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Résumé

Larthroplastie totale de la hanche est une opération qui permet de soulager efficacement
les douleurs et de restaurer la mobilité de I'articulation chez les patients souffrant d’arthrose
sévere. Cependant, malgré les récentes avancées techniques dans le développement des im-
plants non-cimentés, entre 5% et 10% des tiges fémorales sont révisées dans les 15 ans qui
suivent I'implantation. Les opérations de révision des protheses de hanche offrent des résul-
tats moins convaincants, et sont associées a des séjours hospitaliers plus longs que les arthro-
plasties primaires. La principale cause de révision des tiges fémorales non-cimentées est le
descellement aseptique de la prothese. Les mécanismes qui conduisent a cette situation
complexes, mais il est généralement reconnu que |’environnement mécanique initial joue
un role critique. En particulier, les micro-mouvements et 'écoulement de fluide a I'interface
os-implant ont été directement reliés au descellement aseptique. Dans cette thése, ces deux

aspects ont été estimés localement a I'aide de méthodes expérimentales et numériques.

Tout d’abord, une technique pour mesurer les micro-mouvements locaux autour des tiges
fémorales en métal a été développée. Cette technique se base sur 'imagerie microtomo-
graphique (micro-CT) de marqueurs radio-opaques, et s’est révélée tres fiable. La premiere
cartographie des micro-mouvements autour d'une tige fémorale non-cimentée a pu étre
générée. Cette technique offre des perspectives prometteuses dans le domaine des tests
pré-cliniques d’implants, et ouvre la voie vers la validation d’outils de planification pré-

opératoires spécifiques au patient.

Par la suite, cette technique a été utilisée pour comparer la stabilité initiale de tiges fémorales
avec ou sans collerette. Les micro-mouvements locaux ont été mesurés dans deux groupes
de fémurs cadavériques implantés avec I'une ou I'autre version de la tige. Nous n’avons pas
trouvé de différence significative de stabilité primaire entre des tiges fémorales avec ou sans

collerette.

Enfin, un modele poroélastique de I'interface os-implant autour d'une tige fémorale a été



développé. Le modeéle simulait les mouvements de fluide dus aux micro-mouvements de la
tige, a partir de mesures locales des micro-mouvements obtenues avec la technique basée
sur I'imagerie micro-CT développée précédemment. Le modele a permis d’obtenir la distri-
bution des vitesses du fluide dans le tissu de granulation et dans l'os autour de I'implant.
Nous avons pu en déduire la gamme des contraintes de cisaillement auxquelles les cellules
situées dans ces tissus sont soumises. Ces résultats pourraient étre utilisés pour tenter de
relier les stimuli mécaniques imposés aux cellules dans I'espace os-implant a la réponse

cellulaire observée in vitro en présence d’écoulement de fluide.

En raison du vieillissement de la population et de 'augmentation continue des arthroplasties
chez les jeunes patients, 'amélioration de la survie a long terme des implants non-cimentés
est devenue un enjeu majeur du domaine de I'orthopédie. Cette thése propose des outils qui
peuvent mener a un prolongement de la durée de vie des implants, ainsi qu’a une meilleure
connaissance des mécanismes a |’origine du descellement aseptique, réduisant d’autant la

nécessité de recourir a des révisions couteuses.

Mots-clés: arthroplastie de la hanche; tiges fémorales non-cimentées; micro-mouvements;

écoulement de fluide; interface os-implant



Abstract

Cementless total hip arthroplasty is a highly successful and reliable procedure to restore
joint function and reduce pain in patients with severe osteoarthritis. Nevertheless, despite
the technical advances over the last decades in the development of cementless implants, be-
tween 5 % and 10% of cementless femoral components have been revised at 15-year follow-
up. Revision procedures are less successful, require longer hospital stays, and are associated
with higher mortality rates than primary procedures. The main cause for revision of cement-
less femoral components is aseptic loosening. The mechanisms behind aseptic loosening
remain unclear, but the initial local mechanical environment is thought to be critical. In
particular, both excessive micromotion and fluid flow at the bone-implant interface during
early peri-implant healing have been related to aseptic loosening. In this thesis, micromo-
tion was measured in vitro and fluid flow was predicted from measured micromotion using

numerical modeling. The thesis is divided into three studies.

First, a micro-computed tomography (micro-CT) based technique using radiopaque mark-
ers to measure full-field local implant micromotion around metallic cementless stems was
developed. The technique was highly reliable, with a bias and repeatability similar to that
of linear variable differential transformers (LVDTs), which are the current gold standard for
micromotion measurement. It provided the first full-field map of micromotion around a
cementless femoral stem. This technique offers promising developments in the area of pre-
clinical testing of orthopedic implants, and paves the way towards the validation of patient-

specific preoperative planning tools.

Then, the developed micro-CT technique was used to compare the primary stability of the
collared and collarless versions of the same cementless femoral stem. Local micromotion
was measured in two groups of cadaveric femurs implanted with either version of the stem.
We found no significant difference in primary stability between collared and collarless stems

for activities of daily living.



Finally, a poroelastic finite element model of the initial bone-implant interface around a ce-
mentless stem was developed. The model predicted micromotion-induced fluid flow based
on local micromotion determined experimentally with the micro-CT based technique. We
obtained the distribution of fluid velocity in the granulation tissue between the implant and
bone, and within the bone that surrounds the implant. From fluid velocity, we inferred the
range of shear stress experienced by the cells hosted in each tissue. These results offer new
prospects to understand the interplay between mechanical and biological aspects that leads
to aseptic loosening. Indeed, the mechanical stimuli experienced by cells in the peri-implant

space could be related to results obtained in vitro with cells cultured in flow chambers.

With the aging population and the continual increase of arthroplasties in young patients,
improving the long-term success of cementless implants is becoming a major challenge for
the orthopedic community. This thesis proposed tools that can lead to improvements of
implants survival, and a better understanding of the mechanisms behind aseptic loosening,

reducing the need for implant revisions and their associated social and financial burden.

Keywords: total hip arthroplasty; cementless femoral stems; micromotion; fluid flow; bone-

implant interface
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Chapter 1

Total hip arthroplasty

Total hip arthroplasty (THA) is a very successful treatment option for patients suffering
from severe osteoarthritis (Learmonth et al., 2007). The degenerated articular surfaces are
replaced by a femoral and an acetabular components (Fig. 1.1), reducing hip pain signifi-
cantly and restoring joint function (Ethgen et al., 2004). The femoral component is generally
composed of a metallic femoral stem fitted with a metallic or ceramic femoral head, while
the acetabular component is commonly made of a metallic shell associated with a polyethy-
lene, metal or ceramic liner. With the ageing population, the number of hip arthroplasties is
increasing regularly every year, reaching a total of 655’000 in 2011 in OECD countries, which
represents 210 procedures per 100’000 inhabitants (Pabinger et al., 2014).

Pelvis

Acetabular
component

Femoral
component

Figure 1.1: Total hip replacement procedure - The femoral head is resected and the medullary canal is

Acetabulum

Femoral head

Femur

shaped to fit the femoral component. The damaged cartilage of the acetabulum is removed and replaced
by the acetabular cup.

Patients younger than 70 years old are now encountered frequently, accounting for more
than half of the patient population. This represents an important change to the initial pa-
tient demographics (Pabinger et al., 2014), and a big challenge for the orthopaedics research
community. Indeed, younger patients are more active and require earlier revision of their
implants (Australian Orthopaedic Association National Joint Replacement Registry, 2015).
However, revision procedures have a much lower rate of success: implant failures and com-
plications are more common (Ong et al., 2010), and the associated mortality rates (Issa et al.,

2013) and healthcare costs (Vanhegan et al., 2012) are much higher than for primary arthro-
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plasties. As a result, the focus of hip arthroplasty research has moved to the enhancement of
the long-term success of the primary procedure, especially in the younger and more active

patients.

Two types of fixation coexist for both acetabular and femoral components: cemented and
cementless. Cemented implants achieve initial fixation by filling the bone-implant gap with
a cement layer, while cementless implants are press-fitted in the bone cavity. Cemented
approaches were privileged until very recently (Fig. 1.2). The rising number of young patients,
active, and highly susceptible to require a revision of their hip implant has changed this
paradigm. Indeed, the revision rates are higher with cemented implants in young patients
(Australian Orthopaedic Association National Joint Replacement Registry, 2015; Pedersen et
al., 2014). Moreover, revisions of cemented implants are excessively complicated, because of
the difficulties arising when the surgeon needs to remove the cement mantle. On the other
hand, progresses made in the last decades with porous coatings and implant design lead
to cementless implants having similar long-term outcomes to those of cemented implants
(Hooper et al., 2009; Wyatt et al., 2014). As a consequence, cementless implants are now the
preferred type of fixation for young patients (Australian Orthopaedic Association National

Joint Replacement Registry, 2015).

100

80

Cementless

60 Cemented

40

20

Percentage of priimary arthroplasties

0

2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014

Year

Figure 1.2: Temporal changes in percentages of each fixation method used in primary hip arthroplasties
(National Joint Registry for England, Wales, Northern Ireland and the Isle of Man, 2015).

Despite all these efforts, the short and long-term survival of cementless implants is limited by
aseptic loosening, which is the main cause for revision (Wyatt et al., 2014). The loosening of
the bond between the implant and the bone results in pain and disability for the patient, ulti-
mately precipitating the revision of the implant. The conditions thatlead to aseptic loosening

are multi-factorial and include mechanical and biological causes. The relative contributions
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and probable synergistic effects between these elements remain poorly understood. How-
ever, multiple studies have shown, that even though aseptic loosening can occur long after
the arthroplasty, it is closely linked to the conditions and events that take place during the

early phases of peri-implant healing (Kdrrholm et al., 1994; Mjoberg, 1994).

Bone healing around cementless implants

The fixation of cementless implants in bone is achieved through osseointegration. The term
"osseointegration” designates the direct mechanical interlock that forms between the host
bone and the implant surface (Carlsson et al., 1986). Peri-implant healing around cementless
implants is an intramembraneous process, where bone is formed directly without going
through an intermediate cartilage phase (Davies, 2003; Raghavendra et al., 2005; Terheyden
etal., 2011). It can be divided into four stages (Fig. 1.3).

The first stage is the bleeding phase and lasts up to a few hours following implantation. Fol-
lowing the damages to the blood vessels because of the surgical trauma, a hematoma forms
around the implant. Blood plasma, leucocytes and platelets are released in the peri-implant
space and a protein layer including fibronectin and fibrinogen deposits on the implant sur-

face.

The second stage lasts from a few hours up to a few days and is the inflammatory phase.
During this phase, the hematoma coagulates through the action of activated platelets to
form a blood clot at the bone-implant interface. The blood clot provides a structural matrix
whose main component is fibrin. A number of inflammatory factors are released in the peri-

implant space and macrophages are recruited to clean tissue and cell debris.

The proliferative phase lasts from a few days up to several weeks. Following the release of
signaling molecules in the peri-implant space, mesenchymal stem cells are recruited and
migrate to the fibrin clot. Mesenchymal stem cells (MSCs) are multipotent adult stromal
cells that have the ability to differentiate into different cell types, including osteoblasts, chon-
drocytes or adipocytes (Uccelli et al., 2008). Simultaneously, the process of angiogenesis to
generate new blood vessels is initiated, and fibroblasts from the surrounding healthy tissues
migrate to the blood clot. These fibroblasts secrete extracellular matrix proteins, and the
fibrin clot becomes a new vascularized connective tissue that hosts the MSCs: the granu-
lation tissue. A variety of osteogenic growth factors are released in the granulation tissue,
and control the fate of the MSCs toward the osteogenic lineage. The differentiation of MSCs
into osteoblasts that synthesize the bone matrix leads to the formation of woven bone at the

bone-implant interface. Woven bone is an immature form of bone, in which the collagen
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Figure 1.3: The four stages of bone healing around cementless implants.
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fibers are arranged randomly.

The last stage of cementless peri-implant healing is the bone remodeling phase, which can
last up to several months. Bone remodeling is a continuous process through which bone is
resorbed by osteoclasts, and new bone is formed by osteoblasts. The bone that forms fol-
lowing remodeling is called lamellar bone, because of the parallel orientation of its collagen
fibers. Following Wolff’s law (Wolff, 2010), the newly formed bone is oriented to sustain the
loads to which the implant is subject. The bone remodeling phase continues until all the

woven bone has been replaced with lamellar bone.

Aseptic loosening of cementless implants

Aseptic loosening is a complication of cementless arthroplasties that is defined by the failure
of the implant mechanical fixation in the absence of infectious causes. It is characterized
by the presence of a fibrous tissue layer at the bone-implant interface, and the subsequent
formation of areas of peri-implant osteolysis. The process can occur early, in the absence of
initial osseointegration of the implant, as well as several years after the implantation despite

the initial osseointegration of the implant (Abu-Amer et al., 2007).

The underlying causes behind aseptic loosening are uncertain. Early implant migration in
the year following the arthroplasty was associated with aseptic loosening up to seven years
later, suggesting that loosening arises from conditions encountered during the early phases
of peri-implant healing (Karrholm et al., 1994). Multiple theories about the origins of aseptic
loosening have been proposed over the years (Fig. 1.4), from biological causes like inflam-
matory response to wear particles or individual genetic variations, to mechanical causes like
excessive implant micromotion or high fluid pressure and flow in the joint space (Sundfeldt
etal., 2006).

Wear particles were one of the first proposed explanation for aseptic loosening of implants.
It was driven by the observation of an inflammatory response in the tissues surrounding
loosened implants, and of polyethylene and metal particles in histological sections of the
bone-implant interface (Willert et al., 1996). It is thought that macrophages are recruited to
eliminate those wear particles through phagocytosis, and that in the process, they release
inflammatory factors. The release of these factors initially triggers the formation of interfacial
fibrous tissue, and then activates the recruitment of more macrophages and osteoclasts to
the bone-implant interface, contributing to peri-implant osteolysis (Beck et al., 2012; Ollivere
et al., 2012). However, the theory has been disputed, since in animal experiments where

polyethylene wear particles were injected into the joint space of osseointegrated implants,
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Individual variations

f

Implant primary stability

Ao ANAVAR
’'Y ) AR
Fluid flow

Wear particles

Figure 1.4: Summary of proposed causes for aseptic loosening of cementless implants.

no biological or mechanical reactions were observed (Aspenberg et al., 1996; Sundfeldt et al.,
2002). Therefore, though wear particles probably participate to aseptic loosening, they do
not seem to be sufficient to trigger an inflammatory response and osteolysis (Sundfeldt et al.,
2006).

Individual genetic variations were recently proposed to also play a role, especially in in the
inflammatory response to wear particles. Macrophages from different patients were exposed
to polyethylene wear particles, and important variations in the inflammatory response of the
macrophages from the different donors were observed (Matthews et al., 2000b; Matthews
et al., 2000a).

The primary stability of implants is another element that was identified as a possible cause
for aseptic loosening. Primary stability of cementless implants designates the stability of the
implant directly after the operation, as opposed to the secondary stability, which describes
the stability of the implant after osseointegration is achieved. The primary stability is char-
acterized by the relative motion between the bone and the implant that takes place when
the implant is loaded. A study of postmortem cementless femoral stem retrievals found that
osseointegrated implants experienced peak micromotion of 40 um, whereas in one case of

failed bone ingrowth, the implant encountered micromotion of 150 um (Engh et al., 1992).
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Furthermore, in animal experiments where implants were subjected to different levels of
micromotion, small levels of micromotion below 40 um resulted in osseointegration of the
implant, while higher level of micromotion lead to the formation of interfacial fibrous tissue
and failed bone ingrowth (Jasty et al., 1997; Pilliar et al., 1986; Seballe et al., 1992). Finally,
studies that combined implant micromotion with wear particles found out that wear parti-
cles alone did not have any effect on osseointegration, but micromotion with or without the
presence of wear particles lead to the formation of fibrous tissue. When implant micromotion
was stopped, fibrous tissue resorbed and bone ingrowth was observed in the particle-free
group but the fibrous tissue persisted in the presence of wear particles (Aspenberg et al.,
1996). This study suggests that excessive implant micromotion could initiate the process of

aseptic loosening, while wear particles could play a role in the later stages.

Fluid flow and fluid pressure were also proposed to be an important aspect in aseptic loos-
ening (Aspenberg et al., 1998; Nam et al., 2013). The bone and soft tissues that surround the
implant are saturated with interstitial fluid. Loading of the implant and associated micro-
motion leads to the deformation of the tissues surrounding the implant, generating changes
in fluid pressure (Hendrix et al., 1983) and fluid flow. Increased fluid pressure was observed
in the joint capsule of patients with loosened hip implants (Robertsson et al., 1997). The
local application of high fluid pressure at the interface of osseointegrated implants in rab-
bits lead to local peri-implant osteolysis and aseptic loosening (Vis et al., 1998b; Vis et al.,
1998a). In another animal experiment, it was shown that the areas of osteolysis were mainly
located around existing bone cavities, where the fluid pressure is lower and the fluid flow
higher, hereby suggesting that high fluid flow at the bone-implant interface is a potential ex-
planation for aseptic loosening (Fahlgren et al., 2010). The mechanisms through which fluid
flow and fluid pressure could cause osteolysis remain unresolved, but several hypotheses
have emerged. One of them is the activation of osteoclasts following the application of fluid
pressure: in vitro experiments showed that macrophages subject to fluid pressure released
inflammatory factors that activate osteoclasts (Ferrier et al., 2000). On the other hand, mes-
enchymal stem cells have been shown to be responsive to both fluid pressure (Haudenschild
et al., 2009; Steward et al., 2014; Wagner et al., 2008) and fluid flow (Arnsdorf et al., 2009b;
Arnsdorf et al., 2009a; Govey et al., 2013; Kreke et al., 2005; Sharp et al., 2009). Different levels
of fluid flow could affect the osteogenic differentiation of mesenchymal stem cells. Finally,
fluid flow could play a role in the transport of wear particles, nutrients, oxygen, waste prod-
ucts or regulatory signals (Donahue et al., 2003; Nam et al., 2013). In particular, flow-induced
gradients of morphogens have been proposed to control the differentiation of mesenchymal

stem cell (Ambard et al., 2006; Gortchacow et al., 2013; Hemmingsen et al., 2013).
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Primary stability of cementless femoral stems

Among the latest efforts to increase the long-term success of total hip arthroplasty, the ce-
mentless femoral component has attracted much of the attention. Aseptic loosening is the
main cause for revision of cementless femoral components (Wyatt et al., 2014), and a poor
primary stability of the stem is directly linked to aseptic loosening (Engh et al., 1992; Jasty et
al., 1997; Seballe et al., 1992). For this reason, much research has been conducted to enhance

the primary stability of cementless femoral stems.

Most of this research concentrated on two aspects influencing the stem’s primary stability:

the design of the stem and the surgical technique.

Following the first successful straight cementless stems designs, multiple modifications have
been proposed (Khanuja et al., 2011). Anatomical stems were introduced at the beginning of
the 1990s, with the idea that a curved design would be better suited to the proximal femoral
canal geometry (Noble et al., 1988). More recently, short femoral stems were popularized, in
an attempt to propose a more bone-preserving alternative to traditional cementless stems
(Feyen et al., 2014). With the rise of personalized medicine, custom-made stems have also
been proposed, with the idea that stem designs optimized for the patient’s own anatomy
could achieve better mechanical stability (Gotze et al., 2002). Smaller design modifications
were also introduced, such as modular necks, to better replicate the patient’s own femoral
neck angle or offset and restore its original hip biomechanics (Su et al., 2013), or the addition
of a collar, which was thought to help the axial and rotational primary stability of the stem
(Mai et al., 2010).

Proposed improvements to the surgical technique include studies on the influence of stem’s
positioning and bone-implant contact on primary stability, and pre-operative planning. Pre-
operative planning ideally would provide optimized stem design and positioning specific to

the patient leading to maximal primary stability.

These proposed modifications to the surgical procedure or the stem’s design have been inves-
tigated by mean of either experimental measurement of stem’s micromotion or estimation

of the primary stability through finite element modeling.

The current gold standard for the experimental measurement of cementless femoral stems
micromotion is the use of linear variable differential transformers (LVDTs). They are generally
mounted by drilling a hole through the bone cortex and inserting a pin in the stem to measure

3D relative bone-implant micromotion. LVDTs-based micromotion measurements display
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an excellent accuracy in the order of 1 um, and their repeatability can be as high as 2 ym
(@stbyhaug et al., 2010). A few simultaneous local measurement points are possible, with a
reported maximum of six LVDTs mounted simultaneously at different locations around the
stem (Bieger et al., 2012; Britton et al., 2004; Fottner et al., 2011; Kassi et al., 2005; @stbyhaug et
al.,, 2010). LVDTs have been used successfully for the pre-clinical testing of new femoral stem
designs (Baleani et al., 2000; Pettersen et al., 2009), to compare different stem geometries
(Bieger et al., 2012; Bieger et al., 2013; Fottner et al., 2009; Nadorf et al., 2014; @stbyhaug et al.,
2010), and to assess the effects of modular necks (Enoksen et al., 2014; Fottner et al., 2011)

or shoulderless stems (Bieger et al., 2016).

Recently, another experimental method based on micro-CT imaging has been proposed to
estimate the micromotion of cementless femoral components. The technique relies on ra-
diopaque markers placed at the bone-implant interface and measures the three-dimensional
markers displacement between aloaded and an unloaded case (Gortchacow et al., 2011). The
technique reported up to 200 simultaneous measurement points located on a 20 mm long
region of the metaphyseal part of the stem, with an accuracy of 15 ym. It was successfully
used to compare straight and anatomical cementless femoral stem designs (Gortchacow et
al., 2012).

Finite element modeling (FEM) has also been extensively used to estimate implant micromo-
tion. One of the benefits of finite element models over experimental methods in pre-clinical
testing is that they allow to test hypotheses about implant position (Bah et al., 2011; Reggiani
etal., 2008) or bone-implant contact (Abdul-Kadir et al., 2008; Reimeringer et al., 2016), which
are parameters that are especially complicated to control in vitro. Because finite element
models provide complete maps of micromotion around cementless femoral stems, they are
not restricted to pre-clinical testing of new implant designs (Bah et al., 2015; Gabarre et al.,
2016; Viceconti et al., 2006), but can also be used for patient-specific pre-operative plan-
ning (Reggiani et al., 2007). However, for a clinical application in pre-operative planning,
such patient-specific models need to be thoroughly validated against experimental mea-
surements. A few patient-specific models of micromotion around cementless femoral stems
were validated against experiments, usually through a handful of measurement points, either
using LVDTs (Abdul-Kadir et al., 2008; Pancanti et al., 2003; Pettersen et al., 2009; Reggiani
etal., 2008; Viceconti et al., 2006; Viceconti et al., 2000) or with other pointwise custom-made
techniques (Ploeg et al., 2011; Reggiani et al., 2007; Tarala et al., 2010).
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Fluid flow at the bone-implant interface

Fluid flow was proposed to play a role on peri-implant healing and aseptic loosening al-
ready in the mid 1990s (Huiskes et al., 1997; Prendergast et al., 1996; Prendergast et al., 1997),
and several studies since then focused on fluid flow estimation at the bone-implant inter-
face. Because fluid flow at the bone-implant interface is particularly complicated to measure
experimentally, most studies that concentrated on this aspect turned to finite element mod-
elling. The tissues surrounding the implant are soft and deformable porous matrices that are
saturated with interstitial fluid, and are generally represented using the poroelasticity theory
(Cowin, 1999).

Prendergast et al. hypothesized that biophysical stimuli such as fluid velocity in the inter-
facial tissue could control the differentiation of the mesenchymal stem cells hosted in the
tissue and hence, peri-implant healing (Prendergast et al., 1997). They investigated this hy-
pothesis using a biphasic finite element model reproducing an animal experiment, where
a cylindrical implant instrumented with a piston to generate micromotion was implanted
in the condyles of dogs. The model showed that biophysical stimuli such as shear strain
or interstitial fluid velocity were changing as healing progressed (Prendergast et al., 1996;
Prendergast et al., 1997). In particular, they observed that bone formation occurred when
fluid velocity decreased. From these observations, they proposed a mechano-regulatory algo-
rithm that controls the tissue differentiation depending on a combination of shear strain and
fluid velocity, where high values of fluid velocities would lead to fibrous tissue formation and
low values to bone formation. Following this work, mechano-regulatory algorithms based
on interstitial fluid velocity have been widely used to study the effects of different parame-
ters on peri-implant healing and were corroborated through in vivo experiments (Ambard
et al., 2006; Andreykiv et al., 2008; Geris et al., 2010; Guérin et al., 2009; Johansson et al., 2011;
Khayyeri et al., 2009; Swider et al., 2011).

Most mechano-regulatory models are applied to simplified 2D or axisymmetric geometries
that can easily be reproduced experimentally for model validation. Their results provide cues
about the direct link between micromotion, fluid flow and peri-implant healing, and pave
the way for more complex models of fluid flow at the interface, to investigate the mechanism
behind fluid flow and cell differentiation. Among those more complex models that were
used, some focused on fluid-enabled wear particles transport around cementless femoral
stems, and used poroelastic modeling of a coronal cut of an anatomically realistic bone-
implant interface (Alidousti et al., 2011; Alidousti et al., 2014). Another model concentrated

on the role of micromotion-induced fluid flow in bone resorption around cemented im-
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plants (Mann et al., 2014). This model was based on fluid-structure interaction modeling
of retrieved transverse sections of cemented implants. The geometries were represented in
detail and micromotion was measured experimentally on the transverse sections, leading to

an accurate estimation of fluid velocities in the cement.

Finally, despite the difficulties in measuring peri-implant fluid flow experimentally, one study
used high-resolution MRI to compute fluid velocities around an idealized bone-implant in-
terface (Conroy et al., 2006). This technique holds promises for future validations of complex

finite element models of fluid flow at the bone-implant interface.

Limitations of the current state of the art

Multiple factors are involved in aseptic loosening of the femoral component in cementless
hip arthroplasty, such as implant design, material, surface coatings, individual genetic varia-
tions, bone-implant micromotion, wear particles, biological compounds, and fluid flow at
the interface. All these elements have been shown to play a role, either in fibrous tissue for-
mation, or in peri-implant osteolysis. Some studies suggested that, regardless of the exact
sequence of biological and mechanical events involved, aseptic loosening hinges on the early
stages of peri-implant healing (Kiarrholm et al., 1994; Mjoberg, 1994). However, the initial

mechanical environment around the stem remains largely ill-defined.

Among those initial mechanical factors that play an important role in preventing aseptic
loosening, primary stability and micromotion of the stem were shown to be critical for the
long-term success of cementless total hip arthroplasty (Engh et al., 1992). Femoral stem
micromotion is highly inhomogeneous and important local variations were already demon-
strated through finite element models (Abdul-Kadir et al., 2008; Bah et al., 2015; Pancanti
et al., 2003; Ploeg et al., 2011) and experimental measurements (Gortchacow et al., 2012;
Kassi et al., 2005; @stbyhaug et al., 2010; Viceconti et al., 2000). Additionally, many design
modifications of the femoral stems have been proposed, claiming to bring better primary
stability to the stem (Khanuja et al., 2011). Many of these modifications, such as the addition
of a collar or changes in the geometry, are likely to influence the distribution of bone-implant
micromotion locally. FE models provide complete maps of micromotion around the stem,
but few of these models are validated against experimental measurements. Furthermore, cur-
rent techniques available to measure experimentally micromotion are limited to a handful
of measurement points at the interface. Micro-CT-based imaging techniques allow full-field
measurement of implant micromotion through digital volume correlation (DVC) (Sukjamsri

etal., 2015). Nevertheless, DVC is limited to measurement around non-metallic implants, be-
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cause of the metal artefacts generated by metal implants with micro-CT imaging. Recently, a
technique combining radiopaque markers with micro-CT imaging was introduced to bypass
artefacts emerging when imaging metallic implants (Gortchacow et al., 2012). It allows hun-

dreds of simultaneous measurement points, but is limited to a small portion of the implant.

Much research also pointed out to the important role of fluid flow in aseptic loosening. Fluid
flow influences healing probably through a combination of different mechanisms, such as
direct mechanical stimulation of cells and transport of morphogens, wear particles or nu-
trients. A major current focus in biomechanics research is to conduct in vitro and in silico
mechanobiology experiments to better understand how cells react to mechanical stimuli
such as fluid-induced shear stress (Geris et al., 2003; Meulen et al., 2002; Thompson et al.,
2010). However, the magnitude of these stimuli is poorly defined. A few studies tried to
quantify fluid velocities induced by cementless implants micromotion (Alidousti et al., 2011;
Conroy et al., 2006), but most of them were conducted with simplified geometries or homo-
geneous micromotion. Yet local micro-mechanical conditions and geometry are known to
influence healing to a great extent (Andreykiv et al., 2008; Simmons et al., 2001b; Simmons

etal., 2001a), and are highly susceptible to impact the fluid flow around the implant as well.

In regard to these limitations, there is an interesting potential of development in the field of
cementless hip arthroplasty, through a better characterization of the initial local mechanical

conditions around femoral stems.

Thesis Objectives

This thesis addresses different aspects of the initial local mechanical environment around
cementless femoral stems. In particular, micromotion and fluid-flow at the bone-implant
interface, which may affect the long-term success of cementless implants, were estimated at
the local level. The thesis was divided into three objectives, each of which was a subject of a

chapter:

The first objective, detailed in Chapter 2, was to develop an experimental technique to allow

full-field measurement of micromotion around a cementless femoral stem.

The second objective, described in Chapter 3, was to compare the primary stability of col-
lared and collarless stems by measuring local interfacial micromotion using the technique

developed in Chapter 2.

The third objective, developed in Chapter 4, was to quantify micromotion-induced fluid
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flow around a cementless femoral stem, using an anatomically realistic poroelastic finite ele-
ment model of the bone-implant interface, and local measurements of micromotion made

in Chapter 3.
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Chapter 2

Abstract

A good primary stability of cementless femoral stems is essential for the long-term success of
total hip arthroplasty. Experimental measurement of implant micromotion with linear vari-
able differential transformers is commonly used to assess implant primary stability in pre-
clinical testing. But these measurements are often limited to a few distinct points at the inter-
face. New techniques based on micro-computed tomography (micro-CT) have recently been
introduced, such as Digital Volume Correlation (DVC) or markers-based approaches. DVC is
however limited to measurement around non-metallic implants due to metal-induced imag-
ing artifacts, and markers-based techniques are confined to a small portion of the implant.
In this paper, we present a technique based on micro-CT imaging and radiopaque markers
to provide the first full-field micromotion measurement at the entire bone-implant interface

of a cementless femoral stem implanted in a cadaveric femur.

Micromotion was measured during compression and torsion. Over 300 simultaneous mea-
surement points were obtained. Micromotion amplitude ranged from 0 to 24 ym in com-
pression and from 0 to 49 pym in torsion. Peak micromotion was distal in compression and
proximal in torsion. The technique bias was 5.1 um and its repeatability standard deviation
was 4 pym. The method was thus highly reliable and compared well with results obtained

with linear variable differential transformers (LVDTs) reported in the literature.

These results indicate that this micro-CT based technique is perfectly relevant to observe
local variations in primary stability around metallic implants. Possible applications include
pre-clinical testing of implants and validation of patient-specific models for pre-operative

planning.
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Introduction

During the past two decades, the number of cementless hip arthroplasties has increased
significantly from 13’650 procedures in 2003 to 27’031 in 2014 (Australian Orthopaedic Asso-
ciation National Joint Replacement Registry, 2015), and it is now the preferred type of fixation

for patients under 70 years old.

However, the cumulative revision rate at 14 years reaches 8% and aseptic loosening remains
among the most common causes for revision of cementless femoral components. For this
reason, improving the long-term success of cementless femoral stems continues to be a

major focus in the field of total hip arthroplasty.

A good primary stability of the implant is widely recognized as the most important factor for
a successful cementless hip arthroplasty. Primary stability is characterized by the amount
of relative bone-implant micromotion at the interface, right after implantation and before
osseointegration takes place. Many researchers have reported that excessive implant micro-
motion leads to fibrous tissue formation and failed bone ingrowth (Engh et al., 1992; Pilliar
et al., 1986; Sgballe et al., 2009).

Much research in the recent years has focused on measuring bone-implant micromotion
for the pre-clinical testing of implants. An optimal experimental micromotion measurement
technique for the pre-clinical testing of femoral stems should be able to evaluate micromo-
tion at every point of the bone-implant interface while having a bias below 10 ym (Vice-
conti et al., 2000). Considering the maximum micromotion still allowing osseointegration is
around 100 pm, this bias value would represent a relative error of 10%. Current techniques
available to measure implant micromotion rely mostly on linear variable differential trans-
formers (LVDTs) (Enoksen et al., 2014; Fottner et al., 2009; Kassi et al., 2005; Monti et al., 1999;
Ostbyhaug et al., 2010; Pettersen et al., 2009). Despite their excellent accuracy, they allow only
a handful of simultaneous measurement points. Finite element (FE) modeling is another
popular method to estimate micromotion of cementless stems. It provides information on
local micromotion and can be used for the pre-clinical testing of implants (Abdul-Kadir et al.,
2008; Bah et al., 2015; Ploeg et al., 2011; Viceconti et al., 2006) as well as for patient-specific
pre-operative planning (Pettersen et al., 2009; Reggiani et al., 2007). But experimental valida-
tion of FE models predictions remains challenging, restraining a more extensive use of these
models in clinical practice (Taylor et al., 2015). More recently, micromotion measurement
techniques based on micro-computed tomography (micro-CT) imaging were introduced,
and demonstrated great potential. Notwithstanding the very high number of measurement

points they can collect, they were limited to measurement around non-metallic implants
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due to imaging artifacts (Sukjamsri et al., 2015) or confined to a small portion of the implant

(Gortchacow et al., 2012; Gortchacow et al., 2011).

In the present study, we extend a micromotion measurement technique based on radiopaque
markers and micro-CT imaging (Gortchacow et al., 2011) to measure three dimensional
micromotion at the entire bone-implant interface of a cementless femoral stem implanted
in a cadaveric femur. The method will allow to measure micromotion for axial compression
and torsion. Our objective is to guarantee a bias inferior to 10 um and a good repeatability

to enable rigorous pre-clinical testing of cementless implants primary stability.

Methods

Cadaveric femur and femoral stem preparation

A left human cadaveric femur, formalin-fixed, was prepared for implantation by a senior
orthopedic surgeon. The surgeon performed femoral neck osteotomy and femoral broaching
according to the recommendations of the implant’s manufacturer. After broaching, around
1000 stainless steel spherical markers of diameter 600 pym (MPS Micro Precision Systems AG,
Biel, Switzerland) were manually press-fitted on the endosteal surface of the femoral canal
and the cancellous bone of the metaphysis using a spatula. Appropriate care was taken to

get a uniform distribution of bone markers in the canal (Fig. 2.1).

A collared, straight cementless femoral stem with a standard offset neck (Corail®Hip System,
size 11, DePuy Synthes Joint Reconstruction, Warsaw, IN, USA) was selected for implanta-
tion. The stem is made of forged titanium alloy (TiAl6V4) and is fully coated with 155 um
of hydroxyapatite. To facilitate the accommodation of the bone-implant construct inside
the experimental setup, the stem femoral neck was cut 27 mm medial and parallel to the
implant extraction threaded hole axis. 30 tantalum spherical markers of diameter 800 ym (X-
medics Scandinavia, Frederiksberg, Denmark) were glued (Loctite 401, Loctite Corporation,
Dublin, Ireland) on the stem surface, within drilled holes of 1 mm depth and 850 ym diam-
eter (Fig. 2.1). The surgeon then proceeded to the femoral stem insertion in the broached

femur.

Loading devices

Two custom loading devices were developed to apply axial compression and torsion on the
stem. The loading devices had to fit inside a micro-CT scanner and had to be sufficiently

permeable to X-ray. Each device was composed of two parts: the loading system and the
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Figure 2.1: Experimental setup. (a) Bone markers spread inside the femoral canal (left). Stem neck
cut and implant markers stuck on implant surface (right). (b) Compression loading device. The distal
femur is cemented (black). Compression is applied through a cylinder (yellow) driven by a screw jack
(green) and is controlled by a load cell (blue) (c) Torsion loading device. The proximal stem is restrained
by a clamping system (yellow). The proximal stem and the distal femur are cemented (black). Torsion

is applied through a worm gear (green) and is controlled by a torque sensor (blue).

sample holder, enclosed in a 2 mm thick tube made of 6060 aluminum alloy (Fig. 2.1).

The compression device was modified from an existing one (Gortchacow et al., 2012). The
distal part of the femur was cut away at approximately 220 mm from the tip of the greater
trochanter. A template was used to pot the distal femur and ensure its alignment (load axis
along stem axis) inside the device, using the stem extraction threaded hole. The femur was
distally potted with epoxy resin (Neukadur Multicast 20, Altropol Kunstoff GmbH, Stockels-
dorf, Germany), 30 mm away from the distal end of the stem. Minimal reaming of the surface
of the greater trochanter laterally (2-3 mm) was performed to enable proper fitting inside the
device. The applied load was monitored by a load cell (LCM202-5KN, Omega Engineering,
Inc., Stamford, CO, USA).

The torsion device applied an axial torsion on the bone-stem system. The proximal part of
the stem was restrained by a clamping system. The stem extraction threaded hole was used
to ensure stem alignment along the torsion axis. The stem neck was clamped by two steel
cone point screws. The distal femur and the proximal clamping system were potted with
epoxy resin inside a template, before insertion in the device. A torsion was applied to the
distal femur through a rotary shaft driven by a worm gear. The torque was monitored by a

reaction torque cell (TQM301-45N, Omega Engineering, Inc., Stamford, CO, USA).
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Micro-CT scanning protocol

To measure micromotion, the bone-implant interface was first scanned during loading and
then after loading with a micro-CT scanner (Skyscan 1076 in vivo micro-CT, Bruker micro-
CT, Kontich, Belgium). These two scans are referred to hereafter as loaded scan and un-
loaded scan respectively. The acquisition parameters for the scans were the following: 1 mm
aluminum filter, voltage 100 kV, current 100 A, exposure time 310 ms, rotation step 0.7°,
360°scanning, scanning width 68 mm, and frame averaging 2. The scanning length was 21
mm. To cover the whole implant length, 7 scans at different positions along the stem were
combined by moving the motorized sample’s stage accordingly. Scanning duration for one 21
mm scan was 24 min, resulting in 170 min of scanning to cover the whole stem. Scans were
then reconstructed to a final isotropic voxel size of 35 um (NRecon v 1.6.10.4, Bruker micro-
CT, Kontich, Belgium). A ring artifact correction of level 4 and a beam hardening correction

of 20% were applied to improve the image quality.
Image processing and micromotion computation

The reconstructed images were processed in Amira (Amira v6.0.1, FEI, Hillsboro, OR, USA).
Segmentation of bone and implant markers was completely automatized, using the differ-
ence in size and radiopacity of bone and implant markers (Fig. 2.2). The centroids of all
markers were extracted and filtered by size to eliminate noise and clusters of contiguous

markers.

Micromotion analysis was performed by a custom algorithm (Matlab r2016a, The Mathworks,
Inc., Natick, MA, USA). The loaded and unloaded scans did not share the same coordinate
system. The coordinate system of the unloaded scan was used as a reference. The implant
was considered rigid so that the coordinate systems of both scans could be aligned using rigid
bodyregistration. The correspondence between implant markers in the loaded and unloaded
scans was found using an iterative closest point (ICP) algorithm (Besl et al., 1992). The rigid
transformation matrix between the loaded and unloaded scans was then computed, and
applied to all markers from the loaded scan, so that in the end, all markers from the loaded

and unloaded scans were in the same coordinate system.

Micromotion was defined as the three dimensional displacement between corresponding
loaded and unloaded bone markers. The correspondence between bone markers was com-
puted with the ICP algorithm. Mismatched markers were then eliminated using median
absolute deviation to remove outliers (Leys et al., 2013). The micromotion vector was sepa-

rated into components tangential and normal to the stem surface. Micromotion was then
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interpolated using natural neighbor interpolation and displayed on the stem surface.
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Figure 2.2: Image processing and micromotion computation. Bone and implant markers are segmented
on micro-CT scans. Implant markers from the loaded scan are superimposed to implant markers from
the unloaded scan. Micromotion is the displacement between corresponding bone markers from the
registered loaded scan to the unloaded scan.

Micromotion measurement in compression and torsion

For compression testing, a load of 1800 N was applied on the stem. The load was chosen
according to the average load during walking measured with instrumented hip implants
(Bergmann et al., 2010b; Bergmann et al., 2010a). The bone was preconditioned with 50
compressive load cycles before compression testing. For torsion testing, a torque of 17 N
m was applied on the stem. Moment and direction were chosen according to average mo-
ment acting on instrumented hip implants during stair climbing (Bergmann et al., 2010b;
Bergmann et al., 2010a). The bone was preconditioned with 50 torsional load cycles before

torsion testing. All tests were performed at room temperature.
Bias and repeatability estimation

Bias and repeatability were measured in both compression and torsion to evaluate the tech-
nique reliability. The bias (a measure of the difference between the average of measurements
made on the same object and its true value) was estimated by measuring micromotion be-
tween three pairs of successive unloaded scans (Fig. 2.3). Each 3D component of micromo-
tion followed a normal distribution, with mean 0. The bias was defined as the 95% confidence
interval (95% CI) of micromotion measurement, corresponding to +1.96*SD, where SD is the

standard deviation of micromotion pooled over the three pairs of measurement.
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To estimate repeatability, micromotion measurements in compression and torsion were re-
peated three times (Fig. 2.3), under repeatability conditions (same laboratory, same operator,
same apparatus, and all tests performed on the same day). Corresponding markers were
matched between the three pairs of measurements. The repeatability standard deviation (sr)
was calculated as the pooled standard deviation of repeated measurements. The 95% repeata-
bility limit (r) (the maximum difference between two results obtained under repeatability
conditions that can be attributed to the test method precision) was defined as 1.96*/2*sr

according to current ASTM recommendations (ASTM, 2013).
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Figure 2.3: Bias and repeatability estimation protocols. Both protocols were applied successively for
compression and torsion (a) Three pairs of unloaded scans (U) are performed. For each pair of scan
(Rep), micromotion is measured. Bias is estimated on these three repeated measurements. (b) Three
pairs of unloaded (U) and loaded (L) scans are performed. For each pair of scan (Rep), micromotion is

measured. Repeatability is estimated on these three repeated measurements.

Data analysis and statistics

For measurement analysis, the femoral stem was divided into three zones: the metaphyseal
zone, the middle diaphyseal zone, and the distal diaphyseal zone, similar to the recommen-
dations of Gruen et al. (1979) . Normal and tangential micromotion in compression and
torsion were compared in each zone with a Mann-Whitney U test. For each loading case,

micromotion between zones were also compared using the same Mann-Whitney U test.
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Results

Bias and repeatability

Micromotion was simultaneously measured at 313 points on the bone-implant interface for
compression and 337 points for torsion. The bias of the method reached a maximum of 5.1
pm (Table 2.1). The bias was consistent between directions as well as between loading cases.
The repeatability standard deviation (sr) ranged from 3.1 ym to 4.1 um. It was also compa-
rable between directions and loading cases. The repeatability limit reached a maximum of

10.6 um for compression and 11.5 pm for torsion.

Bias Repeatability
SD 95%CI sr r
Compression
Lateral to medial 2.4 4.7 3.2 9.0

Anterior to posterior 2.6 5.1 3.8 10.6

Inferior to superior 1.9 3.7 3.1 8.7

Torsion
Lateral to medial 2.4 4.7 3.9 10.9
Anterior to posterior 2.4 4.7 4.0 11.2

Inferior to superior 1.9 3.7 4.1 11.5

Table 2.1: Reliability assessment of Micro-CT based measurement of micromotion - Values expressed
in micrometers. SD: bias standard deviation; 95% CI: bias 95% confidence interval; sr: repeatability

standard deviation; r: repeatability 95% limit.

Micromotion in compression and torsion

In compression, normal micromotion was below 6 ym around 95% of the stem surface but
reached 24 ym at the tip of the stem (Fig. 2.4). Tangential micromotion was higher than
normal micromotion and concentrated on the stem’s middle and distal diaphyseal zones. In
torsion, high micromotion was concentrated on the stem’s metaphyseal and middle diaphy-

seal parts (Fig. 2.4).

Median micromotion was higher in torsion than in compression (Table 2.2). In compression,

micromotion was low proximally and higher distally, whereas in torsion micromotion was
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Figure 2.4: Normal, tangential, and absolute micromotion measured around a cementless femoral
stem - Anterior/lateral and posterior/medial views of the stem displayed successively from left to right
for each case. Top row shows results obtained in compression. The bottom row shows results obtained
in torsion.

32



Full-field micromotion measurement around cementless femoral stems

high proximally and lower distally. For both loading cases, the differences between micro-
motion distribution in each zone of the stem was significant. Absolute micromotion was
significantly (p<0.0001) higher in torsion than in compression in the metaphyseal and mid-

dle diaphyseal zones, while it was significantly lower on the distal diaphysis (Fig. 2.5).

Min Max Median

Compression
Lateral to medial -7.8 10.8 1.9
Anterior to posterior -12.0 13.7 0.4

Inferior to superior  -24.0 5.0 12.3

Absolute 0.8 24.0 13.3
Torsion

Lateral to medial -32.5 44.1 -1.5

Anterior to posterior -42.2 33.8 -7.5

Inferior to superior -7.8 152 0.8
Absolute 24 487 20.9

Table 2.2: Minimum, maximum, and median micromotion (um) along the different anatomical axis

for compression and torsion.

Discussion

Micro-CT based techniques such as Digital Volume Correlation (DVC) have been recently
used to measure displacement and strain fields in the bone (Roberts et al., 2014). However,
extension of micro-CT DVC to measurements at the bone-implant interface faces complica-
tions due to artifacts generated by thick metal implants: in consequence of the high atomic
number of the metallic implant, the bone would be obscured, streak artifacts would be gener-
ated and beam hardening would impact the gray levels at the bone-implant interface (Boas
et al., 2012). Our aim was to develop a new technique to measure micromotion all around
the femur-stem interface, with a bias lower than 10 um and a good repeatability to allow
thorough pre-clinical testing of implants. We proposed a methodology based on radiopaque
markers and micro-CT imaging, and measured micromotion around a cementless stem in a
cadaveric femur under compressive and torsional loadings. Instead of imaging directly the

interface, the radiopaque markers representing the bone and implant surfaces were used.
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Figure 2.5: Distribution of normal, tangential, and absolute micromotion in compression and torsion
by zone of the femoral stem. Box plots show median value (white line), 1°* and 3" quartiles (bottom and
top of the box), and minimum and maximum values (whiskers). Stars (*) indicate significant difference
between pairs of distributions (p-value<0.0001) using Mann-Whitney U test.
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In combination with appropriate scanning parameters, this approach represents the first re-
ported experimental technique leading to a full-field map of interface micromotion around

the entire stem.

We tested and compared micromotion values in compression and torsion. We obtained
over 300 measurement points spread at the bone-stem interface, and were able to observe
local variations of micromotion depending on the loading case. The maximum bias was
5.1 pym and the repeatability limit was 11.5 ym, which demonstrates that the technique is
highly reliable. The direction of micromotion was distinctly inferior for compression, which
is consistent with the axial compressive loading applied. In torsion, normal and tangential
micromotion were both comparable in amplitude, in good agreement with an axial torsion
of the stem. The stem used in this study is designed to achieve metaphyseal fixation, and
consistently, bone-implant gap was particularly low in this zone (Fig. A.1). The metaphyseal
region corresponded indeed to aregion of low micromotion in compression, but we observed
high micromotion in torsion. Generally speaking, there didn't seem to be a direct visual

correspondence between local bone-implant gap and micromotion.

The validity of the rigid body assumption for the implant has been rigorously verified by
calculating the root mean square error (RMSE) of the rigid body registration. The RMSE was
approximately 3 um, negligible compared to the expected values of interfacial micromotion.
Scanning duration was 170 min which is a rather long scanning time. It remained however
acceptable, because load relaxation was limited to 1% load loss in compression and 4% in
torsion during this time. The fixation of the bone markers was challenging. The markers
diameter was chosen to let them penetrate the bone trabeculae, but in the distal medullary
canal, cancellous bone is rare. In this region, the markers were simply deposited on the
endosteal surface of the bone. Bone markers contiguous to the stem and not well fixed to
the bone were a major concern because they could move along with the implant and lead to
the underestimation of micromotion. To avoid this issue, the automatic segmentation script
removed all bone markers that were in contact with the femoral stem from the measurement.
Despite all our efforts, some markers in the metaphyseal area did not enter bone trabeculae
and were in direct contact with both the bone and the implant. This situation modifies the
original interface and can have an impact on the measurement. However, our results were
compatible with measurements obtained with LVDTs. This encourages us to think that this
modification of the interface does not change dramatically the magnitude of micromotion.
With our method, the distal femur was cemented at approximately half the length of the
femur (i.e. at the level of the isthmus) for both loading cases, which is not representative of the

actual constraints on the bone and modifies the stress and strain distributions in the femur.
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However, we were limited by the size of our micro-CT scanner and moving the constraint
further away was impossible. For the same reason, the compressive loading was applied on
the stem extraction threaded hole of the stem shoulder instead of the implant neck and axial
compression and torsion were tested separately, which does not represent a physiological
loading of the stem. However, this simplified loading case is easily reproducible in a FE
element model and would be perfectly suited for the purpose of FE model validation. Finally,
this study was limited to one formalin-fixed femur, for which the mechanical properties are
degraded compared to a fresh bone (Currey et al., 1995; Ohman et al., 2008; Stefan et al.,
2010). Nevertheless, this allowed us to demonstrate the feasibility of the technique, while
avoiding tissue degradation which would have emerged with a fresh frozen bone during the

multiple tests conducted in this study.

In general, our results were in good agreement with results reported in the literature. We
measured absolute micromotion values that ranged from 0 to 40 um. Pettersen et al. (2009)
measured micromotion in the same range using LVDTs around straight cementless stems
in fresh-frozen femurs. Similarly, Abdul-Kadir et al. (2008) measured micromotion of up
to 20 um with LVDTs for an axial compression on the stem shoulder, which is identical to
our results. We found higher micromotion in torsion (stair climbing) than in compression
(walking). This result compares well with results from Enoksen et al. (2014) and Kassi et
al. (2005) obtained with LVDTs or with measurements from postmortem retrieval sections
by Mann et al. (2012). The patterns of micromotion revealed that for axial compression,
micromotion was low proximally and high distally. Pancanti et al. (2003) observed a similar
pattern with a FE model. Moreover, this finding is consistent with the femoral stem design,
thought to achieve stabilization in the metaphyseal area (Vidalain, 2010). In torsion, we
found high micromotion proximally and lower micromotion distally. Kassi et al. (2005) and
Pancanti et al. (2003) also measured higher micromotion proximally but they had a second
region of high micromotion at the tip of the stem. Differences in loading and constraints can

be possible explanations for this variation.

The reliability of the method was evaluated through bias and repeatability. Maximum bias
was 5.1 um. Although this value is high compared to the accuracy that can be obtained with
LVDTs, it remains sufficient to be used for the validation of FE models or for comparing dif-
ferent stems designs. The repeatability standard deviation reached a maximum of 4.1 um.
This value encompasses random errors due to the precision of loading, to the transmission
of load to the femoral stem, and to the viscoelastic behavior of bone. It can be compared to
similar measures of repeatability performed for LVDTs setups: Monti et al. (1999) obtained

a maximum value of 5 ym for intra-specimen standard deviation, Viceconti et al. (2000)
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measured a maximum intra-specimen variability of 9 ym, while Kassi et al. (2005) and Ost-
byhaug et al. (2010) got values of 3 um and 1.65 um respectively for repeatability standard
deviation. The repeatability of micro-CT based micromotion measurement is thus similar to

the repeatability of LVDT-based micromotion measurement.

The technique we proposed here relies on radiopaque markers with different radiopacity
and size attached to the bone and the implant to overcome the difficulty of imaging di-
rectly the bone-implant interface. The bias and repeatability of the technique were compa-
rable to those of LVDT-based measurements, making it a technique as reliable as the current
gold standard. This resulted in a unique full-field map of micromotion around a cementless
femoral stem, that may be used to compare the local effects of different implant designs
or to corroborate FE results. Notably, the validation of patient-specific models that predict
the level of bone-implant micromotion may be a promising application of the proposed
technique. Indeed, a validated model could be used for pre-operative planning to compare
the performance of different stem designs, of different surgical techniques, or of different
stem positions for a given patient. This may improve our understanding of primary implant

stability and may lead to enhanced long-term success of cementless total hip arthroplasty.
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Chapter 3

Abstract

The addition of a collar to the design of femoral stems in total hip arthroplasty (THA) is
thought to improve primary axial and rotational stability. However, there is still substantial
controversy as to whether collared designs are preferable to collarless designs in cementless
THA. A perfect contact between the collar and the calcar requires additional surgical steps
and may be difficult to achieve. The collar may also prevent the complete settling of the
stem. Reported revision rates indicate no significant difference in the long-term survival of
collarless and collared versions of the same stem, and biomechanical evidences that a collar
does improve primary stability are scarce. The aim of this cadaveric study is to quantitatively
compare the difference in primary stability between collarless and collared versions of the
same femoral stem. Specifically, we asked: (1) Does a collar prevent stem subsidence? (2)
Is there a difference in local micromotion around collarless and collared designs during

compressive or torsional loadings?

Collarless and collared versions of the same cementless femoral stem were implanted in two
groups of six fresh-frozen cadaveric femurs. Each implanted femur was then subsequently
tested for axial compressive and torsional loadings. A micro-CT based technique was applied
to quantify implant subsidence and compute the map of local micromotion around the
femoral stems. Micromotion of collarless and collared stems was compared in each Gruen

zone using a Mann-Whitney-U test.

Subsidence was 41.0 um + 29.9 um for collarless stems and 37.0 ym + 44.6 um for collared
ones, and there was no significant difference between the two groups. For compressive load-
ing, micromotion was 19.5 ym + 5 ym in collarless stems and 43.3 ym =+ 33.1 ym in collared
ones. For torsional loading, micromotion was 96.9 pm + 59.8 um with collarless stems and
118.7 um + 45.0 um with collared ones. We found no significant difference in local micro-
motion between collarless and collared design, except in Gruen zone 1 for compression (p =
0.001), where mean micromotion was 7.0 yum =+ 0.6 um in the collarless group and 22.6 um +
25.5 um in the collared group. A good primary stability was achieved in most cases for both
stem designs with a mean micromotion of 37.4 um in compression and 119.9 ym in torsion,

which is below the threshold for osseointegration (<150 ym).

The results of this study indicate a similar primary stability between collarless and collared
stems, and no influence of the collar on subsidence or micromotion at the local level. Further
studies are required to investigate whether collars may be advantageous in the presence of

higher loads, undersized stems, or for decreased bone densities.
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Introduction

Since the introduction of cementless total hip arthroplasty (THA) in the late 1950s, many
design modifications have been proposed to improve the primary stability and long-term
survival of femoral stems. Collared designs are thought to enhance primary stability and
hence osseointegration by improving resistance to axial, rotational, and varus forces at the
proximal bone implant interface. This might be of particular importance in view of the cur-
rent trend to allow for early weight bearing after total hip arthroplasty. However, the use of
collared designs is controversial, as some surgeons raised concerns in regards to their down-
sides. For an optimal load transmission, a perfect contact between the collar and the calcar
is a mandatory prerequisite. But this necessitates additional surgical steps and increases the
duration of surgery. In addition, the presence of a collar may prevent the full settling of the
stem in the medullary canal. Finally, a collar may complicate extraction when removal of an

integrated stem becomes necessary.

Clinical studies have reported no difference in the revision rate of collarless and collared
versions of the same stem (Hutt et al., 2014). In contrast, Demey et al. (2011) reported that a
collar increased the force required to initiate implant subsidence and intraoperative peripros-
thetic fractures. The choice between collarless or collared design appears to be mainly based

on the surgeon’s preference.

Primary stability is characterized by interfacial bone-implant micromotion before osseointe-
gration occurs. A good primary implant stability is associated with low micromotion, and is
critical for the long-term success of THA. Nevertheless, quantitative data on the differences in
primary stability between collarless and collared stems are scarce, and the available studies
are based on finite-element models, which were not validated experimentally (Ebramzadeh
et al., 2004; Mandell et al., 2004).

Therefore, the purpose of this study was to determine whether there is a difference in primary
stability between collarless and collared versions of the same femoral stem. Specifically,
we asked the following questions: (1) Does a collar prevent stem subsidence? (2) Is there a
difference in local micromotion around collarless and collared designs during compressive
and (3) torsional loadings? To answer these questions, we used a novel in vitro technique
providing the complete map of local micromotion on the intramedullary surface of femoral

stems (Gortchacow et al., 2012; Gortchacow et al., 2011; Malfroy Camine et al., 2016).
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Materials and methods

Collarless and collared versions of the same cementless femoral stem were implanted in two
groups of six fresh-frozen cadaveric femurs. Each implanted femur was then subsequently
tested for axial compressive and torsional loading. A micro-CT based technique was applied

to quantify implant subsidence and local micromotion around the femoral stems.
Human cadaver femurs

Twelve fresh-frozen human cadaveric femurs (National Disease Research Interchange, Philadel-
phia, PA, USA) were wrapped in saline-soaked gauze, placed in airtight plastic bags and
stored at -70 °C immediately after dissection. The selection criteria excluded femurs of indi-
viduals with a history of radiation or malignant disease, or previous femoral fractures. There
were three female and nine male donors, ranging in age from 32 to 93 years old (mean 71
years old). Mean donor weight was 83 kg (range 56 - 143 kg) and mean donor body mass
index (BMI) was 29 kg/m? (range 18.3-47.8 kg/m?) (Table B.1).

Before broaching of the medullary canal, the specimens were thawed overnight at room
temperature in saline solution and remaining soft tissues were removed. Femoral neck cut
and compaction broaching were performed by a senior orthopedic surgeon following the
recommendations of the manufacturer and using the original instrumentation. Briefly, the
proximal metaphyseal bone was compacted using the bone tamp. The broaches were then
impacted in increasing sizes with multiple hammer blows manually until axial stability was
achieved. Then, rotational stability was tested by turning the broach handle manually clock
and counter-clock wise. The stem was considered clinically stable when no macroscopic
movement at the bone-implant interface could be observed. Around 1000 stainless steel
spherical markers (diameter 600 um, MPS Micro Precision Systems AG, Biel, Switzerland)
were then manually press-fitted uniformly in the metaphyseal cancellous bone and on the

endosteal surface of the femoral canal using a spatula.

Implant system

Six collarless and six collared versions of the same cementless femoral stem (Corail®Hip Sys-
tem, DePuy Synthes Joint Reconstruction, Warsaw, IN, USA) were selected for implantation
(Fig. 3.1). The stem is made of forged titanium alloy (TiAl6V4), with standard offset neck, and
is fully coated with 155 um of hydroxyapatite. Thirty-seven tantalum spherical markers of
diameter 800 um (X-medics Scandinavia, Frederiksberg, Denmark) were glued (Loctite 401,

Loctite 55 Corporation, Dublin, Ireland) uniformly on the stem surface, within drilled holes
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of 1 mm depth and 850 ym diameter. Due to the limited size of the micro-CT scanner, the
femoral necks of the stems were cut 27 mm medial and parallel to the implant extraction
threaded hole axis. Femoral stems were then implanted, and the femurs were wrapped in

saline-soaked gauze, placed in airtight plastic bags and stored again at -70 °C.

Collared

Figure 3.1: Collarless (left) and collared (right) versions of the straight cementless femoral stem.

Implant loading

Before testing, the femurs were thawed at room temperature, and kept humid with saline-
soaked gauze during all subsequent preparation and testing steps. All femurs were succes-
sively tested for axial compression and axial torsion using two separate loading devices,
designed to fit inside a micro-CT scanner (Fig. 3.2). The test setup and devices have been

previously described in details (Malfroy Camine et al., 2016).

For compression testing, distal part of each femur was potted in epoxy resin 30 mm away
from the distal end of the stem. Minimal reaming of the lateral surface of the greater trochanter
(2-3 mm) was performed to enable proper fitting inside the device. For each femur, a load
corresponding to 230% of donor’s body weight (BW) was applied on the shoulder of the
stem, aligned with the stem extraction threaded hole axis. The load was chosen according
to the average load during walking measured with instrumented hip implants (Bergmann
etal., 2010b; Bergmann et al., 2010a). Before testing, the bone was pre-conditioned with 10

successive compressive loads, to enable full settling of the stem in the bone cavity.

For torsion testing, the femurs were again potted distally with epoxy resin and a clamping

system was used to restrain the proximal stem. For each femur, a moment corresponding to
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Axial Compression

= =g -

Axial Torsion

Figure 3.2: Loading devices designed to fit inside the micro-CT scanner. (a) Axial compression loading
device. The distal femur is cemented and compression is applied through a cylinder driven by a screw
Jjack. (b) Axial torsion loading device. The proximal stem is restrained by a clamping system. The

proximal stem and the distal femur are cemented. Torsion is applied through a worm gear.

2.3% BW xm was applied around the stem extraction threaded hole axis (internal rotation
of the stem). The load was chosen according to the average moment during stair climbing
measured with instrumented hip implants (Bergmann et al., 2010b; Bergmann et al., 2010a).

Before testing, the bone was pre-conditioned with 10 successive torsional loads.

Subsidence and micromotion measurement

Subsidence was defined as the irreversible vertical migration of the implant after loading,
while local micromotion was defined as the reversible elastic motion of the stem during
loading. Implant subsidence and micromotion were measured for both compressive and
torsional loadings using a previously described micro-CT technique (Malfroy Camine et al.,
2016), that enables in vitro measurements around femoral stems with a measurement bias

of 5.5 ym.

To measure implant subsidence and local micromotion in compression, three successive
micro-CT scans of the whole bone-implant interface were performed: the first scan was
performed without load and represented the initial state before pre-conditioning of the bone,
the second scan was performed while compressive load was applied, and the third scan was
performed after the compressive load had been removed. Bone and implant markers were
then automatically segmented on the reconstructed images, and the three scans were rigidly
registered based on implant markers positions to align all scans in the same coordinate
system. Subsidence was calculated as the mean vertical displacement of corresponding bone

markers between the initial unloaded scan and the final unloaded scan. Local micromotion
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was obtained from the 3D displacement vector between corresponding bone markers in
the loaded scan and the final unloaded scan (Fig. 3.3). Similarly, to measure local implant
micromotion in torsion, two successive micro-CT scans of the whole bone-implant interface
were performed: the first scan was obtained while torsional load was applied, and the second
one after the torsional load had been removed. Local micromotion was computed from the
3D displacement vector between corresponding bone markers in the loaded scan and the

unloaded scan.

Implant Implant Bone
. Markers Markers

Scan #1 Scan #2 Scan #3
@
Initial Loaded Final “x
unloaded scan unloaded |
scan scan
SUBSIDENCE > Rigid body Bone markers

registration displacements computation

I

MICROMOTION

Figure 3.3: Subsidence and micromotion computation. Three successive scans are performed, an initial
unloaded scan, a loaded scan, and a final unloaded scan. The scans are aligned in the same coordinate
system using rigid registration of implant markers. Subsidence is the displacement of corresponding
bone markers from the registered initial unloaded scan to the final unloaded scan. Micromotion is
the displacement of corresponding bone markers from the registered loaded scan to the final unloaded

scan.

Data analysis

Two femurs in the collarless group did not complete the testing. One femur was excluded due
to a periprosthetic fracture during compressive loading. Another femur had to be excluded

because measurement data were unusable after a failure of the imaging system.

All data analysis was carried out in MATLAB (Matlab r2016a, The Mathworks, Inc., Natick,

MA, USA). The micromotion vector was calculated at each point and its absolute value (i.e.
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magnitude) was determined. The micromotion vector was further divided into its tangen-
tial and normal components, relative to the stem surface. Natural-neighbor interpolation
between all measurement points was used to create maps of micromotion on each stem’s

surface.

The femoral stems were divided into 12 zones corresponding to Gruen zones 1 to 3, 5 to 10,
and 12 to 14 (Gruen et al., 1979). To investigate the relationship between median micromo-
tion or median subsidence, and donor’s age, weight, BMI, and implant size, the Spearman’s
rank correlation coefficient was evaluated and its significance was assessed using a permu-
tation test. A Mann-Whitney U-test was chosen to compare collarless and collared stems
subsidence, because this test does not make assumptions about homogeneity of variances
or normal distributions of the data. The same Mann-Whitney U-test was used to compare
median micromotion between collarless and collared stems in each Gruen zone. The signifi-

cance level for all statistical tests performed was set to 0.05.

Results

Mean stem subsidence was 41.0 um + 29.9 ym in the collarless group and 37.0 ym + 44.6 um
in the collared group. The difference between these groups was not statistically significant
(p=0.352) (Fig. 3.4).

Subsidence
n.s.
[wm] —
100
50
0 |

Collarless [Jij Collared

Figure 3.4: Subsidence of collarless (n=4) and collared (n=6) stems. Box plots show median value (light
grey line), 1" and 3™ quartiles (bottom and top of the box), and minimum and maximum values
(whiskers). n.s. indicates non-significant difference between pairs of distributions (p-value<0.05) using
Mann-Whitney U test.
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We obtained between 213 and 432 simultaneous measurement points uniformly distributed
around each implant, resulting in full-field maps of micromotion around the stems for com-
pressive and torsional loads (Fig. 3.5). In compression, mean absolute micromotion was 19.5
pm + 5 um in the collarless group and 43.3 ym + 33.1 ym in the collared group. The only
significant local difference between the collarless and the collared group occurred for abso-
lute micromotion in Gruen zone 1 (p = 0.01), with a mean absolute micromotion of 7.0 ym =+
0.6 um for the collarless group and 22.6 um + 25.5 um for the collared group (Fig. 3.6). In all
other Gruen zones, there was no significant difference between the collarless and collared
groups, for absolute micromotion, and components of micromotion normal and tangential
to the stem’s surface. For both stem designs, micromotion was lower around the proximal

part of the stem (Gruen zones 1,7, 8 and 14) and higher distally.

In torsion, absolute micromotion was higher than in compression, with a mean of 96.9 um
+ 59.8 um in the collarless group and 118.7 um + 45.0 um in the collared group. There was
no significant difference between collarless and collared stems in all Gruen zones in regards

to absolute micromotion, or normal or tangential components (Fig. 3.7).

There was no significant correlation between patient’s age, weight, BMI or implant size, and
stem subsidence or micromotion (p>0.05). For all stems, mean micromotion was 37.4 ym
in compression and 119.9 ym in torsion, which is below the reported maximum threshold
allowing osseointegration (<150 um) (Engh et al., 1992; Pilliar et al., 1986). One of the femur
in the collared group presented with much higher stem micromotion in torsion than the rest
of the femurs. For this femur, mean micromotion in torsion was 252.9 ym and micromotion

reached a maximum of 625.9 ym locally, in Gruen zone 1.

Discussion

Collared stems in cementless THA have gained increasing popularity based on the hypoth-
esis that they enhance implant primary stability. However, there is only limited evidence
to support this hypothesis. Clinical studies did not show any significant benefit of collared
stems in terms of implant survival (Jameson et al., 2013; Meding et al., 1997). Biomechani-
cal studies were limited to finite element modeling (Ebramzadeh et al., 2004; Mandell et al.,
2004), which are insufficiently backed by experimental data. Our objective was to determine
if there is a significant difference in primary stability between collarless and collared stems,
by measuring subsidence and local micromotion around collarless and collared stems in
cadaveric femurs, using a previously described micro-CT based in vitro technique. We found

no significant differences in subsidence or local micromotion between collarless and col-
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Figure 3.5: Sample distribution of absolute micromotion around one collarless stem and one collared
stem - Anterior/lateral and posterior/medial views of the stem displayed successively from left to right
for each case. Top row shows results obtained in compression. The bottom row shows results obtained

in torsion.
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6) stems. Box plots show median value (light grey line),

4) and collared (n
1% and 3@ quartiles (bottom and top of the box), and minimum and maximum values (whiskers). Star

zone around collarless (n

(*) indicates significant difference between pairs of distributions (p-value<0.05) using Mann-Whitney

U test.
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lared designs, except for a small variation in micromotion in Gruen zone 1 in compression.
Both stem designs had good primary stability, with mean micromotion below the 150 ym

osseointegration limit.

There are a number of weaknesses in this study. First, the sample size in this technically
demanding study is small and anatomy and bone quality vary between the two study groups.
Moreover, the implantation of the stems into dissected cadaveric femurs is facilitated by the
absence of soft tissue and a strong press-fit was achieved in all cases. It is possible that in a
clinical setting, where the positioning and press-fit may not be optimal, the results could be
very different. In addition, the loading protocol used in this study separated axial compres-
sive load and axial torsional load, in order to enable stem’s loading inside a micro-CT scanner.
The axial compressive load was applied at the axis stem’s body and not on the femoral head
due to technical reasons. Rotational forces in the frontal plane might be insufficiently rep-
resented by this setup. Consequently, the results may have been partially affected by the
fact that these loadings are not physiological. The loads applied in this work correspond to
those encountered during activities of daily living under full weight bearing. Higher loads
(e.g. during stumbling or in obese patients) may lead to different results. Finally, owing to
the complexity of the experimental protocol, multiple thawing and freezing cycles of the
femurs were necessary. In order to preserve the mechanical properties of bone, all freezing
and thawing steps were performed within saline solution and the bones were kept humid at
all times in between. Previous research showed that multiple freezing and thawing of fresh
frozen bone did not affect the specimen’s mechanical properties when the above precautions
were strictly applied (Kang et al., 1997; Linde et al., 1993).

The absence of significant difference in subsidence between collarless and collared stems is
consistent with the work of Meding et al. (1997), who found no difference in subsidence in a
prospective randomized study that compared identical cementless stems with and without
collar up to 5 years postoperatively. Demey et al. (2011) found in a cadaveric study that
collared designs required a significantly higher force to initiate subsidence of the stem and
to cause a periprosthetic fracture than collarless stems. However, the force necessary to
initiate subsidence of the stem was superior to 3000 N for both groups, which is a much
higher load than the ones experienced during activities of daily living. Such high loads might
only be encountered in heavy patients or during high impact activities or falls (Bergmann
etal., 2016).

Our measurements of micromotion during compression and torsion are in general agree-
ment with previous reports (Bieger et al., 2012; Fottner et al., 2011). Our observation that

micromotion is higher in torsion than in compression, regardless of the presence of a collar,

53



Chapter 3

was also reported by several authors (Enoksen et al., 2014; Kassi et al., 2005; @stbyhaug et al.,
2010). The technique we used to measure local micromotion, based on micro-CT imaging,
offers a novel understanding of the biomechanics behind cementless stems primary stability.
The absence of significant difference in local micromotion between collarless and collared
in most Gruen zones is in line with clinical studies indicating similar revision rates for both
types of implants (Jameson et al., 2013; Meding et al., 1997). This result suggests that there
is no significant difference in primary stability between collarless and collared implants. We
observed significantly higher absolute micromotion for collared stems in Gruen zone 1 for
compressive but not for torsional loading. However, this difference was small (15 um), and
in view of the results in all other Gruen zones for both types of loading, it seems unlikely that

collars are associated with a relevant decrease in primary stability.

Of note, we observed a periprosthetic fracture in one of the specimen implanted with a collar-
less implant during compressive loading. Despite that some authors reported that collarless
stems are at a higher risk of periprosthetic fractures than collared stems (Demey et al., 2011),
we don't think that the fracture in this specimen can be conclusively attributed to the collar-
less design. Indeed, we adapted the load to the donor’s body weight, and this resulted for this
overweight donor in an extreme load of over 3200N, which we believe explains the fracture.In
conclusion, we did not observe differences in primary stability (subsidence and micromo-
tion) between collarless and collared stems, within the limitations of in vitro measurements
partly replicating activities of daily living. This finding could be beneficial to help surgeons
decide between a collarless or a collared implant, as no consensus on this question has been
reached yet. Further studies remain necessary to investigate whether collars may be advanta-
geous in the presence of higher loads, undersized stems, or for decreased or increased bone

densities or anatomical variants (e.g. varus or valgus necks).
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Chapter 4

Abstract

Micromotion-induced interstitial fluid flow at the bone-implant interface has been proposed
to play an important role in aseptic loosening of cementless implants. High fluid velocities
are thought to promote aseptic loosening through activation of osteoclasts, shear stress-
induced control of mesenchymal stem cells differentiation, or transport of molecules. In
this study, our objective was to quantify micromotion-induced fluid flow around a cement-
less femoral stem using a finite element model based on experimental local micromotion

measurements in compression and torsion.

The relative influence of micromotion, bone-implant gap and material properties on peak
fluid velocity was investigated using a full-factorial design and an idealized 2D model of
the bone-implant interface. Models of transverse sections around a femoral stems were
generated based on computed tomography images and micromotion measurement of the
same femur. Additionally, a 3D model including a simplified stem’s geometry was built and

the shear stress experienced by cells hosted in the peri-implant tissues was estimated.

The analysis of the full-factorial design showed that local micromotion had the most influ-
ence on peak fluid velocity at the interface. Remarkable variations in fluid velocity were
observed in the macrostructures at the surface of the implant in the 2D transverse sections
of a the stem. Finally, the 3D model predicted peak fluid velocities extending up to 2.2 mm/s
in the granulation tissue and to 3.9 mm/s in the trabecular bone. Peak shear stresses on the
cells hosted in these tissues ranged from 0.1 Pa to 12.5 Pa. These results offer insight into
mechanical stimuli encountered at the bone-implant interface. They could be beneficial
to interpret the results of mechanobiology studies on the effects of fluid flow on bone or

mesenchymal stem cells.
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Introduction

During the past two decades, the number of cementless hip replacements has increased
significantly (Wyatt et al., 2014). With the rising number of young patients undergoing hip
replacement, improving the long-term success of cementless femoral stems has become a

crucial issue in the field of total hip replacement.

Aseptic loosening is the main cause for revision of cementless hip stems, accounting for 54%
of all causes for revision (Wyatt et al., 2014). It is characterized by the formation of a fibrous
tissue at the bone-implant interface and areas of osteolysis around the implant. Aseptic
loosening is a complex process, usually due to a combination of mechanical and biological
factors, but is largely related to the initial phases of peri-implant healing (Karrholm et al.,
1994; Mjoberg, 1994). Shortly after implantation, a soft and porous tissue saturated with
interstitial fluid fills the gap between the bone and the implant. This granulation tissue hosts
mesenchymal stem cells (MSCs) that have the ability to differentiate into osteoblasts, leading
to bone formation. The fate of MSCs is directly linked to mechanical and biochemical stimuli

in their environment.

Among the factors that are known to play a role in implant loosening, primary stability of the
implant is critical. Primary stability corresponds to the initial mechanical fixation of the im-
plant, and is characterized by relative bone-implant micromotion at the interface. Excessive
bone-implant micromotion indicates a poor implant primary stability and has been shown
to promote the formation of interfacial fibrous tissue, leading to aseptic loosening (Engh
etal., 1992; Seballe et al., 1992).

Fluid flow has also been shown to play an important role in promoting aseptic loosening.
High fluid velocities (Fahlgren et al., 2010) and pressures (Vis et al., 1998) have been reported
to cause osteolysis, independently from the presence of wear particles. Fluid shear stress is
also known to play a role in controlling MSCs osteoblastic differentiation (Arnsdorf et al.,
2009b; Arnsdorf et al., 2009a; Kreke et al., 2005; Sharp et al., 2009; Yourek et al., 2010).

It has been suggested that micromotion and fluid flow at the bone-implant interface could
be intimately related (Prendergast et al., 1997). Implant micromotion deforms the surround-
ing bone and granulation tissue, hereby pumping interstitial fluid and generating fluid flow.
Micromotion-induced fluid flow would thus have the potential to affect the outcome of peri-
implant healing, through stimulation of the MSCs hosted in the bone and the granulation
tissue, activation of the osteoclasts, or transport of morphogens, nutrients, oxygen or wear

particles.
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For this reason, there has been a growing interest to quantify micromotion-induced fluid flow
around implants, in order to help study its effects on peri-implant healing and osseointegra-
tion. Various studies in the recent years tried to characterize micromotion-induced fluid flow
(Alidousti et al., 2011; Conroy et al., 2006; Mann et al., 2014). Most of these studies consid-
ered simplified bone and implant geometries, uni-directional homogeneous micromotion,
or were limited to 2D fluid velocities. However, the heterogeneous local micromechanical
environment is known to play an important role in peri-implant healing (Simmons et al.,
2001b; Simmons et al., 2001a).

The aim of this study is to characterize and quantify micromotion-induced fluid flow at the
bone-implant interface of a cementless femoral stem, using finite element (FE) modeling
with accurate geometries and boundary conditions. The research project is divided into
three specific objectives (i) to determine conditions that cause high fluid velocities at the
bone-implant interface using design of experiments and an idealized 2D model of the bone-
implant interface, (ii) to quantify micromotion-induced fluid velocities in representative
transverse sections of a cementless femoral stem, and (iii) to quantify micromotion-induced
3D fluid velocities around the whole bone-implant interface of a cementless femoral stem,

and the resulting shear stress on cells hosted in peri-implant tissues.

Methods

Idealized parametric model of the bone-implant interface

An idealized 2D poroelastic model of the bone-implant interface was created and combined
with a full factorial design of experiments (DOE) approach, to explore the effects of gap size,
implant micromotion, material properties of the granulation tissue and interstitial fluid on
peak fluid velocity in the trabecular bone and granulation tissue. The final design included

two levels and seven factors, resulting in 128 (27) conditions (Table 4.1).

The choice of gap size and micromotion levels was made so as to span the variety of results
measured experimentally in Chapter 2 & 3. To study the effects of variations in material
properties of the granulation tissue, the levels of each material property were chosen to span
a range of proposed values in the literature. Indeed, different values for Young’s modulus,
porosity and permeability have been proposed - depending on where and when the tissue
was collected - and the commonly used value for Poisson’s ratio (0.167) is based on a value
measured in cartilage (Isaksson et al., 2009; Jurvelin et al., 1997). Finally, the value of the fluid

viscosity in the gap is also not experimentally characterized, and water and bone marrow
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were chosen to span the possible viscosity values.

Factors Low level High level References
Gap size 0.5 mm 5mm Chapter 2 & 3
Micromotion 5 um 250 pm Chapter 2 & 3
Young’s modulus of granulation tis- 0.5 MPa 1.5MPa [11%, [2,3]**
sue

Poisson’s ratio of granulation tissue 0.1 0.3 [4]%%*, [5]***
Porosity of granulation tissue 0.7 0.9 (6]t
Permeability of granulation tissue 1 x 10”14 m? 5 x 10714 m?2 611, [71*
Interstitial fluid’s viscosity 0.001 Pa.s 0.1 Pa.s 81t

[1] (Leong et al., 2008) [4] (Jurvelin et al., 1997) [7] (Fahlgren et al., 2012)

[2] (Kraaij et al., 2014) [5] (Kiviranta et al., 2006)  [8] (Gurkan et al., 2008)

[3] (Moerman et al., 2016) [6] (Diamond, 1999)

* Measured in granulation tissue

** Measured in the bone-implant interface tissue of loosened implants
*** Measured in cartilage

T Measured in blood clots

11 Measured in bone marrow

Table 4.1: Sensitivity study: full-factorial design factors and levels.

Model’s geometry The model was composed of three concentric rings: the most central one
represented the granulation tissue, which was surrounded by a ring of trabecular bone and a
ring of cortical bone (Fig. ). The most central boundary represented a 1 cm diameter implant.
The implant was considered completely rigid and impermeable compared to the surround-
ing tissues. The cortical and trabecular thicknesses were 5 mm. The gap between the implant

and trabecular bone was considered as fully filled with granulation tissue.

Material properties Granulation tissue, trabecular and cortical bone were modeled as poroe-
lastic and saturated with interstitial fluid (Table 4.2). The poroelastic properties of trabecular
and cortical bone were obtained from the literature. The poroelastic properties of granu-
lation tissue are ill-defined. Some studies have focused on characterizing the poroelastic
properties of the fibrous tissue that forms ultimately at the bone-implant interface of loos-
ened implants, and we assumed that granulation tissue had similar properties. The Biot-

Willis effective stress coefficient, which relates the volume of fluid expelled or sucked into
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Cortical bone

D Trabecular bone
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Figure 4.1: Geometry of the idealized model - r; designates boundaries of the model.

a porous material element with the volumetric change of the same element, was unknown
for trabecular bone and granulation tissue. Because of inhibition of pore compression, a stiff
porous matrix has a Biot-Willis coefficient close to its porosity, and a soft porous matrix has
a Biot-Willis coefficient close to 1 (Podichetty et al., 2014). Therefore, we assumed Biot-Willis
coefficients of 0.8 for trabecular bone and 1 for granulation tissue. The properties of the

interstitial fluid were those of water.

Material Density Young’s Poisson’s Porosity Permeability Biot-Willis Viscosity
modulus ratio coefficient
Cortical 1875 l(g/rn3 15.75 GPa 0.325 [2] 0.05 [2] 1.5 x 10720 0.14 [4]
Bone 1] 2] m? [3]
Trabecular 1875 kg/m3 1 GPa [5] 0.25 [6] 0.8 [5] 47x10710 0.8
Bone (1 m? [5]
Granulation 1100 l(g/m3 0.99 MPa [8] 0.167 [9] 0.8 [10] 3x10714 0.95
Tissue (7] m? [11]
Interstitial 1000 kg/m? le-3 Pa.s
Fluid
[1] (Ashman et al., 1984) [4] (Cowin, 1999) [7] (Nahirnyak et al., 2006) [10] (Diamond, 1999)
[2] (Smit et al., 2002) [5] (Kohles et al., 2002) [8] (Leong et al., 2008) [11] (Fahlgren et al., 2012)
[3] Johnson et al., 1982) [6] ((Sebaa et al., 2006) [9] (Isaksson et al., 2009)

Table 4.2: Poroelastic material properties used in the model.

Boundary and initial conditions The external boundary of the cortical bone was fully con-
strained. Micromotion of the implant was imposed by a sinusoidal displacement in the x-
direction, at a frequency of 1 Hz. We introduced a phase shift of —7 to enable a gradual initial
ramping of micromotion and help convergence (Equation C.8). The implant boundary was
impermeable to fluid and the external boundary of cortical bone was open boundary to fluid
flow (Equation C.9). For the initial conditions, the system was considered to be at rest, with

a fluid pore pressure at 1 atm in all tissues (Equation C.10).
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Finite element analysis The model was meshed with solid triangular elements (Table C.1)
and implemented in COMSOL (COMSOL Multiphysics®v. 5.2a., www.comsol.com, COMSOL
AB, Stockholm, Sweden) using the poroelasticity interface. The time-dependent partial dif-
ferential equations were solved with a fully-coupled approach using the Newton-Raphson
iteration method and a direct MUMPS solver. Time steps sizes were determined automati-

cally using backward differentiation formula.

The full factorial design was generated and analyzed in Minitab (Minitab 17 Statistical Soft-
ware, www.minitab.com, Minitab, Inc., State College, PA, USA) using ANOVA. Only main ef-

fects and 2-way interactions were considered.
Fluid flow in representative transverse section of a cementless femoral stem

Representative transverse sections of the bone-implant interface of a left human fresh frozen
cadaveric femur implanted with a cementless collared stem were built, based on the geome-
try obtained from CT data. Two CT-scans were performed after broaching of the bone cavity
and after implantation respectively. The geometry of the bone-implant interface was recon-
structed from the post-broaching CT-scan. Cortical and trabecular bone were segmented
manually in the Amira software (Amira v6.0.1, FEI, Hillsboro, OR, USA) and the surfaces were
reconstructed in Geomagic (Geomagic Studio 2014, 3D Systems, Rock Hill, SC, USA). The
bone surfaces were aligned to the post-implantation CT-scan and the implant surface, ob-
tained from the CAD file, was subtracted in Solidworks (Solidworks 2015, Solidworks Corp.,
Dassault Systemes, Waltham, MA, USA).

The material properties (Table 4.2), initial and boundary conditions were similar to those of
the idealized model. The amplitude and direction of micromotion were defined according
to the interpolation function of 3D bone-implant micromotion around the stem, measured
locally using a micro-CT based technique (Fig. C.1). Transverse sections taken at 24 mm, 72
mm, and 120 mm from the tip of the stem were extracted in Solidworks. The models were
meshed with triangular elements (Table C.1). The model was solved in COMSOL, similar to
what was described for the idealized model. Three transverse cuts along the femoral stem
were analyzed (Fig. 4.2), each for two loading cases: compression and torsion. Outcome

measures of the models included average and peak fluid velocity in each tissue.
3D fluid flow around a simplified cementless femoral stem

A 3D FE model of the same femur where micromotion was measured experimentally was

built, based on the geometry obtained from CT data. The bone surfaces were reconstructed
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2D representative transverse sections

1 o
O

Exact implant
geometry

J

Cortical Trabecular  Granulation
Bone Bone Tissue

Smoothed implant
geometry

3D model

Figure 4.2: Assembly of geometry for the 2D representative transverse sections and the simplified 3D
model - The representative transverse sections are built from the cortical bone (yellow), trabecular
bone (green), granulation tissue (red) and accurate implant surfaces (blue). The 3D model is built by
combining the cortical bone, trabecular bone, granulation tissue and simplified implant surfaces.
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in a similar way as described above and aligned to the post-implantation CT-scan. A simpli-
fied version of the implant surface, without macrostructures, was subtracted in Solidworks
(Fig. 4.2).

The material properties, initial and boundary conditions were identical to the transverse
sections models described previously. The model was meshed with tetrahedral elements
(Table C.1) and solved in COMSOL, similar to what was described above. Outcome measures
of the model included average and peak fluid velocity in each tissue, and the peak shear stress
on cells located in trabecular bone and granulation tissue. The peak shear stress on cells was

estimated assuming spherical cells embedded in a porous matrix (Wang et al., 2000):

T=—— 4.1)

where 7 is the peak shear stress on cells, u is the interstitial fluid viscosity, v is the peak fluid’s

velocity in the tissue and « is the permeability.

Results

Idealized parametric model of the bone-implant interface

Peak fluid velocity in the tissues of the bone-implant interface reached two maxima over
one micromotion cycle due to inflow and outflow, at approximately 25% and 75% of the load
cycle. The maximal fluid velocity was encountered in the trabecular bone. Peak fluid velocity
ranged from 5 pym/s to 1277 um/s, depending on the levels of parameters included in the

full factorial design.

The analysis of the full factorial design of experiments showed that gap size, micromotion,
tissue’s permeability and interstitial fluid viscosity had a significant (p < 0.05) effect on peak
fluid velocity at the bone-implant interface (Table 4.3). Micromotion was the parameter that
influenced the most the peak fluid velocity, with higher micromotion resulting in higher fluid
velocity. The mean fluid velocity for all low micromotion conditions was 18 ym/s, versus 1062
pm/s for all high micromotion conditions. Low gap size resulted in significantly higher fluid
velocity and low fluid viscosity induced lower peak fluid velocity, but they both contributed
to less than 3 % of the total sum of squares. Additionally, several 2-way interactions were also
significant, including the interaction between gap size and micromotion that contributed to

2.6% of the total sum of squares.
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Source DOF %TSS  p-value
Linear 7 89.50% <0.001
Gap size 1 2.60%  <0.001
Micromotion 1 84.20% <0.001
Granulation tissue’s permeability 1 0.10%  0.003
Interstitial fluid’s viscosity 1 2.60%  <0.001
2-Way Interactions 21 7.90%  <0.001
Gap size x Micromotion 1 2.60%  <0.001
Gap size x Interstitial fluid’s viscosity 1 0.90%  <0.001
Micromotion x Granulation tissue’s permeability 1 0.90%  0.004
Micromotion x Interstitial fluid’s viscosity 1 2.60%  <0.001
Granulation tissue’s permeability x Interstitial fluid’s viscosity 1 0.90%  0.017
Residuals 99 2.60%

Table 4.3: ANOVA for the full factorial design. Degrees of freedom (DOF) and percentages of the total
sum of squares (%TSS) are listed. Only significant effects are displayed.
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Fluid flow in representative transverse sections of a cementless femoral stem

The average fluid velocity in the granulation tissue was maximal for the metaphyseal trans-
verse section in torsion with 57 um/s (Fig. 4.3). In the trabecular bone, the maximum average
fluid velocity occurred in the middle diaphyseal transverse section for the torsion case, with

145 pm/s.

In the three representative transverse sections, the peak fluid velocity in the granulation
tissue ranged from 3 um/s to 230 um/s for compression, and from 25 ym/s to 446 ym/s
in torsion. In the trabecular bone, the maximum fluid velocity extended from 47 um/s to
2403 pm/s. The interstitial fluid velocities in cortical bone were much lower than in other
tissues, the maximum was reached in the metaphyseal transverse section, in torsion, with
3 pum/s. On the middle and diaphyseal transverse sections, regions of higher fluid velocity
were observed at the corners of the quadrangular section of the implant. On the other hand,
we observed notably lower fluid velocities inside the recesses of the vertical grooves, while

local peaks of fluid velocities could be observed around the crests of the grooves.

Compression Torsion

400

Zone 1: Metaphyseal

40
0
130
Zone 2: Middle diaphyseal ‘
‘ 0
; ° 180
| 0

800

200

Zone 3: Distal diaphyseal

Interstitial fluid velocity [um/s]

Figure 4.3: Distribution of micromotion-induced interstitial fluid absolute velocities at representative

transverse sections of the bone-implant interface in compression and torsion at t=0.25 s.
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3D fluid flow around a simplified cementless femoral stem

The average fluid velocity in the granulation tissue was 9 ym/s in compression and 15 ym/s
in torsion. In the trabecular bone, the average fluid velocity was much higher, with 21 ym/s

in compression and 128 ym/s in torsion.

The peak fluid velocity in the granulation tissue was maximal close to the distal end of the
stem for both loading cases, reaching 412 ym/s in compression and 2273 um/s in torsion
(Fig. 4.4). In the trabecular bone, peak fluid velocities occurred distally in compression with
1804 um/s and on the middle and distal diaphysis in torsion with a maximum at 3913 um/s.
The interstitial fluid velocities in cortical bone were much lower than in other tissues, and the
highest fluid velocities recorded (up to 5.5 um/s) were at the distal end of the stem for both
loading cases. The mostimportant component of the 3D fluid velocity was in the longitudinal

direction.

Peak shear stress in granulation tissue was 2.3 Pa and 12.5 Pa for compression and torsion re-
spectively. In trabecular bone, shear stress on cells reached 0.1 Pa and 0.2 Pa for compression

and torsion.

Discussion

Micromotion-induced fluid flow at the bone-implant interface is believed to play an impor-
tant role in the initial phases of peri-implant healing, through stimulation of cells hosted in
the surrounding tissues. However, quantification of micromotion-induced fluid velocities
around accurate geometries and based on the local mechanical environment of the pros-
thesis was missing. In this study, our objective was to use FE modeling to characterize and
quantify micromotion-induced fluid velocity at the bone-implant interface of a cementless
femoral stem using accurate geometries and experimentally measured local micromotion.
Using design of experiments and an idealized 2D model of the bone-implant interface, we
observed that micromotion was the most influential parameter on peak fluid velocity at
the interface. The geometry of the interface, represented by the gap size, as well as the in-
teractions between gap size and micromotion, played also a significant role, underlining
the need for accurate geometries and local micromotion measurements when estimating
micromotion-induced fluid flow. We observed interesting flow patterns in the macrostruc-
tures at the surface of the implant in representative transverse sections of a cementless
femoral stem, with lower fluid velocities inside the vertical grooves, and local peak veloci-

ties around the crests of the grooves and at the corners of the quadrangular section of the
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implant. Finally, using a 3D model of the bone-implant interface, we obtained a range of
fluid velocities extending up to 2200 um/s in the granulation tissue and to 3900 um/s in the

trabecular bone for a torsional loading case.

The main strength of the model developed as part of this work is that it captures the wide
range of gap and micromotion conditions around the stem, thanks to full-field measure-
ments. The exact sequence of events that links micromotion-induced fluid flow to aseptic
loosening remains unknown. Nevertheless, the model presented in this study could be ap-

propriate to test some of the hypotheses around the mechanisms behind aseptic loosening.

Previous researches already reported the important effect of surface geometries (Simmons
et al., 2001b; Simmons et al., 2001a) and micromotion (Engh et al., 1992; Sgballe et al., 1992)
on peri-implant healing. Our findings are consistent with these studies, as we found that
gap size and micromotion influenced peak fluid velocities to a greater extent than material
properties. The 2D models of representative transverse sections of a cementless femoral stem
showed that macrostructures on the implant surface could influence the local fluid velocities,
with lower velocities inside the recesses of the vertical grooves, and locally higher velocities
around the crests of the grooves. It is interesting to compare this result with histological
analyses and push-out tests of the bone-implant interface of retrieved grooved implants,
where local differences in bone healing were also observed between the crests and recesses
of the grooves (Thomas et al., 1987). Indeed, bone formation appeared earlier at the crests
of the grooves, and the bone formed at the crests resisted better to push out tests than the
bone formed in the recesses of the grooves. Other studies that analyzed retrieved sections of
the same implant as the one used in our study reported more bone formation at the corners

of the quadrangular section of the stem (Hardy et al., 1999b; Hardy et al., 1999a).

For both types of macrostructures, it seems that locally higher fluid velocities correlate with
bone formation, which is in contradiction with studies that propose that higher fluid ve-
locities induce osteolysis (Fahlgren et al., 2010). However, they observed osteolysis for fluid
velocities of 20000 um/s, while our range of values was in the order of hundreds of yum/s.
Furthermore, flow chamber experiments showed that fluid shear stress in the order of 0.4
to 2.2 Pa could induce the osteogenic differentiation of MSCs, which relates well with the
range of shear stresses in granulation tissue that we estimated. Other models that estimated
micromotion-induced fluid flow at the bone-implant interface reported fluid velocities simi-
lar to what we estimated. The micromotion-induced peak fluid velocity at the bone-cement
interface of retrieved transverse sections of cemented femoral stems varied from 270 ym/s
to 15700 ym/s (Mann et al., 2014). In another model of capsular pressure and micromotion-

induced fluid flow around a cementless femoral stem, fluid velocities extending up to 3000
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pm/s were observed (Alidousti et al., 2011). Finally, in a magnetic resonance imaging study,
micromotion-induced fluid velocity in the gap around a canine bone implant model reached
14000 um/s (Conroy et al., 2006).

The present study has several limitations, and the most important one is that results for
only one specimen are reported. Future works will require several samples to confirm the
results obtained with this model and account for patient’s variability. The geometries were
reconstructed from a CT-scan with a resolution of 0.5 mm, meaning that gaps smaller than
the resolution were not modeled. The material properties of granulation tissue are not well
characterized, and the measured poroelastic properties for trabecular and cortical bone span
a wide range of values. Additionally, the material properties of the interface are likely to
be anisotropic and evolve as healing progresses. To evaluate the sensitivity of peak fluid
velocities to the material properties of granulation tissue, we used design of experiments
techniques. We found that despite some properties like the permeability of the tissue or the
viscosity of the fluid influenced significantly the results, their role was minimal compared to
the effects of gap size or micromotion. We also assumed that the mechanical behavior of the
granulation tissue was linear elastic. However, small gaps and high micromotion could easily
result in large strains, for which the linear elastic representation would no longer be valid.
The hyperelastic properties of the interfacial fibrous tissue around loosened cementless
stem were recently characterized. Further studies should evaluate the repercussions of the

hyperelastic modeling of interfacial tissue on micromotion-induced fluid flow predictions.

The vertical grooves on the implant surface were modeled in the 2D models, and these
macrostructures influenced remarkably the distribution of fluid velocities at the interface.
However, the 2D transverse sections displayed significantly lower fluid velocities than the
corresponding sections in the 3D model, showing that axial components of micromotion
and fluid velocity are essential for an accurate estimation of micromotion-induced fluid ve-
locities. The implant macrostructures were not included in the 3D model to reduce mesh size
and computation time. Fluid-flow at the interface results from both implant micromotion
and bone deformation following implant loading, however, our measurement of implant
micromotion reports the relative displacement between the implant and bone and does not
integrate bone strains. It is thus possible that our range of fluid velocities is slightly underes-
timated. Finally, Darcy’s law is only valid for low Reynolds number Re < 10 (Hassanizadeh
et al., 1987). Using a characteristic pore length of 1 ym for granulation tissue and 1 mm for
trabecular bone, we estimated Reynolds numbers of 0.001 and 1 for each tissue respectively.
Therefore, in this study, Darcy’s flow was a reasonable assumption. However, higher fluid

velocities arising with higher implant micromotion could lead to non-Darcy’s flows.
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This study provided a first estimation of local micromotion-induced fluid flow around a ce-
mentless femoral stem in the initial stages of peri-implant healing. Though the mechanisms
that link fluid flow at the initial bone-implant interface and peri-implant healing remain
insufficiently understood, much research in the recent years focused on the influence of
fluid flow on bone and mesenchymal stem cells. The range of fluid velocities and shear
stresses estimated in this study is of great interest to relate mechanical stimuli encountered
at the bone-implant interface with results from mechanobiology experiments. Furthermore,
micromotion-induced fluid flow has been proposed to disturb the transport of morphogens
in the peri-implant tissues, hereby affecting the osteogenic differentiation of mesenchymal
stem cells (Gortchacow et al., 2013). In the future, a model of morphogens transport in the
granulation tissue could be combined with the model developed in this study, to test this

hypothesis.
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Summary of findings

Aseptic loosening of the femoral component emerged as a major issue in the field of ce-
mentless hip arthroplasty, limiting the long-term survival of the implants (Wyatt et al., 2014).
Multiple mechanisms are involved in this process, including implant micromotion and fluid
flow at the bone-implant interface (Sundfeldt et al., 2006). Several studies suggested that
aseptic loosening stems from the initial mechanical environment during the early stages of
peri-implant healing (Karrholm et al., 1994; Mjoberg, 1994). This thesis focused on three dif-
ferent aspects of the initial local mechanical environment around cementless femoral stems:
(i) the development of a technique to measure full-field micromotion around cementless
femoral components; (ii) the comparison of collared and collarless femoral stems primary
stability; (iii) the estimation of micromotion-induced fluid flow around a cementless femoral

component. The findings for each of these aspects are detailed below.

In Chapter 2, the development of a micro-CT based technique to measure local implant
micromotion around metallic cementless stems was detailed. The technique relied on ra-
diopaque markers to bypass the difficulties arising when imaging the interface of metallic
implants. It proved to be highly reliable, with a bias of 5 ym and a measurement repeatability
similar to that of LVDTs, which are the current gold standard for micromotion measurement.
Moreover, thanks to over 300 simultaneous measurement points, the technique provided the

full-field map of micromotion around a cementless femoral stem.

Then, in Chapter 3, the developed micro-CT technique was used to compare the primary
stability of the collared and collarless versions of the same cementless femoral stem. Subsi-
dence and local micromotion were measured in two groups of cadaveric femurs implanted
with either version of the stem. We found no significant difference in both subsidence and lo-
cal micromotion between collared and collarless stems. Conjointly, these results suggest that
there is no difference in primary stability between the two versions of the stem for activities

of daily living.

Finally, in Chapter 4, a poroelastic finite element model of the bone-implant interface of a
cementless stem during the proliferative phase of healing was developed. The model was
built from accurate geometries obtained from CT scans of a femur that was part of the study
in Chapter 3. Micromotion-induced fluid flow was quantified based on local measurements
of micromotion determined in the same study. We obtained the local distribution of fluid
velocities in the granulation tissue and bone that surround the implant, from which we

inferred the range of shear stresses experienced by the cells hosted in each tissue.
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General discussion and future perspectives

Measuring micromotion around orthopedic implants

Many studies have shown that excessive implant micromotion alone could lead to osteolysis
or fibrous tissue formation (Engh et al., 1992; Jasty et al., 1997b; Pilliar et al., 1986; Soballe
etal., 1992), while subsequent suppression of micromotion allowed osseointegration to take
place (Aspenberget al., 1996). In respect to these results, it is generally accepted that although
the mechanisms that lead to aseptic loosening remain obscure, achieving a good primary
stability of the implant could be sufficient to guarantee the long-term survival of cementless

orthopaedic implants.

Animal experiments showed that implant micromotion below a threshold of 40 um led to
complete osseointegration, while micromotion over a limit of 150 ym caused aseptic loosen-
ing (Jasty et al., 1997a; Pilliar et al., 1986; Soballe et al., 1992). These results were corroborated
by a study conducted with retrieved femoral stems that established similar thresholds for
humans (Engh et al., 1992; Jasty et al., 1997b). It follows that to discriminate between stable
and unstable implants, a micromotion measurement technique should have a bias below
10 um (Viceconti et al., 2000). The technique introduced in Chapter 2 satisfies this criterion
with a bias of 5.5 ym. However, LVDTs, which are the current reference technique for micro-
motion measurement, have a much better accuracy, below 1 um. The bias of the micro-CT
based technique described in this thesis depends on several parameters. The first one is the
accuracy of the rigid body registration of implant markers, which can be easily evaluated
through the root mean square error of the registration. The number of implant markers we
used (30 markers in Chapter 2, 37 markers in Chapter 3), was chosen to allow a minimum of 4
implant markers by scan for an accurate registration. But it is plausible that a higher number
of implant markers could help to further reduce the technique’s bias. Another parameter
that influences this bias is the metal artifacts generated by the markers. Metal artifacts arise
from different phenomena, such as beam hardening or Poisson’s noise (Boas et al., 2012), and
are more pronounced with high atomic numbers materials such as stainless steel or tanta-
lum. These artifacts affect randomly the gray values of the markers and make the automatic
segmentation of the markers less accurate. One possible solution to limit metal artifacts is
to scan using a higher voltage. In this thesis, we used the maximum voltage possible with
our micro-CT scanner, but higher voltages are possible with industrial micro-CT scanners.
Finally, scanning at a better resolution could help to further enhance the technique’s accu-
racy. However, the tradeoff would be a much longer scanning time. A combination of higher

voltage, more implant markers and better resolution is likely to bring this micro-CT based
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technique to the same level of accuracy as LVDT-based measurements.

The strong point of the technique introduced in this thesis, is that it is the first one allowing
full-field experimental measurement of micromotion around metallic femoral stems. The
technique could theoretically be applied to other orthopedic implants made of titanium
alloys such as humeral stems, or knee prostheses. However, the applicability to other metallic
implants with higher atomic number (Cr-Co or stainless steel implants) remains limited, due
to the stronger metal artifacts generated by these materials. The method is also not restrained
to cementless implants, and could be used advantageously to measure cement strains or
micromotion around cemented stems, by mixing stainless steel markers with the cement.
Measuring cement strains would however require external reference markers, and a higher

scanning resolution to capture the smaller displacements fields in the cement.

Finally, the weak point of this technique is the modification of the bone-implant interface
caused by the introduction of bone markers. Indeed, legitimate concerns arise as to whether
these markers affect the original bone-implant frictional contact. However, the markers were
necessary to materialize the endosteal bone surface that is obscured on the scans due to
the presence of the metallic implant. Digital volume correlation (DVC) is another micro-
CT based technique that provides full-field measurements of strains and displacements in
porous materials such as bone (Roberts et al., 2014). DVC does not require the presence of
markers, but is strongly affected by metal artefacts. Nevertheless, the emergence of nano-
computed tomography (nano-CT) could remove this limitation. Nano-CT scanners incorpo-
rate new X-ray tubes, that generate X-ray radiations at a much higher voltage than traditional
micro-CT (Kampschulte et al., 2016). Moreover, several nano-CT scanners can accommodate
very large samples, which could address another limitation of the technique proposed in this
thesis. Indeed, a loading setup that closely recreates the physiological loading of the implant
could be more easily fitted in such a scanner. Given the recent democratization of nano-CT
technologies, using markerless DVC to measure micromotion around metallic orthopaedic

implants seems to be a reasonable outlook for the near future.
Pre-clinical and clinical applications of full-field measurements of micromotion

The most straightforward application of full-field micromotion measurements is the pre-
clinical testing of orthopedic implants. This is all the more important given that between
24% and 30% of hip arthroplasty components available on the market have no evidence
supporting their use (Krakovits, 1996; Kynaston-Pearson et al., 2013). Different aspects of
pre-clinical testing can be addressed through primary stability assessment: the comparison

of implant designs, of surgical techniques, or the suitability of certain types of implants for a

80



Conclusions and perspectives

given pathology or patient’s category (osteoporosis, hip dysplasia, obesity, young and active
patients etc...). Full-field measurements allow to observe local differences in micromotion
that could have gone otherwise unnoticed with pointwise measurement techniques. This
is yet more relevant as even minor changes in design, susceptible to result in only local
micromotion differences, have been shown to influence dramatically the long-term survival

of implants (Hauptfleisch et al., 2006; Roy et al., 2002).

In Chapter 3, we applied full-field micromotion measurement to compare the primary sta-
bility between a collared and a collarless version of the same stem. The study revealed no sig-
nificant differences in subsidence, or global and local micromotion between the two groups,
and average micromotion was below the 150 um limit for all implants tested. The femoral
stem (Corail®Hip System, DePuy Synthes Joint Reconstruction, Warsaw, IN, USA) used in
Chapter 3 has excellent long-term survival, and outperforms several other highly success-
ful femoral stems (Keurentjes et al., 2014). For a better understanding of conditions leading
to subsequent implant failure and revision, it would be of great interest to compare this
highly-performing implant with acknowledged failed designs through full-field micromo-

tion measurement, and to establish benchmarks for future comparisons.

Another perspective opened by full-field measurements of micromotion is the possibility
to correlate local micromotion with other parameters measured locally, in an attempt to
better understand the conditions that ensure a good primary stability. It seems obvious
that a lack of bone-implant contact is highly unfavorable to primary stability. In addition
to the bone-implant contact ratio, the location of contact areas influences significantly the
implant fixation (Reimeringer et al., 2016). Bone-implant gap is relatively easy to compute
from micro-CT or clinical CT scans, and maps of bone-implant gap could be correlated with
maps of micromotion. Additionally, even though bone-implant contact is a crucial factor,
the bone quality at the contact points is also central. Information about local bone density
can also be inferred from CT scans, and could be related to other informations on the local

mechanical environment around the stem, such as gap or micromotion.

An interesting result obtained in Chapter 3 was the high variability between donors. This
result suggests that, when studying the effects of small design modifications, standardized
composite femurs might be more appropriate than cadaveric bones as a first step in pre-
clinical testing. It also confirms that the primary stability of implants is probably highly

patient-specific.

However, accounting for patient’s variability during experimental pre-clinical testing of im-

plants requires an excessive amount of cadaveric femurs. Patient-specific finite element
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modeling is therefore an important tool in pre-clinical testing for its ability to simulate dif-
ferent patient’s anatomies or loading conditions (Taylor et al., 2013; Zadpoor et al., 2015).
Furthermore, patient-specific finite element models are not only useful in pre-clinical test-
ing, but could also be highly profitable in clinical practice as a decision tool for pre-operative
planning. Surgeons could use such a tool to test different stem designs or surgical approaches
according to the patient’s own anatomy, and to select the combination of implant design and
surgical technique that could lead to the best possible implant primary stability and max-
imize the long-term success of the arthroplasty. Nonetheless, the introduction of patient-
specific finite element models for pre-operative planning in clinical practice faces the chal-
lenge of validation (Taylor et al., 2015). In this context, full-field micromotion measurements
are of major interest, as they would allow a comprehensive validation of patient-specific

finite element models.
Fluid-flow at the bone-implant interface

Finally, another application of full-field micromotion measurements was to serve as bound-
ary conditions in models that investigate potential mechanisms behind aseptic loosening.
Micromotion-induced fluid flow around cementless implants has been proposed to play
a role in peri-implant osteolysis, through high fluid velocities and pressures (Aspenberg
et al., 1998; Fahlgren et al., 2010). Moreover, several in vitro mechanobiology experiments
demonstrated the role of fluid flow in the osteogenic differentiation of mesenchymal stem
cells (Arnsdorf et al., 2009; Yourek et al., 2010). The idea that biophysical stimuli such as
micromotion-induced fluid flow can control the outcome of peri-implant healing is already
two decades old (Prendergast et al., 1996; Prendergast et al., 1997). But the exact chain of
mechanical and biological events that lead to aseptic loosening of implants remain today
enigmatic, partly because the biophysical stimuli at the initial bone-implant interface are
ill-defined. The model developed in Chapter 4 provides the distribution of micromotion-
induced fluid flow in the granulation tissue and bone around a femoral stem. The model
is based on accurate geometries of the bone-implant interface and full-field micromotion
obtained experimentally, leading to a realistic estimation of the range of fluid velocities and

shear stresses in the implant-surrounding tissues.

An interesting application of this model arises in the context of in vitro mechanobiology
experiments. The role of fluid flow on the osteogenic differentiation of mesenchymal stem
cells is usually studied using parallel plate flow chambers (MacQueen et al., 2013). The cells
are plated in monolayers at the bottom of the flow chamber and exposed to fluid shear
stress. Different amounts of shear stresses have already been shown to induce different cell

responses (Glossop et al., 2009; Stolberg et al., 2009). The range of fluid velocities and shear
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stresses obtained with the model detailed in Chapter 4 could be helpful to relate the in vivo

stimuli to which cells are exposed to different cell responses.

Another application of the model developed in Chapter 4 is to study transport phenomena
at the bone-implant interface. Transport of oxygen, nutrients, solutes or wear particles is
susceptible to influence the outcome of peri-implant healing. Furthermore, gradients of
morphogens generated by fluid flow have been proposed as a flow-sensing mechanisms
for mesenchymal stem cells, controlling their osteogenic differentiation (Gortchacow et al.,
2013). The micromotion-induced fluid flow model could be coupled to the model of mor-
phogen transport to test the hypothesis that different levels of micromotion can generate

morphogen gradients and differential cell responses.

Finally, the model detailed in Chapter 4 could be combined with mechano-regulatory mod-
els that simulate the course of peri-implant healing. Several mechano-regulatory algorithms
are based on interstitial fluid velocity and have been corroborated with animal experiments
(Ambard et al., 2006; Andreykiv et al., 2008; Geris et al., 2010; Johansson et al., 2011). It would
certainly be interesting to observe the effects of complex geometries and boundary condi-

tions on the predictions of these algorithms.

Concluding remarks

This thesis focused on the characterization of the initial local mechanical environment
around cementless femoral components in total hip arthroplasty. With the aging popula-
tion and the continual increase of arthroplasties in young patients, improving the long-term
success of cementless implants is becoming a major challenge for the orthopedic commu-
nity. The development of a technique to measure full-field micromotion around cementless
femoral stems lays the foundation for improved pre-clinical testing of implants and validated
tools for patient-specific preoperative planning. The simulation of micromotion-induced
fluid flow paves the way towards further understanding of the mechanisms behind aseptic
loosening. In sum, these findings can lead to an improvement of implant survival, reducing

the need for implant revisions and their associated social and financial burden.
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Chapter A

Bone-implant gap

Pre-operative, post-broaching and post-operative CT scans were performed. Bone and im-
plant were segmented in Amira on the post-broaching and post-operative CT-scans respec-
tively. The post-broaching scan was then rigidly registered to the post-operative scan. The
post-broaching bone surface and post-operative implant surface were reconstructed from
the segmented images, and the gap was computed as the distance between these two sur-

faces using the surface distance module of Amira.

Bone-implant gap ranged from 0 to 7.7 mm (Fig. A.1). Mean gap was 0.9 mm. The gap was
below 1.5 mm on 80% of the stem. There was complete bone-implant contact (0 mm gap)
on the most part of the metaphyseal portion of the stem and on the lateral distal diaphysis.
There was a locally higher gap on the antero-medial part of the distal diaphysis and on the
posterior middle diaphysis.

0 2 4
Gap [mm]

Figure A.1: Gap measured around the cementless femoral stem - Anterior/lateral and posterior/medial

views of the stem displayed successively from left to right.
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Donor information

Donor# Gender Age(y.0.) Side Height(m) Weight(kg) BMI Implant
1 Female 74 Right 1.52 74 32.0 Collared
2 Female 72 Left 1.57 74 30.0 Collared
3 Male 82 Left 1.68 91 32.2  Collared
4 Male 90 Left 1.70 89 30.8 Collared
5 Male 93 Right 1.75 56 18.3  Collared
6 Male 72 Left 1.83 68 20.3  Collared
7 Male 32 Right 1.73 77 25.7 Collarless
8 Male 67 Left 1.73 108 36.1 Collarless
9 Male 69 Right 1.68 65 23.0 Collarless

10 Male 54 Left 1.63 70 26.4 Collarless

Table B.1: Donor information.
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Chapter C

Governing equations

Biot’s poroelasticity theory was used to describe the mechanical behavior of the tissues at
the bone-implant interface. It relates the linear elasticity equations for the solid matrix, the
mass conservation equation for the viscous fluid, and Darcy’s law for fluid flow through a

porous matrix.

Momentum conservation equation of the solid phase: The inertia terms in Navier’s equation
for a solid in equilibrium are neglected because we assume a low post-operative loading

frequency. The equation becomes:

Vo =0 (C.1)

where o is the total stress tensor.

Mass conservation equation of the fluid phase: The mass conservation law links the increment

in fluid content ( to the fluid velocity v:

o¢
—+Vv=0 (C.2)
ot

Darcy’s law for fluid flow through a porous medium: Darcy’s law links the fluid velocity v and

the fluid pore pressure gradient:

v=-=Vp; (C3)
w

where « is the permeability, u is the fluid’s viscosity and py is the fluid pore pressure.

Biot’s constitutive equations: The first constitutive relation links linearly the stress, strain, and

pore pressure:

o=Ce-appy (C.4)

where C is the elasticity matrix of the drained porous matrix, ¢ is the strain tensor, and a g is

the Biot-Willis coefficient.
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The Biot-Willis coefficient can be defined in terms of the drained and solid bulk moduli of

the solid matrix as:

(XBII—— (C.5)

where K ; is the drained bulk modulus and Kj is the solid bulk modulus.

The second constitutive relation links the pore pressure py with the increment in fluid con-

tent ¢, and the volumetric strain e, :

1
pr= g({ — BEyol) (C.6)
where Sis the storage coefficient:
s=b 29 (o%)
Ky K

and ¢ is the solid matrix porosity and K is the fluid bulk modulus.

The boundary conditions for the solid part were:

u=0 ,Vr=rsg
(C.8)
u=Asin2nft-%) ,Vr=rg

where u is the displacement field, rs is the external boundary of cortical bone, A is the am-
plitude of micromotion in the x-direction, f is the loading frequency and ry is the implant

boundary.

The boundary conditions for the porous medium flow part were:

n-Vpr=0 ,Vr=r
{ Pr 0 (C.9)

pr=latm ,Vr=rs

where n is a unit vector normal to the boundary and py is the fluid pore pressure

The initial conditions were:
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Mesh characteristics

Pro=1atm

uyg=0

(C.10)

A mesh sensitivity study was conducted with the 2D idealized model with a 0.5 mm gap, with

numbers of degrees of freedom (DOF) ranging from 4’121 to 101’612. Peak von Mises stress

and fluid velocity were used as outcome metrics. The extremely fine mesh with 101’612 DOF

was used as the 'exact’ answer to which other results were compared.

The results showed peak Darcy’s velocity and von Mises stress relative errors of 3.5% and
0.3% respectively with 61’285 DOE Further refinement to 74’870 DOF lead to errors of 0.2%
and 0.3%, showing that ~70’000 DOF should be sufficient to apprehend accurately peak fluid

velocities at the interface.

Idealized Idealized Representative Representative Representative 3D model
parametric parametric transverse transverse transverse
model (0.5 model (5 mm section - section section
mm gap) gap) proximal - middle - distal
diaphyseal diaphyseal
Number of 9’814 13’212 4’204 18’188 17’515 117’382
cortical bone
elements
Number of 5’864 9’478 11’756 11’574 10’100 1977998
trabecular
bone ele-
ments
Number of 702 9’678 387 1'789 3’000 112’192
granulation
tissue ele-
ments
Total number 16’380 32’368 16’347 31’551 30’615 427'572
of elements
DOF 74’870 147°071 74’729 144’002 139’645 1’880’519

Table C.1: Number of mesh elements and degrees of freedom (DOF) for each model.
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Experimental measurement of micromotion

The implanted femur was part of a larger study that was described in Chapter 3. Briefly, ra-
diopaque markers were spread on the endosteal surface of the bone and at the surface of
the femoral stem. Unloaded and loaded micro-computed tomography (micro-CT) scans of
the bone-implant interface were performed to compute the relative displacement of bone
and implant markers. This measurement resulted in hundreds of measurement points of 3D
micromotion around the femoral stem. Micromotion values between measurement points
were interpolated using natural neighbor interpolation and linearly extrapolated on the im-
plant surface for visualization (Figure S1). Implant micromotion was measured separately for
an axial compression case and an axial torsion case, simulating walking and stair climbing

loading cases respectively.

Compression Torsion

0 50 100 150

Micromotion [m]

Figure C.1: Distribution of implant micromotion measured experimentally in compression and torsion
and used as boundary conditions for the representative transverse sections models and for the simplified
3D model.
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