the surgical technique. 

Usually, a min imum non weight-bearing period of between 4 and 6 weeks in a low leg cast 
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is followed by a partial and progressive weight-bearing period, unti l jo in t fusion is complete 

and the patient is able to walk pain-free. 

Figure 3.1 Examples of ankle arthrodesis techniques, a Removal of articular 

cartilage, b Flat cut arthrodesis, c Chevron type cut. d & i Anterior tibial sliding 

graft, e Malleolar excision, f Malleolar onlay graft, g External fixation, h In situ 

dowel g ra f t . (Modified from Katcherian 

Figure 3.2 Lateral (left) and frontal (right) radiographs of a 

fused ankle with internal fixation. Two crossed screws were placed 

from proximal to distal using a percutaneous technique (Source: 

Lund University Hospital, Sweden). 
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3.2 .3 Complications and disadvantages 

The wide spectrum of post-operative complications associated wi th ankle arthrodesis 

includes nonunion, delayed union, malunion, infection, wound healing problems, 

neurovascular in jury, t ibial fracture and pseudoarthrosis. The most frequent complication 

associated with ankle arthrodesis is nonunion which represents the failure of the 

fusion procedure. The incidence of ankle fusion failure and the factors affecting its outcome 

will be addressed in the following section and in Chapter 4. Subsequent surgery and/or 

non-surgical t reatments can be at tempted to deal with the above-ment ioned complications 

and, in the worst cases, below-knee amputat ion is the recommended alternative 

Longer-term problems after ankle fusion include arthrosis o f adjacent jo ints, possibly 

related with the increase of stress on these jo ints, especially t h e subtalar and talonavicular 

joints [125,157] o the r disadvantages associated with ankle arthrodesis are the loss of 

function and the t ime needed for the fusion to occur (usually between 12 and 16 weeks) 

[34,89] 

3.3 CLINICAL RESULTS OF ANKLE ARTHRODESIS 

Rates of pr imary union (when secondary surgery is not needed to achieve union) and 

clinical evaluations provide objective information about the results of ankle arthrodesis, 

whereas the level of pat ient satisfaction offers a subjective assessment. An overwhelming 

number of studies report ing on the clinical results of ankle ar throdesis can be found in the 

literature [is,is,23,35,36,39,44,61,95,97,101,105,117,123,125,i5i,i57]_ ^ s u m m a r y of clinical results of 

ankle arthrodesis is shown in Table 3.1. Comparisons are cer ta in ly diff icult due to the 

different means of assessment, the wide range of techniques used and the differences 

within the patient populations. Published scoring systems he lp to evaluate the clinical 

results of ankle arthrodesis. They typically gather in format ion about funct ion, patient's 

subjective evaluation, radiographic assessment or clinical f ind ings (e.g. Mazur grading 

system f^s.isi]^ HMS Score McGuire System for Ankle Study Evaluation [loi' izs]). There 

is no standard scoring system being routinely used to assess the performance of ankle 

fusion in large series of patients though several recent s tudies have applied the AO FAS 

Ankle and Hindfoot Rating Scale to evaluate their results [79,96,105] 

Failure rates (pr imary nonunion) vary widely f rom around 0 % to 4 0 % (see Table 3.1). 

Dereymaeker et al.t^®^ and Dohm et al.t^®] reported failure rates close to 40%. In the first 

study, pooled results of external (70%) and internal f ixat ion procedures on rheumatoid 

arthrit ic patients were presented. In contrast, Felix & Kitaoka [44] reported a low 4 % failure 

rate in rheumatoid arthr i t ic patients, using either external or internal f ixat ion. Dohm et 
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presented pooled results of six different f ixation techniques in a mixed patient 

population. Although the overall failure rate was 35%, it ranged between 71% for fibular 

strut f ixation to 0% for T-plate fixation. McGuire et reported 33% of nonunions 

within a patient population with osteoarthrit is or failed ankle arthroplasty. Bone graft or 

external f ixation was used. Also using external f ixation, but in rheumatoid ankles. Smith & 

Wood obtained 27% of failed fusions. 26% of failed fusions were reported by Holt et 

al.t®^] in their study of internally fixed arthrodeses in a m ix tu re of t raumatic osteoarthritic 

(80%) and rheumatoid arthri t ic patients. The failure rate decreased to 7 % when high-risk 

patients were excluded. Maurer et al.t^^J obtained 18% and 0 % failure rates for external 

and internal f ixat ion techniques respectively, in a patient populat ion wi th majori ty of 

traumatic osteoarthri t is. In a similar patient population, Colgrove & Bruffey reported no 

failures using external f ixation and internal screws simultaneously. Low failure rates, 

around 5%, were mostly reported for internal f ixation techniques (Dennis et al.t^^^, Chen et 

al.[^^], Monroe et 

The mean t ime to fusion normally ranged f rom 11 to 18 weeks (see Table 3.1), 

though sometimes it is not clear if the t imes to union after secondary procedures were 

being considered. Dennis et al.c^^J and Monroe et al.f^°^3 repor ted very short fusion times 

(around 9 weeks). In both cases ankle arthrodesis was per formed wi th internal fixation 

with screws, in similar patient populations (major i ty of post t raumat ic osteoarthrit is). 

Pfahler et al . t^s] presented shorter mean t imes to fusion f o r arthrodeses with internal 

fixation (11 weeks) than for those with external f ixation (17 weeks) . A high 28-week t ime 

to fusion was reported by McGuire et al.tioi], jp, g series of 18 ankles f ixed either externally 

or with bone graf t only. They included those ankles that init ial ly failed to fuse but 

eventually did after second a arthrodesis. Dohm et al.t^®! and Cooper pointed out the 

importance of pr imary union, as achieving union in the presence of a previous nonunion 

becomes a very challenging task. The t ime to fusion after secondary procedures increased 

significantly and so did the period of disability of the patients. I n addit ion, reported rates of 

failure went up considerably. In Mann & Rongstad's study only 10% of primary 

arthrodesis failed, while 25% of patients with previous nonunion did not achieve fusion 

after secondary surgery. 

Although, in general, patient satisfaction and good clinical evaluat ion agrees with low 

primary nonunion rates (e.g. Dennis et al.C^^J, Chen et al.[^^], Pfahler et Monroe et 

al.[^°^]), some have reported patient satisfaction despite h igh nonunion rates After 

short and mid- term fol low-ups, highly positive rates of cl inical evaluation and patient 

satisfaction (see Table 3.1) show the ability of ankle ar throdesis to improve the main 

patients' concerns prior to surgery, such as pain and ambu la to ry skills. However, long-

term complications after ankle fusion could have a negative impac t in these rates if longer 

follow-ups were performed. 
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Table 3.1 Clinical results of ankle arthrodesis. 

Source of data 
Arthrodesis 

fixation 

Number 

of ankles 

Nonunion 

rate 
( % ) 

Mean time 

to fusion 

(weeks) 

Mean Clinical 

follow-up evaluation 

(months) (%)* 

External & 
McGuire et al (1988)[i°i] bone graft 

(pooled results) 

18 33 28 40 94a 

Dennis et al (1990)[35] Internal 16 6 9.2 15.1 80' 

Smith & Wood (1990)[i5i] External 11 27 - 58 62" 

Maurer et al (1991)^^^^ 
Internal 

External 

35 

8 

0 

18 -

24 

24 -

Holt eta l (1991)[6i] Internal 23 26'= 16 26 -

Dohm et al (1994)^^^] Various 37 35 11-20 - -

Chen et al (1996)[i®] Internal 40 5 13 48 90 

Pfahler et al (1996)[^25] 
Internal 14 

5 
11 40 

80 
External 7 17 40 

Dereymaeker et al 

(1998)136] 
Ext. & internal 

(pooled results) 
14 36 18.4 41.2 86" 

Felix & Kitaoka (1998 )M 
Ext. & internal 

(pooled results) 
24 4 - 60 -

Monroe et al (1999)[^°^] Internal 29 7 9 24 81= 

O'Brien etal (1999)["7] Internal 36 17 - - -

Thermann et al Internal 28 - - 89 70 

(1999)[157] 
External 22 - - 89 46-64 

Colgrove & Bruffey 

(2001)[23] 

Combined 

ext. & internal 
26 0 11.3 13 -

* Excellent and good results. ^ Including data after secondary surgical procedures. '' Points in ttie Mazur 
grading system (total 100 points). 7% if high-risk patients are excluded. Only rate of patient's satisfaction. 
® Points in the AOFAS scale (maximum 96 after ankle arthrodesis), obtained only from 25 of the 29 cases. 

41 



Chapter 3 The diseased ankle and ankle arthrodesis 

As mentioned before, tine performance of all the exist ing methods to achieve ankle 

fusion is diff icult to compare and, thus, there is l itt le agreement on which method provides 

the best results. Nevertheless, in the last years, internal f ixat ion techniques have been 

especially recommended for their higher union rates, shor ter fusion t imes, fewer 

complications and better improvement according to scoring systems than external fixation 

techniques [1.19.35,39,61,78,97,i25,i57]_ This is especially t rue when the patients are not 

considered at high risk for failure of fusion, i.e. patients w i th infection or neurological 

problems. The use of screws is one of the most popular means of rigid internal fixation in 

ankle arthrodesis, and may be considered as standard procedure ti.^s] screws are easy to 

insert, cause lower levels of disruption of the surrounding sof t tissues and vessels, and 

provide good stabil i ty. Moreover, they are the only choice when closed surgery is 

at tempted. The best screw configuration is not known. Some authors have considered two 

crossed screws as the best choice though a third screw and fibular graft have been 

recommended to increase the stabil ity when bone quality is compromised 
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Chapter 4 

MECHANICAL FACTORS AFFECTING 

ANKLE ARTHRODESIS 

4 . 1 BONE HEALING: MECHANICAL ENVIRONMENT 

In the musculoskeletal system, the mechanical env i ronment plays a key role in 

maintaining, repairing and regenerating connective tissues such as bone. In bone fracture 

healing, bone fusion or implant f ixat ion, bone repair or regenerat ion occurs as a result of 

the combination of biological and mechanical factors. 

The role of the mechanical factors can be assessed at d i f ferent levels, f rom the organ 

level down to the molecular level An enormous amount o f research has been done in 

this multidiscipl inary field in the last decades, but, nevertheless, fur ther research is needed 

to clearly understand the overall process of bone healing. In fo rmat ion about how forces, 

displacements, loading rates or stiffness (at an organ level) and stresses or strains (at a 

tissue level) correlate with the results of bone healing processes is being complemented 

with the expanding knowledge of how the cells sense and react to these st imuli and the 

molecular changes associated with them. I t is necessary to know what happens at the 

different levels as well as understand the relations between them, as can be clearly 

understood f rom the fol lowing statement by Carter et al.t^^l; 

"... it can be observed at the organ level that fracture instability leads to 

delayed fracture healing. At the tissue level, fracture instability relates to 

increased stress and strain In the differentiating tissue and different forces 

lead to different spatial distribution of stress and strain in the tissues. At the 

cellular level, local tissue stress and strain may cause changes in cell pressure 

or shape. At the molecular level, cell shape changes may cause a disruption of 

the actin cytoskeleton. This may be a molecular signal for the initiation of a 

certain pattern of protein synthesis that on the organ level results in delayed 

fracture healing." 

Two types of bone healing can take place during the process of bone regeneration: 

direct (pr imary) bone healing and indirect (secondary) bone heal ing. During primary bone 

healing, bone tissue forms between contacting bone f ragments under condit ions of rigid 
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Stabilization, via osteonal remodelling. When stabilization of the bone fragments is less 

rigid, secondary bone healing occurs, with the formation of a callus that bridges across the 

fracture gap. This callus undergoes various stages of tissue di f ferent iat ion, where cartilage 

is formed, then calcified and finally replaced by bone tissue (endochondral ossification) 

[51A30] 

Research on bone healing has been mostly done on diaphysial fractures of long bones, 

i.e. on cortical bone healing. In this case, secondary bone healing is the most likely to 

occur. Periosteal and endosteal callus is formed bridging the bone fragments. During this 

process, tissue differentiat ion is strongly affected by the mechanical environment. For 

instance, a high degree of instability at the fracture site may hinder endochondral 

ossification of the callus, leading to an unstable fibrous union. On the other hand, over 

rigid f ixation can prevent callus formation, leading to an atrophic nonunion. Different 

concepts and theories have been introduced to explain the mechanical influence on tissue 

differentiation during bone healing. Goodship and Cunningham [̂ 3̂ summarised them as 

follows: 

Primary bone formation is favoured by low values of strain and hydrostatic 

pressure. 

Cartilage format ion is favoured by high values of compressive hydrostatic 

stress, if strain is low. Secondary bone fo rmat ion will then occur via 

endochondral ossification under conditions of relat ive stabil i ty. 

Connective tissue (fibro-carti lage) is formed in areas of high strain and high 

hydrostatic pressure. 

The ideal mechanical environment for bone healing of d i f ferent types of fracture still 

needs to be determined, bringing together the effect of the r ig id i ty of the f ixation device, 

the geometry of the fracture and the loading of the limb. A l though it seems clear that 

some degree of instabil ity is beneficial for healing of long bone fractures, the optimal 

magnitude, pattern and t iming of the loads acting at the f rac ture site remains to be found. 

For more details on the current knowledge of bone healing and the related mechanical and 

biologic factors, refer to Bone Mechanics Handbook (sect ion V), Carter et and 

Mandracchia et al.[^^]. 

The management of fractures and osteotomies on small bones and at the 

epiphysis/metaphysis of long bones seems to differ from tha t of diaphysial fractures. The 

cortical shell that surrounds the cancellous bone represents only a small port ion of the 

cross-sectional area, and thus, most of the repairing process involves healing of cancellous 

bone. Cortical and cancellous bone healing seem to be somewhat di f ferent 

Cancellous bone healing is characterised by endosteal t rabecular act ivi ty and union 
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generally occurs by direct formation of bone at the sites of contact between the cancellous 

fracture surfaces. Periosteal bone formation only occurs in the presence of instability or 

gross displacements at the fracture site. Schatzker et al.t^''''^ s tudied the effects of motion 

on the healing of cancellous bone in dog's olecranon osteotomies. At the site of the 

osteotomy, the olecranon was mostly cancellous bone wi th an extremely th in cortex. Due 

to the type of f ixat ion, a gradient of stability was present along the osteotomy interface. 

They observed pr imary bone formation where stabil i ty was absolute, secondary bone 

formation (via endochondral ossification of the internal cart i laginous callus) where stability 

was not absolute and strain did not exceed the strain to lerance of carti lage, and fibrous 

tissue format ion where strain exceeded this tolerance. Under conditions of good blood 

supply with large contact areas and inter-fragmental stabi l i ty, a solid union is likely to 

occur rapidly. Therefore, in the management of such f ractures or osteotomies, bone 

healing is usually sought via good bone apposition and rigid f i xa t ion 

4 . 1 . 1 Bone fusion in arthrodesis 

The aim of an arthrodesis is certainly different f rom the t rea tmen t of a bone fracture. 

Rather than try ing to restore the structure and function of t h e fractured bone, jo int 

arthrodesis seeks a change in the normal function of the bones involved, by joining them 

together to form one solid body. A solid osseous union will ensure long-term stabil ity of 

the fused jo int . As the bony parts involved in arthrodesis are t h e epiphyses of long bones 

and/or small bones, bone fusion follows a similar pathway to tha t described above for 

cancellous bone healing. Therefore, a good neurovascular condi t ion in the area of the 

arthrodesis, bone coaptation between large surfaces o f cancellous bone and 

interfragmental stabil i ty would be expected to increase the l ikel ihood of a successful 

fusion. Although the ideal level of stabil ity at the fusion site or t h e ideal r igidity provided 

by the f ixation construct has not been determined for any t ype of arthrodesis, it Is 

generally accepted in the l i terature that rigid f ixation enhances bone fusion [43,78,81] 

The concept that compression between the bone f ragments enhances fusion remains 

controversial. Generally, compression at the fusion site is considered advantageous to 

facil itate early fusion, increase fusion rates and decrease compl icat ions [17,35,47,178] some 

even consider it as a requirement for a successful fusion, t oge the r wi th bone coaptation 

and rigid f ixation I t could be speculated that compression improves bone coaptation 

and, therefore, enhances cancellous bone healing; increases t h e r igidity of the fixation 

device and, therefore, the likelihood of rapid healing; or has some beneficial effect on the 

biologic events occurring during bone formation. However, it is n o t clear what the merits of 

compression are in itself. Neither it is known what the opt imal level of initial compression 

is, nor how long that initial compression effectively lasts. Cunningham et al.t^®^ assessed 
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compression and healing in 10 knee arthrodeses with jo in t surfaces flat cut and fixed with 

an external f ixator. The arthrodesis bending stiffness was measured several t imes during 

the healing period, whilst the external f ixator was in place. An initial 500 N compression 

was applied across the arthrodesis. They found a negligible ef fect of compression on the 

bending stiffness of the arthrodesis. Compression across the arthrodesis decreased rapidly 

and daily adjustments were required to restore the initial level of compression. This 

produced a progressive loss of length across the arthrodesis. Lowering the compression 

load to 200 N resulted in a decrease of the rate of loss of length. They concluded that a 

level of compression that does not decrease rapidly and does no t produce a significant loss 

of length should be applied across the arthrodesis. In a d i f ferent study. Hart et a l . ™ 

compared the effects of compression on the matur i ty and pat tern of bone healing in canine 

mid-t ibial osteotomies. An external f ixation device was used t o t reat the osteotomy and 

apply compression. They concluded that compression increased the rigidity of f ixation, but 

did not provide any benefit for bone healing in itself. I t is not clear whether this result can 

be extrapolated to ankle arthrodesis; if so, compression could be beneficial when the 

fixation device is not stable enough, but would not enhance healing when the fixation 

device provides adequate rigidity. 

The use of Internal f ixation in bone fractures, osteotomies or arthrodeses does not 

allow compression between the bones to be readjusted a f te r the initial t ightening. 

Compression can be achieved with screws placed to cross t h e fracture or fusion site, 

directly producing compression between the bone fragments ( lag screw). Alternatively, the 

screws can be used to fix a plate to the bone, by compressing the plate against the bone 

(plate screw). With correct design and placement of the plate, compression across the 

fracture site is indirectly achieved when t ightening the screws Litt le information is 

available about the change over t ime of the initial in ter f ragmental compression generated 

by orthopaedic screws. Compression can be assessed by measur ing the axial tension 

generated In the screw when it is t ightened. Two in vivo studies measured the change in 

the axial force developed when fixing cortical screws^ to long bone diaphyses. Cordey et 

al.[^G] and Blumlein et a l .M measured the screw axial force dur ing several weeks after the 

screws were inserted in intact tibial shafts of sheep, wi th and wi thout the use of plates. 

They observed a fast initial drop during the first day/days (loss o f around 20% of the initial 

force) and a much slower decrease thereafter. The fast initial d rop was at t r ibuted to the 

viscoelasticity of bone (fol lowing screw t ightening, the stress ini t ia l ly placed by the screw 

upon the bone relaxes with t ime) , whereas the later slow decrease was at t r ibuted to the 

remodell ing of cortical bone under pressure. The effect of possible interfragmentary 

displacement on the change of the compression was not accounted for , as intact tibiae 

were used in both exper iments; therefore, they represent ideal cases of bone stabil i ty. 

^ A cortical screw is a type of orthopaedic screw designed with a shallow thread to bite cortical bone. 
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4 . 2 ASSESSMENT OF I N I T I A L STABILITY I N ANKLE ARTHRODESIS 

From what has been discussed in the previous sections and f rom the numerous clinical 

studies carried out to evaluate the results of ankle arthrodesis, i t seems clear that stability 

of the arthrodesis achieved at the t ime of surgery is one of t h e factors in determining its 

final outcome. A large number of ankle arthrodesis techniques and different means of 

f ixation have been described in the l i terature (Chapter 3), bu t direct comparisons of the 

level of stabil i ty of the arthrodesis constructs are l imited. Int ra-operat ive ly , surgeons can 

assess the stabil i ty of the arthrodesis by manually checking t h e rigidity of the fixed joint. 

Screw insertion torques may also give an indication of the level of purchase of the screw 

threads. However an objective measure and comparison of t h e mechanical behaviour of 

the arthrodesis constructs could help the surgeon to choose t h e most stable construct a 

pnon. 

4 . 2 . 1 In vitro b i o m e c h a n i c a l s t u d i e s 

Assuming that more stable f ixation leads to a higher chance of fusion due to the 

minimisation of the motion between the t ibiotalar interfaces, some biomechanical 

experiments have tested the abil i ty of different arthrodesis constructs to bear the loads 

more likely to affect the fused ankle in the immediate postoperat ive period. 

Several studies have compared the rigidity of external and internal means of fixation. 

Pilette et al.fi^®] recommended internal f ixation whenever t h e bone quality made it 

possible, after test ing the Charnley external f ixator and two types of internal fixation, 

crossed cancellous-bone screws and T-plate compression. T ib iota lar jo in t contours were 

flat cut. Talar rotat ion, plantar f lexion/dorsif lexion and poster ior-anter ior shear force were 

considered the most important loading modes to assess f rom a clinical point of view. They 

found the T-plate the stiffest construct and the external device the least stiff. Thordarson 

et al.t^®°J tested the stabil i ty of a Calandruccio external compression device and of two 

crossed cancellous-bone screws, preserving the jo in t contours. The constructs were 

subjected to t ibial torque, plantar f lexion-dorsif lexion moment and medial- lateral bending 

moment (in this order, the most likely modes of loading expected to affect the ankle 

postoperatively, when placed in a short leg cast). Loads were applied manually on the 

proximal end of the tibia (t ibiae resected at mid-diaphysis), wh i le the talus was fixed. The 

gross motions between the talus and the tibia were recorded. T w o screws had an equal or 

superior behaviour when bone quality was good and purchase of the screws was secure. 

Although the external f ixation had a lower control of plantar f lexion-dorsi f lexion, it was 

recommended for cases of poor quality bone. 
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Comparisons of t l ie stabil i ty of different methods of internal f ixation or variations of 

the same technique have been performed. Dohm et compared the relative stiffness 

of f ixation with two crossed screws, fibular strut arthrodesis and compression T-plate 

constructs, resecting the jo in t surfaces with parallel cuts. Equal length of tibia were used 

and kept f ixed in each case, while the talus was loaded to s imulate dorsiflexion. The T-

plate provided a stiffer construct than the screws and was far st i f fer than the fibular strut. 

Thordarson et al.^^Gi] tested the stabil i ty of ankle fusion with t w o screws and the effect of 

adding f ibular strut graft. The methodology was the same as in their work described 

above. Tibial torque always produced the largest relative t ib iota lar motions, followed by 

plantar f lexion-dorsif lexion and medial- lateral bending moments . Quality of the bone was 

found to be the major determinant of the amount of t ib iota lar motion. For good quality 

bone, the strut graft did not add very much stabil ity to the construct , especially in tibial 

torsion. However, a significant improvement was observed in specimens with poor quality 

bone. Friedman et compared the stiffness of two crossed screws and two parallel 

screws in ankle arthrodesis performed with f lat resections o f the jo in t surfaces. Tibial 

torsion and bending tests (plantar f lexion-dorsif lexion and aversion-inversion) were the 

loading modes considered. Although they obtained mixed resul ts in the bending tests, the 

better torsional stabil i ty offered by the crossed configuration made them suggest that this 

choice may increase the possibility of fusion success. Ogi lvie-Harr is et al.^^^^i assessed the 

stabil i ty of ankle arthrodesis when adding a third screw to a two-crossed screw 

configuration. Joint surfaces were resected and the construct subjected to tibial torsion. 

Significant greater resistance to t ibial torque, as well as greater compression through the 

fusion site were observed when placing the third screw. 

Only one study has compared the effect on stabil i ty o f the method of surface 

preparation. Miller et al.[^°^] compared the stabil i ty of two crossed screws when preserving 

the jo in t contours and when resecting them with parallel cuts. Cyclic loading was applied in 

internal-external torsion and plantar f lexlon-dorsif lexion bending and the relative tibiotalar 

motion measured. Although slightly higher amounts of tors ional mot ion were observed in 

the f lat-cut arthrodeses, no significant differences were found be tween the two techniques. 

All the studies mentioned above were performed using cadaver ankles with no 

evidence of bone or jo in t pathologies. Others have used bone substitutes to carry out 

similar studies, mainly to minimise inter-specimen variabil i ty. Nasson et a l . t "^ ] compared 

the stabil i ty provided by two crossed screws and a blade plate inserted in foam tibial and 

talar specimens. Joint contours were flat cut. Rotation and bending forces (plantar f lexion-

dorsiflexion and eversion-inversion) were applied on the ta lus, while the tibia was fixed. 

Two crossed screws were more stable in dorsiflexion and invers ion, whereas no differences 

were found in the other load cases. Lauge-Pedersen et al.t^®^ tested the strength and 

stiffness of simplif ied ankle arthrodeses using foam blocks, compar ing the same two 
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surface preparation techniques as tested by Milier et They wanted to investigate 

the benefits of preserving the subchondral bone and of producing interlocking geometries. 

Low-density foam was used to simulate rheumatoid cancellous bone. Four-point bending 

(plantar f lexion) and torque (external rotation) tests were performed. The construct with 

curved jo in t contours and a layer of subchondral bone was found to be the most stable. 

Comparisons between the results of all these studies are diff icult due to the 

differences in study design, specimens used and arthrodesis techniques tested. Apart from 

differences in the surgical procedures, different 

portions of the t ibia and talus were embedded 

or fixed to supports in dif ferent ways and 

mounted in dif ferent materials testing systems 

(Figure 4.1) . Relative degrees of rotation 

and/or relative linear displacements produced 

by various torques and loads of different 

magnitudes were measured (Table 4.1). 

Moreover, their f indings referred either to the 

stiffness of the entire construct or to the gross 

relative movements between the tibia and the 

talus. The experimental set-ups made it 

impossible to determine what level of stabil ity 

was due to the elastic deformation of the 

entire constructs and what was due to the 

amount of motion at the fusion site. Therefore, 

only l imited information can be obtained from these biomechanical studies, especially 

considering that the relevance of the bone interface motions in the fusion process has not 

been addressed. 

Figure 4 .1 Ankle arthrodesis construct 

mounted in a materials testing machine 

(from Miller et alJ^°^^). 

The experimental measurement of relative motion at contact interfaces is certainly 

challenging. Different techniques have been used to est imate t h e initial stabil i ty of jo int 

prostheses, measuring relative motions between the implant and the host bone. For 

instance, Claes et al.t^i] and Monti et used displacement transducers (LVDT) 

attached to the bone and the implant and measured the re lat ive mot ion between points 

that were close to the interface. Stil l, since neither the imp lan t nor the bone are rigid, 

some of that mot ion might have resulted from the deformat ion of the materials. No such 

techniques have been used so far to t ry and estimate relat ive motions at the interface 

between two f ragments of cancellous bone, as would be necessary to assess the stabil ity 

of ankle arthrodesis constructs. 
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Table 4.1 Load cases used in biomeclianical studies of ankle arthrodesis stability. 

Study Torsion (N-m) Bending (N-m) P-A force (N) 

Pillete et 15 (talus IR) 150 (DF) * 500 

Thordarson et al^iGi] 8 (tibial IR-ER) 
8 

8 

(PF-DF) 

(M-L) 

-

Thordarson et 4 (tibial IR-ER) 
4 

4 

(PF-DF) 

(M-L) 

-

Ogilvie-Harris et 10 -

Friedman et 5 (tibial IR-ER) 
3.49 (PF-DF) t 

3.49 (M-L) t 

-

Miller et a|t^°^^ 2.8 (IR-ER) * 1.40 (PF-DF) -

IR=internal rotation, ER=external rotation, PF=plantar flexion, DF=dorsiflexion, M-L=medial-lateral 
bending, P-A= posterior-anterior force. * Linear force appiied to simuiate ankie dorsiflexion. t mm 
of displacement appiied to simuiate plantar flexion-dorsiflexion and medial-lateral bending, t Cyclic 
loading: 2Hz, 5000 cycles. 

4 .2 .2 Computat ional methods 

Mathematical models are a complementary option to in vitro experimental models 

studied in orthopaedic biomechanics. Variables of interest that a re diff icult or impossible to 

measure experimental ly can be predicted f rom adequate models. The improvement of 

numerical simulation techniques and the latest available hardware and software packages 

allow refined numerical models of sufficient detail and complex i ty so as to be an acceptable 

approach to dif ferent orthopaedic issues and a complement to both clinical and 

biomechanical data. This is the case of the Finite Element (FE) method, briefly described 

below. 

4.2.2.1 Finite element method: brief description 

The mathematical formulat ion of a physical process leads to a set of differential 

equations and boundary conditions relating the quantit ies t ha t characterise it. This 

mathematical model can be evaluated using computed-assisted numerical methods in 

50 



Chapter 4 Mechanical factors affecting anl<le arthrodesis 

order to est imate these characteristics of the physical process. As the exact solution of the 

governing equations is often an enormous task and not always possible, approximate 

methods of analysis are an alternative way to estimate solutions. This is the case of the 

finite element method (FEI^l). 

In the FEM, the original complex domain of the physical problem being analysed is 

represented as a collection of simple discrete parts, the f in i te elements. The finite 

elements are connected to each other at points, called nodes. The method approximates 

the solution over each element, using approximation funct ions (often algebraic 

polynomials) in terms of the values of the solution at the nodes of the element. The 

approximation functions are usually derived using interpolat ing concepts, their degree 

depending upon the number of nodes in the element and t h e order of the differential 

equation being solved. Based on the idea that the solution is continuous at the element 

boundaries, the method assembles all the element equations imposing the interelement 

continuity and balance of the interelement forces. I t then appl ies the boundary and initial 

conditions and solves the resulting algebraic equations for the values of the solution at the 

nodes. 

In the case of mechanical analysis, the forces and displacements at the nodes of an 

element are related by the local stiffness matrix of the e lement . A global stiffness matrix 

( [K] ) is assembled considering the continuity at the nodes connect ing the elements, so 

that all the nodal forces ( { F } ) and nodal displacements ( { u } ) a re related: { F } = [K] { u } . 

Once the balance of the forces at the nodes has been considered and the boundary 

conditions applied to the previous equation, it can be solved for the unknown nodal 

displacements. Strain values can be derived f rom the nodal displacements and so can 

stresses, by using the material constitutive equations. 

4.2.2.2 Finite element method in orthopaedic biomechanics 

Since the early 1970s, FE models have been used in or thopaedic biomechanics to 

assess the mechanical behaviour of different human t issues and structures. Areas 

investigated wi th the FE method include musculoskeletal structures; tissue growth, 

adaptation and degenerat ion; and design, testing and opt imisat ion of orthopaedic devices 

[62,129]_ 

A necessary balance has to be met between the level of complexi ty required to 

replicate the real physical structure or process, and the s impl ic i ty required for the models 

to be solved. With the continuous improvement of model l ing and computational 

capabilities, more and more sophisticated models can be built , el iminat ing some 

51 



Chapter 4 Mechanical factors affecting ankie arthrodesis 

simplifications once considered necessary. As part of the inherent complexity of analysing 

living structures, determination of realistic boundary condit ions is one of the main 

problems of using FE models in orthopaedic biomechanics. Al though more complex load 

cases have been introduced since the early models, accurate data of in vivo loads are still 

scarce. Also, more precise geometric representations and improved definitions of the 

material and interface properties are being constantly researched. Direct validation of the 

predictions of FE models against experiments is not a lways possible in orthopaedic 

biomechanics. Indirect validation against clinical and exper imental studies is accepted 

when they produce the same conclusions. For all this, the quant i tat ive accuracy of FE 

results remains l imited and, therefore, for the moment, FE analysis is mostly used In 

orthopaedic biomechanics as a qualitative tool in all sorts of comparat ive and parametric 

studies. 

4.2.2.3 Finite element method and stabil ity of arthrodesis 

FE models have been used to predict the initial stabi l i ty of total jo in t replacements 

[153,162,167]̂  measuring the micromotions at the bone/implant Interfaces. Others have used 

FE models to study the stabil i ty of fracture f ixation with d i f fe rent orthopaedic devices 

[48,137] However, FE analyses of arthrodesis are not common. Only spinal fusion studies 

have used FE models to predict the initial stabil ity of spinal arthrodesis constructs 

[76,113,127] The models presented different levels of complex i ty , usually representing a 

section of the spine ( two or more vertebrae) and including some soft tissues, such as 

articular carti lage, intervertebral discs and ligaments. Plates, screws, interbody cages and 

bone graft were some of the complex fusion techniques s imula ted; usual load cases 

included spine f lexion-extension, axial torsion and lateral bending. In most of the cases, 

either variations of the stiffness of the spinal functional unit (ver tebrae plus soft tissues) or 

the relative motions between the vertebrae were reported. Fusion interface stabil i ty was 

only addressed by Kim t76]̂  in their FE study of the bone/ in terbody cage interfaces in fusion 

of a lumbar segment. They predicted the relative micromot ions between the bone and the 

cage and reported the effects on them of fr iction coefficients, loading conditions and age-

related material properties. 
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4.2,2.4 Objective of the thesis 

In the search for the ankle arthrodesis technique that would best minimise the motion 

between the bone surfaces, thus Increasing the chances of fus ion, information regarding 

the mechanical benefits of different techniques and their variat ions would help the 

orthopaedic surgeon during the preoperative stage. As a complement to clinical and 

experimental approaches, the FE method has proved to be a successful qualitative tool in 

the assessment of similar issues in the areas of jo in t replacements, bone fracture fixation 

and spinal fusion. 

The aim of this thesis is to compare the effect of var iat ions in the arthrodesis 

technique on the initial stabil ity at the fusion site. Following a wel l-known procedure in 

orthopaedics biomechanics, the FE method is used to assess t h e initial stabil i ty of ankle 

arthrodeses internally fixed with screws, which has been recommended as a standard 

method of f ixat ion The specific objectives of this work can be summarised as follows; 

• Determine the effect on the stabil i ty of the ankle arthrodesis construct of the 

jo in t surface preparation technique. To do so, t w o common techniques are 

compared: intact jo in t contours and flat resected surfaces. 

• Assess the effect on the stabil i ty of the ankle arthrodesis construct of the screw 

configuration. Two and three screws are investigated in a number of clinically 

relevant positions and orientations. 

« Assess the effect on the stabil i ty of the ankle arthrodesis constructs of the bone 

quality. Aged and pathological bone qualities are s imulated as compared to 

normal bone. 
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Chapter 5 

FINITE ELEMENT ANALYSIS OF ANKLE ARTHRODESIS: 

ASSESSMENT OF MODELLING PARAMETERS 

A basic model of an anWe arthrodesis construct was init ial ly defined and used to carry 

out mesh ref inement tests and sensitivity analyses for di f ferent modell ing parameters. The 

model was based on an ankle arthrodesis performed with two parallel cuts to the articular 

surfaces and fixed with two crossed cancellous screws^. Variat ions of this construct will be 

described in subsequent chapters, although the same modell ing procedure was followed. 

5 . 1 FE ANALYSIS PROCEDURE 

A detailed description of the steps followed during the FE analysis of the basic ankle 

arthrodesis construct fol lows, f rom the model definit ion to the processing of the results. 

Figure 5.1 displays a diagram of the general procedure used in all the FE analyses 

presented in chapters 6 to 8. 

5 . 1 . 1 Extraction of bone geometr ies 

Musculoskeletal structures generally have complex geometr ies. As a result, it is 

common practice for FE models to be constructed f rom computed tomography (CT) images 

of the bones or jo ints of interest. This approach is known as digital image-based finite 

element modell ing. Appendix A provides some information about CT. The intact lower leg 

and foot of a healthy male was scanned, with the ankle in neutral posit ion (source: 

Orthopaedic Department, Lund University, Sweden). The voxel size was 0.468x0.468 mm 

and the slice thickness was 1 mm. The slices were obtained every mi l l imetre except at the 

proximal end of the t ibia were the distance was gradually increased up to 5 mm (see 

Figure 5.2). Despite the ankle jo in t being formed by talus, t ib ia and fibula (Chapter 1, 

page 3), the fibula was not included in the model. The fact t h a t several biomechanical 

studies of ankle arthrodesis stabil ity did not include the fibula in the arthrodesis constructs 

tested (Chapter 4, page 47)[46,86,103,111] shows that the fibula is somewhat less important 

for the stabil i ty of the construct than the tibia and the talus. Dohm et al.t''°^ found that 

fixing the ankle jo in t only by using the fibula as strut graft prov ided 2 5 % of the stability 

^ Cancellous screw is a type of orthopaedic screw designed with a deep thread to bite cancellous bone, 
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achieved using only two crossed screws through the ankle j o in t . Although the fibula used 

as a st rut graf t has been shown to add stabil i ty to f ixation w i th two screws, especially 

when bone quali ty is poor the small stabil i ty added in the case of good bone quality, 

raised the question of whether the use of the strut graft was just i f ied. Therefore, given 

that adding the f ibula, as well as the screws needed to fix i t , to the FE model would 

increase the computat ional costs of the model and this is not likely to affect the 

comparative studies performed in this thesis, the fibula was not included in the model. 

CT image 

MIMICS 

BONEMAT 

I D E A S 

Bone contours Bone geometries 

MENTAT / MARC 

POST-PROCESSING 

Data analysis 

Arthrodesis 
geometry 

SOLUTION 

Iterative solver 

Marc 2001 

FE solid mesh 

PRE-PROCESSING 

Final FE model 

Figure 5.1 Stages of the FE analysis procedure followed to assess ankle arthrodesis with 

Internal fixation. 
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Therefore, only the contours of the talus and the tibia were extracted from each CT 

slice in a software system for the visualisation and segmentat ion of medical images 

(MIMICS 6.1 -Materialise Software, Leuven, Belgium). The stacked set of curves 

representing the whole talus and approximately 7 cm of t h e distal tibia was used to 

generate three-dimensional (3D) representations of the two bones within I-DEAS (I-deas 

Master Series 7.0 -SDRC, Hitchin, UK), where subsequent geometr ic manipulations were 

carried out (Figure 5.2). 

Bone contours Bone geometries 

Figure 5.2 Frontal view of the stacked set of 2D bone contours 

obtained from the CT scan images (left) and the 3D solids 

generated from them (right). 

Following common clinical procedures, two flat 

parallel cuts were made to remove the tibial plafond and 

the dome of the talus (Figure 5.3). The medial malleolus 

was also resected. The cut in the tibia was performed at 

about 1 mm above the art icular surface and 4 mm of bone 

were resected f rom the top of the talar dome. Although 

the exact amount of bone resected differs In each patient, 

the values for this subject were considered clinically 

reasonable. The talus was then displaced upwards in the 

frontal plane unti l the two resected planes were coincident 

and, therefore, bone-on-bone contact was achieved. 

Figure 5.3 Flat parallel cuts 

performed on the tibia and 

the talus. Anterior view. 
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Two solid cylinders (diameter 4.5 mm) were created and crossed through the joint, 

f rom both sides of the tibia into the body of the talus, s imulat ing 7.0 mm cancellous 

screws wi th a partial thread. The medial screw had a sl ightly postero-medial to antero-

lateral direction. The lateral screw was placed anterior to the lateral malleolus, crossing 

behind the medial screw, in an antero-lateral to postero-medial direction. In the frontal 

plane, each screw formed a 30-degree angle with the longitudinal axis of the tibia (called 

the insertion angle henceforth). Also In the frontal plane, the two screws crossed each 

other approximately 5 mm beneath the flat bone-to-bone interface (fusion site). The final 

arthrodesis construct, including the resected bones and the screws (Figure 5.4), was 

assessed by an orthopaedic surgeon (Dr. Lauge-Pedersen, Orthopaedic Department, Lund 

University, Sweden) and deemed to be clinically satisfactory. Given the complex geometry 

of cancellous bone screws, they were modelled as simple cyl inders and the head and 

thread were not explicit ly modelled; however, their actions were considered. See section 

5.1.4 (page 62) for a full description of the screw modell ing. 

Figure 5.4 Anterior (left) and lateral (right) views of the final 

arthrodesis construct. 
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5.1.2 Meshing 

The arthrodesis construct was meshed in I-DEAS. 

Init ial ly, a surface mesh was defined using linear 

tr iangular elements. Solid meshes of linear tetrahedral 

elements were generated f rom the surface mesh for all 

the enclosed volumes (t ibia, talus, medial screw and 

lateral screw) (Figure 5.5). The resulting tetrahedral 

elements on the model's surfaces shared the same 

nodes with the surface elements, which were later 

deleted. The size of the elements was determined by 

fixing an element edge length of 1.5 mm for all the 

contact interfaces and 2.5 mm for the rest of the 

surfaces. These values were chosen after a mesh 

refinement study was performed to assess the mesh 

(see section 5.2, page 68). The total number of 

tetrahedral elements was 48638. The arthrodesis 

construct mesh was then exported to Mentat, the pre-

and post-processor of the FE software Marc 2001 (MSG 

Software, Camberley, U.K.), where the rest of the pre-

processing was performed. 

Figure 5.5 Anterior view of the 

FE solid mesh. The section of 

the cylinders equivalent to the 

screw thread is shown in blacl<. 

5 .1 .3 Mater ia l propert ies 

The apparent density-dependent characterisation of bone material properties seems 

to be the most suitable way to consider their local variations and general distr ibution when 

building FE models of bony structures despite the fact t ha t it does not account for the 

effect of bone architecture and thus anisotropy (Chapter 2, page 24). The vast major i ty of 

the FE simulations present in the l i terature have assumed isotropic bone mechanical 

properties. Stil l, fur ther research is needed to have a comprehensive apparent density-

dependent characterisation of bone, as so far most of the da ta only concerns Young's 

modulus and compressive strength of cancellous and cortical bone. 

Linear elastic material properties were used throughout t h e model. The Poisson's ratio 

for the bones and screws was assumed to be 0.3 The Young's modulus of the screws 

was assumed to be 200 GPa (stainless steel). A modified vers ion of the freeware program 

Bonemat was used to assign non-homogeneous Young's modu l i to the bones. 
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Bonemat reads a CT data set and a FE mesh generated f r om it and assigns to each 

finite element the Young's modulus derived f rom the CT numbers at the element location. 

For each element of the mesh, the algorithm builds the smallest parallelepiped containing 

the element, wi th its faces parallel to the coordinate system of the CT data set. It 

considers all the voxels included in the parallelepiped to calculate an average CT number 

for the element. The input of a calibration relationship between the CT numbers and 

apparent density is needed to convert the mean CT number into the average bone 

apparent density for each element. An experimental relationship between apparent density 

and Young's modulus must be chosen and input to the program, so that for each element 

the mean apparent density value is converted into the mean Young's modulus. The original 

version of Bonemat, obtained from the authors at Laboratorio di Tecnologia Medica, Istituti 

Ortopedici Rizzoli (Bologna, I ta ly) , was modified to read the mesh data in Marc's data file 

format and wri te a tex t file with the Young's modulus assigned to each element. This file 

was read by Marc at the beginning of each model solution t o assign the bone material 

properties to the model. 

5.1.3.1 Conversion f rom CT values to Young's moduli 

As high correlation coefficients have been found for l inear relationships between 

mineral-equivalent density measured using CT and bone apparent density [21,74]̂  calibrated 

CT numbers are commonly used to obtain information about t h e apparent density of bone. 

Generally, di f ferent solutions of a bone mineral-equivalent substance (such as K2HPO4 or 

different calcium compounds) are scanned along with the pat ient so that a linear 

calibration equation between CT numbers and mineral-equivalent density can be 

established The lack of experimental data related to mater ia l properties of ankle 

bones, as well as the calibration information available for this work , led to the election of 

two calibration rods as phantoms, as previously done elsewhere The CT scan images 

used to generate the bone geometries contained two cal ibrat ion rods of Plexiglas (118 kg 

m'^) and acetal (331 kg m'^). A calibration equation (Equation 1) was obtained taking into 

account the apparent density of the two rods; the average CT numbers measured for 

them; the null apparent density of air; and its correspondent average CT number obtained 

from various locations of the CT images: 

Papp = 1036 10 '̂  ( H U - 1 2 6 ) + 118 for HU < 126 
(Equation 1) 

Papp = 977 10'^ (HU-126) + 118 for HU > 126 

where papp is the apparent density in kg m"^ and HU is the CT number in Hounsfield Units. 
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To convert apparent density into Young's modulus, two equations were taken from the 

l i terature and combined to obtain a continuous relationship: 

E = 0.2 p,pp: " 

E = -3842 4- 13 Papp 

for Papp < 476,7 kg (Equation 2) 

for Papp > 476.7 kg m"^ (Equation 3) 

where Papp is the apparent density in kg m"^ and E is the Young's modulus in MPa. Equation 

2, obtained by Destresse et al.l^^l in their study of the material properties of the proximal 

and distal tibia (Chapter 2, page 33), was used for cancellous bone. I t is the only 

experimental relationship of this type found describing cancellous bone properties of the 

ankle bones. Equation 3 was chosen to convert higher bone density values. I t was 

obtained by Rho et al.C^^^] for the cortical bone of tibial diaphysis. For cortical bone of 

apparent density between 1800-2000 kg m"^, the corresponding Young's modulus would 

vary from 20-22 GPa. In the case of cancellous bone, apparent densities of 400 and 100 

kg m"^ would give Young's moduli of 1800 and 220 MPa respectively. 

5.1.3.2 Assigned bone Young's moduli versus experimental data 

The calibration equation and the apparent density-Young's modulus relationship 

described above were input in the modified version of Bonemat and the Young's moduli 

assigned to the finite elements of the tibia and the talus (Figure 5.6). 

n 25380 MPa 

12570 MPa 

116 MPa 

Figure 5.6 Young's modulus distribution in 

the tibia and the talus. 
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Checking the assigned values of bone apparent density, a distr ibut ion of higher values 

on the outer areas of the bones and much lower in the interior was obtained, as would be 

expected. Values ranged f rom approximately 80 to 2200 kg m'^ for the tibia and from 70 

to 1800 kg m'^ for the talus. 

Cattaneo et compared the distribution of bone densi ty values when applying two 

different calibration equations. One equation was obtained using density values from 

water, air and Plexiglas, and the corresponding HU values retr ieved f rom the CT. This 

equation extrapolated the calibration for the higher density range. The second equation 

combined calibration information found in the l i terature for cancellous and cortical bone 

separately. Although for density values in the range of cancellous bone both methods 

produced very similar density values, an overestimation was observed on the higher 

density range when using the single equation. In the cur rent model, the calibration 

equation (Equation 1) had been obtained f rom known densities in the region of cancellous 

bone, so that the calibration for higher density values had to be extrapolated. Although 

less than 1% of the elements of the modelled tibia had apparent density above 2000 kgm'^ 

(all of them on the outer shell of the bone), there may be an overest imat ion of the higher 

values due to the calibration equation used. For instance, Snyder and Schneider 

reported apparent density values for the cortical bone of the t ib ia l diaphysis ranging from 

1748 to 1952 kg m'^. No data have been found regarding densi ty values of the cortical 

shell of the talus. Although they may have also been overest imated, the max imum values 

assigned within the talus are in the range of density values reported for dense cortical 

bone (Chapter 2, page 18). No published apparent density va lues were available for the 

cancellous bone in the distal t ibia or the talus to compare the assigned values to. However, 

the values assigned to the inner elements of both bones are in the range of reported 

values of cancellous bone density for other anatomical sites. 

Concerning the Young's modulus, Snyder and Schneider obtained values from 

14.3 to 21.1 GPa for the tibial diaphysis cortical bone, and Rho et for the same 

bone, reported average values of 18.6 GPa and 20.7 GPa, f rom mechanical and ultrasound 

tests respectively. In the current model, about 12% of the elements of the t ibia had 

Young's modulus between 10 and 25.4 GPa, all of them on the ou te r shell and almost all in 

the diaphysis. Less then 1% had values above 22GPa. These peak values seemed 

considerably high, probably due to an overestimation of the apparent density. About 30% 

of the elements had values between 2 and 10 GPa, mainly located on the outer shell of the 

tibial epiphysis and towards the inside close to the resected ar t icu lar surface. Again, this 

distr ibution agrees wi th the idea of a thin shell of less dense cortical bone around the 

diaphysis and dense trabecular bone near the articular surface (subchondral bone). The 

rest of the elements (about 60%) had values below 2 GPa, located in the inner areas of 

the tibia. These values are also in agreement with Destresse e t al.f^^^, whose equation was 

61 



Chapter 5 FE analysis of ankle arthrodesis: assessment of modelling parameters 

used to convert density to Young's modulus. They reported a range of values for the 

cancellous bone in distal t ibia f rom 718 to 2057 MPa. 

Jensen et reported a maximum Young's modulus of 1224 MPa for the trabecular 

bone just underneath the superior articular surface of the ta lar dome. No data have been 

found wi th regard to the material properties of talar cort ical bone. About 2% of the 

elements of the talus had a Young's modulus between 10 and 20 GPa, and they were all 

distr ibuted on the outer shell of the talus. More than 50% o f the elements had values 

below 2.5 GPa, most of them being located in the core of the bone. 

In general, the distr ibution of Young's moduli in the two bones agrees with that of 

cortical and cancellous bone in long and short bones. Despite t h e good agreement with the 

scarce experimental data available, there is possibly an overest imat ion on the higher 

Young's modulus range. However, the percentage of e lements presenting this 

overestimation is very small. Therefore, and for the purpose o f the comparative analyses 

to be performed with the model, the distribution of material properties seems to be a 

reasonable approximation. 

5.1 .4 Boundary conditions 

Different levels of simplif ication have been assumed in t h e l i terature with regard to 

modelling screws in FE studies of orthopaedic problems. Spears et al.t^^^^ simulated the 

effect of the screws in acetabular cups only by specifying zero relative displacement 

between paired nodes, one element deep, on either side of t he interface. Tissakht et 

al.[^®2], in a micromotion analysis of the fixation of the tibial component of a total knee 

replacement, modelled the screws as cylinders and the effect o f t he threads was simulated 

by considering the bone-screw interface to be perfectly bonded. In the contact analysis of 

a cervical spine plate, Villarraga et al.ĉ ®®^ also modelled the screws as cylinders directly 

connected to the bone. To simulate the fully threaded cort ices, they included a layer of 

interfacial elements between the cylinder and the bone, w i th mater ial properties 

intermediate to those of the screw and the bone. Hashemi & Shirazi-Adl [ss] used results 

from previous experimental studies to model the screws In the i r FE analysis of tibial 

implants. Screws were represented as posts with a fr ict ion coeff ic ient of 2.0 and an initial 

interference of 0.025. In effect, this means that the very h igh coeff icient of fr iction will 

prevent sliding and the interference fit will l imit the amount of opening at the interface. At 

low loads, this can be approximated by bonding the th read /bone interface. Therefore, in 

the current model, the screws were represented as cylinders. To simulate the effect of the 

screw head, nodes on the screws close to the proximal holes o f the t ibia were linked to 
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opposite nodes on the tibia by tying their degrees of f reedom together. Bonded contact 

was defined between the distal 16 mm of each screw and the ta lus, to simulate the effect 

of the 16 mm thread. 

The screw-bone system can fail in different ways, depending on a number of 

variables, such as screw dimensions, number of screws, screw orientat ion, type of bone, 

bone size and geometry and loading mode. Screw failure can happen due to overloading, 

fatigue or corrosion ti64] Screw cutt ing through the bone and th read stripping are a result 

of bone failure. Screw holding power (f ixation strength) has t radi t ional ly been measured in 

pull-out or push-out tests of single screw-bone systems [i6,io9,i58] These tests addressed 

the bone failure by thread str ipping, which can occur when a screw is over t ightened or a 

large enough force acts along the longitudinal axis of the screw. Reported values of pullout 

strength vary widely due to differences in the screws and bone (o r bone substitute) tested. 

For instance, Muller et al.fi°®J reported pull-out strengths between 2550 and 3550 N for 5.5 

mm cancellous screws (30-mm thread length) inserted 30 m m in the calcaneus. Values 

around 1000 N were reported for the same type of screws but w i t h a 16-mm thread length 

and inserted 16 mm in the calcaneus. Thompson et used foam as cancellous bone 

substitute (mean Young's modulus around 115 MPa) to measure pull-out forces of several 

types of screws. Cancellous screws with a 16 mm thread leng th yielded values between 

426 and 589 N. However, uniaxial pul l-out tests are not enough for test ing the fixation 

strength of bone screws as the screws could additionally be subjected to shearing and 

bending loads [67,io9]_ ankle arthrodesis with screw f ixat ion, t h e orientation of the screws 

and the bones and the loads acting upon the system are l ikely t o produce shearing strain 

and stresses between the bones and the screws, in addit ion to screw pul l-out forces. Given 

the relatively low magnitude of the loads used in the current w o r k , and the fact that bone 

quality was good, thread stripping was not expected. Thus, r ig id screw f ixat ion in the bone 

was assumed. 

Except for the bonded contact between talus and screw threads, all the contact 

interfaces were initially considered as frictionless. See sect ion 5.1.5.1 (page 64) and 

section 5.3.2 (page 76) for more details about contact def in i t ions in the model. A static 

load case was defined to simulate tibial torsion (Figure 5.7), t h e loading mode most likely 

to compromise the initial stabil i ty of ankle arthrodesis dur ing the early post-operative 

period in a low leg cast Low leg casts do not seem to complete ly constrain torsional 

motion about the long axis of the t ibia, allowing internal and ex terna l rotat ion. Therefore, 

in the model, internal and external torques of 10 Nm were generated by applying two 

opposite medio-lateral forces to a pair of nodes at the top of t h e tibia. The magnitude of 

the load applied was similar to those used in most of the biomechanical studies examining 

ankle arthrodesis stabil i ty (Chapter 4, page 47). Although in t h e case of very poor bone 

quality the magnitude of the load applied could exceed the u l t ima te strength of the bone, 
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it was considered appropriate as t l ie model was built f rom a healthy ankle. During the 

early post-operative period, the patient is asked to avoid we igh t bearing on the affected 

ankle. Therefore, like Miller et alJi°3], Friedman et al.t"*®] and Thordarson et joint 

axial loading was not considered. The nodes at the inferior face of the talus were fixed. The 

loads applied to the top of the tibia were somewhat idealised and produced some artificial 

localized deformations and stress/strain concentrations. However, they were located far 

enough away f rom the area of interest, i.e. the fusion site. 

medial 

torsion 

anterior 

Figure 5.7 Load case considered In the analysis; 

torque to generate external tibial torsion (for internal 

tibial torsion, forces go in the opposite directions). 

Inferior face of talus fully constrained, not shown. 

5.1 .5 Solution 

Marc 2001 (MSG Software, Camberley, U.K.) was used t o solve the static non-linear 

FE problem described in the previous sections. Contact between the dif ferent bodies was 

the source of the non-l ineari ty of the system. The solution was obtained using several 

increments: the external loads were applied in mult iple steps, t h e results obtained in each 

step providing the initial conditions for the next step. 

5.1.5.1 Contact in Marc 2001 

A brief description of the way contact is simulated in Marc is given below. Please, refer 

to Marc's user Guide (MSC.Marc Volume A, Chapter 8) for more detai led information. Marc 

allows contact analysis to be performed automatical ly, w i thout manual ly having to define 
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contact elements, by using the so-called direct constraint method. The motion of the 

bodies is t racked, a contact algorithm detects when contact occurs and, when it does, 

direct constraints are placed on their motion. 

The t ibia, the talus and the screws were defined as contact bodies. This meant that 

every node on an exter ior surface was automatical ly t reated as a potential contacting 

node; all e lement faces lying on the outer surface of the bodies were automatically 

considered as potential contact surfaces. A contact tolerance is associated with each 

potential contact surface, so that a node is considered to be in contact with a surface when 

it is within its contact tolerance. The size of the contact to lerance has a significant impact 

on the accuracy of the solution and the computational cost. An effective compromise 

between both is to bias the contact tolerance so that a smal ler distance is considered 

towards the outside of the surface than towards the inside (Figure 5.8). The contact 

tolerance was set to 0 .01 mm and the bias to 0.9. See section 5 .3 .2 .1 (page 76) for details 

about the model sensit ivity to these parameters. 

NO CONTACT 

Outer surface 

CONTACT 

•f j ^ ( l - b i a s ) = contact tolerance 

~|. .( l+bias) = contact tolerance 

'i' J 

Figure 5.8 Contact tolerance associated with a potential contact surface. 

I f a tensile force occurs at a node that is in contact with a surface, the node separates 

from the surface. A threshold value for the separation force is needed to avoid 

unnecessary separations due to possible errors in equil ibrium. A separat ion force of 0.01 N 

was chosen. See section 5.3.2.2 (page 77) for details about t h e model sensit ivity to this 

parameter. 

The constraint relationships placed between a contacting node and the nodes of the 

contacted element face use information regarding the normal to the surface. The normal is 

calculated based on the piecewise linear representation of the e lement face. This produces 

a discontinuity in the normal from one element face to another , leading to potential 

numerical problems. To improve this situation, a smooth surface (Coons surface) was 

automatically f i t ted through the outer elements of the contact bodies, giving a more 

accurate calculation of the normals. 
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5 .1 .6 Post-processing 

5.1.6.1 Micromotions at the bone-to-bone interface 

In order to assess the initial stabil i ty of the arthrodesis construct at the fusion site, 

the relative mot ion between the tibia and the talus at the contact interface was calculated. 

Pairs of nodes across the fusion site were identif ied, one node belonging to the tibia and 

the other to the talus. The relative displacements between these nodal pairs were 

calculated and the global magnitudes of these relative micromot ions presented. The values 

from all the nodal pairs were bi-l inearly interpolated to be displayed as contour bands over 

the contact interface of the talus. In addit ion, components of t he global micromotions were 

calculated normal and tangential to the fusion site, in order to understand how the bone 

surfaces moved relative to each other. For this purpose, a local orthogonal coordinate 

system was defined, wi th the origin on the anterior edge of the resected plane of the talus, 

the X and y axes lying in this plane and the z axis perpendicular t o it (Figure 5.9). 

Figure 5.9 A Frontal view of the talus with the local coordinate system 

defined to calculate the micromotion components. Fusion site marked in 

dark grey. B Superior view of the fusion site, where micromotions will be 

displayed. 

5.1.6.2 Strain 

Because bone is a heterogeneous material, stress values a r e not enough to examine 

the possibility of bone failure. Due to the fact that cancellous bone strain can be 

considered to be isotropic and homogeneous, at least, at the same anatomical location, 

(Chapter 2, page 18), strain failure criteria have started to b e used for assessing bone 

strength in FE models with heterogeneous material properties Ci5o,i59]_ has been shown 
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that strain contour plots provide better indicators of local bone fracture than do stress 

plots [150] Therefore, strain values were examined in the t ibia and the talus. 

Equivalent elastic strain is a scalar value that represents an envelope of the normal 

and shear strain components: 

£e — [Ex^ + + Eẑ  - E/Ey - EyEz " EzEx + 0.75 (YxY^ + YyẐ  + YZX )̂] 1/2 

where Ex, Ey, Ez are the normal strains and yxy, yyz, Yzx the shear strains. In the case of the 

linear tetrahedral element used in the model, strain is constant throughout the element. 

The strain values can be averaged between the elements at t h e nodes, so that continuous 

contour bands can be displayed and nodal strain values repor ted. The element equivalent 

elastic strain values will be reported here, unless otherwise stated. An assessment of the 

equivalent strain (ES) distr ibutions and peak values was per formed to, f irst ly, determine 

the areas of ES concentrations predicted in the dif ferent models studied and, secondly, 

determine where and in which models the risk of bone fa i lure could be higher. Given the 

reported values of yield strain in human bone (Chapter 2, page 19), a value of 1% strain 

was chosen as a reference to compare to the predicted va lues of ES in the models. The 

peak equivalent strains produced at the top of the tibia as a resul t of the application of the 

loads were not considered in the ES assessment. 
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5.2 MESH ASSESSMENT 

Mesh ref inement was carried out to test the convergence o f parameters of interest at 

the fusion site. Six FE models were generated f rom the model described in the previous 

section by varying the mesh density. Start ing wi th an initial 2 .5 mm element edge length 

in all the surfaces, consecutive refined meshes were created decreasing the element edge 

length at all the contact surfaces: interfaces between tibia and talus and between the 

bones and the screws. Table 5.1 shows the total number of tetrahedral elements and 

nodes in the models. 

Table 5.1 Element size at the contact surfaces and 

total number of elements and nodes for the models 

included in the mesh refinement study. 

Element size 
(mm) 

Number of 
elements 

Number of 
nodes 

2.5 26497 6372 

2.1 30944 7357 

1.7 40294 9404 

1.5 48638 11173 

1.3 60849 13772 

1.2 64583 14573 

Material properties were assigned and boundary condit ions defined as reported in the 

previous section. Only the external tibial torsion load case was studied. Micromotion at the 

fusion site is the main parameter of interest in this work. Therefore, convergence of the 

micromotion was examined. In order to compare the micromot ions at the fusion site 

between the dif ferent mesh refinement levels, only the global magnitudes of the 

micromotions along the edge of the fusion site were analysed in each model. These 

micromotions, which were the maximum micromotions predicted at the fusion site, are 

displayed in Figure 5.10. Perillo-Marcone et concluded that unless there is 

convergence in the Young's modulus distr ibut ion, convergence of the stress field or of 

other parameters of interest will not occur. In order to check this f inding in the current 

study, convergence of the Young's modulus and convergence of the equivalent strain were 

also examined (Figure 5.11 and Figure 5.12). Nodal values of both parameters are 

examined along the edge of the fusion site in the talus (shown In Figure 5.10). 
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Figure 5.10 Micromotions predicted along the edge of the fusion site for each level of mesh 

refinement. The path and direction followed are shown on the right superimposed on the 

talus (superior view). 
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Figure 5.11 Nodal equivalent strain along the edge of 

the fusion site for the finest (1.2 mm) and the coarsest 

(2.5 mm) meshes. 
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Figure 5.12 Nodal Young's modulus along the edge of 

the fusion site for the finest (1.2 mm) and the coarsest 

(2.5 mm) meshes. 

The nodal pairs analysed varied in number and position a long the edge of the fusion 

site between models. For each parameter examined, a cubic spl ine was generated based 

on the values predicted at the nodal pairs of the finest mesh (1.2 mm) and used as a 

reference. The differences between the values at each nodal pa i r and the value obtained 

from evaluating the spline at the same location were calculated for each of the other 

models. Linear regression analyses were used to evaluate these differences (Figure 5.13). 

Correlation coefficients, slope of the regression lines and mean errors were used to 

measure the degree of convergence in the three variables. Mean residual error (MRE) was 

calculated as the mean distance f rom the data points to the regression line, and mean 

percentage error (MPE) was calculated as the mean percentage of the distance from the 

data points to the regression line. The results are summarised in Table 5.2 (page 72). 
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Figure 5.13 Regression lines for the 2.5 mm and the 1.5 mm meshes with respect to 

the 1.2 mm mesh. Differences along the edge of the fusion site in A Micromotion, B 

Equivalent strain and C Young's modulus. 
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Table 5.2 Correlation coefficient (r), slope of regression line, mean residual error (MRE) 

and mean percentage error (MPE) for each mesh compared with the 1.2 mm mesh. A 

Micromotion, B Equivalent strain and C Young's modulus. The plots represent the mean 

residual error as a function of the element size. 

Element 
size (mm) r slope 

MRE 
(pm) 

MPE 
(o/o) 75 

2.5 0.9974 0.575 69.5 43.7 
50 

2.1 0.9973 0.626 61.7 39.0 

1.7 0.9989 0.767 37.6 23.8 25 

1.5 0.9988 1.009 0.4 0.3 0 

1.3 0.9994 1.012 1.4 0.9 

B 

Element 
size (mm) r Slope 

MRE 
( % strain) 

MPE 
(%) 0.03 

2.5 0.9898 0.575 0.0220 38.0 

2.1 0.9847 0.774 0.0130 30.0 0.01 

1.7 0.9821 0.805 0.0098 13.6 

1.5 0.9903 1.073 0.0033 7.8 0 

1.3 0.9911 1.065 0.0030 3.9 

C 

Element 
size (mm) r Slope 

MRE 
(MPa) 

MPE 
(o/o) 

720 

2.5 0.9364 0.796 694 26.01 

2.1 0.9633 0.858 531 19.7 
450 

1.7 0.9822 0.944 336 11.9 

1.5 0.9778 1.073 206 7.3 
180 

1.3 0.9797 1.005 208 5.8 

MRE (pm) 

3 2.5 2 1.5 1 

Element size (mm) 

MRE (% strain) 

T 

3 2.5 2 1.5 1 

Element size (mm) 

MRE (MPa) 

3 2.5 2 1.5 1 

Element size (mm) 
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Very similar convergence behaviour was observed fo r the micromotions, the 

equivalent strain and the Young's modulus. High correlation coefficients (always higher 

than 0.93) showed a very good qualitative agreement between all the models, although in 

general, sl ightly higher values were obtained for the f iner meshes. The degree of 

quanti tat ive agreement between the models, measured by the slope of the regression line, 

showed a clear Improvement for decreasing element sizes. For element sizes 1.5 mm and 

1.3 mm, slopes were close to 1 in all the cases, whilst the coarsest mesh produced values 

around 0.6 for the micromotions and the equivalent strain. The Young's modulus showed 

slightly less variat ion in the slope, with values ranging from around 0.8 for the coarsest 

mesh to almost 1 for the finer meshes. The degree of uncerta inty of the three parameters, 

assessed by both the MRE and the MPE, was also reduced for decreasing element sizes. 

Mean differences in micromotions were under 1% for the 1.5 m m mesh and below, whilst 

values reached over 4 0 % for the coarsest mesh. Decreasing mesh density produced an 

Increasing underest imation of the micromotions (Figure 5 .10) . Mean differences of less 

than 8% were predicted for both the equivalent strain and the Young's modulus for 

element sizes 1.5 mm and below. Maximum values of 38% and 26 % respectively were 

predicted for the coarsest mesh. Again, decreasing mesh densi ty meant an Increasing 

underestimation of the equivalent strain (Figure 5.11). In summary , a clear convergence 

of the micromot ion, equivalent strain and Young's modulus was observed, with little 

sensitivity of these parameters to further mesh refinement below a 1.5 mm element size. 

The mesh ref inement was performed selectively rather t han globally, by reducing the 

element size on the contact surfaces. In this way, a clear convergence was obtained whilst 

keeping manageable solution t imes. I t has been shown In the l i terature that too coarse a 

mesh results in underestimations of strain and stresses, by fa i l ing to capture the material 

properties variations observed in bones [75,i22]_ ji-ig results obta ined in the current study 

agreed with these findings. Figure 5.12 shows how the coarsest mesh did not manage to 

represent the Young's modulus variations that the finest mesh did account for. Given the 

degree of convergence shown by the tested meshes, fur ther mesh ref inement would seem 

unlikely to improve the results obtained when using the 1.5 m m mesh. In addit ion, much 

finer meshes could compromise the continuum assumption accepted in this FE model. 

Harrigan et al.t^^J concluded that finite elements smaller t h a n 3-5 t imes the micro-

structural parameters would result in a break down of t h e cont inuum assumption. 

Therefore, considering the sizes of the trabeculae and trabecular spacing, elements should 

be at least 1-2 mm In size 

Given the results of this mesh refinement study, the FE mode l with the 1.5 mm mesh 

was chosen to carry out the following tests and any model generated henceforth will have 

a mesh density defined by choosing an element edge length o f 1.5 m m on all the contact 

surfaces, 
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5.3 MODEL S E N S I T I V I T Y 

The robustness of the model was checked by per forming sensitivity analyses to 

certain modell ing parameters. The FE model chosen in the mesh refinement study was 

used to perform the sensit ivity analyses that follow, with the same material properties and 

boundary conditions. 

5 . 3 . 1 C o n v e r g e n c e t o l e r a n c e 

The convergence criterion determines when the current i terat ion predicts the state of 

equil ibrium within a certain degree of approximation, and is def ined by the convergence 

tolerance parameter. The convergence criterion used is based on the magnitude of the 

maximum residual load compared to the maximum reaction force: 

I Fresldual Imax 
< tolerance 

reaction I max 

where IFresiduailmax and IFreactionlmax represent the highest absolute values of the residual 

and reaction forces respectively. 

The values of the convergence tolerance were varied between 0.5 and 0.008. 

Differences in the micromotions measured along the edge of the fusion site were 

calculated, taking the case of the lowest convergence to lerance value as the reference. 

Mean and maximum errors are reported for relative and absolute values (Table 5.3 and 

Figure 5.14). 

Decreasing the value of the convergence tolerance produced a general decrease in 

both the relative and absolute differences in micromotions w i t h respect to the reference 

case. For a convergence tolerance of 0.015 and below, mean relat ive errors were close to 

1%. A highest max imum error of 3% was measured for the highest value of the 

convergence tolerance. In terms of the absolute magnitude o f these differences, all the 

models produced considerably small errors, with a highest of 5 pm for a 0.5 convergence 

tolerance. Mean absolute differences around 1.5 pm were found for convergence values 

f rom 0.015 and below. Several runs were at tempted for convergence values lower than 

0.008, but all failed to converge to a solution. 
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Table 5.3 Relative'*' and absolute changes In the micromotions along the edge of the fusion site 

for decreasing values of the convergence tolerance. The case with a convergence tolerance of 

0.008 was taken as reference. 

Convergence 
tolerance 

Mean relative 
error ( % ) [SD] 

Max relative 
error { % ) 

Mean absolute 
error ( | im) [SD] 

Max absolute 
error (prn) 

0.5 2.1 [0.5] 3.0 3.0 [1.0] 5.0 

0.1 1.9 [0.2] 2.3 3.1 [0.8] 4.1 

0.05 1.8 [0.3] 2.4 2.9 [0.7] 3.8 

0.015 1.0 [0.1] 1.3 1.5 [0.4] 2.1 

0.01 0.9 [0.3] 1.5 1.5 [0.5] 2.1 

* Relative errors are calculated as: 100 x |(Ref - Value)/Ref| , where "Ref" is the micromotion at a nodal pair 
in the model with the lowest convergence tolerance, and "Value" is the micromotion at the same nodal pair in 
any of the other models. 

Relative Error Absolute Error 

g Q) 

a; 

Mean 
0— Max 

E 
3. 

<D 
a 
3 
O 
U) JH < 

0 0.13 0.25 0.38 0.5 

Convergence tolerance 

Mean 

0 0.13 0.25 0.38 0.5 

Convergence tolerance 

Figure 5.14 Mean and maximum errors as a function of the convergence tolerance. 

In summary, the current model predictions of micromot ions are quite stable for 

changes in the convergence tolerance. Nevertheless, and whenever possible, convergence 

tolerance values around 0 .01 were used in the different models presented in the following 

chapters, in order to keep comparative analyses between them as consistent as possible. 
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5.3.2 Contact parameters 

Most of the contact parameters are numerical parameters needed by the contact 

algori thm and do not have a physical meaning. In these cases, they cannot be measured 

experimental ly and are therefore diff icult to identify. Nevertheless, several exploratory 

runs were carried out, as has been recommended to show the effect of these 

parameters in the most relevant variable being reported, i.e. micromotions at the fusion 

site. 

5.3.2.1 Contact tolerance 

For the contact tolerance. Marc recommends using a smal l number compared to the 

geometrical features of the model being analysed. As a gu ide, a value of 1/20 of the 

smallest element size is suggested. Considering the mesh in the current model, this 

recommendation would mean a contact tolerance just below 0.02 mm. As mentioned 

before, the size of the contact tolerance significantly affects t h e computational t ime and 

the accuracy of the solution. Too small a value could make detect ion of contact difficult 

and produce many cases of node penetration, therefore increasing the computational 

costs. Too big a value could cause premature contact, result ing in a loss of accuracy. The 

bias factor helps to find a good compromise. I t must be a number between 0 and 1. A 

value of 0.9 was chosen and kept fixed while varying the contact tolerance between 0.02 

and 0.0005 mm. Differences of micromotion between each model and that with the 

smallest contact tolerance were calculated along the edge of t h e fusion site. Table 5.4 and 

Figure 5.15 show the mean and maximum values of the relat ive and absolute errors. 

A slight decrease of the relative errors was observed f o r decreasing values of the 

contact tolerance, except for the case of a 0.005 mm contact tolerance. In all the cases, 

the mean error values were under 1%. In fact, in terms of t he absolute magnitudes of the 

errors when comparing all the cases with the reference, marginal differences were 

observed. This shows that little is achieved when decreasing t h e contact tolerance further 

from the value recommended by Marc. I t should be noted t ha t several at tempts were 

made to check the sensit ivity of the micromotions to higher va lues than 0.02 mm, but all 

failed. When decreasing the values of the contact tolerance be low 0 .01 mm, a progressive 

increase of the computat ional t ime was observed. Therefore, and to keep the number of 

changes to a min imum between models, a contact tolerance o f 0 .01 m m wil l be used in all 

the models presented henceforth. 
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Table 5.4 Relative and absolute changes in the micromotions along the edge of the fusion 

site for decreasing values of the contact tolerance. The case with a contact tolerance of 

0.0005 mm was taken as reference. 

Contact 
tolerance (mm) 

Mean relative Max relative 
error ( % ) [SD] error ( % ) 

Mean absolute Max absolute 
error (pm) [SD] error (pm) 

0.02 0.7 [0.3] 1.2 0.4 [1.2] 2.3 

0.01 0.4 [0.3] 0.9 -0.9 [0.9] 0.7 

0.005 0.8 [0.2] 1.3 -1.3 [0.4] -0.3 

0.001 0.12 [0.05] 0.2 0.05 [0.2] 0.4 

Relative Error Absolute Error 

§ I 

I 
Mean 

0.71 -

0 .12 
0 0.005 0.01 0.01 0.02 

Convergence tolerance 

o 
B 

8 
< 

Mean 

0 0.005 0.01 0.01 0.02 

Contact tolerance (pm) 

Figure 5.15 Mean and maximum errors as a function of the contact tolerance. 

5.3.2.2 Separation force 

On one hand, too small a value of the separation force parameter could result in many 

separations and contacts, increasing the computational costs. O n the other hand, too large 

a value could result in unrealistic contact behaviour, despite reducing the computational 

t ime. The separation force values analysed ranged between 0 . 0 5 and 0 .0001 N. The model 

with the lowest value was used as a reference to compare t h e micromotions along the 

edge of the fusion site. Table 5.5 and Figure 5.16 show the m e a n and max imum values of 

the relative and absolute errors. 
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Table 5.5 Relative and absolute changes in the micromotions along the edge of the fusion site 

for decreasing values of the separation force. The case with a 0.0001 N separation force was 

taken as reference. 

Separation 
force (N) 

Mean relative 
error { % ) (SD] 

Max relative 
error ( % ) 

Mean absolute 
error (pm) [SD] 

Max absolute 
error (pm) 

0.05 2.4 [0.2] 2.8 3.8 [0.8] 4.9 

0.01 1.3 [0.1] 1.6 2.0 [0.5] 2.7 

0.005 0.3 [0.1] 0.5 0.5 [0.3] 1.0 

0.001 0.6 [0.2] 0.8 0.9 [0.4] 1.5 

Relative Error Absolute Error 

g 
g 

Mean 

CD 

O 
< 

0 0.01 0.03 0.04 0.05 

Separation force (N) 

Mean 

0 0.01 0.03 0.04 0.05 

Separation force (N) 

Figure 5.16 Mean and maximum errors as a function of the separation force. 

Mean relative and absolute errors decreased when the separat ion force was between 

0.05 and 0.005 N when compared to the reference case. This t rend was somewhat broken 

by the 0.005 N separation force. However, the differences between cases were always 

relatively small ; except for the case of 0.05 N of separation force, the rest of the cases 

showed mean relative errors close to 1% and below. For t h e absolute differences, the 

mean values ranged between 3.8 and 0.5 pm, whereas the h ighest max imum error was 

under 5 pm. These results also show the stabil i ty of the micromot ions predicted by the 

current model for changes in the separation force. In order to keep the computational cost 

as low as possible, a value of 0 .01 N was chosen for the separat ion force and will be used 

in all the models presented henceforth. 
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5.3.2.3 Friction coefficients 

Unlike the previous contact parameters, the friction coefficients defined at contact 

interfaces have a physical meaning. Research has been carried out to experimentally 

determine friction coefficients relevant for FE modelling in orthopaedics [i48,i75] jp the 

current model, there are two types of contact interfaces to consider: cancellous bone-to-

cancellous bone contact and cancellous bone-to-smooth stainless steel contact. No direct 

information about friction coefficients for tibia-talus and stainless steel-tibia or talus 

interfaces has been found. Zhang et al.t^^^^ reported an average friction coefficient of 

bovine cancellous bone against bovine cortical bone of 0.61 + 0.07. Shirazi-AdI et 

obtained friction coefficients between 0.39 and 0.44 for human tibial cancellous bone 

against a smooth-surfaced stainless steel plate. 

Three different contact situations were defined: a worst case of frictionless contact for 

the tibia-talus, tibia-screw shaft and talus-screw shaft interfaces (Case 1); and two friction 

contact cases using the Coulomb model implemented in Marc 2001. Given the value for 

cortical against cancellous bone reported by Zhang et a friction coefficient of 0.7 

was chosen for the tibia-talus contact (cancellous bone against cancellous bone). 

Considering the values reported by Shirazi-AdI et aH"®!, a value of 0.4 was chosen for the 

friction coefficient between tibia or talus cancellous bone and the smooth surface of the 

screw shaft (stainless steel). These two values represent the Case 3. In order to check the 

sensitivity of the micromotions to the friction coefficients, a third case (Case 2) was 

defined by halving the values chosen for Case 3. Therefore, this intermediate case had 

friction coefficients of 0,35 and 0.2 for the tibia-talus and bone-screw contacts 

respectively. The frictionless case was taken as reference to compare the micromotions 

along the edge of the fusion site. Mean and absolute values of the relative and absolute 

errors were calculated and are shown in Table 5,6 and Figure 5.17. 

As expected, including friction in the model produced a decrease of the micromotions 

at the fusion site. The higher the friction coefficients, the larger the decrease in the 

predicted micromotions. A mean relative difference in the predicted micromotions along 

the edge of the fusion site of 10% (with a maximum of 15%) was observed for the 

intermediate case, whereas 17% (with a maximum of 28%) was obtained for Case 3. In 

terms of absolute magnitude of the differences in the micromotions, the intermediate case 

produced mean and peak values of 15 and 19 pm respectively. These values increased up 

to 26 and 34 pm for the highest friction coefficients. 

79 



Chapter 5 FE analysis of ankle arthrodesis: assessment of modelling parameters 

Table 5.6 Relative and absolute changes in the micromotions along the edge of the fusion site 

for decreasing values of the friction coefficients. The friction less case was taken as reference. 

Friction Mean relative Max relative Mean absolute Max absolute 
coefficients change ( % ) tSD] change { % ) change (pm) [SD] change (pm) 

Case 3 17 [3] 28 26 [5] 34 

Case 2 10 [2] 15 15 [3] 19 

Relative Change 

OJ 
cn 
c 

fO 

% 

Mean 

Absolute Change 

Case 1 Case 2 

Friction coefficient 
Case 3 

cn 
c 
(TJ 
-e 
B 
3 
s 
< 

Mean 

Case 1 Case 2 

Friction coefficient 
Case 3 

Figure 5.17 Mean and maximum changes in the micromotions as a function of the 

friction coefficient. Case 1 is the frictionless case taken as reference; Case 2 is the 

case with friction coefficients of 0.35 and 0.2; and Case 3 is the case with friction 

coefficients of 0.7 and 0.4 for the tibia-talus and bone-screw shaft interfaces, 

respectively. 

Frictionless contact wil l be used in the models included in t h e comparat ive studies to 

be presented in the fol lowing chapters. Friction contact as def ined in Case 3 will be used in 

some representative models, in order to check its effects on the results presented. 
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5.4 SUMMARY 

A FE model of an ankle arthrodesis has been built and its robustness tested for 

different modell ing parameters. A final mesh density has been chosen after a convergence 

of the relevant result variables was achieved. Convergence tolerance, contact tolerance 

and separation force values have been chosen, taking into account the results of the 

sensitivity analyses performed and the computational costs involved. These values will be 

kept constant in the models to be presented in the following chapters in order to minimise 

the effect of modell ing changes between different cases, making the comparative analyses 

more consistent. Whenever any change was needed to achieve convergence to a solution, 

it will be mentioned, although given the stabil i ty of the reference model to these 

parameters, the changes are not likely to affect the results of t he comparisons. 

The FE method Is used in this work as a comparative too l and, therefore, relative 

changes in the micromotions between cases will be reported and analysed. Given the 

results of the sensit ivity analyses presented above, absolute dif ferences in micromotions 

between cases below 5 pm will probably be not significant as t h e y will be within the error 

of the model. 
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Chapter 6 

COMPARISON OF TWO METHODS OF 

JOINT SURFACE PREPARATION 

6 . 1 I N T R O D U C T I O N 

Two crossed screws have been recommended as a standard method of f ixation for 

ankle arthrodesis at least when bone quality is not very poor . Usually, the two screws 

are inserted on either side of the distal tibia aimed towards the talus. A number of different 

screw orientations are found in the l iterature. However, no comparat ive analysis, either 

clinical or biomechanical, has been performed to check the effect of the location and 

orientation of the two screws on the initial stabil ity of the arthrodesis construct. 

In addition to the method of f ixation, the geometry of t he bone surfaces to be fused 

may also play a role in the initial stabil ity of the arthrodesis construct. Open surgery and 

bone resections are necessary when high levels of bone and j o i n t deformation are present 

in the ankle jo in t , although they are also used in less severe cases. A relatively easy way 

of obtaining a good area of contact between the tibia and t h e talus is by resecting the 

articular surfaces with two parallel cuts (see Figure 5.3, page 56), but this technique 

requires open surgery. There are other types of bone resections (see Figure 3.1, page 38), 

but they are more technically demanding. Bone resections involve removal of portions of 

bone that include the cortical and the subchondral bone, i.e. t h e stiffest bone. This may 

weaken the whole bone and affect the initial stabil i ty of t he arthrodesis construct. 

However, t ry ing to preserve the shape of the jo in t surfaces using open surgery and bone 

debridement is highly demanding. When deformation is not h igh, preserving jo in t contours 

through percutaneous techniques offers a less invasive a l ternat ive. 

Two experimental studies have assessed the initial s tab i l i ty of ankle arthrodesis 

comparing the effect of the jo in t surface preparation. Miller et studied cadaver ankle 

arthrodesis preserving the jo in t contours and resecting them w i th two parallel cuts (see 

Figure 4.1, page 49). Ankles with no apparent pathology were used and, therefore, normal 

bone quality was expected. Two crossed screws were used in all the cases, medial and 

laterally inserted at a 30-degree angle relative to the long axis of the t ibia. They tested 

four pairs of constructs in internal/external torsion and dors i f lex ion/p lantar flexion with 

cyclic loading. They measured the gross motion between t h e tibia and the talus. The 

preserved jo in t contours produced slightly better stabil i ty than the f lat cut. For instance, 

the mean torsional movement after cyclic loading increased 2 8 % when the jo in t contours 

were flat cut compared to when left intact; the mean st i f fness in dorsif lexion/plantar 
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flexion after t l ie cyclic tests was 8% lower in the flat cut j o i n t contours than In the 

preserved ones. However, no statistically significant differences were found between the 

two techniques. Lauge-Pedersen et al.t^^l simulated ankle arthrodeses fixed with two 

crossed screws using blocks of a synthetic bone substitute (Sawbones, Malmo, Sweden). 

Twenty-four f lat end constructs and twenty-four arch-shaped constructs were prepared, 

with and wi thout a simulated layer of subchondral bone. They were tested to failure in 

four-point bending (simulating plantar flexion) and in external torsion. In the case of the 

torsion test, an axial pre-load of 300 N was also applied to the model , this being half body 

weight in a l ight rheumatoid patient. Poor bone quality was accounted for by using low-

density sawbones. They measured the gross motion between t h e blocks and stiffness and 

strength of the constructs were determined. The most stable construct was that equivalent 

to an ankle arthrodesis with preserved jo in t contours. This construct was 1.1 and 1.5 times 

stiffer and 1.6 and 1.3 t imes stronger than the construct equivalent to the flat cut 

technique, in torsion and bending respectively. 

A number of questions arise related to the screw conf igurat ion and the jo int surface 

preparation technique. How does the screw orientation and location affect the initial 

stabil ity at the arthrodesis site? How does the jo int surface preparat ion technique affect it? 

Answers to these questions would provide the surgeon w i t h useful pre-operative 

information to achieve the most stable ankle arthrodesis. In th is chapter, FE analyses were 

performed to compare the initial stabil i ty at the fusion site of t w o methods of jo int surface 

preparation: resecting the articular surfaces to produce f lat ma t ing surfaces and preserving 

the natural contours of the jo in t surfaces. In both cases, two screws were inserted medial 

and laterally in the tibia at different locations and orientations. 

6.2 METHOD 

The modell ing procedure presented in Chapter 5 

was followed to build the models in this study. The 

reference model initially built represented the ankle 

arthrodesis with the jo in t contours resected with two 

parallel cuts. An additional model was created by 

preserving the jo in t contours. Once the bone 

geometries were obtained, the two intact bones were 

put in contact by moving the talus upwards In the 

frontal plane. To obtain good bone apposition, the 

talus was then rotated into a slightly valgus position 

(2.7 degrees), still leaving the ankle within the limits 

of the recommended fusion position (Figure 6.1). 

Figure 6.1 Displacement and 

rotation of the talus in the frontal 

plane to get good bone contact 

when preserving joint contours. 
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The two screws were inserted medial and laterally, as explained in Chapter 5 (page 57). 

The locations and lengths of these screws were varied to create different models for each 

type of jo in t surface preparation, keeping a constant thread length of 16 mm. Henceforth, 

the models will be referred to as members either of the "f lat cut " group or the "intact" 

group. Two parameters were examined to account for d i f ferent screw locations and 

orientations: the level the screws crossed relative to the fus ion site and the insertion 

angle. Both parameters were measured in the frontal plane. The level of screw crossing 

was set at approximately +5, 0 and -5 mm relative to the fusion site, by moving the 

screws vertically in the frontal plane (Figure 6.2). The angle between each screw and the 

longitudinal axis of the tibia was set to 30, 45 and 60 degrees, by rotating the screws 

around an axis perpendicular to the frontal plane (Figure 6.2). Only those models 

considered as clinically viable were included In this study (see Table 6.1, page 86). The 

model with the screws at 45 degrees with the long axis of t h e tibia and crossed 5 mm 

above the level of the fusion site, as well as the models with t h e screws at 60 degrees and 

crossed approximately + 5 and 0 mm relative to the fusion site, were rejected either 

because the screws crossed outside the fusion site or because they only achieved a very 

superficial purchase at the top of the body of the talus. 

Crossing level Insertion angle 

6 0 ° 

+5 mm 
— • — 0 mm 

-5 mm 

Figure 6.2 Screw configurations (frontal view). 

First order tetrahedral meshes were defined as in Chapter 5. Figure 6.3 shows the FE 

meshes of the models included in each group. The total number of elements in each model 

ranged from 43102 to 50189 (Table 6.1). Two load cases w e r e defined to compare the 

stability of the constructs: torsion and dorsiflexion (Figure 6 . 4 , page 86). After torsion, 

plantar f lexion-dorsif lexion motion is considered the next most l ikely to affect the ankle in 

the cast, due to compression of soft tissues or involuntary we igh t bearing The two 

load cases considered are equivalent to the rotational and dorsi f lexion torque tested in 

some of the published blomechanical studies (Chapter 4, page 47) . External and internal 

torsion were simulated by applying a 10 Nm torque at the top of the t ibia. Posterior-

anterior (PA) forces were applied to the nodes at the top of t h e t ibia for a total of 200 N, 

equivalent to a dorsif lexion moment of approximately 10 Nm a t the fusion site (Figure 6.4 

B). As in the torsion case, the nodes at the inferior face of the ta lus were f ixed. 
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30-above 30-on 30-beneath 45-on 45-beneath 

130-above I30-on 130-beneath I45-on 145-beneath 

m 

60-beneath 

160-beneath 

. s i s r s r t ? 

k - V ~ ^ 

Figure 6.3 FE meshes of the arthrodesis constructs included in the flat cut group (above) and the intact group (below). Frontal view. 
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Table 6.1 Models included in the study. Screw configuration and number of finite 

elements. 

Model Screw length 
{mm) 

Crossing level 
(mm) 

Insertion angle 
{ ° ) 

Number of 
elements 

Flat cut arouD 

30-above 65 4-5 30 46005 

30-on 65 0 30 47598 

30-beneath 60 -5 30 48638 

45-on 55 0 45 46209 

45-beneath 55 -5 45 45095 

60-beneath 50 -5 60 43102 

Intact a r o u D 

130-above 60 +5 30 47709 

I30-on 60 0 30 48630 

130-beneath 60 -5 30 50189 

I45-on 55 0 45 47867 

145-beneath 55 -5 45 47433 

160-beneath 50 -5 60 44733 

Lateral Anterior Posterior 

Anterior 

Figure 6.4 Load cases considered in the FE analysis (Inferior face of talus 

fully constrained, not shown). A 10 Nm external tibial torsion; for internal 

tibial torsion, forces go in the opposite directions. B Posterior-anterior force 

equivalent to a 10 Nm dorslflexlon torque. 
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Init ial ly, frictionless contact was considered in all the models. For a selection of 

models, the analyses were also performed including fr ict ion. A Coulomb friction model was 

used, assuming a fr ict ion coefficient of 0.7 for the bone-to-bone interface and a friction 

coefficient of 0.4 for the bone-screw interface (Chapter 5, page 79). 

All models were run in Marc 2001, with the contact parameters and convergence 

tolerance values chosen in Chapter 5. In some cases, the convergence tolerance initially 

considered (0.01) had to be varied in order to reach a solut ion. The modified values 

ranged f rom 0.015 to 0.05, except for two cases where the va lue was 0.1 (see Table 6.2). 

Table 6.2 Convergence tolerance values used in the models 

of the flat cut and intact groups, when different from 0.01. 

Model External 
torsion 

Internal 
torsion 

Dorsiflexion 

30-above (F) - 0.05 0.05 

30-beneath 0.015 0.015 -

30-beneath (F) 0.02 - 0.05 

45-on - - 0.1 

45-on (F) - - 0.05 

130-above (F) - - 0.1 

I30-on - 0.015 -

F refers to the friction case. 

The resultant micromotions at the fusion site were measured (Chapter 5, page 66) 

and compared between the models. In addit ion, components of the micromotions were 

calculated normal and tangential to the fusion interface, in o rder to observe how the bone 

surfaces were moving relatively to each other. For the f lat cut group, a single orthogonal 

coordinate system was defined (Figure 5.9, page 66). For t h e intact group, various local 

orthogonal coordinate systems were defined across the fusion interface, wi th x and y axes 

tangential to the contact surface and z axes perpendicular to i t a t each location. Equivalent 

strains predicted by each model were also compared. 
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6.3 RESULTS 

The micromotions at the fusion site are displayed over t h e contact interface of the 

talus for each model and for each load case. The peak micromot ions at the fusion site and 

the equivalent strain are compared between the models. 

6 . 3 . 1 Frictionless contact 

6.3.1.1 Torsion test 

Table 6.3 shows the peak micromotions predicted at the fusion site in external and 

internal torsion. Figure 6.5 and Figure 6.6 display the predicted micromotions over the 

contact interface of the talus. The major i ty of the models in the intact group produced 

lower peak micromotions than the equivalent models in the f l a t cut group. Resecting the 

articular surfaces resulted in peak micromotions between 18 and 77 % higher than those 

observed in the intact group. Two models, those with the screws crossed 5 mm beneath 

the fusion site, at 45 and 60 degrees, produced slightly lower peak micromotions for the 

f lat cut technique, but only in the external torsion case. All t h e constructs in both groups 

were more stable in internal torsion, with peak micromotions f r o m 1.2 to 1.9 t imes higher 

in external torsion. In all the cases, the peak micromotions we re located at the periphery 

of the fusion site. 

Table 6.3 Peak micromotions (pm) at the fusion site in external and Internal torsion, 

for the Intact and flat cut groups. 

External torsion 
Screw 

configuration Intact 
group 

Flat cut 
group 

O/o 

Internal torsion 

In tac t Flat cut 
group group 

30°/5 mm 87 146 68 70 104 49 

300/0 mm 115 177 54 74 131 77 

30O/-5 mm 161 194 21 92 137 49 

450/0 mm 169 200 18 102 137 34 

450/-5 mm 179 159 - 11 94 113 20 

60°/-5 mm 168 150 - 11 97 -

Percentage of change relative to the intact group. Results not available. 
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30-above 30-on 30-beneath 

FLAT CUT 

INTACT 

130-above I30-on 130-beneath 

45-on 45-beneath 60-beneath 

FLAT CUT 

I45-on 145-beneath 160-beneath 

INTACT 

I I 

micrometer 200 

Figure 6.5 Micromotions at the fusion site in external torsion, displayed over the contact 

interface of the talus. 
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30-above 

FLAT CUT 

30-on 30-beneath 

ISO-above I30-on 130-beneath 

INTACT 

45-on 45-beneath 60-beneath 

FLAT CUT 

I45-on 145-beneath 

INTACT 

0 micrometer 137 

Figure 6.6 Micromotions at the fusion site in internai torsion, displayed over the contact 

interface of the talus. (* No results available). 
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Mixed results were noted when the screw configurations were compared. For all the 

constructs wi th the screws inserted at a 30-degree angle, it was found that the higher the 

screw crossing level, the lower the peak micromotions. This t r end was reversed for all the 

constructs with a 45-degree insertion angle, except for the in tac t group in external torsion. 

In the intact group, the most stable constructs were 130-above and I30-on, with peak 

micromotions between 90-110 pm in external torsion and around 70 pm in internal 

torsion. In the flat cut group, the most stable constructs were 30-above and 60-beneath, 

with peak micromotions around 150 and 100 pm in external and internal torsion, 

respectively. The least stable constructs were those with the screws crossed at the level of 

the fusion site and inserted at 45 degrees (45-on and I45-on) , except for the intact group 

in external torsion, where 145-beneath presented the highest peak micromotions. 

Maximum differences within the groups ranged f rom 1.3 to 2 t imes the peak micromotions 

predicted for the most stable constructs, with values reaching up to 200 and 140 pm in 

external and internal torsion, respectively. 

With regard to the micromotion components (normal and tangential to the bone-to-

bone interface) in the f lat cut group in external torsion, mos t of the mot ion was due to 

sliding (tangential component). A small gap (normal component ) developed at the 

interface, leaving small areas of contact between the two bones, mainly around the 

screws. The gap tended to be slightly smaller towards the antero-media l area of the fusion 

site, as can be seen in Figure 6.7. Along the edge of the fusion site, the normal component 

was, on average, between 15 and 39% of the tangential component . In internal torsion, 

the contact zones covered larger areas, especially along the lateral part of the fusion site, 

reducing to almost marginal the size of the gap in the rest of t h e interface (Figure 6.7). In 

this case, both micromot ion components along the periphery we re lower, but especially the 

normal component, wi th mean values ranging f rom 1 to 13% o f the tangential component. 

In the intact group, contact areas were observed in poster ior-media l and anterior-

lateral areas in external torsion, and in posterior-lateral a n d anter ior-medial areas in 

internal torsion, wi th small gaps developing towards the opposite areas. Tangential 

components were also smaller in internal torsion than in external torsion. Normal 

components in the non-contact areas were similar to those in external torsion, with 

maximum values for the normal component along the per iphery reaching over 60% of the 

peak tangential component. 
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External torsion 
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Path length (mm) 

•Global • N o m i a l T a n g e n t 
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Figure 6.7 Micromotions, normal and tangent components, along the edge of the fusion site 

in a model from the flat cut group (45-on), 

The patterns of equivalent strain (ES) distribution in the bones were similar for the 

models wi th in each group, both in external and internal to rs ion. In all cases, areas of 

strain concentration were located around the screw holes at t h e fusion site in the talus 

and, in the t ibia, around the screw holes at the fusion site and around the proximal holes. 

Additional areas were found depending on the group and the load case. In external torsion, 

areas of ES concentration were also found, in the intact g roup , in postero-medial and 

antero-lateral areas at the fusion site, both in the talus and t h e t ibia. Figure 6.8 (page 94) 

shows the ES distr ibutions predicted in one model of the in tac t group and the equivalent 

model in the flat cut group. In internal torsion, ES concentrat ions in the f lat cut group were 

also found in antero-lateral areas at the fusion site in both bones. In the Intact group, 

additional patches of ES concentration were found in antero-media l and postero-lateral 

areas, both in the talus and the t ibia; and along the postero-media l edge of the fusion site 

in the talus. 

Peak ES values are summarised in Table 6.4 and Table 6 .5 (page 95) for the external 

and internal torsion, respectively. In the vast major i ty of the models, the t ibia presented 

higher peak values than the talus. Peak ES values were located ei ther around the proximal 

holes of the tibia or around the holes at the fusion site, except in the intact group in 

internal torsion, where they were located at the contact areas o f the fusion site. Comparing 

the intact and f lat cut groups, lower peak ES were generally predicted in the intact models 

than in the corresponding f lat cut models in external torsion, fo l lowing the same trend as 

the peak micromotions. Mixed results were observed in in ternal torsion, despite the clear 
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trend in the peak micromotions. Comparing the different screw configurations, peak values 

in the talus increased for decreasing levels of screw crossing and increasing insertion 

angles in both groups and load cases. Peak values In the tibia fo l lowed the same trend only 

in the models with the screws inserted at a 30-degree angle. 

Taking a value of 1% as the yield strain for bone (Chapter 5, page 66) and comparing 

It wi th the values predicted in external and internal torsion, showed that in a number of 

models areas around the proximal holes of the tibia or a round the screw holes at the 

fusion site would be fail ing. However a close examination of each model showed that the 

number of elements with ES above 1% was very small (up to seven elements in the worst 

case, accounting for less than 0.005% of the total bone vo lume) , whereas the rest were 

below it. Isolated badly shaped elements may have produced the highest peak values 

predicted in some of these models. 

93 



Chapter 6 Comparison of two methods of joint surface preparation 

Intact group Flat cut group 

61% 1.1% 

0% 0% 

Equivalent Strain 

0.24% n 0.35% 

0% 0% 

Figure 6.8 Distribution of the equivalent strain predicted in external torsion, in models of 

the intact group (130-above) and the flat cut group (30-above). Antero-inferior view of the 

tibia (top); antero-superior view of the talus (bottom). 
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Tab le 6 . 4 Equivalent strain peak values (%) in the talus and the t i b ia . External torsion. 

Flat cu t g r o u p Talus* Tibia* I n t a c t g roup Ta lus* Tibia* 

30-above 0.35 1.10 130-above 0 . 2 4 0 .61 

30-on 0 .41 1.25 I30-on 0 . 7 6 (0 .33) " 0.79 

30-beneath 0.79 1.35 (l .OO)b 130-beneath 0 . 7 5 0 .84 (0.71)b 

45-on 0.58 1.27 I45 -on 0 . 4 6 1.1 

45-beneath 0.77 1.20 (0.65)b 145-beneath 1 .32 0 .71 (0.56)b 

60-beneath 0.86 1.20 (0 .55 ) " 160-benetah 1 .15 0.85 

^ Peak values located around screw holes at the fusion site unless stated otherwise. 
Peak value located around the proximal screw hole (next peak value; around screw holes at the fusion site). 
Isolated peak value, maybe due to a badly shaped element (next peak value: around screw holes at the 
fusion site) 

Tab le 6 . 5 Equivalent strain peak values ( % ) in the talus and the t ib ia . In terna l torsion. 

Flat cu t g r o u p Talus* T ibia* I n t a c t g roup Ta lus * Tibia 

30-above 0 .40 0 .79 130-above 0 . 2 6 1.31 ( I . IO)C 

30-on 0 .51 0.79 I30 -on 0 . 2 7 1.20 (0.66)d 

30-beneath 0.93 1.20 (l .OO)b 130-beneath 0 .63 0.77® 

45-on 0 .52 2 .70 (0.93)b I45 -on 0 . 5 9 1.61® 

45-beneath 0 .80 1 .77(0 .76) ' ' 145-beneath 2 . 0 4 ( 0 . 6 2 / 1.85® 

60-beneath 0 .81 1.80 (0.61)b 160-beneath * * 

^ Peak values located around screw holes at the fusion site unless stated otherwise. 
'' Peak value located around the proximal screw hole (next peak value: around screw holes at the fusion site). 

Isolated peak value, maybe due to a badly shaped element (next peak value: postero-lateral area at fusion site) 
'' Isolated peak value, maybe due to a badly shaped element (next peak value: antero-lateral area at fusion site) 
® Peak value located in posterior-lateral area at fusion site. 
' Isolated peak value, maybe due to a badly shaped element (next peak value: around screw holes at fusion site). 
* No results available. 
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6.3.1.2 Dorsiflexion test 

Table 6.6 summarises the peak micromotions predicted at the fusion site in 

dorsiflexion. Figure 6.9 displays the predicted micromotions over the contact interface of 

the talus. All the models in the intact group produced lower peak micromotions than the 

equivalent ones in the f lat cut group when tested in dorsif lexion. For this load case, 

resecting the art icular surfaces meant increasing the peak micromot ions between 12 and 

49%. In all the cases, the peak micromotions were located towards the posterior edge of 

the fusion site. 

Comparing the different screw configurations, it was found that the larger the 

insertion angle and the deeper the screw crossing level, the larger the peak micromotions 

were for both surface preparation techniques. Thus, the most stable constructs were those 

with the screws inserted at 30 degrees, crossing 5 mm above the fusion site (30-above 

and 130-above). These models predicted peak micromotions around 50 pm. The least 

stable constructs were those with the screws inserted at 60 degrees, crossing 5 mm 

beneath the fusion site (60-beneath and 160-beneath). The peak micromotions in the latter 

were 4 and 5 t imes larger than in the former, for the intact and flat cut groups 

respectively, wi th magnitudes around 200 and 270 pm. 

Table 6.6 Peak relative micromotions (pm) at the 

fusion site for the intact and flat cut groups in 

dorsiflexion. 

Screw 
configuration 

Dorsiflexion 

Intact 
group 

Flat cut 
group 

% 

30O/5 mm 49 55 12 

30°/0 mm 58 73 26 

30°/-5 mm 69 103 49 

450/0 mm 105 122 16 

45°/-5 mm 122 165 35 

60°/-5 mm 198 274 38 

Percentage of change from intact to flat cut group. 
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FLAT CUT 

30-above 30-on 30-beneath 

INTACT 

ISO-above I30-on 130-beneath 

45-on 45-beneath 60-beneath 

FLAT CUT 

I45-on 

INTACT 

145-beneath 160-beneath 

0 micrometer 
I I I ! 

274 

Figure 6.9 l^icromotions at tiie fusion site in dorsiflexion, displayed over tine contact 

interface of the talus. 
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In all the models, the postero-anterior force applied at t h e top of the tibia produced a 

gap at the fusion site, leaving bone contact areas only towards the anterior part of the 

fusion site. Some sliding (tangential component) was observed in these contact areas, as 

shown in Figure 6.10. Tangential components on the posterior area of the fusion sites were 

approximately 10 to 4 0 % of the normal components in the flat cut group and 

approximately 50 to 100% in the intact group. 

Dorsiflexion 

B C 

200 

I 150 
c 

•c 100 
O 
E 
B 50 u 

contact 
area ^ 

\ 
medial 

anterior 

0 50 100 
Path length (mm) 

— Global • Normal —» Tangential 

Figure 6.10 Micromotions, normal and tangential components along 

the edge of the fusion site in a model from the flat cut group (45-on). 

Dorsiflexion. 

The equivalent strain distr ibution in the bones was similar in both groups. In the talus, 

patches of ES concentration were found towards the anter ior areas of the fusion site, 

around the holes at the fusion site and along parts of the wal ls of the holes glued to the 

screws. In the t ibia, ES concentrations were located around the screw holes and in anterior 

areas at the fusion site and, again, around the proximal screw holes as seen with the 

torsion tests. Table 6.7 summarises the peak ES predicted in each model. The tibia 

presented higher peak values than the talus in the major i ty of the models. In general, 

resecting the jo in t surfaces meant a decrease in the peak values in the talus, following the 

opposite t rend to the peak micromotions, though mixed results were predicted for the 

tibia. Whereas the peak values in the talus were always found around the screw holes at 

the fusion site in the intact group, in the f lat cut group half o f the models presented the 

peak values towards the anterior areas of the fusion site. For the t ibia, while the major i ty 

of the models in the intact group presented the highest values towards the anterior areas 

of the fusion site, most of the models in the flat cut group presented the highest values 

around the proximal screw holes. Comparing the different screw configurations, the larger 

the insertion angle and the lower the crossing level, the h igher the peak ES predicted in 

both bones, fol lowing the same trend as the peak micromot ions. The lower peak ES values 
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were predicted for tt ie models with the screws inserted at 3 0 ° and crossing above the 

fusion site, i.e. the most stable models. Some peak ES values in the tibia were above the 

yield l imit, being located around the proximal holes in the f lat cut group and at the fusion 

site in the intact group. However, the number of elements above this l imit was again very 

small (up to 7 elements in the worst case). 60-beneath was the only model with a 

substantial number of elements above 1% of strain: 21 e lements, which accounted for 

around 0 .008% of the total bone volume in the model. Some badly shaped elements may 

have caused some of the peak values obtained. 

Table 6.7 Equivalent strain peak values (%) in the talus and the tibia. Dorsiflexion. 

Flat cut group Talus* Tibia Intact group Talus" Tibia* 

30-above 0.24 0.52^ I30-above 0.25 0,55 

30-on 0.28 0.58 (0.55)d I30-on 0.37 0.67 (0.33)': 

30-beneath 0.31" 0.79 (0.66)d 130-beneath 0.42 0.92 

45-on 0.36 1.25 (0.95)'' I45-on 0.60 1.16 

45-beneath 0.55b 1.49 ( l . lO)d 145-beneath 0.60 1,02 

60-beneath 0.62^ 1.84(1.78)'' 160-beneath 0.67 1.56^ 

® Peak values located on the anterior area of the fusion site unless stated otherwise. 
'' Peak values located around screw holes at fusion site unless stated otherwise. 

Isolated peak value, maybe due to a badly shaped element (next peak value: around screw holes at the fusion 
site). 

Peak value located around proximal screw holes (next peak value; around lateral screw hole at the fusion site). 
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6 .3 .2 Friction contact 

In order to check the effect of friction on the results reported above, three models 

were chosen f rom each group: the least and most stable models and one intermediate 

model. They were tested under the load cases that produced t h e largest micromotions in 

the frictionless case: external torsion and dorsiflexion. 

6.3.2.1 Torsion test 

Table 6.8 compares the peak micromotions predicted at t he fusion site in external 

torsion for the frictionless and the Coulomb fr ict ion cases. Figure 6.11 shows the predicted 

micromotions over the contact interface of the talus. Considering friction decreased the 

peak micromotions between 12 and 14% in the f lat cut group, whereas in the intact group, 

the reduction ranged f rom 28 to 32%. 

Table 6.8 Comparison of peak micromotions predicted 

for the frictionless and friction cases in external torsion. 

Model No friction Friction % 

Flat cut group 

30-above 145 128 - 1 2 

30-beneath 194 167 - 1 4 

45-on 200 175 - 1 3 

Intact group 

130-above 87 59 - 3 2 

130-beneath 161 109 - 3 2 

145-beneath 179 129 - 2 8 

'percentage of change relative to the frictionless case. 

Both tangential and normal components along the per iphery of fusion site showed 

similar decreasing levels in torsion. Median values ranged f rom 9 to 14 % in the f lat cut 

group and f rom 30 to 36% in the intact group. 
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30-above 

FLAT CUT GROUP 

30-beneath 45-on 

NO FRICTION 

FRICTION 

130-above 

INTACT GROUP 

130-beneath 145-beneath 

NO FRICTION 

FRICTION 

I I 
micrometer 200 

Figure 6.11 Comparison of the micromotions at the fusion site in external torsion for the 

frictionless and friction contact models. 
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The equivalent strain distr ibution in the bones followed the same pattern as in the 

frictionless external torsion. Peak ES values are displayed in Table 6.9. Overall, the peak 

values in both bones and both groups were lower than in the frictionless case, following 

the same trend as the peak micromotions, which also decreased when friction contact was 

considered. Also, the reduction in the peak ES was larger in the intact group than in the 

flat cut group. The only exception was the model 145-beneath, which presented a higher 

peak ES than in the frictionless case. In three models, the t ib ia produced higher peak ES 

than the yield l imit , which was assumed to be 1%. However, t h e number of elements with 

ES above 1% was extremely low (up to 8 elements in the wors t case). Again, some badly 

shaped elements are likely to have caused some of the peak ES predicted. 

Table 6.9 Equivalent strain peak values (%) in the talus and the tibia when friction was 

considered. External torsion. 

Flat cut group Talus^ Tibia® Intact group Talus^ Tibia® 

30-above 

30-beneath 

45-on 

0.35 0.96 

0.58 1.20 (0.83)'' 

0.53 1.25 

130-above 0.19 

130-beneath 0.42 

145-beneath 0.80 

0.50 

0.65 (0.59)° 

1.65 (0.47)" 

Peak values located around screw holes at the fusion site unless stated otherwise. 
' Peak values located around proximal screw holes (next peak value: around screw holes at the fusion site). 
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6.3.2.2 Dorsiflexion test 

Table 6.10 compares the peak micromotions predicted at the fusion site in 

dorsiflexion. Figure 6.12 (page 105) displays the predicted micromotions over the contact 

interface of the talus. In the flat cut group, the peak micromot ions decreased between 5 

and 7% when fr ict ion contact was considered, whereas in the intact group, the reduction 

ranged f rom approximately 0 to 7%. 

Table 6.10 Comparison of peak micromotions predicted 

for the frictlonless and friction cases in dorsiflexion. 

Model No friction Friction % 

Flat cut group 

30-above 

45-on 

60-beneath 

55 

122 

274 

52 

114 

256 

-5 

-7 

-7 

Intact group 

130-above 49 49 

130-beneath 69 64 -7 

160-beneath 198 189 

Percentage of change relative to the frictlonless case. 

In the intact group, the tangential and normal components along the periphery of the 

fusion site showed similar reductions in the predicted micromot ions: median decreases 

between 5 and 18%. A large difference between the tangent ia l and the normal 

components was observed in the flat cut group: whilst median decreases ranged f rom 8 to 

10% for the normal components, median decreases ranged f rom 3 1 to 40 % for the 

tangential components. 

The equivalent strain distr ibution in the bones also fo l lowed the same pattern as in 

the frictionless dorsif lexion. Peak ES values are summarised in Table 6.11. Peak values in 

the flat cut group were very similar to those in the frictionless dorsif lexion case, whereas 

those in the intact group were lower, both in the t ibia and the talus. Some models 

presented peak values above the yield l imit. But, except for t he model 60-beneath (as 
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happened in the frictionless case), only a few elements showed ES above 1%. Again, some 

of these peak values may have been caused by badly shaped elements. 

Table 6.11 Equivalent strain peak values (%) in tine talus and the tibia wiien friction was 

considered. Dorsiflexion. 

Flat cut group Talus Tibia Intact group Talugc TibiaC 

30-above 0.28^ 0.51® 130-above 0.23 0.33 

45-on 0.46^ 1.24 (0.85)d 130-beneath 0.68 (0.33)® 0.71® 

60-beneath 0.55^ 1.86 (1.50)d 160-beneath 0.66 1.37 

Peak value located In the anterior area of the fusion site. 
'' Peak value located along the glued portion of the lateral screw hole. 

Peak value located around screw holes at the fusion site. 
Peak value located around the screw proximal holes (next peak value: around screw holes at the fusion site). 

® Isolated peak value, maybe due to a badly shaped element (next peak value: around screw holes at the 
fusion site). 
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Figure 6.12 Comparison of the micromotions at the fusion site in dorsiflexion for the 

frictionless and friction contact models. 
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6 .4 D ISCUSSION 

Overall, the results of this study showed an improved ini t ial stabil i ty of the arthrodesis 

constructs when the jo in t surfaces were preserved. Only in external torsion, two models 

predicted lower peak micromotions with resected jo in t surfaces, although this represented 

about a 10% decrease relative to the corresponding intact models. In the rest of the 

models, peak micromotions in the flat cut group were f rom 1.2 to 1.8 t imes higher in 

torsion and f rom 1.1 to 1.5 t imes higher in dorsiflexion than in the intact group. These 

predictions support the conclusions presented by Lauge-Pedersen et al.c®®J. They reported 

the strength and stiffness of the whole arthrodesis construct analogues and concluded that 

the most stable construct was that equivalent to an ankle arthrodesis that preserved the 

jo in t contours. The fact that preserved jo in t contours may of fer better initial stabil i ty could 

partially explain the good results obtained with percutaneous ank le arthrodesis [87,i78]_ The 

arthrodesis constructs and load cases analysed in the current study are similar to those 

examined by Miller et However no direct comparison wi th their results can be 

performed as they measured the gross motion between the t ib ia and the talus. Despite 

finding a slightly increased stabil i ty when preserving the j o i n t contours, the differences 

were not statistically significant. However, the low number o f pairs of specimens tested 

(four pairs) might not be enough to rule out the possibility of re levant differences between 

both techniques. 

Regarding the dif ferent screw configurations, a clinical range of insertion angles and 

crossing levels was examined. Although some mixed results were obtained in torsion, 

especially in the flat cut group, overall, inserting the screws at 30 degrees with respect to 

the long axis of the tibia and crossing them above the fusion site, seemed to offer the 

most stable arthrodesis construct both in torsion and dorsi f lexion. The 2 to 5-fold 

differences in peak micromotions between the most and least stable models could well 

affect the success of the ankle arthrodesis. 

The differences in contact areas between both groups af fected the way the bones 

moved relative to each other. In the torsion test, the curved surfaces in the intact group 

models seemed to pivot on the contact areas, lifting off and s l id ing on the rest, indicating 

some surface interlocking as would be expected. The resected surfaces In the flat cut 

group seemed to separate slightly in external torsion but not in internal torsion, although 

sliding prevailed in both. In the dorsiflexion test, only anter io r port ions of the surfaces 

remained in contact, wi th slightly larger contact areas in t h e intact group. This fact, 

together wi th the smaller tangent ial /normal component ratios in the f lat cut group and the 

large decrease In sliding in the flat cut group when fr ict ion was considered, may indicate a 

higher degree of rocking motion at the fusion site in the f lat cu t group than in the intact 

group. 
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As expected, a decrease in the magnitude of the micromot ions was predicted when 

friction was considered, although the ranking of the models was not affected. If anything, 

the better initial stabil i ty predicted when preserving the j o i n t contours became more 

significant. In dorsif lexion, the decrease in the peak micromot ions in the intact and flat cut 

groups was similar (around 6%). In external torsion, t h e decrease in the peak 

micromotions in the intact models was considerably higher than in the flat cut models. 

As mentioned in Chapter 5 (page 63), shear and bending strains between the screws 

and the bones were expected, in addition to pulling forces act ing along the long axis of the 

screws. The equivalent strain distributions showed that , in all the load cases, strain 

concentrations occurred towards the ends of the screw holes in the tibia (proximal and 

distal ends) and around the screw holes at and near the fusion site in the talus. The ES 

concentrations around the screw holes at the fusion site showed the tendency of the 

screws to cut through the bone as a result of the loads applied. Although strain 

concentrations were expected around the proximal holes in the t ibia, it is not clear to what 

extent the high values obtained were due to the boundary condit ions defined to simulate 

the effect of the screw head. In the frictionless case, the ma jo r i t y of the peak ES predicted 

in the f lat cut group models was located in this area, both in to rs ion and in dorsiflexion. In 

the intact group in torsion, strain concentrations also occurred in the contact areas 

between the bones as a result of the surfaces interlocking. The peak values in the talus 

were found around the screw holes by the fusion site and t h e peak values in the tibia 

tended to occur at the fusion site (contact areas or around screw holes) rather than around 

the proximal holes, showing the differences in the load t ransfer between the flat cut and 

the Intact arthrodesis. In both groups in dorsiflexion, strain concentrat ions were also found 

towards the anterior region of the fusion site, where the bones stayed in contact. The peak 

values in the talus were found at the fusion site in the flat cu t group (around the screw 

holes or the anterior region), and only around the screw holes at the fusion site in the 

intact group. In the t ibia, the peak values occurred around t h e proximal holes in the flat 

cut group and mostly in the anterior areas of the fusion site in t h e intact group. 

Some of the ES values reported may have been caused by distorted elements. The 

complex geometry of the bones required automatic meshing of the models, making it 

difficult to completely avoid some badly shaped elements. Nevertheless, the fact that , in 

general, higher equivalent strain peak values were predicted in the tibia than in the talus 

could indicate a higher risk of bone failure in the tibia. No clinical evidence of this fact has 

been found in the l i terature. When the ES peak values were compared wi th a yield strain of 

1%, a number of models predicted possible bone failure, a l though, in the vast major i ty, 

the number of elements affected was very small, typically less than 10 elements. Only the 

60-beneath model showed higher number of elements with s t ra ins above the yield level, 

both in the frictionless and friction cases. 
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When comparing the Intact and flat cut arthrodeses, peak micromotions and peak ES 

followed a similar trend in the external torsion. In general, t h e intact models presented 

lower peak micromotions and lower peak ES than the corresponding f lat cut models. The 

two intact models that predicted larger peak micromotions t h a n the f lat cut models (145-

beneath and 160-beneath) also presented higher peak ES. Results were mixed in internal 

torsion. In dorsif lexion, peak ES followed the same trend as t h e peak micromotions (lower 

values in the intact models) in the least stable models, whereas the trend was reversed In 

the more stable models, those with a 30-degree insertion angle. When comparing different 

screw configurations, the peak ES followed the same trend as the peak micromotions In 

dorsiflexion, wi th values increasing for increasing insertion angles and lowering levels of 

crossing. In external torsion, the peak ES and peak micromot ions also seemed to follow 

similar patterns of change, but not In Internal torsion. Overal l , the more stable models, 

those with the screws inserted at 30 degrees and crossing above the fusion site (30-above 

and 130-above), were also the models with the lower peak ES. 

Adding fr ict ion did not change the equivalent strain distr ibut ion of the models studied 

and, again, the highest peak values were always found in the t ib ia. In general, peak values 

occurred in the same areas of the bones as found in the fr ict ionless cases, both in external 

torsion and dorsif lexion. In the flat cut group, the peak values were similar or slightly 

lower than in the frictionless case, whilst in the intact group, the decrease was in general 

larger. 

The convergence tolerance value was kept constant in abou t 80% of the total number 

of models run in this study. In the rest of the models (10 out o f 47), it was Increased from 

the reference value 0 .01 in order to reach a solution (Table 6.2, page 87). Given the 

results of the sensit ivity analysis performed on the reference model (Chapter 5, page 74), 

a slight overest imation (up to 2%) of the micromotions predicted in these models would be 

expected when comparing the results with those models w i th the reference convergence 

tolerance. However, this overestimation is not likely to signif icant ly affect the results of the 

analyses and the ranking of the models. 

Bone quali ty affects the stabil i ty of arthrodesis constructs t''646i]^ so that additional 

means are needed to achieve rigid f ixation. In the current models, normal bone quality 

was assumed. I f bone quality is poorer, as happens in some patients undergoing ankle 

arthrodesis, screw f ixat ion can be a problem and larger micromot ions are expected 

which could compromise the success of the fusion. In these cases, jo in t geometry could 

have an even greater influence on the initial stabil i ty of the ar throdesis [^6], The effect of 

bone quality on the initial stabil i ty of ankle arthrodesis constructs is analysed in Chapter 8. 
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Summary of results 

Preservation of the jo in t contours produced better init ial stabil i ty at the fusion 

site than resection of the jo in t surfaces. 

Overall, inserting the two screws at a 30-degree angle w i th respect to the long 

axis of the tibia and crossing them above the fusion s i te improved the initial 

stabil i ty and lowered the bone strain values, in both jo in t preparation 

techniques. 

Lowering the crossing level produced a decrease in t h e initial stabil i ty at the 

fusion site and, in general, an increase in the strain values in the bones. 

Increasing the insertion angle did not improve the init ial stabil i ty and the 

levels of bone strain in torsion, but produced a substant ial decrease in the 

initial stabi l i ty and an increase in the bone strains in dorsi f lexion. 

Two-fold and f ive-fold differences in the initial stabil i ty were predicted between 

the most and least stable models in torsion and dorsi f lexion, respectively. 
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Chapter 7 

TWO yfRSUS THREE-SCREW FIXATION 

7.1 INTRODUCTION 

In ankle arthrodesis fixed with screws, at least two screws are needed to achieve 

good stabil i ty at the fusion site. Although the ideal number of screws has not been 

determined, it seems that in the case of normal bone qual i ty , two crossed screws should 

be enough to ensure a rigid f ixation Sometimes the decis ion on the number of screws 

is left to the surgeon's preference In general, in t raoperat ive manipulation of the 

arthrodesis construct is used to assess the rigidity provided by the two screws. I f the 

surgeon considers it unsatisfactory, a third screw is usually inserted. Thermann et a l . t^" ] 

recommended a four-screw technique even in the cases of good bone stock. However, 

increasing the number of screws is not always possible due t o the small size of the talus 

and the dimensions of the screws. In addition, adding screws means increasing the 

operative t ime and increasing the damage to the bone, possibly weakening its structure. 

More research is needed to find the optimal compromise be tween bone integrity, number 

of screws and the initial stabil i ty achieved. 

Ogilvie-Harris et al.t^i®^ carried out a cadaver study compar ing a two versus a three-

screw ankle f ixation in a crossed configuration. In several h u m a n cadaver ankles, the tibial 

plafond and the talar dome were flat cut, without detaching the fibula. Two 6.5 mm 

cancellous screws were crossed through each jo int at 45 degrees with the horizontal plane 

(Figure 7 .1 A). Although it was not explicitly mentioned, it seems as if the screws were 

crossed below the jo in t line. The length of the screws var ied between 50 and 60 mm, 

keeping a constant 16 mm thread length. A third screw was placed anterior to the t ibia, at 

30 degrees relative to the long axis of the t ibia, aiming towards the postero-inferior 

portion of the talar body (Figure 7 .1 B). Nine specimens were tes ted in a materials testing 

system by applying ramped torques to a maximum of 10 Nm a n d measuring the resultant 

rotation between the tibia and the talus. The displacement at the midpoint of the 

hysteresis curve produced by the applied torque was used t o compare the degree of 

rotation between the two and three-screw fixation In each specimen. They found a highly 

significant difference between both screw configurations, w i t h the three-screw fixation 

having a greater resistance to torque. On average, adding t h e th i rd screw meant a 16% 

reduction of the displacement between the bones (range 9 - 3 1 % , median 14%). In seven 

specimens, they also measured the compression at the fus ion site by placing pressure 

sensitive f i lm between the tibia and the talus before screw insert ion. Screws were inserted 
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Chapter 7 Two versus three-screw fixation 

at a 4 Nm torque. Greater compressive forces were measured wi th three screws than with 

two and the differences were highly significant. Despite considerable variabil ity in the 

results, they considered the difference between groups suff icient to prove the superiority 

of the three-screw configuration. In summary, they recommended the use of three screws 

on a routine basis. 

B 

45° 

Fronta l v i e w Latera l v i e w 

Figure 7.1 Screw configuration in Ogilvie-Harris et 

al.tiis]. A Lateral and medial screws inserted at 45° 

relative to the horizontal plane. B Third screw 

inserted at 30° relative to the long axis of the tibia. 

This is the only study found comparing the mechanical behaviour of two versus three 

crossed screws in ankle arthrodesis. No clear description was g iven of how the torsion was 

applied to the construct or how the resulting degree of ro ta t ion was measured. I t is 

assumed the reported results reflected the gross motion between tibia and talus. But, how 

much of the added stabil i ty happened at the fusion site? 

In order to assess the change in the initial stabil ity at t h e fusion site when adding a 

third screw to a two-crossed-screw configuration, further FE models of ankle arthrodesis 

were built by adding a third screw to the models studied in Chapter 6. When adding a third 

screw to a two-screw configuration such as the one used in the current work, there are two 

options. Either the th i rd screw is inserted postero-laterally on t h e t ibia, pointing anteriorly 

and slightly medial ly towards the neck of the talus [̂ 1,8?]̂  or it is inserted anteriorly on the 

tibia, pointing towards the postero-inferior portion of the body of the talus, as done in 

Ogilvle-Harris et alJ^i^]. Both configurations were considered here In order to compare the 

degree of initial stabil i ty they provided at the fusion site. 
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7 .2 MODELLING 

Two groups of FE models were built by adding a third screw to the two-screw models 

that predicted the max imum and the min imum peak micromot ions at the fusion site in 

Chapter 6, both in the f lat cut and intact arthrodeses (see Table 6.3 and Table 6.6). The 

"anter ior" group included models with a third screw inserted th rough the anterior face of 

the t ibia, pointing down towards the body of the talus in t h e posterior direction. The 

"poster ior" group comprised models with a third screw inserted through the postero-lateral 

part of the t ibia, pointing down towards the neck of the ta lus , in an antero-medial 

direction. A model representative of each group is displayed in Figure 7.2. Table 7.1 and 

Table 7.2 show the length and the location of the third screw in each model. 

Anterior group 
I 3 0 - a b o v e - A 3 0 - a b o v e - A 

Fronta l v i e w La te ra l v i e w Fronta l v i e w La te ra l v i e w 

Posterior group 
I 3 0 - a h n v e - P 3 n - a b o v e - P 

La te ra l v i e w Fronta l v i e w La te ra l v i e w Fron ta l v i e w 

Figure 7.2 FE meshes of an Intact and flat cut model in the anterior group and an intact 

and flat cut model In the posterior group, displayed in frontal and lateral views. The third 

screw is shown in black. 
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Table 7.1 Models In the anterior group. Description of the third screw location and load 

cases studied. 

Model Screw length 
(mm) 

Angle 1= Angle 2" Height^ 
( m m ) 

Load case 
tested" 

8 
30-above-A 65 33° 1° 27 T DF 

Li. 45-on-A 60 36° 5° 22 T DF 

I30-above-A 60 31° 1° 24 T DF 

u g 
c 

I45-on-A 60 31° 1° 22 T 

I60-beneath-A 50 38° 3° 7 DF 

® Ang le b e t w e e n t h e a n t e r i o r sc rew a n d t h e long ax is of t h e t ib ia in t h e s a g i t t a l p l ane . 

'' A n g l e b e t w e e n t h e a n t e r i o r sc rew a n d t h e p o s t e r o - a n t e r l o r d i rec t i on In t h e t r a n s v e r s e p lane. 

D i s tance f r o m t h e s c r e w Inser t ion po in t t o t h e f us ion s i te . 

T = e x t e r n a l t o r s i o n , DF=do rs l f l e x l on . 

Table 7.2 Models in the posterior group. Description of the third screw location and 

load cases studied. 

Model Screw length 
(mm) 

Angle Angle 2^ Height*^ 
( m m ) 

Load case 
tested** 

30-above-P 60 40° 32° 10 T DF 

3 U 
% 45-on-P 60 40 32 11 T DF 

60-beneath-P 60 34° 43° 11 DF 

I30-above-P 60 40° 32° 10 T DF 

u 
3 c 

I45-on-P 60 40° 32° 10 T 

I60-beneath-P 60 40° 33° 7 DF 

S y m b o l s as In T a b l e 7 . 1 . 

The load cases tested were those that produced the largest micromot ions in the two-

screw arthrodesis: external torsion and dorsiflexion. The th i rd screw was added to the 

most and least stable models in external torsion and dorsi f lexion (Table 7 .1 and Table 

7.2). The or ientat ion of the third screw was kept constant whenever possible, although in 

some models they had to be slightly modified to avoid conflict w i th the other two screws. 

In one case (60-beneath) , it was impossible to add the anter ior screw crossing the fusion 
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site wi thout interfering wi th the other two screws. For completeness of the study, the 45-

on models wi th an anterior and a posterior screw were also tes ted in dorsiflexion. Mesh 

and boundary conditions were defined in all the models as explain in Chapter 5. 

All models were run in Marc 2001, with the contact parameters and convergence 

tolerance values chosen in Chapter 5. In some cases, the convergence tolerance initially 

considered (0.01) had to be varied to reach a solution. The modi f ied values ranged from 

0.015 to 0.04 (Table 7.3). 

Table 7.3 Convergence tolerance values used 

In the models of the anterior and posterior 

groups, when different from 0.01. 

Model External Dorsiflexion 
torsion 

30-above-A 0.04 0.02 

45-on-A 0.02 

60-beneath-P - 0.04 

I30-above-A 0.02 

I45-on-P 0.015 

I60-beneath-P - 0.02 
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7.3 RESULTS 

7 . 3 . 1 External torsion 

Table 7.4 compares the peak micromotions predicted at t h e fusion site for the anterior 

and posterior groups with those predicted for the corresponding two-screw configuration 

models in external torsion. Figure 7.3 (page 117) shows the distr ibut ion of micromotions 

over the fusion site of the talus and how adding a third screw produced a decrease of the 

micromotions at the fusion site. In both the anterior and poster ior groups, the peak 

micromotions were located along the periphery of the fusion site. As the anterior screw 

crossed the fusion site antero-medial ly, the peak micromot ions in the anterior group 

occurred along the lateral region. The peak micromotions in the posterior group were 

located along the medial region of the fusion site, as the poster ior screw was located 

postero-lateral ly (Figure 7.4, page 118). The decrease of the peak micromotions ranged 

from 31 to 53% in the anterior group and between 24 and 3 7 % in the posterior group. In 

all the cases, the anterior screw decreased the peak micromot ions more than the posterior 

screw, producing differences between the models above 20 p m . However, in the case of 

the model 130-above, the peak micromotions predicted for both three-screw configurations 

only differed by 5 pm. All the models with the third screw inserted anteriorly predicted 

peak micromotions below 100 pm. 

Table 7.4 Peak micromotions (pm) predicted at the fusion site for 

the two and three-screw models In external torsion. 

Model 2 screws Anterior* Posterior* 

3 
U 

30-above 146 91 -38% 111 -24% 

(0 
LL 45-on 200 95 -53% 131 -35% 

U s 
C 

130-above 87 60 -31% 65 -25% 
U s 
C 

I45-on 169 81 -52% 107 -37% 

P e r c e n t a g e o f c h a n g e in t h e m i c r o m o t i o n s w h e n t h e t h i r d s c r e w w a s a d d e d . 

In the two-screw configuration, the most stable model was that wi th the screws 

inserted at 30 degrees, crossing above the fusion site, both in the intact and flat cut 

groups (30-above and 130-above). The least stable was the mode l wi th the screws inserted 

at 45 degrees, crossing at the level of the fusion site (45-on a n d I45-on) . This result did 
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not change when a third screw was added, although the differences between the most and 

least stable configurations were lower. The decrease in the peak micromotions predicted 

when adding the th i rd screw was larger in the case of t h e least stable two-screw 

configurations in all the groups. Thus, in the flat cut arthrodesis, whilst the peak 

micromotion predicted in the 45on model was 1.4 t imes larger than in the 30-above 

model, it was 1.2 t imes larger in the posterior group; in the anter ior group the differences 

were almost nil (less than 5 pm). In the intact group, the peak micromotion predicted in 

the I45-on model was 1.9 t imes larger than in the I -30above model , and 1.4 and 1.6 times 

larger in the anterior and posterior groups, respectively. 

When comparing the two surface preparation techniques, all the models with three-

screw f ixat ion and intact arthrodesis were more stable than the i r corresponding models 

with f lat cut arthrodesis, as found with the two-screw configurat ion. Resecting the joint 

contours meant an increase of the peak micromotions ranging from 17 to 71%. In both the 

anterior and posterior groups, this increase was much higher when adding the third screw 

to the most stable 2-screw configurations (30-above and 130-above) than to the least 

stable ones (45-on and I45-on). 

As shown with the two-screw configuration in the flat cu t arthrodesis (Chapter 6), 

most of the motion at the fusion site was due to sliding, a l though a small gap still 

developed at the interface. In both the anterior and the poster ior groups, the normal 

component of the micromotions along the edge of the fus ion site was, on average, 

between 13 and 23% of the tangential component. Figure 7 .4 (page 118) compares the 

micromotions and its components along the edge of the fus ion site for a two-screw 

configuration and the corresponding models in the anterior and posterior group. Adding 

the third screw posteriorly tended to reduce the gap opening s l ight ly more than adding the 

screw anter ior ly, as expected given the fact that in the two-screw configuration the gap 

was larger towards the lateral and posterior areas of the fus ion si te; however it also 

produced a sl ight increase of the gap in the antero-medial area of the fusion site. In the 

intact arthrodesis, the same contact areas predicted in the two-sc rew configuration were 

observed when the third screw was added (antero-lateral and postero-medial areas of the 

fusion site). The gaps opening in the opposite areas also predicted in the two-screw 

configuration were reduced when adding the third screw. In t h e anter ior group, only the 

postero-lateral gap was observed, with maximum values of t h e normal component along 

the edge of the fusion site about 60% of the tangential component . In the posterior group, 

the postero-lateral gap was reduced more than 50%, with m a x i m u m values of the normal 

component around 30% of the tangential component. 
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2 screws 

FLAT CUT ARTHRODESIS 

anterior 

30-above 

posterior 

45-on 

2 screws 

130-above 

I45-on 

INTACT ARTHRODESIS 

anterior posterior 

micrometer 200 

Figure 7.3 Micromotions at the fusion site in external torsion for the models with two and 

three-screw fixation. 
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200 

150 

Global micromotions 

100 

0 2 0 4 0 60 80 100 

Tangential component 

o 100 

- 2 0 0 

c 150 

0 100 

50 

media! 

anterior 
2 0 4 0 60 80 100 

Normal component 

20 4 0 60 

Path l e n g t h ( m m ) 

80 100 

2sc rews a n t e r i o r - p o s t e r i o r 

Figure 7.4 Micromotions, tangential and normal components 

predicted along ttie edge of tlie fusion site for a 2-screw configuration 

(45-on) and the corresponding models in the anterior and posterior 

group. External torsion. 

The patterns of equivalent strain (ES) distribution were v e r y similar to the two-screw 

configuration when the th i rd screw was added. In general, the areas of ES concentration 

were located around the screw holes at the fusion site in the ta lus and the tibia and around 

the proximal screw holes in the t ibia. Also, in the anterior g roup in the intact arthrodesis, 

areas of ES concentration were found in antero-lateral areas of t he fusion site in the tibia. 

Figure 7.5 shows the ES distr ibutions predicted in one model o f t he anterior group and the 

equivalent model in the posterior group. Peak values for all the models are summarised in 

Table 7.5. Peak values were nearly always higher in the t i b ia than in the talus, as 

happened wi th the two-screw configuration (Table 6.4, page 9 5 ) . In all the cases, inserting 

the third screw anterior ly produced lower peak values in both t h e tibia and the talus than 
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Anterior group Posterior group 

0.67% 0.82% 

0% 0% 

Equivalent Strain 

0.26% 0.54% 

0% 0% 

Figure 7.5 Distribution of the equivalent strain predicted in external torsion in models of 

the anterior group (I30-above-A) and the posterior group (I30-above-P). Antero-inferior view 

of the tibia (top); antero-superior view of the talus (bottom). 
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when inserting the screw posteriorly. In fact, peak values in bo th bones tended to be lower 

in the anterior group than in the two-screw configuration. I n the posterior group, peak 

values in the talus were considerably higher than in the two-screw models, whereas mixed 

results were observed in the t ibia. In the anterior group, peak values in the talus were 

located around the hole of the anterior screw at the fusion s i te. In the tibia, peak values 

were found around the screw holes at the fusion site, except in the model I30-above-A 

where they were located along the antero-lateral edge of the fusion site. In the posterior 

group, the talus presented peak ES around the hole of the medial screw at the fusion site; 

the tibia presented peak values around the proximal hole of the posterior screw in the 

models 30above-P and I30-above-P and around the hole of t h e lateral screw at the fusion 

site in the models 45-on-P and I45-on-P. In the two-screw configurat ion, resecting the 

jo in t surfaces meant an increase of the ES peak values. This f inding is also true in the 

posterior group, for both the tibia and the talus, whereas in t h e anterior group is only true 

for the t ibia, i.e. for the absolute peak values. When compar ing the different screw 

configurations, in the two-screw models, 45-on and I45-on presented higher peak values 

than 30-above and 130-above in both bones. In the anterior g roup this trend only held for 

the talus and it was reversed for the tibia. This opposite t rend was also observed in most 

of the cases in the posterior group. Overall, the models with lower peak ES values were 

I45-on-A and I30-above-A. All the models in the anterior g roup presented ES well below 

the yield strain (1%) . Three models in the posterior group presented peak ES above the 

yield l imit. However, in all the cases the number of elements w i t h larger ES than 1% was 

low (two elements in each case). 

Table 7.5 Equivalent strain peak values (%) in the talus and the tibia for the anterior and 

posterior groups. External torsion. 

Anterior Talus= Tibia" 
group 

Posterior Talus" Tibia' 
group 

3 
30-above-A 0.31 0.77 30-above-P 0.88 1.76 (0.95)3 

45-on-A 0.33 0.72 45-on-P 0.77 1.15 

u p 

I30-above-A 0.26 

I45-on-A 0.46 

0.67^ 

0.46 

I30-above-P 0.54 

I45-on-P 

0.82 (0.55)9 

1.02 (0,72)® 0.56 

® Peak v a l u e s l oca ted a r o u n d t h e ho le o f t h e a n t e r i o r sc rew a t t h e f us ion s i te . 

Peak v a l u e s l oca ted a r o u n d s c r e w ho les a t t h e fus ion s i te . 

Peak v a l u e l oca ted by t h e a n t e r o - l a t e r a l e d g e o f t h e f us ion s i te . 

Peak v a l u e s loca ted a r o u n d t h e ho le o f t h e med ia l sc rew a t t h e f us ion s i te . 

® I s o l a t e d peak v a l u e , m a y b e d u e t o a bad l y shaped e l e m e n t ( n e x t p e a k v a l u e : a s 

'' Peak v a l u e s l oca ted a r o u n d t h e ho le o f t h e la te ra l sc rew a t t h e f us ion s i te . 

° Peak v a l u e loca ted a r o u n d t h e p r o x i m a l ho le o f t h e pos te r i o r s c r e w ( n e x t p e a k v a l u e : as 
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7.3.2 Dorsif lexion 

Table 7.6 summarises the peak micromotions predicted at the fusion site for the 

models in the anterior and posterior groups and compares t h e m with the corresponding 

two-screw configurations in dorsiflexion. Figure 7.6 shows the distribution of the 

micromotions over the contact surface of the talus, with peak micromotions located along 

the posterior region of the fusion site in the anterior group and towards the postero-medial 

region in the posterior group. In all the models studied, the added th i rd screw produced a 

decrease of the micromotions at the fusion site, with peak micromotions decreasing 

between 4 and 39% in the anterior group and between 16 and 59% in the posterior group. 

In the intact arthrodesis, adding the screw posteriorly decreased the peak micromotions 

considerably more than adding the screw anteriorly. 

Table 7.6 Peak micromotions (pm) predicted at the fusion site for the 

two and three-screw models in dorsiflexion. 

Model 2 screws Anterior* Posterior* 

30-above 55 44 -20% 46 -16% 

45-on 122 75 -39% 80 -34% 
3 U 

U 

50-beneath 274 - - 121 -56% 

130-above 49 47 -4% 34 -31% 

160-beneath 198 166 -16% 81 -59% 

P e r c e n t a g e o f c h a n g e in t h e m i c r o m o t i o n s w h e n t h e t h i r d s c r e w w a s a d d e d . 

In the two-screw configuration, the higher the crossing level and the smaller the 

Insertion angle, the lower were the peak micromotions predicted in both the f lat cut and 

intact arthrodeses. This t rend was not affected after the addi t ion of the th i rd screw. In the 

flat cut arthrodesis, the 5-fold difference between the most and least stable models in the 

two-screw configuration (30above and 60beneath) was reduced to 2.6 t imes in the 

posterior group. No comparison was possible with the anterior g roup, as the anterior screw 

could not be inserted in the model 60beneath wi thout inter fer ing wi th the other screws. 

For completeness of this comparison, a third screw was added to the model 45on. In this 

case, the 2.2-fold difference with the most stable model was reduced to 1.7-fold difference 

both in the anterior and posterior groups. In the intact g roup , the 4-fold difference 

between the most and least stable models ( I-30above and I -60benea th ) was reduced to 

3.5 and 2.4-fold differences when adding the screw anterior and posterior ly, respectively. 
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2 screws 

FLAT CUT ARTHRODESIS 

anterior posterior 

30-above 

45-on 

60-beneatli 

2 screws 

INTACT ARTHRODESIS 

anterior posterior 

130-above 

I60-beneatii 

micrometer 

Figure 7.6 M i c r o m o t i o n s a t t h e f u s i o n s i t e f o r t h e m o d e l s w i t h t w o a n d t h r e e - s c r e w f i x a t i o n 

in d o r s i f l e x i o n ( * No t poss ib le t o add t l i e a n t e r i o r sc rew w i t h o u t i n t e r f e r i n g w i t h t h e o t h e r t w o sc rews . 

For c o m p l e t e n e s s of t he c o m p a r i s o n m o d e l 4 5 - o n w a s inc luded in t h i s load c a s e ) . 
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Comparing the two surface preparation techniques, the intact arthrodesis produced 

lower peak micromotions than flat cut arthrodesis in the posterior group, whilst no 

difference was found in the anterior group. 

In the f lat cut arthrodesis, as predicted in the two-screw configuration, most of the 

relative mot ion between the tibia and the talus was due to the Increasing opening gap 

towards the posterior region, although some degree of sl iding was also observed. Figure 

7.7 shows an example of the change in the micromotion and its components along the 

edge of the fusion site. The addition of the third screw produced the same decrease in the 

peak normal micromotions in both groups, with an expected higher decrease around 

postero-lateral areas in the posterior group. The anterior screw tended to generally reduce 

the sliding at the fusion site, whereas the posterior screw a lmost only decreased the sliding 

In the lateral region. Thus, in the anterior group the tangent ia l component along the 

posterior edge of the fusion site was, on average, between 14 and 17% of the normal 

components, whereas in the posterior group it was between 27 and 41%. In the intact 

group, both components were reduced more when the posterior screw was added, 

especially In the model 160-beneath. Tangential components were over 70% of the normal 

components along the posterior edge of the fusion site. The sliding was slightly reduced 

when adding the anterior screw, except for the antero- lateral area, were it increased. 

Tangential components in the anterior group were over 6 0 % of the normal components 

along the posterior edge of the fusion site. 

The equivalent strain concentrations generated in the bones in dorsif iexion were 

similar to those in the two-screw configuration. They were located anteriorly and around 

the screw holes at the fusion site in both the tibia and the ta lus ; and around the proximal 

screw holes in the tibia. In the flat cut arthrodesis, some areas of ES concentration were 

also found in the talus along the walls glued to the lateral screw. Table 7.7 (page 125) 

summarises the peak values predicted in each model. In t h e anterior and the posterior 

groups, the peak ES tended to be lower than in the two-screw configurat ion, especially In 

the tibia. In general, the tibia presented higher peak values t h a n the talus, as happened in 

the two-screw configuration. Insert ing the third screw anter ior ly tended to produce lower 

peak values in both bones than inserting the screw poster ior ly , in the models with the two 

screws inserted at 30 degrees. The opposite was true for t he models wi th the screws 

inserted at 60 degrees. Mixed results were observed in t h e model with the two screws 

inserted at 45 degrees, although the overall peak value was lower in the anterior group. In 

the anterior group, peak values in the talus were located a round the dif ferent screw holes 

at the fusion site, while in the tibia they were found around t h e hole of the lateral screw at 

the fusion site. In the posterior group, peak values in the ta lus were located around the 

hole of the posterior screw at the fusion site and, in the t ib ia , around the proximal hole of 

the posterior screw. 
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When comparing tt ie f lat cut and intact artl irodeses, no c lear trend was found for the 

peak equivalent strains in the two-screw configuration. When adding the third screw, 

slightly lower peak values were predicted in the intact arthrodesis in the anterior group, 

and mixed results were found in the posterior group. When comparing the screw 

configurations, the higher the crossing level and the smaller t h e insertion angle, the lower 

the peak ES in the two-screw configuration. This f inding was also true in both the anterior 

and the posterior groups. Only in two models (60-beneath-P and I60-beneath-A), did the 

peak ES exceed the chosen yield l imit, although this happened only in one element in each 

model. The rest of the models presented ES well below this l imi t . 

E 120 

B C D 

Global micromotions 

2 0 4 0 60 

Tangential component 

100 

medial 

4 0 60 

Normal component 

100 

40 60 

Path l e n g t h ( m m ) 

- 2 s c r e w s an te r i o r pos te r i o r 

100 

Figure 7.7 Global micromotions, tangential and normal components 

predicted along the edge of the fusion site for a two-screw 

configuration (45-on) and the corresponding models in the anterior 

and posterior groups (I45-on-A and I45-on-P). Dorslflexion. 
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Table 7.7 Equivalent strain peak values (%) in the talus and the tibia for the anterior and 

posterior groups. Dorsiflexion. 

Anterior group Talus Tibia" Posterior group Talus® Tibia' 

30-above-A 0.17* 0.37 30-above-P 0.31 0.39 

3 
U 

ID 
u_ 

45-on-A 0.30^ 0.54 45-on-P 

60-beneath-P 

0.86 

0.64 

0.55 

1.05 

u 
B c 

I30-above-A 

I60-beneath-A 

0.40 (0.24)C 

0.69^ 

0.27 

1.3 

I30-above-P 

I60-beneath-P 

0.30 

0.65 

0.55® 

0.95 

' Peak v a l u e l oca ted a r o u n d t h e ho le o f t h e a n t e r i o r sc rew a t t h e f us ion s i te . 

Peak v a l u e l oca ted a r o u n d t h e ho le o f t h e med ia l sc rew a t t h e f us ion s i te . 

I s o l a t e d p e a k v a l u e , m a y b e d u e t o a bad ly s h a p e d e l e m e n t ( n e x t peak v a l u e : a s ' ) . 

'' Peak v a l u e s l oca ted a r o u n d t h e ho le o f t h e l a te ra l s c r e w a t t h e f u s i o n s i te . 

® Peak v a l u e s l oca ted a r o u n d t h e ho le o f t h e pos te r i o r sc rew a t t h e f us ion s i te . 

' Peak v a l u e s l oca ted a r o u n d t h e p r o x i m a l ho le o f t h e pos te r i o r sc rew . 

' Peak v a l u e s l oca ted by t h e a n t e r o - l a t e r a l edge o f t h e f us ion s i te . 
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7.4 D ISCUSSION 

Ogilvie-Harris et had observed a greater resistance to torque in a 3-screw 

ankle arthrodesis as compared to a 2-screw configuration, measuring the gross motion 

between the tibia and the talus in several cadaver arthrodesis constructs. The objective of 

the current study was to compare the initial stabil i ty at the fusion site provided by 2 and 3-

screw configurations. For a wider comparison than that per formed by Ogilvie-Harris et 

aL[ii9], two dif ferent locations for the third screw were tes ted, in addition to the two 

surface preparation techniques. Only the most and least stable two-screw configurations in 

external torsion and dorsiflexlon were included in this study. 

The results obtained showed an overall better initial s tabi l i ty at the fusion site when a 

third screw was added, either anteriorly or posteriorly. In external torsion, the anterior 

screw produced lower peak micromotions than the posterior screw, except in the case of 

the most stable model (130-above), where no significant dif ferences were found. Also, the 

anterior screw reduced the differences in peak micromotions between the most and least 

stable models more than the posterior screw did, especially in the f lat cut arthrodesis. 

When comparing the two surface preparation techniques, in tac t arthrodeses wi th three 

screws were more stable than flat cut arthrodeses w i t h the same three-screw 

configuration. 

In dorsif lexion, the posterior screw was expected to increase the initial stabil i ty more 

than the anterior screw, due to the gap developing towards the posterior area of the fusion 

site as a result of the postero-anterior force applied at the t o p of the t ibia. Thus, in the 

intact arthrodesis, significantly lower peak micromotions were predicted in the posterior 

group than in the anterior group. However, similar levels of s tabi l i ty were observed in the 

flat cut arthrodesis, whether the third screw was inserted anter ior ly or posteriorly. This 

behaviour was explained by the fact that although the peak normal micromotions were 

much lower around the postero-lateral area of the fusion site in the posterior group than in 

the anterior group, similar higher values were observed around the postero-medial area of 

the fusion site in both groups. In addition, the posterior screw increased the sliding on the 

same postero-medial area (see Figure 7.7, page 124). For the di f ferent screw 

configurations, and as happened with the two-screw f ixat ion, t h e higher the crossing level 

and the smaller the insertion angle, the more stable the models both in the anterior and 

posterior groups. Although, as predicted in the torsion case, t h e differences between the 

most and least stable models were lower, especially in the poster ior group, they were still 

substantial. 
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The patterns of equivalent strain distribution in the bones predicted in the three-screw 

models were similar to those observed in the two-screw configurations, i.e. ES 

concentrations were located around the screw holes at the fusion site in both bones, and 

around the proximal screw holes in the tibia. In dorsif lexion, some areas of ES 

concentration were also found along the anterior portion of t h e fusion site. In both load 

cases studied, the tibia could be at higher risk of bone failure as it generally presented the 

highest peak ES values. However, in most of the cases, the ES predicted were below the 

considered yield level. Some distorted elements may have caused some of the peak values 

predicted; however, as mentioned in Chapter 6, the automatic meshing of the bones made 

it diff icult to avoid some badly shaped elements. The decrease in the peak micromotions 

when a th i rd screw was added was generally coupled with a decrease in the peak ES in 

both load cases, showing a more uniform distribution of the load in the bones. The only 

exception were the models in the posterior group with a 30-degree insertion angle (30-

above-P and I30-above-P) in external torsion, where h igher values than in the 

corresponding two-screw models were predicted. However, these peak values occurred in 

two isolated elements around the proximal hole of the poster ior screw in the tibia, and 

could have been caused by the boundary conditions defined to model the effect of the 

screw head. As was also observed in the peak micromotions, adding a third screw to the 

least stable models in the two-screw configuration reduced t h e peak ES more than adding 

it to the most stable models. 

In most of the cases in external torsion, the peak values were located around the 

screw holes by the fusion site in both bones, as predicted in t h e two-screw configuration. 

However the load transfer was considerably different in the an ter io r and posterior groups, 

which could explain the differences in the predicted stabi l i ty . Adding the third screw 

anteriorly produced the peak ES in the talus to occur a round its hole, while adding it 

posteriorly, made the peak values occur around the hole of t h e medial screw. In the tibia, 

only adding the screw posteriorly produced a clear trend in t h e location of the peak ES, 

which tended to occur around the hole of the lateral screw. In dorsif lexion, adding the 

screw anteriorly produced peak ES located at the fusion site in t h e t ibia, around the hole of 

the lateral screw, which is the screw situated most poster ior ly . Adding the screw 

posteriorly produced most of the peak values located around i ts proximal hole in the tibia. 

I t is worth noting that the part of the tibia where the poster ior screw was inserted was 

close to the distal end of the bone and represented a lower Young's modulus than more 

proximal areas. The head of a screw inserted in such a posi t ion could put the bone at 

higher risk of failure. In the talus, only adding the screw poster ior ly produced a clear t rend 

in the location of the peak ES, which tended to occur a round the hole of the posterior 

screw at the fusion site. 
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The convergence tolerance value was the only modelling parameter that had to be 

modified in order to reach a solution in some of the models included in this study (see 

Table 7.3, page 114). However, due to the low sensitivity shown by the micromotions to 

changes in the convergence tolerance (Chapter 5, page 74), th i s variation would account 

for less than a 2% difference. Therefore, it is unlikely t o significantly affect the 

comparative results presented. 

Summary of results 

Three-screw f ixation predicted higher initial stabil i ty a t the fusion site than 

two-screw fixation. 

Three-screw fixation also predicted better initial s tabi l i ty in the intact 

arthrodesis than in the flat cut arthrodesis. 

The th i rd screw inserted anteriorly increased the in i t ia l stabi l i ty more than 

inserted posteriorly in torsion, also producing lower st ra in values in the bones, 

possibly reducing the risk of bone failure. Only in the intact arthrodesis in 

dorsif iexion, did the posterior screw improve the s tabi l i ty more than the 

anterior screw. 

In a f lat cut arthrodesis, the anterior screw seemed t o offer overall better 

performance than the posterior screw as it produced more stable constructs 

wi th lower risk of bone failure. 

In an intact arthrodesis where the main concern was t h e torsional stabil i ty of 

the construct, an anterior screw seemed to be a better opt ion , especially if the 

initial two-screw configuration presented screw insert ion angles larger than 30 

degrees. However, if the main concern was the s tab i l i ty in dorsif iexion, a 

posterior screw seemed to produce the most stable construct . 
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Chapter 8 

INFLUENCE OF BONE QUALITY 

8 . 1 I N T R O D U C T I O N 

I t has been shown that both age and disease affect bone quality (Chapter 2, page 

27). Changes in the structure and composition of bone result in changes in its mechanical 

properties. Therefore, achieving a good clinical performance o f orthopaedic devices used 

under such circumstances becomes more challenging. 

Screw f ixation in ankle arthrodesis can be compromised by poor bone quality, so that 

additional screws or alternative means of f ixation may be needed to improve the rigidity of 

the arthrodesis construct. Screw fixation in poor quality bone is more likely to fail than in 

healthy bone. High correlations between different measures of screw f ixat ion strength and 

bone mineral density have been reported as well as signif icant drops in the fixation 

strength when aged or diseased bone was considered. For instance, Okuyama et al.t^^°^ 

obtained significant correlations between pull-out forces and t i l t ing moments with bone 

mineral density, when studying the mechanical stabil i ty of transpedicle screws in the 

osteoporotic lumbar spine. They reported a 60 N decrease in the pul l-out force of the 

screws when bone mineral density decreased by 10 kg m"^. Halvorson et al.t^^^ reported 

averaged pul l-out forces of 1540 ± 361 N and 206 + 159 N in normal and osteoporotic 

vertebrae, respectively. No such data have been found in the l i terature regarding lower 

limb bones. Nevertheless, bone failure in the screw-bone sys tem in ankle arthrodesis is 

also expected to follow a similar trend. Thordarson et and Friedman et al.t''®^ 

found quali ty of bone to be a determinant of the rigidity of t h e in v i t ro ankle arthrodesis 

constructs they studied (Chapter 4, page 47). In cases of poor bone qual i ty, Thordarson et 

al.f^®^^ observed a slight enlargement of the screw holes in t h e cortex of the t ibia during 

loading of the arthrodesis construct and screws becoming loose in some holes. As a result, 

larger gross motions between the tibia and the talus were recorded than in specimens with 

good bone quali ty. The use of the fibula as a strut graft, despite the poor purchase of the 

added screws in the cancellous bone, produced a substantial imp rovemen t in the rigidity of 

the arthrodesis construct. 

In the analyses of the initial stabil ity of ankle arthrodesis presented in Chapter 6 and 

Chapter 7, normal bone quality was assumed as the bone geometr ies and material 

properties were derived f rom the CT scan of a healthy ankle. Given the wide use of ankle 

arthrodesis in patient populations suffering from diseases such as rheumatoid arthr i t is, 
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osteoarthrit is or osteoporosis (Chapter 3), and the changes in bone material properties 

that these diseases produce (Chapter 2, page 27), the fol lowing questions arise. How does 

bone quality affect the initial stabil ity of ankle arthrodesis at t h e fusion site? What is the 

effect of poor bone quality on the differences in initial stabi l i ty provided by different 

number of screws and different screw configurations? Does the relative importance of joint 

surface geometry on the initial stability increase when bone qual i ty is poor? 

In order to offer some insight in these issues, a parametr ic variation of the Young's 

moduli assigned to the bone elements was performed, fo l lowing changes of Young's 

modulus with age and disease reported in the l i terature. The reduct ion of Young's modulus 

was applied to representative models of both the two and three-screw configurations of 

ankle arthrodesis constructs studied in the previous chapters. 

8 .2 MODELLING 

Generally, FE analyses of orthopaedic problems are per formed using models obtained 

from non-pathologic bones or built assuming material properties derived from 

experimental tests on non-pathological bone samples. In the relat ively small number of FE 

analyses found in the l i terature involving poor bone qual i ty, di f ferent approaches were 

taken. The most common approach [83,104,113,128] y^gs to bui ld FE meshes f rom non-

pathologic bones, assigning homogeneous material properties obtained f rom experimental 

tests on healthy bone samples to the elements in the cortical and cancellous bone regions. 

Reductions in Young's modulus were later applied to simulate the pathologic cases, based 

on either data f rom mechanical tests of pathological bone samples or calculations relating 

bone density measurements in healthy and pathologic bone t o Young's moduli . A second 

approach was to build FE meshes and assign heterogeneous mater ial properties directly 

from non-pathologic bones, and later decrease by a certain amoun t the Young's modulus 

assigned to each element, based on experimental data of changes in bone density with 

disease f3o,85]_ Finally, FE models have also been built f rom pathologic bones, assigning 

heterogeneous material properties derived from the bone densi ty of the actual bones 

Given the FE modell ing process followed in this thesis, a similar procedure to the 

second approach described above was followed. Three pat terns of Young's modulus (E) 

decrease were applied to the normal quality bone values or ig inal ly assigned f rom the CT 

scan images (Chapter 5, page 58). A different variat ion was applied to cortical and 

cancellous Young's moduli in each case. A cut-off value of 7858 MPa, corresponding to a 

bone apparent density of 900 kg m"^, was chosen to dist inguish cortical f rom cancellous 

bone. Table 8 .1 shows the percentage of decrease of the Young's modulus in each case 

and the source of the value. Case 1 represents the change in modulus due to age. Zioupos 



Chapter 8 Influence of bone quality 

and Currey reported 2 .3% decay per decade (from 35 years) for the Young's modulus 

of cortical bone f rom the femoral diaphysis. A value of 10% was chosen to represent the 

decay after 75 years. Ding et al.[^®J reported around 26% decay in the Young's modulus of 

cancellous bone f rom proximal tibias between a middle age group (40 to 59 years) and an 

old age group (60 to 83 years). Case 2 represents the reduct ion of modulus due to 

osteoporosis. Polikeit et al.t^^®] and Natarajan et al.t^^^] s imulated the material properties 

of osteoporotic human vertebrae decreasing by one third and two thirds the normal 

modulus for cortical and cancellous vertebral bone, respectively. These values were based 

on calculations relating bone mineral density values obtained in healthy and osteoporotic 

vertebrae to Young's moduli. The most extreme case of modulus reduction (Case 3) 

represents that of rheumatoid arthrit ic bone. Dalstra et al.t^o] simulated rheumatoid 

arthrit ic glenoids (part of the shoulder jo int) by reducing normal modulus values by 50 and 

90% for cortical and cancellous bone, respectively. These values were based on 

experimental measures of bone density in normal and rheumatoid arthrit ic glenoids. 

Table 8.1 Percentages of Young's modulus decrease for cortical and cancellous bone 

used to define the three cases of poor bone quality studied. Literature source, cause of 

the poor bone quality and anatomical location are provided for each value. 

Name Cortical Source 
bone Cause* / Location 

Cancellous Source 
bone Cause / Location 

Case 1 10 % Zioupos & Currey 

Age / femoral diaphysis 

26 % Ding et al.f^®l 

Age / proximal tibia 

Case 2 33 % Polikeit et al.I^^^J 

OP / vertebra 

Case 3 50 % Dalstra et al.f^°] and 

Lacroix et al.f®^^ 

RA / glenoid 

66 % 

90 % 

Polikeit et al.[^^®] 

and Natarajan et 

al.[ii3] 

OP /vertebra 

Dalstra et al.[^°] and 

Lacroix et al.f®^^ 

RA / glenoid 

* OP = o s t e o p o r o t i c b o n e , RA = r h e u m a t o i d a r th r i t i c bone . 

In the first part of this parametric study, the three cases of poor bone quali ty were 

applied to a selection of the two-screw ankle arthrodesis mode ls studied in Chapter 6. The 

most and least stable models in the flat cut and intact groups were chosen in the external 

torsion and dorsif lexion load cases. External torsion and dors i f lex ion were simulated as 

done in the previous chapters; internal torsion was not inc luded as it predicted lower 

micromotions than external torsion. In the second part of t h i s study, one case of poor 

bone quality (Case 2) was applied to a selection of the th ree-screw ankle arthrodesis 
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models studied in Chapter 7. These models were the most and least stable models in the 

anterior and posterior groups, also in the external torsion and dorsiflexion load cases. 

Table 8.2 lists all the models included in the study. 

Table 8.2 Models included in the parametric study of bone quality*. 

2-screw fixation 3-screw fixation 

External torsion Dorsiflexion External torsion Dorsiflexion 

30-above 30-above 

Flat-cut 

30-above-A 

30-above-P 

30-above-A 

30-above-P 

45-on 60-beneath 45-on-A 

45-on-P 

t 

60-beneath-P 

130-above 130-above 

Intact 

I30-above-A 

I30-above-P 

I30-above-A 

I30-above-P 

I45-on 160-beneath I45-on-A 

I45-on-P 

I60-beneath-A 

I60-beneath-P 

* See C h a p t e r 6 a n d C h a p t e r 7 f o r a desc r ip t i on o f each m o d e l , 
t Mode l n o t bu i l t . No t poss ib le t o add t h e a n t e r i o r sc rew w i t h o u t I n t e r f e r i n g w i t h t h e o t h e r t w o sc rews . 

All the models were run in Marc 2001, with the same boundary conditions and contact 

parameters as described in Chapter 5. In some cases, the convergence tolerance initially 

considered (0.01) had to be varied to reach a solution. Values ranged f rom 0.015 to 0.05 

(Table 8.3). Given the low sensitivity of the models to the var iat ion of this parameter 

shown in Chapter 5 (page 74), the effect of the increase of t h e convergence tolerance is 

unlikely to affect the comparative results between the models, as it would account for less 

than 2% difference in the micromotions at the fusion site. 

Table 8.3 Convergence tolerance values used when different 

from 0.01. 

Model 

2-screw 

30above 

I-30above 

I-45on 

3-screw 

45on-A 

45on-P 

Case 1 Case 2 

0.015 (T) 

0.04 (T) 

0.015 (T) 

0.02 (T, D) 

0.02 (D) 

T = E x t e r n a l t o r s i o n , D = Dors i f l ex ion . 

Case 3 

0.05 (T) 
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8.3 RESULTS 

8 . 3 . 1 Two-screw f ixat ion 

8.3.1.1 External torsion 

Decreasing the Young's modulus produced a uniform increase in the micromotions 

predicted at the fusion site in each model. The distr ibution o f the micromotions at the 

fusion site was very similar to that predicted with normal qual i ty bone, with peak values 

located along the periphery of the fusion site (see Figure 6.5, page 89), and, therefore, 

they are not shown. Table 8.4 compares the changes in the peak micromotions predicted 

at the fusion site between normal bone quality and the three cases of reduced Young's 

moduli. Aged bone (Case 1) produced increases in the peak micromot ions between 13 and 

18%, with values ranging f rom around 100 to 225 pm; osteoporot ic bone (Case 2) 

produced increases between 59 and 80%, with values ranging f rom around 150 to 300 

pm; and rheumatoid arthrit ic bone produced much larger increases, ranging f rom 157 to 

215%, with very large peak micromotions, even above 500 pm. 

Table 8.4 Peak micromotions (pm) predicted at the fusion site in two-screw fixation 

models, for different decreased levels of bone Young's moduli. External torsion. 

Model Normal Case 1* Case 2* Case 3* 

e 

u. 

30-above 

45-on 

146 

200 

166 

225 

14% 

13% 

238 

317 

63% 

59% 

375 

524 

157% 

162% 

u 
2 c 

130-above 

I45-on 

87 

169 

103 

197 

18% 

17% 

157 

294 

80% 

74% 

274 

512 

215% 

203% 

Percen tage o f c h a n g e in t h e m i c r o m o t i o n s re la t i ve t o t h e n o r m a l b o n e q u a l i t y . 

Intact arthrodesis always predicted lower peak micromot ions than f lat cut arthrodesis, 

although the worse the bone quality the lower the di f ferences between both surface 

preparation techniques. With normal quality bone, resecting the jo in t surfaces meant 

increases in the peak micromotions of 68 and 18% in the m o s t and least stable models, 

respectively; in the worst case of bone quality, these increases were reduced to 37% and 
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2% respectively. When comparing between the screw configurations, the differences 

predicted with normal quality bone did not change in any of the cases of poor bone quality. 

The peak micromotions predicted in the least stable models (45-on and I45-on) were 

around 1.4 and 1.9 t imes those predicted in the most stable models (30-above and 130-

above), in the flat cut and intact group respectively. In all the levels of bone quality, the 

model 130-above predicted the lowest peak micromotions. 

The motion between the bones at the fusion site followed similar patters as predicted 

with normal quality bone (Chapter 6, page 91). Most of the mot ion at the fusion site in all 

the cases of poor bone quality was due to sliding ( tangent ial component), both in the 

intact and flat cut arthrodeses, although a small gap (normal component) also developed 

at the fusion site (Figure 8.1). In the flat cut models, the gap tended to be smaller towards 

the antero-medial area of the fusion site and only small areas between the two bones 

remained in contact. In the intact models, postero-medial and antero-lateral areas of the 

fusion site remained in contact, with gaps opening towards the opposite areas, as 

happened with normal quality bone. The more the Young's modulus decreased, the larger 

the sliding and the gap. However, the ratio between both micromot ion components along 

the edge of the fusion site remained almost constant within each model, in both intact and 

flat cut arthrodeses. 

The patterns of equivalent strain (ES) distr ibution in the bones were similar to those 

in the normal bone qual i ty, with areas of ES concentration located around the holes of the 

screws at the fusion site in both bones and around the prox imal holes in the tibia (see 

Figure 6.8, page 94). In the intact arthrodesis, additional patches of ES concentration were 

found in the contact areas (antero-lateral and postero-medial areas of the fusion site). As 

bone quality worsened, higher ES values were predicted. The areas around the ends of the 

screw holes became larger, expanding along the inside of the holes. In case 3, areas of 

strain concentration were also found along the parts of the ta lus glued to the screws. Table 

8.5 (page 137) shows the comparison of the peak ES predicted when decreasing the 

Young's moduli. Peak values followed similar trends to those predicted in the peak 

micromotions. In each model, the more the Young's modulus decreased, the larger the 

peak ES in both bones and the larger the increases relative t o the normal quali ty bone. 

Tibial peak values were always larger than talar peak values. Resecting the jo in t surfaces 

meant an increase of the peak ES in all the levels of bone qual i ty . Regarding the screw 

configurations, the most stable models (30-above and 130-above) always predicted lower 

peak ES than the corresponding least stable models (45-on and I45-on) , in both bones. In 

general, higher peak ES in both bones always corresponded w i th higher peak micromotions 

at the fusion site; only in the worst case of bone qual i ty, t h e model 45-on predicted a 

lower peak ES than the model I45-on, despite predict ing sl ightly higher peak 

micromotions. 
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Figure 8 .1 Micromotions, normal and tangential components along the edge of the fusion 

site in the normal and poor bone quality cases. Values predicted in external torsion in a 

model from the flat cut group (45-on). N/T% is the percentage ratio between the normal and 

tangent components. 

Almost all the models predicted peak ES above the considered yield level (1%) . As 

explained in Chapter 6, the number of elements with ES above 1% in the normal quality 

bone was extremely reduced. However, as the bone quali ty worsened, the number of 

elements gradually Increased and the peak values reached va lues well beyond the yield 

and ul t imate strain values reported for human bones (Table 2 . 3 , page 23). The volume of 

elements wi th ES above 1% was calculated in each model and i t is displayed in Figure 8.2 
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(page 138) as a percentage of the total bone volume. The percentage volumes of failed 

elements below 0 .001% were not considered relevant, as it always involved a very low 

number of elements (less than 5 elements) and could have been caused by isolated 

distorted elements. Figure 8.2 also shows the areas of the fai led volumes in each case. 

Only the model 45-on predicted substantial failed volumes in all the cases of normal and 

poor bone quali ty studied; this model was also the least stable in all the cases. The other 

model in the flat cut arthrodesis (30-above) predicted failed vo lumes in the three cases of 

poor bone quality. Although the failed volumes were larger t han those predicted in the 

model I45-on, the peak micromotions in the former were always lower than in the latter. 

The model 130-above predicted substantial failed volume only in the worst case of bone 

quali ty; this model was the most stable model in all the cases studied. 
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Table 8.5 Comparison of peak equivalent strains predicted in the tibia and the talus for different cases of bone quality in two-screw arthrodesis. Peak ES (%) in 

the bones and percentage increase relative to the normal quality bone (shown In italics) In external torsion. 

Model 
Talus* Tibia" 

Normal Casel Case2 Case3 Normal Casel Case2 Case3 

Flat cut 30-above 0.35 0.39 11", 0.53 51% 1.05 200% 1.10 1.35 23% 2.10 91". 3.78 244% 

45-on 0.58 0.71 22% 1.25 116% 3.00 417"/a 1.27 1.60 26% 2.27 79% 4.57 260% 

Intact 
130-above 0.24 0.36 50% 0.41 71% 0.83 246% 0.61 0.84 38"/c 1.40 130% 2.90 375% 

I45-on 0.46 0.55 20% 0.89 93% 1.90 313% 1.10 1.40 27% 2.27 106% 5.12 365% 

® Peak values located around the hole of the medial screw at the fusion site unless stated otherwise. 
Peak values located around the hole of the lateral screw at the fusion site unless stated otherwise. 
Peak value located along the area of the hole of the lateral screw glued to the screw. 
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Figure 8.2 Graph representing the % of the total bone volume above yield strain (1%) in 

each model and case of bone quality, in external torsion. Below, schematic representation of 

the areas of bone failure in each model (frontal view of the bones, separated for clarity). 
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8.3.1.2 Dorsiflexion 

Table 8.6 compares the peak micromotions predicted at t h e fusion site between the 

normal and poor bone quality models. The distr ibution of the micromotions at the fusion 

site followed the same pattern as with normal quality bone, w i t h the peak micromotions 

located towards the posterior edge of the fusion site (see Figure 6.9, page 97). Aged bone 

produced increases in the peak micromotions between 16 and 2 7 % ; osteoporotic bone 

increased the peak micromotions between 65 and 112%; and much larger increases were 

predicted for the rheumatoid bone, ranging f rom 167 to 3 9 9 % . Differences in the peak 

micromotions between the intact and the f lat cut arthrodeses rapidly decreased for 

decreasing values of the Young's modulus. No substantial dif ferences were predicted 

between the most stable models (30-above and 130-above), as the peak micromotions 

differed in the same or less amount than the estimated model e r ro r (5 pm). In the case of 

the least stable models (60-beneath and 160-beneath), resecting the jo in t surfaces 

produced a 38% increase in the micromotions in the normal bone quality and 33, 20 and 

3% decreases as quality bone worsened. The worse the bone quali ty, the larger the 

differences between the screw configurations. With normal qual i ty bone, the least stable 

models had produced peak micromotions 4 and 5 t imes those predicted by the most stable 

models, in the intact and flat cut arthrodeses. For the poorest bone qual i ty, the peak 

micromotions were 7 t imes larger in both surface preparation techniques, reaching values 

as high as 1000 pm in the least stable models. 

Table 8.6 Peak micromotions (pm) predicted at the fusion site in two-screw fixation 

models, for different decreased levels of bone Young's moduli. Dorsiflexion. 

Model Normal Case 1* Case 2* Case 3* 

D U 

LL 

30-above 

60-beneath 

55 

274 

64 

325 

16% 

19% 

91 

502 

65% 

83% 

147 

1017 

167% 

271% 

U 

1 

130-above 

160-beneath 

49 

198 

62 

244 

27% 

23% 

89 

420 

82% 

112% 

146 

989 

198% 

399% 

Percentage of change in the micromotions reiative to the normai bone quaiity. 

The pattern of mot ion between the bones at the fusion si te did not change much from 

the normal qual i ty bone (Chapter 6, page 98), with most of the mot ion due to the opening 

gap towards the back of the fusion site, leaving contact areas towards the anter ior part of 

the fusion site. Some sliding (tangential component) was observed in the contact areas. 

Nevertheless, some variations were observed as the bone qua l i t y worsens. In the flat cut 
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arthrodesis, the more the Young's modulus decreased, the larger the normal components 

along the posterior edge of the fusion site. The tangential component along the edge of the 

fusion site, also Increased as the Young's modulus decreased in the model 30-above; in 

the model 60-beneath, the tangential component in the non-contact areas did not change 

from the normal quality bone except in the worst bone qual i ty, while in the contact areas 

followed the same trend as in 30-above. In the non-contact areas, the median 

tangent ial /normal component ratio gradually increased f rom 29% in the normal bone 

quality up to 56% in case 3 in model 30-above, but decreased f rom 12% in the normal 

case to 5 % in case 3 in model 60-beneath. In the intact arthrodesis, the more the Young's 

modulus decreased, the larger both micromotion components along the edge of the fusion 

site. The tangent ia l /normal ratio along the non-contact areas gradually increased in the 

model 130-above, and slightly decreased in the model 160-beneath. Figure 8.3 shows an 

example of the change in the micromotion components along the edge of the fusion site. 
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Figure 8.3 Micromotions, normal and tangential components along the edge of the fusion 

site in normal and poor bone quality, in dorsiflexion. Data from a model in the flat cut group 

(30-above). T/N% is the ratio between the tangent and normal connponents. 
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The patterns of equivalent strain (ES) distr ibution in the bones were similar to those 

predicted in the normal quality bone (Chapter 6, page 98). The ta lus presented areas of ES 

concentration along the anterior parts of the fusion site, around the screw holes at the 

fusion site and along the areas glued to the screws, especially the lateral one. The tibia 

presented areas of ES concentration around the proximal and distal ends of the screw 

holes and along the anterior parts of the fusion site. As bone qual i ty worsened, these areas 

became larger and higher ES values were predicted. Table 8 . 7 compares the peak ES 

predicted in both bones for the different levels of bone quality. I n each model, the poorer 

the bone qual i ty, the larger the peak ES in both bones and the larger the increases relative 

to the normal case. Tibial peak values were always larger than ta la r peak values, in all the 

models, especially in those with 60-degrees insertion angles. Unlike in the torsion load 

case, mixed results were observed when comparing the surface preparation techniques. 

Between the most stable models (30-above and 130-above), di f ferences in peak ES were 

very small in the normal quality bone and case 1; the intact mode l predicted lower peak 

values in the talus but larger peak values in the tibia than the f lat cut model, In cases 2 

and 3. Between the least stable models (60-beneath and 160-beneath), the intact model 

predicted larger peak ES in the talus but lower peak ES in the t ib ia than the flat cut model 

in all cases of bone qual i ty; except in case 3, where the tibia presented higher peak ES in 

the intact model than in the flat cut model. When comparing the screw configurations, the 

peak ES predicted in the most stable models was always lower than in the corresponding 

least stable models, following the same trend as the peak micromot ions; the differences 

increased as bone quality worsened, with peak values in the least stable models being 

much larger than the reported values of yield and ul t imate strain. 

Figure 8.4 (page 143) displays the volume of bone above the yield level of 1% 

relative to the total bone volume. Schematic figures also show the location of the failed 

volumes. In the case of normal bone quality, only the model 60-beneath predicted a 

substantial, though still small, number of elements with ES above the yield level (Chapter 

6, page 99) , located around the proximal and distal ends of t h e lateral screw in the tibia. 

As the bone quality worsened, the volumes of failed elements and the regions affected 

increased, especially in the least stable models, those with t h e screws inserted at 60 

degrees. The most stable models only presented failed vo lumes with the poorest bone 

qual i ty; the volumes were much smaller than in the corresponding least stable models. 

The model 60-beneath presented the larger volumes of failed e lements wi th all the levels 

of bone qual i ty, being always the least stable model. 
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Table 8.7 Comparison of peak equivalent strains predicted in tlie tibia and ttie talus for different cases of bone quality in 2-screw arthrodesis. Peak ES (%) In 

the bones and percentage increase relative to the normal quality bone (shown in italics) in dorsiflexion. 

Model 
Normal 

Talus* 

Casel Case2 Cases Normal 

Tibia" 

Casel CaseZ Case3 

Flat cut 30-above 0 . 2 4 b 0 . 3 1 ^ 2 9 % 0 . 6 0 ^ 150% l.lT 638% 0.52 0.64 23% 0.99 90% 1.92 269% 

60-beneath 0.62'^ 0.75^ 23% 1.27^ 105% 3.01" 385% 1.84 2.29 24% 4.03 119% 10.81 488% 

Intact 130-above 0.25 0.29 16% 0.55 120% 1.19 376% 0.55b 0.69b 25% i . i gb 2.59b 37J? 

160-beneath 0.67 0.88 31% 1.77 164% 4.50 572% 1.56 2.14 37% 3.81 144% 11.36 628% 

® Peak values located around the hole of the lateral screw at the fusion site unless stated otherwise. 

" Peak values located at the anterior area of the fusion site. 
Peak values located along the area of the hole of the lateral screw glued to the screw. 

'' Peak values located around the hole of the medial screw at the fusion site. 
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Figure 8.4 Graph representing the % of the total bone volume above yield strain (1%) in 

each model and case of bone quality, in dorsiflexion. Below, schematic representation of the 

areas of bone failure in each model (frontal view of the bones, separated for clarity). 
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8 .3 .2 Three-screw f ixat ion 

The results obtained in the two-screw configuration, presented in the previous 

section, showed a substantial deterioration of the initial stabil i ty predicted at the fusion site 

as bone quali ty worsened. This was especially true for the cases 2 and 3, simulating 

osteoporotic and rheumatoid arthrit ic bone quality, where substant ial areas of the bones 

were likely to have failed. Given the number of models to be checked (Table 8.2, page 

132), only one case of poor bone quality was used to assess i ts effect on the three-screw 

fixation. Case 2 was chosen as an intermediate level of poor bone quality, but having 

predicted considerable decreases in stabil ity (above 50%). 

8.3.2.1 External torsion 

Table 8.8 compares the peak micromotions predicted at t h e fusion site between the 

normal and osteoporotic bone quality in the models with three-screw fixation. The 

distr ibution of the micromotions at the fusion site followed t h e same patterns as in the 

normal bone quality (Figure 7.3, page 117). Reducing the Young's modulus produced a 

uniform increase of the micromotions throughout the fusion s i te, with increases in the peak 

micromotions ranging f rom 66 to 89%. All the models in the anter io r group predicted lower 

peak micromotions than the corresponding models in the poster ior group when bone 

quality was poor. Peak micromotions in the posterior group were between 1.2 and 1.3 

t imes those in the anterior group. The same trend had been predicted with normal quality 

bone, except for the comparison between the most stable models ( I30-above-A and 130-

above-P). 

Comparing the surface preparation techniques, flat cut ar throdesis with three screws 

always predicted larger peak micromotions than intact ar throdesis in the case of poor bone 

quality, as predicted with normal quality bone. Resecting the j o i n t surfaces produced larger 

increases in peak micromotions in the posterior than In the anter ior group wi th normal 

quality bone; these differences decreased when bone quality was poor. As predicted with 

normal quali ty bone, the differences between both techniques were larger in the models 

with a 30-degree insertion angle for the two crossed screws t h a n in those wi th a 45-degree 

insertion angle. Poor bone quality did not affect the stabil i ty prov ided by the three screws 

when comparing the two-screw configurations. Thus, in both an te r io r and posterior groups, 

models with the two screws inserted at 45 degrees a lways predicted larger peak 

micromotions than the corresponding models with the screws inserted at 30 degrees; the 

differences were larger in the posterior group. 
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Table 8.8 Peak micromotions (pm) predicted at ttie fusion site 

in tiiree-screw fixation models, for the normal and one case of 

decreased levels of bone Young's moduli. External torsion. 

Model Normal Case 2* 

30-above-A 91 154 69% 

3 
ro 
u_ 

30-above-P 

45-on-A 

111 

95 

184 

166 

66% 

75% 

45-on-P 131 221 69% 

I30-above-A 60 105 75% 

u 
S c 

I30-above-P 65 123 89% 
u 
S c 

I45-on-A 81 146 80% 

I45-on-P 107 194 81% 

Percentage of change in the micromotions relative to the normal 
bone quality. 

Worsening the bone quality did not substantially change the pattern of motion 

between the two bones in the models wi th three-screw f ixat ion (Chapter 7, page 116). The 

reduction of the Young's moduli resulted in an increase o f the sliding (tangential 

component) throughout the fusion site and an increase of the gap (normal component) at 

the non-contact areas, both in the anterior and posterior groups and the intact and flat cut 

arthrodeses. However, the ratio between both micromotion components along the edge of 

the fusion site did not change much relative to the normal qual i ty bone. Figure 8.5 shows 

an example of the change in the micromotion components a long the edge of the fusion 

site. 

The distr ibut ion of the equivalent strain in the bones in t h e case of poor bone quality 

was similar to that predicted in the normal case (Figure 7.5, page 119) and an expected 

increase in the values was observed. Table 8.9 (page 147) displays the change in the ES 

peak values. The location of the peak values in both bones was the same than with normal 

bone quali ty. Again, as predicted wi th normal bone qual i ty, peak values in the tibia were 

higher than in the talus and anterior insertion of the th i rd screw produced lower peak 

values than posterior insertion, in both bones. The only except ion was the model I45-on-P 

which predicted higher peak ES in the tibia than the model I 45 -on -A . Resecting the jo int 

surfaces also produced an increase in the peak ES, except in t h e comparison between 145-

on-A and 45-on-A. 
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Figure 8.5 Micromotions, normal and tangential components along the edge of the 

fusion site in the normal and poor bone quality cases, in external torsion. Data from 

models in the anterior group (45-on-A) and posterior group (45-on-P). N/T% is the 

percentage ratio between the normal and tangent components. 

Figure 8.6 (page 148) displays the volume of elements w i t h ES above the yield l imit 

relative to the total bone volume, as well as the location of t h e failed bone. Models in the 

posterior group always presented larger volumes of failed bone than the corresponding 

models in the anterior group. Only in the posterior group, did the talus show failed bone 

volumes, which were always located around the hole of the poster ior screw at the fusion 

site. I t is wor th noting that the three models that did not show volumes of failed elements 

( I30-above-A, I30-above-P and I45-on-A) predicted, in t h i s order, the lowest peak 

micromotions at the fusion site. 
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Table 8.9 Comparison of peak equivalent strains predicted in the tibia and the talus for two cases of bone quality in three-screw arthrodesis. Peak ES (%) in the 

bones and percentage increase relative to the normal quality bone (shown in italics) in external torsion. 

Anterior Talus' Tibia" Posterior Talus' Tibia" 

group Normal Case 2 Normal Case 2 group Normal Case 2 Normal Case 2 

30-above-A 0.31 0.57 84% 0.77 1.40 82% 
Flat cut 

30-above-P 0.88 1.49 69% 1.76^ 3.04^ 72% 

45-on-A 0.33 0.53 61% 0.72 1.20 67% 45-on-P 0.77 1.76 129% 1.15 2.17 89% 

I30-above-A 0.26 0.73'' 181% 0.67® 1.25® 87% 
Intact 

I30-above-P 0.54 1.04 93% 0.82^ 1.89'' 130% 

I45-on-A 0.46 0.65 41% 0.46^ 1.45® 215% I45-on-P 0.72 1.34 86% 0.56 1.25 123% 

' Peak values located around the hole of the anterior screw at the fusion site unless stated otherwise. 
Peak values located around the hole of the medial screw at the fusion site unless stated otherwise. 
Peak values located around the hole of the posterior screw at the fusion site. 
Peak values located around the hole of the lateral screw at the fusion site unless stated otherwise. 

® Peak values located at the anterior area of the fusion site. 
' Peak values located around the proximal end of the posterior hole. 
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Figure 8.6 Graph representing the % of the total bone volume above yield strain (1%) in each model in external torsion. Below, schematic representation of the areas 

of bone failure in each model (frontal view of the bones, separated for clarity). Note: for comparative purposes, the scale of the graph was kept the same as in Figure 8.2. 
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Comparing these results with those obtained in the two-screw fixation for the same 

case of poor bone quali ty (section 8.3.1.1, page 133) showed tha t the addition of the third 

screw always reduced the peak micromotions, as happened w i t h normal bone quality. And 

similar percentages of reduction were observed in both anter ior and posterior groups. As 

for the equivalent strain, it was found that adding a third screw anteriorly reduced the 

volumes of failed bone and the number of areas affected as compared to the 2-screw 

configuration (see Figure 8.2, page 138). This was also ref lected in the lower peak ES 

predicted in the models of the anterior group. Adding the th i rd screw posteriorly also 

produced a reduction of the failed volumes, although lower t han in the anterior group. This 

reduction was only reflected in the lower peak ES predicted in the models 45-on-P and 

I45-on-P; higher peak ES was predicted in the models 30-above-P and I30-above-P than 

in the corresponding two-screw models, although the number of elements affected was 

lower. 
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8.3.2.2 Dorsiflexion 

Table 8.10 shows the changes in the peak micromotions a t the fusion site when bone 

quality was reduced in the models with three-screw f ixat ion. The distribution of the 

micromotions at the fusion site followed the same patterns as with normal quality bone 

(Figure 7.6, page 122), wi th peak values located along the poster ior part of the fusion site 

in the anterior group and in the postero-medial part in the posterior group. The poorer 

bone quality produced a uniform increase of the micromot ions at the fusion site, with 

median percentages of increase relative to the normal bone qual i ty very similar to those 

reported for the peak micromotions. These increases were larger in the models in the 

posterior group. With normal quality bone, no differences were predicted between the 

models 30-above-A and 30-above-P; when the bone qual i ty was poor, 30-above-A 

predicted lower peak micromotions than 30-above-P. On t h e contrary, in the intact 

arthrodesis, the models wi th the third screw added poster ior ly predicted lower peak 

micromotions than those wi th the screw added anteriorly, as in the normal bone quality, 

although the differences were slightly lower, again with the largest differences between the 

models I60-beneath-A and I60-beneath-P. 

Table 8.10 Peak micromotions (pm) predicted at the fusion 

site in three-screw fixation models, for the normal and one 

case of decreased levels of bone Young's moduli. Dorsiflexion. 

Model Normal Case 2* 

30-above-A 44 70 59% 

3 U 
m 

30-above-P 46 82 78% 

60-beneath-P 121 228 88% 

I30-above-A 47 77 64% 

u 

1 

I30-above-P 34 61 79% 
u 

1 I60-beneath-A 166 328 98% 

I60-beneath-P 81 175 116% 

Percentage of change in the micromotions reiatlve to t he normal bone 
quaiity. 
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Both in the anterior and posterior groups, the models with the two screws inserted at 

30 degrees to the long axis of the tibia also predicted lower peak micromotions than those 

with the screws at 60 degrees with poor bone quality. The differences increased as 

compared to the normal quality bone: peak micromotions in t h e 60-degree models were 

almost 3 t imes and more than four t imes those in the 30-degree models, in the posterior 

and anterior groups respectively. Peak values were well above 150 pm in all the 60-degree 

models. Comparing the surface preparation techniques, the in tact arthrodesis produced 

lower peak micromotions in the posterior group, as predicted w i th normal quality bone. 

The difference was similar between the most stable models (30-above-P and I30-above-P), 

but reduced f rom 49 to 30% between the least stable models (60-beneath-P and 160-

beneath-P). Very small differences were found between intact and flat cut models in the 

anterior group (between 30-above-A and I30-above-A). 

Poor bone quali ty did not substantially change the pattern o f mot ion between the tibia 

and the talus as compared to the normal bone quality (Chapter 7 , page 123), despite the 

increase of both normal and tangential components in all the models. In the flat cut group, 

most of the mot ion was still due to the gap opening at the poster ior areas of the fusion 

site; the ratio tangent ia l /normal component along the edge of t h e fusion site in the non-

contact areas did not change with poor bone quality in the poster ior group and slightly 

increased in the anterior group. The anterior screw predicted lower sliding than the 

posterior screw, especially along the postero-medial and medial parts of the edge of the 

fusion site. The higher peak micromotions predicted in the poster ior group were also due 

to the large increase of the gap along the postero-medial area of the fusion site. In the 

intact group, both micromotion components were lower in the poster ior group, as observed 

in the normal bone quali ty. With poor bone quality, sliding increased at the contact areas 

(along the anter ior edge of the fusion site), both in the anter ior and posterior groups. In 

the non-contact areas, the ratios tangent ial /normal components along the edge of the 

fusion site did not change wi th the change in bone quality in e i ther the anterior or the 

posterior groups. 

Despite the increase in the ES values observed in all the mode ls , poor bone quali ty did 

not affect the pattern of equivalent strain distr ibution In the bones as compared with 

normal quali ty bone (Chapter 7, page 123). Table 8.11 (page 153) shows the changes in 

the peak ES in the models with three-screw fixation when bone qual i ty was worsened. The 

location of the peak values in both bones was generally the s a m e as wi th normal quality 

bone. In the anterior group, tibial peak values were larger than ta lar peak values, except 

in the model I30-above-A; in the posterior group, almost no d i f ference was found between 

the peak values in both bones In the most stable models (30-above-P and I30-above-P), 

whereas larger peak values were predicted in the tibia in the least stable models (60-

beneath-P and I60-beneath-P). Similar peak ES were predicted be tween the corresponding 
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models in the anter ior and posterior groups, except in the case of the models 160-beneath-

A and I60-beneath-P. As found with normal quality bone, the most stable models predicted 

lower peak ES than the corresponding least stable models. 

Figure 8.7 (page 154) shows the bone volumes with ES above yield strain (1%) , as 

well as the location of these failed areas, in the case of poor bone quality studied. Only 

those three-screw models with the two screws inserted at 60 degrees presented volumes 

of failed elements. These cases were also by far the least stable models, with larger failed 

volumes corresponding with larger peak micromotions. A larger failed volume was 

predicted in the model I60-beneath-A than in the corresponding model in the posterior 

group. 

Comparing these results with those obtained in the two-screw f ixat ion for the same 

case of poor bone quali ty (section 8.3.1.2, page 139) showed t ha t the addit ion of the third 

screw always reduced the peak micromotions, as happened w i t h normal quality bone. In 

general, the reduction when adding the screw anteriorly s l ight ly increased, as compared to 

the normal bone qual i ty, and did not change when adding the screw posteriorly. With 

regards to the predicted ES and volumes of elements above t h e yield l imit , it was found 

that in all the models, the volumes predicted were lower than in the corresponding two-

screw models (Figure 8.4, page 143). Adding the screw anter ior ly ( I60-beneath-A), did not 

change the location of the failed bone In the t ibia; in the ta lus , the volume affected was 

much lower than in the tibia and was located around the hole of the anter ior screw at the 

fusion site. Adding the screw posteriorly (60-beneath-P and I60-beneath-P) changed the 

location of the failed bone in both bones; areas of bone fai lure in the t ibia were predicted 

around the proximal holes of the posterior and lateral screws and, in the talus, around the 

hole of the posterior screw at the fusion site. 

152 



Chapter 8 Influence of bone quality 

Table 8 .11 Comparison of peak equivalent strains predicted in the tibia and the talus for two cases of bone quality in three-screw arthrodesis. Peak ES (%) in the 

bones and percentage increase relative to the normal case (shown in italics) in dorsiflexion. 

Anterior 
group 

Talus® Tibia" 

Normal Case 2 Normal Case 2 
Posterior 

group 

Talus': Tibia" 

Normal Case 2 Normal Case 2 

30-above-A 0.17 0.44 159% 0.37 0.67 81% 
Flat cut 

30-above-P 0.31 0.62 100% 0.39 0.67 72% 

60-beneath-P 0.64 1.72 168% 1.05 2.15 105% 

I30-above-A 0.24 0.58 142% 0.27 0.50 85% I30-above-P 0.30 0.56 87% 0.55® 0.57^ 4% 

I60-beneath-A 0.69 1.41 104% 1.30 3.42 163% I60-beneath-P 0.65 1.48 128% 0.95 2.19 131% 

^ Peak values located around the hole of the anterior screw at the fusion site unless stated otherwise. 
'' Peak values located around the hole of the lateral screw at the fusion site unless stated otherwise. 

Peak values located around the hole of the posterior screw at the fusion site. 

Peak values located around the proximal hole of the posterior screw unless stated otherwise. 
® Peak values located at the anterior area of the fusion site. 
'' Peak values located around the proximal hole of the lateral screw. 
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ANTERIOR GROUP POSTERIOR GROUP 

0.4 0.4 

^ 0.3 0.3 

0.2 5 0 .2 

0.1 0.1 

0.026 0.016 

0.065 

30-above-A I30-above-A I60-beneath-A 30-above-P 60-beneath-P I30-above-P I60-beneath-P 

I Normal • Case 2 I Normal oCase 2 

Figure 8.7 Graph representing the % of the total bone volume above yield strain (1%) predicted in dorsifiexion. Below, schematic representation of the areas of 

bone failure in each model (frontal view of the bones, separated for clarity). 

154 



Chapter 8 Influence of bone quality 

8.4 DISCUSSION 

Poor bone quali ty is common within the patient populat ion that undergo ankle 

arthrodesis. Thordarson et 31.̂ ^®°'̂ ® ]̂ and Friedman et found bone quality to be a 

major determinant of the rigidity of ankle arthrodesis constructs. In the FE analyses 

presented in this chapter, bone quality has shown to substant ial ly affect the initial stability 

at the fusion site. In the case of ankle arthrodesis with two-screw f ixat ion, the poorer the 

bone quali ty, the larger the micromotions at the fusion site and the larger the differences 

as compared to the normal quality bone. Bone quality of aged bone was simulated by 

decreasing the Young's moduli of cortical and cancellous bone by 10 and 26%, 

respectively; it produced peak micromotions around 1.2 t imes higher than those predicted 

in the healthy bone. Osteoporotic bone, simulated by decreasing the cortical and 

cancellous bone Young's moduli by 33 and 66% respectively, produced peak micromotions 

between 1.6 and 2.1 t imes those observed in the healthy bone. The most extreme case of 

poor bone qual i ty, rheumatoid arthrit ic bone, was simulated by decreasing the cortical and 

cancellous bone Young's moduli by 66 and 90%, respectively; it produced very large peak 

micromotions, up to 5 t imes those predicted with normal qua l i ty bone. Peak micromotions 

as high as 500 and 1000 pm were predicted in torsion a n d dorsif lexion, respectively. 

Although a safe level of motion that will ensure bone fusion has not been described, this 

low level of initial stabil i ty provided by two screws, especially in the cases of osteoporotic 

and rheumatoid arthr i t ic bone, may be insufficient for a successful outcome of the 

arthrodesis. The addit ion of a third screw substantially reduced the peak micromotions 

when tested in the case of the osteoporotic bone. Peak micromot ions in the two-screw 

arthrodeses were up to 2.4 t imes higher than those predicted when a th i rd screw was 

added. 

The effect of bone quali ty on the initial stabil i ty provided by the di f ferent two-screw 

configurations studied presented mixed results. In external to rs ion , the same differences in 

peak micromotions between the most and least stable models were predicted in the 

normal and poor quali ty bone cases. As happened wi th normal qual i ty bone, larger 

differences were predicted in the intact arthrodesis than the f lat cut arthrodesis. In 

dorsif lexion, the poorer the bone quality, the larger the di f ferences between the most and 

least stable models. Very large differences were predicted wi th all the levels of bone 

quali ty, reaching up to 7-fold differences in the case of rheumato id arthr i t ic bone. In both 

load cases, the most stable models were always those with t h e two screws inserted at 30 

degrees relative to the long axis of the tibia. These models predicted peak micromotions 

below 150 pm in dorsif lexion, even in the poorest quali ty bone ; however the fact that they 

predicted peak micromotions above 150 pm in all the cases of poor qual i ty bone in 
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external torsion, may reflect the need to use a third screw to obta in enough initial stability 

in such cases. The only exception was the model 130-above w i th aged bone, as it predicted 

peak micromotions not larger than 100 pm in both load cases. 

Within the two-screw configurations, intact arthrodesis predicted better stability than 

flat cut arthrodesis in all the levels of bone quality. The only except ion was the case of the 

most stable models in dorsiflexion (those with a 30-degree insertion angle); the 

differences in peak micromotions were not significant as they were of the same order or 

smaller than the model error. In torsion, the differences in peak micromotions between the 

two techniques were considerably higher between the most stable models (those with a 

30-degree insertion angle) than between the least stable models (those with a 45-degree 

insertion angle). Despite these differences, the relative importance of the jo in t surface 

geometry did not increase but, rather, decrease as bone qua l i ty worsened. Thus, in the 

poorest quali ty bone, considerable differences in stabil i ty between the two techniques were 

only predicted in the models with the screws inserted at 30 degrees in torsion (peak 

micromotion in the model 30-above was 1.3 t imes higher t h a n that in the model 130-

above). 

As well as increasing the micromotions at the fusion s i te , poorer bone quality also 

produced larger strains in the bones, as expected. The patterns of strain distr ibution were 

similar to those observed with normal quality bone, although t h e regions enlarged as the 

bone quali ty worsened. Init ial stabil i ty, strain values and vo lume of failed elements (those 

with equivalent strain above the yield level) seemed to follow simi lar t rends; however, in 

the comparison between all the different models, higher peak s t ra in values did not always 

imply larger peak micromotions at the fusion site or larger vo lumes of failed elements. 

Within each model, the poorer the bone quali ty, the larger the peak strains and the larger 

the increases as compared to the healthy bone; in those models wi th volumes of failed 

elements, the poorer the bone quality the larger the failed vo lumes and the higher the 

number of regions affected. Peak strains in the tibia were a lways higher than in the talus 

and, in general, failed volumes were larger in the tibia than in the talus. In both load 

cases, the most stable two-screw configurations always predicted lower peak strains than 

the corresponding least stable ones; as observed in the peak micromot ions, the differences 

were marginally affected by bone quality in external torsion but Increased in dorsif lexion as 

bone quality worsened. The very large peak micromotions predicted wi th rheumatoid 

arthrit ic bone were linked with large volumes of failed e lements and high number of 

regions affected, especially in the least stable models in dorsi f lexion (60-beneath and 160-

beneath). In the torsion load case, the most stable model (130-above) also seemed to be 

the best opt ion to avoid bone failure, although some regions of t h e t ibia could fail wi th the 

worst bone qual i ty. In dorsif lexion, the models with the two screws Inserted at 30 degrees 

offered similar high levels of stabil i ty, even with rheumatoid a r th r i t i c bone; none of them 
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predicted failed volumes wi th aged or osteoporotic bone but , with rheumatoid arthritic 

bone, the intact arthrodesis (130-above) seemed to be a better opt ion as predicted a lower 

failed volume concentrated in only one small region. 

The addit ion of a th i rd screw in the case of poor bone quality (studied In the 

osteoporotic bone) substantial ly increased the initial s tabi l i ty at the fusion site, as 

happened with normal quali ty bone (Chapter 7). This increase was generally larger when 

adding the third screw to the least stable two-screw models in both load cases. The 

addition of an anterior screw always produced better stabi l i ty than that of a posterior 

screw in external torsion. This was also true in the f lat cut arthrodesis in dorsiflexion, but 

the opposite happened in the Intact arthrodeses, as the poster ior screw provided better 

stabil i ty. The most stable two-screw models remained the most stable wi th the addition of 

a third screw, irrespective of being anterior or posteriorly inser ted; the only exception was 

the flat cut arthrodesis in torsion, as adding the screw anter ior ly always produced better 

stabil i ty, regardless of the two-screw configuration. Three-screw f ixation wi th the intact 

arthrodesis always predicted better stabil i ty than the corresponding flat cut arthrodesis, 

except for the models 30-above-A and I30-above-A in dorsi f lexion, which predicted similar 

results. 

The strain values predicted in the bones were markedly reduced by the addit ion of the 

third screw. Peak values decreased by up to 60%, although, in two cases in torsion, the 

addition of the posterior screw produced an increase of the peak strains relative to the 

two-screw models (30-above-P and I30-above-P). But even in these two cases, the 

volumes of failed elements decreased significantly. In tors ion, failed volumes decreased 

between 20 and 100%, wi th larger decreases when adding t h e screw anter ior ly; those 

models that predicted failed volumes corresponded with the least stable models and, in 

general, the larger the failed volume and the number of regions affected, the less stable 

the model. In dorsif lexion, failed volumes decreased f rom around 50 to 9 0 % ; those models 

with failed volumes were, by far, the least stable (those with t h e two screws inserted at 60 

degrees) and also, the larger the failed volume, the less stable t h e model. 

Poor bone quali ty was simulated by uniformly decreasing the Young's modulus 

assigned to the bone elements, following one of the approaches reported in the l i terature 

[3o,85]_ Local changes in bone density or bone structure produced by age or disease were, 

therefore, not considered. Modelling the bones directly f rom a diseased ankle would have 

possibly reflected these local changes. However, it is d i f f icul t to reconstruct the three-

dimensional bone geometry f rom two-dimensional CT scan images of diseased ankles. In 

the earlier stages of this thesis, an at tempt was made to reconstruct the t ibia and talus 

geometries f rom the CT scan images of a rheumatoid arthri t ic ank le . Large deformations at 

the jo in t surfaces, as well as irregular cysts inside the bones made the reconstruction 
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process certainly unreliable and a healthy ankle was used instead. The three levels of poor 

bone quali ty were defined using values of reduction of the Young's moduli reported in the 

l i terature, for aged or diseased cortical and cancellous bone (page 130). Although none of 

these values had been obtained f rom the tibia or the talus, t hey were chosen given the 

lack of data in the l i terature with regard to Young's modulus variat ion in the talus and 

distal t ibia due to age or disease. The levels of bone qual i ty described as aged bone, 

osteoporotic bone and rheumatoid arthritic bone may not represent exactly the values 

found at the ankle, but they were treated as generic cases t o assess and compare the 

effect of poor bone quality in the different ankle arthrodesis constructs studied. 

Rigid f ixation of the screw threads in the talus was assumed in all the models and 

bone qualities studied, even in the case of largest modulus decreases. A priori, and without 

enough clinical or experimental information in the issue, it was not clear which mode of 

bone failure would f irst occur in the arthrodesis constructs. As mentioned in Chapter 5 

(page 63), due to the orientat ion of the screws in the bones and the loads applied, screw 

cutt ing through the bone as well as thread stripping could be expected in the cases of 

poorer bone quality. Given the location of the regions of failed e lements and the location of 

the peak strain values predicted in both load cases and levels of bone quali ty, several 

comments can be made. The tibia seemed more likely to fail before the talus, by screw 

cutting around the proximal and distal ends of the screw holes. This agrees with 

Thordarson et al.'st^®^! observations of bone deformation (hole enlargement) around the 

head of the screws in ankle arthrodesis constructs with poor bone quali ty. In two-screw 

fixation, strain values in the talus were in general higher a round the screw holes at the 

fusion site, so that , as bone quali ty worsened, bone failure wou ld be more likely to occur 

due to screw cutt ing in those regions. In some models in both load cases, but only in the 

worst case of bone quali ty studied, additional regions of bone fa i lu re in the talus were also 

observed at the interface with the screw thread of the lateral screw, indicating possible 

bone failure also by thread str ipping. The addition of the th i rd screw somewhat changed 

the location of the regions of failed elements and of the peak s t ra in values in general. No 

model presented peak strains or failed volumes in the talus by t h e interface wi th the screw 

thread; peak values were generally located around the hole o f the anterior screw at the 

fusion site in the anterior group, and around the hole of t h e posterior screw in the 

posterior group. Thus, as bone quality worsened, screw cu t t ing was expected at those 

areas, as shown by the failed volumes that appeared there. The fact tha t the distal end of 

the screws was kept glued to the talus may have, therefore, produced a conservative 

est imate of the micromotions at the fusion site only in the case of two-screw f ixat ion wi th 

very poor bone qual i ty. 
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Clinical studies of ankle arthrodesis fixed with screws In patients with rheumatoid 

arthrit is have shown substantial differences in the rates of fusion (Chapter 3, page 39). On 

one hand, some have reported high failure rates and suggested the lack of purchase of the 

screws in the poor quali ty bone as a possible cause On the other hand, high fusion 

rates have been achieved [44,87,163]̂  despite the poor bone qual i ty and the presence of bone 

cysts and talar necrosis. In these cases, three screws and resected jo in t surfaces (Felix 

and Kitaoka and two or three screws with intact jo in t contours (Turan et al.f^®^^, 

Lauge-Pedersen et al.t®^]) were the techniques employed. These good results may indicate 

that the overall r igidity achieved by the combined effects o f the screws and the bone 

interface geometry was good enough to allow for bone fusion. Looking at the results of the 

FE comparisons presented in this chapter, the peak micromot ions predicted by the most 

stable model in the intact arthrodesis fixed with two screws ( I -30above) were of similar 

magnitude to those predicted in the corresponding models of f l a t cut arthrodesis fixed with 

three screws (30above-A and 30above-P) in the case of poor bone qual i ty, both in external 

torsion and dorsif lexion. 

Summary of results 

Bone quali ty had a marked effect on the initial stabi l i ty of ankle arthrodesis at 

the fusion site. 

For the stabil i ty provided and the lower risk of bone fai lure, inserting two 

screws at 30 degrees in an intact arthrodesis seemed the best option, 

especially as bone quality worsened. However, in t h e cases of worst bone 

qual i ty, even this option may not be good enough to ensure fusion. 

The addit ion of a th i rd screw increased the stabi l i ty at the fusion site and 

decreased the risk of bone failure. 

A th i rd screw inserted anteriorly seemed the best opt ion as this provided 

better stabi l i ty against torsion and a lower risk of bone fai lure in both load 

cases, especially when added to two-screw conf igurat ions wi th small insertion 

angles. 

Overall, intact jo in t surfaces and three-screw f ixa t ion, with the lateral and 

medial screws inserted at 30 degrees relative to the long axis of the t ibia, 

produced the most stable ankle arthrodesis constructs w i t h poor bone quali ty. 
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Chapter 9 

DISCUSSION AND CONCLUSIONS 

Ankle arthrodesis has been the gold standard t rea tment for painful and disabling 

ankle diseases. Although the knowledge drawn from decades of clinical use and the 

improvements and fur ther development of ankle arthrodesis techniques have resulted in 

high levels of performance, there is scope for fur ther improvement , as cases of failed 

fusion are still reported (Chapter 3). In vitro biomechanical studies have tr ied to establish 

the best way to achieve rigid f ixation, as initial stabil i ty of the construct is believed to be 

one of the main mechanical factors affecting the outcome of ank le arthrodesis (Chapter 4). 

However, due to the diff iculties to experimentally assess i t , l i tt le is known about the 

mechanical response at the fusion site, i.e. at the interface between the tibia and the talus. 

Therefore, the main purpose of this research was to use the s t rength of the finite element 

method as a comparat ive tool to assess the initial stabil i ty a t the fusion site of ankle 

arthrodesis constructs, internally fixed with cancellous bone screws. To the author's 

knowledge, three-dimensional f inite element analyses of the mechanical behaviour of ankle 

arthrodesis have never been reported in the l i terature, nor have the micromotions taking 

place at the fusion site been assessed before. 

A well-established procedure in the field of orthopaedic biomechanics was followed to 

build f inite element models of ankle arthrodesis constructs. Chapter 5 contained a detailed 

description of the digital image-based FE modell ing, as well as the tests performed to 

assure the robustness of the resulting model. A mesh densi ty was chosen so that the 

convergence of the variables of interest (especially the micromot ions at the fusion site) 

was achieved. Also, the sensit ivity of the micromotions at t h e fusion site to changes in 

some modell ing parameters was checked; the reference model proved to be stable against 

changes of the convergence tolerance and contact parameters, except for the friction 

coefficients. In a number of models, the convergence tolerance had to be increased f rom 

the reference value to reach a solution; the effect of this change in the comparisons 

performed between the dif ferent models was not considered relevant, as it would have 

produce max imum relative differences in the micromotions of around 2%. The rest of the 

modell ing parameters were kept constant throughout the compar isons. 

The type and magnitude of the forces most clinically re levant when assessing the 

stabil i ty of ankle arthrodesis have not been precisely de termined. Nevertheless, ankle 

torsion and dorsi f lexion/plantar flexion loads have been regarded, in this order, as the 

most likely to affect the ankle arthrodesis in the postoperative per iod when the leg is in a 
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short-leg cast and weight-bearing is not allowed These load cases have been used to 

test the r igidity of ankle arthrodesis constructs in vitro (Table 4.1, page 50); different 

magnitudes have been applied in each case and, in general, they seem to have been 

chosen so that a major i ty of the constructs did not show signs o f failure under such loads. 

The values used in this research (Chapter 5, page 63 and Chapter 6, page 84) are within 

the range of those reported in the l i terature (Chapter 4, page 50) ; they were considered 

reasonable as, in the case of normal quality bone, the major i ty of the models predicted 

strain values unlikely to produce bone failure. Although init ial ly both internal and external 

tibial torsion were tested, given the lower micromotions always predicted at the fusion site 

in internal torsion in the two-screw configuration, only external torsion was used 

thereafter, together with dorsiflexion. 

Surface preparat ion technique 

Results f rom Chapter 6 and Chapter 7 show that ankle arthrodesis fixed with two or 

three screws provided higher stabil i ty at the fusion site when the jo in t surface contours 

were preserved than when resected with f lat cuts, regardless o f the precise screw location 

and orientation. The only exceptions occurred in dorsiflexion, f o r the models with the two 

screws inserted at 30 degrees and crossing above the fusion site (30-above and 130-

above) and when the third screw was added to them anter ior ly (30-above-A and 130-

above-A). In these cases, the differences in peak micromotions between the intact and flat 

cut models cannot be considered relevant as they were wi th in the est imated error of the 

modelling technique (5 pm). The same behaviour was predicted when poor bone quality 

was simulated (Chapter 8), although the poorer the bone qual i ty, the smaller the 

differences between both surface preparation techniques. The be t te r stabi l i ty predicted for 

the preserved jo in t contours in the two-screw configuration fu r the r improved when friction 

was modelled. Also, in both the two and three-screw conf igurat ions, al though preserving 

the jo in t contours generally predicted lower peak strains in the bones in torsion, no clear 

trends were observed in dorsiflexion. This result was also observed in the simulated cases 

of poor bone qual i ty; in addit ion, lower percentages of failed bone volume were generally 

predicted in the models with preserved jo in t contours (the only except ion being the three-

screw models in dorsif lexion). When friction was considered, a larger decrease in the peak 

strain was predicted for the preserved jo in t contours. 

A number of factors may have contr ibuted to the improved stabi l i ty when preserving 

the jo in t contours. One of them is the surface interlocking in t h e preserved jo in t contour 

case, as shown by the contact areas and the patterns of mot ion observed at the fusion site 

and the areas of strain concentration predicted in the bones. Another factor may have 

been the preservation of areas of relatively stiff cancellous bone (subchondral bone) near 
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the jo in t surfaces. Areas of strain concentration, frequently containing peak strain values, 

were consistently predicted around the screw holes at the fusion site, both in the tibia and 

the talus. Thus, the removal of the subchondral bone was expected to cause an increase in 

the levels of deformation around those regions. This was conf i rmed when, in general, 

higher strains were predicted in the flat cut arthrodesis than in the intact arthrodesis in 

torsion. 

The findings of this research are not directly comparable with any clinical or 

experimental results available in the l iterature. However, good agreement was observed 

with the results reported in two biomechanical studies (Chapter 6, page 82). Miller et 

a|.[io3] presented the f i rst in vitro study to compare the effect of the shape of the joint 

contours on the stabil i ty of ankle arthrodesis. They tested fou r pairs of cadaveric ankles 

with preserved and flat cut jo in t contours, fixed with two crossed screws (30-degree 

insertion angle), in torsion and dorsif lexion/plantar flexion. Al though they measured the 

gross mot ion between the tibia and talus and, thus, d i rect comparisons with the 

predictions of the FE models are not possible, similar t rends were observed: the 

preservation of the jo in t contours yielded slightly better stabi l i ty in torsion and only 

marginal differences were measured in dorsiflexion. However, as the differences were not 

statistically significant in any case, they concluded t h a t both techniques were 

biomechanically sound. There is also agreement wi th the conclusions of the study by 

Lauge-Pedersen et al.t®®J. They measured the stiffness and s t rength of blocks of a bone 

substitute, f ixed wi th two cancellous screws, when loaded in torsion and bending. The 

most stable constructs were those equivalent to an ankle arthrodesis with preserved joint 

surface contours. Some clinical studies on ankle arthrodesis have specified the type of 

surface preparation technique used. But a comparison of the results based on the shape of 

the arthrodesis surfaces was not at tempted due to the lack of control upon other variables 

that could have been responsible for any difference found. 

Two-screw f ixat ion 

Abidi et al.t^] and Kitaoka et al.t^^l recommended two crossed screws as a standard 

fixation technique in ankle arthrodesis, at least when bone qua l i ty was not compromised. 

As shown by some good fusion rates reported [18,47,97,117]̂  such f ixat ion has proved stable 

enough to allow for ankle fusion. The location and or ientat ion of the two screws varies 

depending on the surgical approach; parameters such as insert ion angles or crossing levels 

are not usually specified in the reported clinical studies. No cl inical or biomechanical study 

has analysed the influence of the location and orientat ion of t h e two screws on either the 

clinical or the mechanical performance of the ankle arthrodesis constructs. A clinical range 

of insertion angles and crossing levels was examined in Chapter 6, init ial ly assuming 
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normal quality bone. Overall, inserting the two screws at a 30-degrees angle relative to 

the long axis of the tibia and crossing them above the fus ion site (30-above and 130-

above) predicted the best stabil i ty and lowest strain values. Lowering the crossing level 

produced a decrease in the stabil i ty and, in general, an increase in the strain values. 

Increasing the insertion angle produced a substantial decrease in the stability in 

dorsiflexion and an increase in the strains; in torsion, despite some mixed results, stability 

and levels of strain did not improve for insertion angles larger than 30 degrees. The 

differences in stabil i ty between the most and least stable models were much larger in 

dorsiflexion than in torsion. When friction was considered, the differences in stability 

between the configurations did not substantially change, t hus , not affecting the ranking 

predicted in the fhctionless case. 

The effect of poor bone quality on the initial stabil i ty prov ided by two-screw fixation 

was tested upon the most and least stable models in external torsion and dorsiflexion 

(Chapter 8). Within each model, the poorer the bone qual i ty , the lower the stabil i ty, the 

higher the peak strains and the larger the differences as compared to the normal quality 

bone. In those models that predicted volumes of failed e lements, the poorer the bone 

quality, the larger these volumes and the higher the number o f regions affected. The least 

stable models predicted very large peak micromotions (between 200 and 525 pm in torsion 

and between 240 and 1000 pm in dorsiflexion) and volumes o f failed bone occurred in all 

the cases of poor quality bone. The most stable models predicted considerably lower peak 

micromotions, especially in dorsiflexion, and smaller vo lumes of failed bone, if any. As 

compared to the normal quality bone, the differences in stabi l i ty and strain between the 

most and least stable models hardly changed in torsion when bone quali ty worsened, but 

increased in dorsif lexion, where up to 7-fold differences in s tabi l i ty between the most and 

least stable constructs were predicted in the worst quality bone. 

These findings, both in normal and poor quality bone, h igh l ight the importance of the 

location and orientat ion of the two screws in order to increase the likelihood of bone 

fusion. Although a safe level of motion at the fusion site that w i l l ensure ankle fusion is not 

known, the differences in stabil i ty predicted between the screw configurations may be the 

difference between a failed and a successful fusion. A l though insert ing the screws at 30 

degrees relative to the long axis of the tibia, crossing them above the fusion site provided 

the best results, the substantial decrease in stabil ity predicted in the cases of osteoporotic 

and rheumatoid arthri t ic bone may reflect the need to use a t h i rd screw to obtain enough 

initial stabil i ty in such cases. 
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Three-screw f ixat ion 

A third screw is often added to a two-screw configuration when intraoperative manual 

tests of the rigidity of the construct show apparent relative mot ion at the arthrodesis site. 

Clinical studies report ing on the results of ankle arthrodesis with two crossed screws 

frequently include cases were an extra screw was needed to ensure rigid fixation 

[i8,87,ii7,i23]_ an in vitro biomechanical study, Ogilvie-Harris e t concluded that 3-

screw f ixat ion was more effective in controll ing torsion than two-screw fixation. They 

compared the gross mot ion between the talus and tibia in f la t cut arthrodesis constructs 

fixed with two crossed screws, before and after the addit ion of an extra anterior screw. 

They obtained a reduction in the motion between 9 and 3 1 % (median 14%) when the 

anterior screw was added. Chapter 7 and Chapter 8 compared the initial stabil i ty at the 

fusion site predicted by two types of three-screw fixation, obtained by adding a third 

screw, either anterior ly or posteriorly, to the most and least stable two-screw constructs 

studied in Chapter 6. In the comparison between two and three-screw f ixat ion, the latter 

showed better stabi l i ty at the fusion site and a more uni form distr ibut ion of the loads in 

the bones, as it predicted lower peak micromotions at the fusion site and, in general, lower 

strains, both in normal and poor quality bone. Adding a t h i r d screw reduced the peak 

micromotions at the fusion site between 22 and 53% (median 35%) in external torsion 

and between 4 and 59% (median 23%) in dorsiflexion, pool ing all the results f rom both 

cases of bone qual i ty. This increase in the stabil i ty was, in mos t of the cases, coupled with 

a marked decrease in the peak strains. In normal quality bone none of the three-screw 

models predicted relevant volumes of failed bone and, in most of the models, peak strains 

were well below the yield l imit ; in poor quality bone, add ing the th i rd screw always 

decreased the volumes of failed bone predicted in t h e corresponding 2-screw 

configurations (between 20 and 100% decrease in torsion a n d between 50 and 90% in 

dorsif lexion). In both cases of bone quality, adding a third screw to the least stable two-

screw models improved the stabil i ty more than when added t o the most stable models. 

Thus, the addit ion of a th i rd screw reduced the differences between the best and worst 

two-screw configurations. Nevertheless, these differences were stil l substantial, especially 

in the dorsif lexion test, where up to above 3-fold and 4-fold d i f ferences in the normal and 

poor quality bone, respectively, were seen between the most and least stable constructs. 

This emphasises the importance of the orientation of the f i rs t two screws, even when a 

third screw is added. 

The addit ion of an anterior screw predicted better stabi l i ty a t the fusion site and lower 

strains in the bones than the addition of a posterior screw in external torsion. Median 

differences between both configurations, in normal and poor qual i ty bone, were about 

27%. In addit ion, in poor quality bone, the insertion of an an te r io r screw yielded lower 

volumes of failed bone and a lower number of regions affected. In tu i t ive ly , insert ing a third 
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screw from the posterior part of the tibia down towards the neck of the talus would be the 

best option to increase resistance to dorsif lexion/plantarf lexion forces. This was confirmed 

in the dorsif lexion test in the intact arthrodesis, where the addit ion of an anterior screw 

predicted peak micromotions between 1.3 and 2 t imes higher than when the screw was 

added posteriorly. Also, when volumes of failed bone were predicted (only in the least 

stable two-screw configurations in poor quality bone), lower volumes were predicted when 

adding the screw posteriorly. In f lat cut arthrodesis, the poster ior screw predicted similar 

results to the anterior screw in normal quality bone, but worse results in poor quality bone. 

Assuming the most stable two-screw configurations (30-above and I -30above) and given 

the fact that the addit ion of a third screw always produced larger peak micromotions in 

external torsion than in dorsif lexion (between 1.3 and 2.4 t imes larger), inserting the extra 

screw anteriorly seemed to offer the best performance, regardless of the bone quality. 

Only in the case of an intact arthrodesis performed in normal quali ty bone, the addition of 

an anterior screw may not be advantageous over the poster ior screw. 

Practicalit ies and l imitations of the FE analyses 

The strain assessment included in the comparisons between the dif ferent models was 

intended to determine where in the bones and in which models the likelihood of bone 

failure could be higher. The digital image-based finite e lement modell ing used in this 

research implied a semi-automatic meshing of the d i f fe rent parts of the arthrodesis 

constructs. As a result, the presence of some badly shaped e lements could not be avoided. 

They may have caused some peak strains predicted in t h e bones of a number of the 

studied models. Nevertheless, they were always isolated e lements whose peak strains 

were generally much higher than in the rest of the bone and , thus, are unlikely to affect 

the results of the comparat ive analyses carried out. Consistent ly, concentrat ion of high 

strain values was predicted in the same regions in the bones. One of these regions was 

around the proximal end of the screw holes in the tibia. I t is no t clear to what extent these 

high strain values were due to the way the screw head had been modelled (Chapter 5, 

page 62). Nevertheless, high strains were expected in these regions as deformations 

around the screw heads have been previously observed in in vitro studies Overall, the 

results of the strain assessment provide useful information about the areas in the bones 

most likely to fail in the dif ferent screw configurations, which could help the surgeon when 

planning the screw location in specific patients. 

Frictionless contact was used throughout this research. Inc lud ing fr ict ion produced an 

expected decrease in the micromotions at the fusion site, as shown by the results of the 

sensitivity analysis to changes in the friction coefficients per formed upon a reference 

model (Chapter 5, page 79). As a result of the substantial increase in the computat ional 
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cost of the analyses when friction was considered, only a selection of the two-screw 

models assessed in Chapter 6 was also run including fr ict ion. Peak micromotions at the 

fusion site decreased in both external torsion and dorsif lexion, wi th larger decreases 

predicted in torsion (between 12 and 32%) than in dorsi f lexion (between 0 and 7%). In 

fact, in most of the cases in dorsiflexion, the absolute di f ference in peak micromotions was 

within the model error (5 pm). In general, peak strains in the bones also decreased with 

friction. Friction affected intact and flat cut arthrodeses di f ferent ly. The stabil i ty predicted 

in the frictionless case in torsion increased, on average, 31 and 13% in the intact and flat 

cut models, respectively. Thus, the better stabil ity predicted in the frictionless case when 

preserving the jo in t contours was emphasised with fr ict ion. Friction did not change the 

pattern of motion at the fusion site in intact arthrodeses, in both load cases, and in the flat 

cut arthrodeses in torsion; however, in dorsiflexion, a larger reduction of the tangential 

component of the micromotions than of the normal component in the flat cut arthrodesis 

indicated a higher degree of rocking motion than in the fr ict ionless case. Despite these 

results, the differences in stabil i ty between the dif ferent two-screw configurations hardly 

changed with fr ict ion, thus not changing the ranking of t he models obtained in the 

frictionless case. For this reason, the effect of bone quali ty on the initial stabil i ty of two-

screw ankle arthrodesis was only studied in the frictionless case (Chapter 8) , assuming the 

likely overest imation of the micromotions and the strains reported as compared to a 

friction case. 

At tempts to run friction analyses with the three-screw models failed due to 

unexpected convergence problems. They were at tr ibuted to t h e higher complexity of the 

models as compared to the two-screw models, regarding the number of contact bodies 

and, thus, contact interfaces. Therefore, only frictionless results were compared in Chapter 

7. Given the effects of fr ict ion on the initial stabil i ty predicted in the two-screw models, 

one could speculate that fr iction is likely to reduce the micromot ions and the strains 

predicted in the frictionless case, in both the anter ior and the posterior groups. 

Nevertheless, it is unlikely to change the results regarding the bet ter performance of intact 

arthrodesis as compared to flat cut arthrodesis, nor the ranking of the models considering 

the two-screw configuration, always within each group. I t is not that clear what the effect 

would be in the comparison between the stabil i ty provided by a th i rd screw inserted 

anteriorly or posterior ly; however, the previous experience w o u l d suggest tha t the ranking 

of the models would not change. 

The optimal level of compression between the bones to fuse is not known and, in 

general, the issue of the benefits of compression through the arthrodesis site remains 

controversial (Chapter 4, page 45). Cunningham et al.t^®^ observed a fast drop of the initial 

compression achieved with an external f ixator in knee arthrodeses. Daily ad justments were 

needed to restore the same level of compression. As they s ta ted, a l though compression 
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increases bone coaptation and, thus, the stabil ity at the fusion site, high levels of 

compression could lead to lower stabil i ty, as a result of bone compactat ion or even bone 

resorption at the fusion site (specially in poor quality bone). They finally suggested the 

application of a reduced level of compression. In internal f ixat ion, the initial compression 

through the arthrodesis site is achieved by the screw t ightening at the t ime of surgery and 

cannot be readjusted postoperatively. In the 70's, Cordey et and Blumlein et al.M 

observed a rapid drop in the axial force in cortical screws f ixed to bovine intact tibial 

diaphysis (wi th and wi thout plates). This drop, which took place during the first day or 

days after the operation, was followed by a slower reduction dur ing the following weeks. 

The former was attr ibuted to the bone viscoelasticity and the lat ter to the remodelling of 

cortical bone under pressure. No data has been found in t h e l i terature regarding the 

change with t ime of the initial compression achieved through the ankle arthrodesis site 

with cancellous screws. In an ongoing in vitro study, the change of the compression 

through the arthrodesis site is being assessed by measuring t h e change of the axial strain 

developed on a cancellous screw used to fixed a f lat os teo tomy in femoral heads. This 

study and the initial results are summarised in Appendix B. The init ial results have shown a 

rapid drop in the compression during the first minutes, as compared to the maximum 

value achieved with the screw t ightening; the average drop was around 40%, ranging 

between 20 and 70%. However, these results are not conclusive due to the so far 

unexplained longer- term behaviour of the decreasing compression. 

An initial compression across the arthrodesis site was not included in the models 

presented in this work. I f a substantial level of the max imum compression achieved with 

the screw t ightening was still present at the fusion site after a few hours, it would probably 

be relevant for the mechanical performance of the f ixat ion technique, regarding the 

stabil ity at the fusion site. The addition of compression in the models would be expected to 

decrease the micromotions predicted at the fusion site. A l though somewhat speculative, 

some thoughts about its effects on the comparative results obta ined wi thout modelling the 

compression can be offered. In principle, a lag screw wou ld achieve the maximum 

compression when it is perpendicular to the fusion site In the f lat cut arthrodesis, the 

fusion plane was cut perpendicular to the long axis of the t ib ia and, therefore, the larger 

the insertion angle, the lower the degree of compression achieved. In the intact 

arthrodesis, the shape of the surfaces is, as described in Chapter 1 (page 3), convex in the 

sagittal plane and slightly concave in the frontal plane. In this case, the level of 

compression would vary depending on the location and or ienta t ion of each screw relatively 

to these planes. In Chapter 6, the best initial stabil ity was pred ic ted for the models with 

the two screws inserted at 30 degrees and crossing above the fusion site. Thus, in the flat 

cut arthrodesis, larger insertion angles would be likely to remain less stable if compression 

was considered. The same would be expected in the intact ar throdesis as the change in the 

insertion angle took place in the frontal plane, where the arthrodesis site is almost 
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perpendicular to the long axis of the tibia. In the case of the models with three screws, the 

added anterior screw was inserted at a smaller angle relative t o the long axis of the tibia in 

the sagittal plane than the posterior screw (see Tables 7.1 and Table 7.2, page 113). Thus, 

in the flat cut arthrodesis, the anterior screw would be expected to produce larger 

compression through the fusion site than the posterior screw and, therefore, further 

increase the better stabil i ty predicted when adding an anter ior screw (Chapter 7). In the 

intact arthrodesis, the arthrodesis site presents marked convexi ty in the sagittal plane; a 

close examinat ion of the angles in the sagittal plane between each screw and the normal 

to the articular surface revealed lower values for the anterior t han for the posterior screw 

(mean difference 11 degrees); therefore, the anterior screw would also be expected to 

produce a greater degree of compression and, hence, better stabi l i ty than the posterior 

screw. In the case of the stabil i ty in poor quality bone, the compression is likely to play a 

minor role as the worse the bone quality, the higher the risk o f thread stripping when the 

screws are t ightened; hence, lower the degree of compression through the arthrodesis 

site, if any. 

Other l imitat ions of the FE models, such as the absence of t he fibula in the arthrodesis 

constructs or the simplif ied screw geometry, have been ment ioned and discussed in 

Chapter 5. Difficulties to determine standard values for the mechanical characterisation of 

the bone are evident when dealing with human tissues. As a result of the current 

knowledge In this field, bone was considered isotropic and elastic. Moreover, experimental 

studies providing ankle jo in t characteristics to implement in FE models are scarce. The 

main concern of this research was with the relative differences between the models studied 

rather than with a quant i tat ive assessment of the initial stabi l i ty in each specific case. Any 

inaccuracies introduced will be present in all the models, wi th l itt le effect on the 

comparative results presented. 
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Conclusions 

This work has shown that the FE method can be used as an effective qualitative tool 

in assessing the initial stabil i ty of ankle arthrodesis at the fusion site, overcoming the 

difficulties of measuring interfacial micromotions exper imental ly . Measuring micromotions 

at the bone interfaces provides better knowledge of the mechanical conditions likely to 

affect the outcome of the arthrodesis. The FE analyses per formed to compare the initial 

stabil ity of ankle arthrodesis with internal f ixation have produced the fol lowing results: 

(a) Preserved jo in t contours predicted better initial s tabi l i ty at the fusion site and a 

more uniform distr ibution of loads in bones than resected jo in t surfaces. 

(b) In two-screw f ixat ion, inserting the screw at 30 degrees relative to the long axis 

of the t ibia and crossing above the fusion site produced the best performance. 

(c) Three-screw fixation predicted better initial stabil i ty, a more uniform distribution 

of loads in bones and lower risk of bone failure than two-screw fixation. Adding a 

th i rd screw anteriorly produced overall better resul ts than adding the screw 

posterioriy. Regardless of the configuration of the t h i r d screw, inserting the first 

two screws at 30 degrees relative to the long axis of t h e tibia and crossing above 

the fusion site always predicted the best performance. 

(d) Large increases in instabil ity at the fusion site were predicted when bone quality 

was severely diminished. Even the most stable two-screw configuration showed 

low levels of stabil i ty and regions at risk of bone fa i lure , suggesting the need of a 

th i rd screw. 

(e) In poor bone quali ty, the differences in the in i t ia l stabil i ty between screw 

configurations became more pronounced, emphasising the need for an opt imum 

screw placement. 

The l imitat ions of the models discussed above must be borne in mind when 

considering a direct transfer of the results Into the cl inical si tuat ion. Clinical and 

experimental studies are affected by the intrinsic inter and intra-subject var iabi l i ty of the 

numerous clinical and biomechanical parameters being analysed. For this reason, obtaining 

objective information about the benefits or drawbacks of var ia t ions of the arthrodesis 

techniques. In terms of the initial stabil i ty that each one is l ike ly to achieve, is certainly 

diff icult. FE analysis allows for a direct comparison of the resu l ts of such variat ions, as 
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tests can be performed several t imes without affecting the exper imental conditions. This 

research should be seen as a step towards the use of FE model l ing as a tool to provide 

additional information to the orthopaedic surgeon for the preoperat ive planning of ankle 

arthrodesis. I t is hoped that future improvements of the current FE models together with 

foreseeable advances in areas such as bone mechanical characterisation, friction 

parameters or the multi level relationships between mechanical and biological factors 

affecting bone fusion, wil l allow this ult imate goal to be reached. 
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RECOMMENDATIONS FOR FUTURE WORK 

The improvement of the FE models studied is the natural extension of the present 

research. The current modell ing has been a compromise between the FE software 

capabilities, the current knowledge on the material properties o f bone and the complexity 

of the ankle arthrodesis constructs. A number of possible improvements are listed below. 

» Friction: Limitations in the FE code are likely to have caused the difficulties which 

arose when running friction analyses with the three-screw configuration models 

and will need fur ther investigation. Future releases of t he FE software may allow 

fr ict ion analyses to converge to a solution. The addi t ion of fr ict ion contact will 

provide a better estimate of the level of motion at t h e fusion site and the load 

transfer within the bones. 

® Screw geometry: The simplif ied screw geometry would be improved by modelling 

the screw head and thread. A physical representation o f the screw head is likely to 

provide a clearer picture regarding the bone deformat ion and possible bone failure 

around the heads. Modelling of screw threads leads t o a wide field of research. 

Given the assumption of bone as a continuum mater ia l and the results obtained 

regarding the areas of strain concentration in the bones, explicit ly modelling of 

the thread may not add much to the current research. Nevertheless, experimental 

data regarding the magnitude of the loads that wou ld produce thread stripping 

could be implemented in the current models; this would allow for a better 

est imate of the micromotions in the cases when th read str ipping Is more likely to 

occur, i.e. two-screw fixation with very poor bone qua l i ty . 

® Load cases: Conventional load cases were used in th i s work. Future clinical and 

experimental studies should produce information abou t more physiological and 

clinically relevant load cases. One approach to better mode l them would be to add 

representations of other bones and soft tissues related to the ankle, so that loads 

and constraints are not directly applied to the tibia and talus. 

8 Bone anisotropy: In order to consider the anlsotropy of bone, two approaches 

could be taken. Micro-computed tomography Is being used at the moment to 

represent the trabecular structure and, therefore, account for bone anisotropy. 

The number of elements increases dramatically and so does the computat ional 

t ime. Nevertheless, there are no reasons to doub t tha t fu ture increases of 

comput ing power will allow the analysis of FE mode ls of ankle arthrodesis 
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constructs built f rom micro-CT. Another approach could be to obtain anisotropic 

data to implement in the type of FE models presented in this research, assuming 

the bone as a continuum material. 

Poor quali ty bone: For a better representation of poor quality bone as a result of 

age or disease, further at tempts to build the FE models from affected ankles are 

recommended. However, in the case of pathologic ankles with very deformed joint 

surfaces it may not be possible to obtain an accurate representation of the bone 

interfaces. Another approach would be to develop some kind of technique to 

implement bone density or Young's modulus data obtained f rom aged or diseased 

ankle bones into bone geometries obtained from healthy ankles. 

Compression across the arthrodesis site: I t is hoped t h a t the pilot study presented 

in Appendix B will eventually produce clear in format ion about the level of 

compression to input in the models; this will allow the verif ication of the possible 

effects of compression on the results of this research, as discussed above. 

For the progress towards the use of this type of FE analysis as a preoperative planning 

tool, further developments of the followed procedure would be needed. The models studied 

represent only a small number of possible variations on the surgical technique and type of 

f ixation. Nevertheless, the number of models built, solved and post-processed was already 

considerable, as was the total t ime of the process. The d i f ferent stages of the modelling 

procedure (bone geometry extraction, geometry manipulation t o simulate the arthrodesis 

method, meshing, material properties assignment and boundary conditions) should be 

automated so that much less manual input is required. In addi t ion, new ways to speed-up 

the solution t ime and analysis of the results would allow for an increase on the number of 

models studied. I t may be that existing technology not yet used in the field of orthopaedic 

biomechanics can, in the near future, be applied to optimise these processes. Once this 

has been achieved, many other ankle arthrodesis techniques could be tested upon the 

same ankle model and, ul t imately, allow for a patient-specific approach. 
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Appendix A 

APPENDIX A 

COMPUTED TOMOGRAPHY 

Computed tomography (CT) allows the reproduction of series of cross-sectional digital 

images of the body. Unlike conventional radiography, X-ray transmission CT is able to 

distinguish structures along the direction of X-ray propagat ion. The commercial 

development of CT scanners is considered as one of the mos t important advances in 

medical technology Since the introduction of CT in the clinical environment in the 

early 70's, several generations of CT scanners have been developed; the evolution of the 

original technology has produced continuous improvements and increased its applicability. 

Amongst other uses, CT helps to: establish a correct diagnosis; show the extent of a 

disease process; or plan a medical or surgical t reatment. 

The main components of a CT system are: the gantry, which contains the scanning 

system with x-ray sources, detectors and data acquisition devices; the computer, which 

controls the hardware and processes and stores the data; and the operator's viewing 

console. A planar slice of the body is defined; X-ray beams are passed through the body in 

a number of dif ferent angles, all within the plane of the slice; and the t ransmit ted beams 

are measured by the detectors. Reconstruction techniques a re then used to obtain an 

image of the slice, that is, a two-dimensional distr ibution of the linear attenuation 

coefficient (p). Linear attenuation coefficients are dependent o n the energy of the X-rays, 

the atomic composit ion of the scanned material and its density. Series of slices are usually 

obtained by moving the body along the direction perpendicular to the plane of the beam, 

so that a three-dimensional data set containing the region of in terest is created. 

The reconstructed image is usually made on a rectangular array of picture elements 

(pixels). Each pixel has a value that corresponds to the linear at tenuat ion coefficient in a 

volume element (voxel) of the scanned slice. The size of the voxe ls is determined by the 

source and detectors geometries, the number of detectors and the reconstruction 

algorithm. The voxel dimensions are usually called the nomina l resolution. The two 

dimensions in the image plane coincide with the pixel size, whi le the th i rd dimension is the 

slice thickness. The array of pixels is commonly displayed using vary ing shades of grey to 

represent the CT data (Figure A-1). 
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Figure A -1 CT image of a 1 mm cross-section 

of a foot; ttie image plane is perpendicular to 

the longitudinal axis of the leg. 

I t is conventional to rescale the CT data to the so-called CT numbers, defined as: 

CT number = 1000 
Mo 

where po is the linear attenuation coefficient of water. A l though the CT number is 

dimensionless, its value is usually said to be in Hounsfield Units (HU). Typical CT numbers 

are - 1 0 0 0 HU for air, 0 HU for water and above +1000 HU for dense bone, while CT 

numbers of soft tissues are relatively close to zero. CT is able to distinguish between 

similar tissues with relatively close CT numbers. For display purposes, the contrast of the 

image can be modif ied so that even small differences in CT number can be visualised. 

Thus, unlit<e conventional radiographs, CT can be used to study sof t tissues. 

X-ray CT has a typical nominal resolution of 200x200x1000 pm insufficient if, for 

instance, the bone microstructure needs to be displayed. Micro-CT, which is based in the 

same principles as X-ray CT but uses specialised hardware, can obtain extremely high-

resolution images (nominal resolutions up to around 10 pm). However, the very high doses 

of radiation l imit the use of in vivo micro-CT, especially in the clinical environment. 

Quanti tat ive computed tomography (QCT) is a technique that measures volumetric 

bone densities non-invasively. The anatomical region of interest and a calibration phantom 

are simultaneously scanned using X-ray CT. The calibration phantom contains several 

"bone-equivalent" materials of known density. A quanti tat ive interpolat ion between the CT 

numbers f rom these materials and f rom the region of interest is performed to derive bone-

equivalent density values for the region scanned. This technique is widely used in the 

clinical environment to assess the bone mineral content in pat ients wi th bone disorders 

such as osteoporosis. 
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Appendix B 

A P P E N D I X B 

PILOT STUDY ON THE ASSESSMENT OF COMPRESSION 

THROUGH THE ARHTRODESIS S I T E 

Introduct ion 

Compression across the fusion site has been considered an important factor for the 

success of ankle arthrodesis [17,35,47,176] However, as ment ioned in Chapter 4 (section 

4.1.1), the effect of compression in bone fusion is not fully understood and the optimal 

degree of compression for each type of arthrodesis is unknown. 

Screws, with or wi thout f ixation plates, are used to app ly compression in internal 

f ixation of fractures or arthrodesis. Compression can be assessed by measuring the axial 

tension generated when the screw is t ightened. Two in vivo studies measured the axial 

force developed when using cortical screws to fix long bone f ractures. Cortical screws are a 

type of screw designed with a shallow thread to bite cort ical bone. Blumlein et al .M 

measured the axial force produced by cortical screws inserted through internal fixation 

plates. They Implanted and fixed the plates on intact t ibial shaf ts of sheep and measured 

the screw axial force placing a loadcell washer between the screw head and the plate. Data 

recording started after wound closure and lasted up to 18 weeks. Ini t ial axial forces up to 

almost 2000 N were measured (Figure B-1). 

2 0 c m K p 2 0 0 -

1 I r 
10 (W) 

Figure B-1 Change of screw axial force with 

time for screw insertion torque of 

approximately 2 Nm (Blumlein et 1 Kp 

= & 8 N . 

The axial force initially showed a rapid 

drop dur ing the f irst day/days, followed 

by a s lower decrease. An appreciable 

amount of axial force was still present 

In most of the cases at the t ime of the 

last measurements. The fast Initial drop 

of axial fo rce was at t r ibuted to the 

viscoelast ici ty of bone, whereas the 

later slow decrease was attr ibuted to 

the remodel l ing of cortical bone under 

pressure. They calculated the ratio of 

axial force versus initial axial force and 

observed t h a t the higher the screw 

Insertion to rque, the slower the 

decrease o f the ratio was. 
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Cordey et performed a similar experiment, also in sheep, comparing the change 

with t ime of the screw axial force with and without f ixation plates. Cortical screws were 

inserted through intact t ibial diaphyses and loadcell washers placed either between the 

screw head and the bone or between the screw head and a plate (Figure B-2). 

Measurements were taken regularly during 

eight and a half weeks after the operation. The 

axial force fol lowed the same trend as in 

Blumlein et al.t®]; A rapid initial drop during the 

first week, fol lowed by a lower decrease 

thereafter (Figure B-3). The axial force 

decrease during t h e first three weeks was 

attr ibuted to the viscoelasticity of the bone. 

From histological data obtained in the study, 

they observed that between the third and the 

fourth week af ter the operation, bone 

remodell ing became the main cause for the 

decrease. They found that the decrease of axial 

force was proport ional to the initial force. No 

differences in the decrease were observed 

between the plate screw and the isolated 

Figure B-2 Cortical screws inserted 

througii a tibial shaft. The three 

screws on the right are holding a 

plate against the bone. Arrows mark 

loadcell locations (Cordey et 

screw. 

1 0 0 -

F 
kp 

1 0 0 -

3 maintient 

1 — I I I I j i i i i i i i—ra i 111 
1 2 3 4 6 8 sem 

F 

kp 

b traction t 
I I I l l i l l l l l I M i l l 

1 2 3 4 6 8 sem. 
T T 

Figure B-3 Change of screw axial force with time (weeks), a Plate screws, 

b Screws without plate (Cordey et al.t^®]). 1 Kp = 9.8 N. 
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Blumlein et and Cordey et used intact t ib iae for their experiments, 

therefore representing ideal cases of bone stabil i ty. The effect of possible interfragmentary 

displacement on the change of the screw compression was not accounted for, as they did 

not produce any fracture or osteotomy in the tested t ibiae. Based on these in vivo 

measurements, Perren et stated that one can assume tha t the screw force in plate 

fixation Is lost around six months after the operation. 

Regarding ankle arthrodesis with screw internal f ixation, no data have been found in 

the l i terature referring to the compression achieved by t ightening of the screws at the time 

of surgery and its change with t ime. Ankle arthrodesis f ixed with screws is generally 

performed with lagged cancellous screws. Cancellous screws are screws designed to bite 

cancellous bone and, in general, have a larger thread d iameter and a larger pitch than 

cortical screws. In the field of bone fracture f ixation. Wheeler and McLoughlin 

compared the compression between bone fracture fragments f i xed with cancellous screws, 

before and after cyclic loading. Scaphoid^ bone fragments were fixed with three different 

types of cancellous screws; due to the varying sizes of the bone specimens, different screw 

lengths were used. A ring load cell was placed between the bone fragments to measure the 

initial compression after screw t ightening. The constructs were then mounted into a 

materials test ing machine, where cyclic bimodal tests s imulated physiologic situations of 

cyclic torsion and axial loading. Final f ragment compression was measured after loading. 

Two types of headless cancellous screws maintained averages o f 72 and 91% of the initial 

compression, whilst the lag screws maintained an average 65%. 

The aim of this study was to assess the interfragmentary compression generated by 

cancellous screws used in ankle arthrodesis by measuring the change of screw axial strain 

with t ime in in vitro simulated arthrodeses. The information obta ined will be used in further 

developments of the FE models of ankle arthrodesis with internal f ixat ion used to assess 

the initial stabil i ty at the fusion site. 

M e t h o d 

Although using ankle bones would have been preferable, femora l heads were chosen 

to carry out the exper iment, as they are more readily available than ankle bone samples. 

Ten human femoral heads were collected during hip jo in t replacement operations and kept 

frozen til l the day before the experiment. The femoral heads came f rom osteoarthrit ic 

patients, although no other data about the patients' history was known. An orthopaedic 

surgeon (Dr Lauge-Pedersen, Lund University Hospital, Sweden) performed flat 

^ The scaphoid is a small bone that forms part of the wrist. 
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osteotomies, approximately perpendicular to the femoral neck, dividing the heads in two 

halves (Figure B-4). Using standard lag techniques, instrumented 7 mm stainless steel 

cannulated cancellous screws (0 7 mm, length 50 mm, thread length 16 mm) were 

inserted from the proximal half of the head towards the distal half, approximately in the 

direction of the femoral neck (Figure B-4). Dr. Lauge Pedersen carried out the screw 

t ightening in accordance to his experience in the surgical theatre. Although no bone 

density measures were taken, it is worth noting that the osteoarthr i t ic femoral heads 

showed relatively dense cancellous bone and a considerable thickness of cortical bone. 

Excellent screw grip was achieved in all the cases. 

proxima 

femur 

head 

Figure B-4 Femoral head resected from femur, flat cut in two halves and fixed 

with a lagged cancellous screw. 

Two rosette strain gauges (N2A-06-S153R-35B, Vishay Measurements Group UK Ltd., 

Basingstoke, UK) had been attached to the shaft of each screw, approximately between 10 

and 20 mm f rom the head (Figure B-5), to measure the axial strain generated when the 

screw was t ightened. Each strain-gauged screw was cal ibrated using a testing machine 

(M30k, JJ Lloyd Instruments Ltd.), by applying increasing longitudinal tensile loads to the 

screws and registering the corresponding voltages. An example of typical calibration data 

is shown in Figure B-6. 

strain gauges 

50 mm 

Figure B-5 Cancellous screw instrumented 

with 2 rosette strain gauges and wiring. 

- 0 . 1 

a 
^ -0.2 

-0 .3 

1 1 
24 N 

- 1 4 5 N — 

1 65 N 
70 N 

1 1 
10 155 Time (s) 

Figure B-6 Calibration curve of one 

of the instrumented cancellous screws. 
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A data acquisition card (DAQCard-AI-16XE-50, National Instruments Co.) was used, 

connected to a portable PC. Figure B-7 shows the exper iment set-up. Data logging (at 1 

Hz) started prior to the final t ightening of each screw and lasted for 22 hours. The femoral 

head constructs were kept at room temperature, with seven o f the ten constructs wrapped 

with gauze soaked in saline solution. 

Figure B-7 Experimental set-up (above) and details of one of the 

samples (lateral view, bottom left; superior view, bottom right). 
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Resu l ts a n d D iscuss ion 

The axial force measured in all the specimens followed very similar trends. Figure B-8 

shows a typical trace until 5 minutes after the screw t ightening. A clearly distinctive peak 

value, corresponding to the last turn during screw t ightening, was followed by a rapid drop 

during the first minutes and a slower decrease thereafter. This behaviour is qualitatively 

similar to the stress relaxation reported in the l i terature for cancellous and cortical bone 

specimens tested in various load modes [33,143,175]̂  

240 

180 

120 

£ 
60 

1 

-

J i 

200 4D0 

Time (s) 

600 

Figure B-8 Example of the axial force measured before 

and during the first 5 min after the screw tightening. 

The peak values measured ranged from 53 to 263 N, wi th a median of 108 N (Figure 

B-9). Compression force values reported in the l i terature vary depending on several factors 

such as the type of screw, the screw dimensions and the mater ia l properties of the bone or 

bone substitute employed. For instance, Brown et al.c®^ measured the compressive force 

generated by five 4 mm cancellous screws (45-46 mm long, w i th thread length between 

15 and 20 mm) holding blocks of artificial bone; a load washer was placed between the 

two blocks. Mean compressive forces between approx imate ly 145 and 205 N were 

measured with the screw that were cannulated. Compressive force was defined as the 

peak force measured prior to the screw stripping out of the blocks. These values, as well 

as those obtained in the current test, are substantially lower than those predicted by 

Blumlein et al.t®! and Cordey et al.t^®] when using cortical screws inserted in ovine tibial 

diaphysis (see pages B-1 and B-2). 

The measured percentages of the remaining to max imum axial force ranged from 30 

to 79% after 120 seconds, with an average of ( 64±16 )%. At t h a t t ime, axial forces ranged 

from 21 to 195 N (Figure B-9). Deliglianni et al.t^^^ reported remain ing stress after 100 s 

relaxation ranging f rom 55 to 85%. They tested cancellous bone specimens f rom human 

femoral heads by applying a constant compressive strain and measuring the stress 

relaxation with t ime. An average percentage of ( 7 9 . 8 6 ± 3 . 9 8 ) % was reported for 
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compression perpendicular to the femoral head articular surface. They also suggested that 

more prominent viscoelastic behaviour was likely if larger specimens, or the intact femoral 

head, were used. 

300 

250 -

200 

O) 150 

o 
U- 100 H 

50 -

• Maximum force • Force after 120 s 

Figure B-9 Peal< axial force and axial force after 120 s, 

measured In each specimen. 

The long te rm decrease (within 1 and 22 hours) of the measured axial force showed 

an unexpected behaviour in eight out of ten specimens. The axial force gradually 

decreased to zero with t ime but then continued its decrease unt i l the end of the test, as 

shown in Figure B-10. A number of factors may have caused this behaviour and need 

further investigation. They include: room temperature and specinnen temperature changes 

during the durat ion of the test; incorrect strain gauge f ixa t ion; or the effect of a saline 

environment on the strain gauge performance. 

In summary, this study has showed promising initial results in the assessment of the 

compression achieved at the arthrodesis site by cancellous screws and its change with 

t ime. An est imate of the maximum compression at the fusion si te can be made from the 

peak axial force generated by a lag screw Inserted perpendicular to the arthrodesis plane 

in osteoarthrit ic femoral heads. Similar qualitative results t o those reported in the 

literature have been obtained in the early stages of bone relaxat ion. They showed a 

substantial decrease of the maximum compression after the f i r s t minutes. Nevertheless, 

these results ought to be re-examined after the conclusion o f the investigation on the 

anomalous longer- term results is obtained. 
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Figure B- IO Axial force measured in each specimen during 22 hours. 

8 - 8 



Appendix C 

APPENDIX C 

PUBLICATIONS 

As a result of the research carried out to complete this thesis and the collaboration 

with colleagues within the author's research unit (Bioengineering Sciences Research Group, 

School of Engineering Sciences, University of Southampton) and with the Department of 

Orthopaedics of the University Hospital (Lund, Sweden), several pieces of research work 

have been presented at international conferences or published in international journals. A 

list of them is given below. 

Part of the research material presented in Chapter 7 was submit ted and accepted as 

an oral presentation at the 12^^ Annual Meeting of the European Orthopaedic Research 

Society (2002) an extended version of this material was later submitted and published 

in Clinical Biomechanics and is Included in this appendix. Results f rom the early stages 

of the development of a f inite element model of ankle arthrodesis were submitted and 

accepted for poster presentation at the XVIlf"^ Congress of t h e International Society of 

Biomechanics (2001) Finally, the author took part in related studies carried out within 

the research group, resulting in the scientific publication referred to in (d). 

(a) Alonso Vazquez A, Lauge-Pedersen H, Lidgren L and Taylor M. Finite element analysis 

of the initial stabil i ty of ankle arthrodesis with internal f i xa t ion: f lat cut versus intact 

jo int contours. Clin Biomech 18(3): 244-53, 2003, 

(b) Alonso Vazquez A, Lauge-Pedersen H, Lidgren L and Taylor M. Init ial stabil ity of ankle 

arthrodesis with internal fixation. Finite element comparison of two methods of joint 

surface preparation. Transactions of the 12"^ Annual Meeting of the European 

Orthopaedic Research Society. Lausanne (Switzerland), October 2002. 

(c) Alonso Vazquez A, Lauge-Pedersen H, Lidgren L and Tay lor M. Stabil ity of ankle 

arthrodesis with internal f ixation. A preliminary f inite e lement study. Proceedings of 

the XVIII'^'^ Congress of the International Society of Biomechanics. ETH Zurich 

(Switzerland), July 2001. 

(d) Perillo-Marcone A, Alonso Vazquez A and Taylor M. Assessment of the effect of mesh 

density on the material property discretisation within QCT based FE models: A practical 

example using the implanted proximal tibia. Comput Methods Biomech Biomed Engin 

6(1) : 17 -26 ,2003 . 
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