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Nomenclature

2D: Two-dimensional

3D: Three-dimensional
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Cr Reference landmark cloud

Cs Subject specific landmark cloud
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DOFS Degrees of Freedom

TKR TF Quasi static model without
patella

TKR PF Quasi static model with
patella

CMC Computed muscle control
MSK Musculoskeletal

FDK Force dependant kinematics
KCF Knee contact forces

RMSE Root mean square error
BW Body weight

ICP lIterative closest point

ID Inverse dynamic

IK Inverse kinematics

SO Static Optimization



Abstract

Total knee replacement (TKR) surgery is routinelggeribed for patients with severe
knee osteoarthritis to alleviate the pain and restitie kinematics. Although this
procedure was proven to be successful in reduti@goint pain, the number of failures
and the low patients’ satisfaction suggest thateMiie number of reoperations is small,
the surgery frequently fail to restore the functianfull. The main cause are surgical
techniques which inadequately address the probldmalahcing the knee soft tissues.

The preoperative planning technique allows to mactufe subject-specific cutting
guides that improwvethe placement of the prosthesis, however the kofetissue is
ignored.

The objective of this dissertation was to createpiimized preplanning procedure to
compute the soft tissue balance along with theepient of the prosthesis to ensure
mechanical stability.

The dissertation comprises the development of C3edbastatic and quasi-static knee
models able to estimate the postoperative lengtheotollateral lateral ligaments using
a dataset of seven TKR patients; In addition, gestHspecific dynamic musculoskeletal
model of the lower limb was created usingivoknee contact forces to perform the same
analysis during walking. The models were evaludigdtheir ability to predict the
postoperative elongation using a threshold basetie@t0 % of the preoperative length,
through which the model detected whether an elomgatas acceptable.

The results showed that the subject-specific statidel is the best solution to be included
in the optimized, subject-specific, preoperativeanpling framework; full order
musculoskeletal model allowed to estimate the pesadjve length of the ligaments
during walking, and at least in principle while fmeming any other activity.

Unlike the current methodology used in clinic tloigtimized preoperative planning
framework might help the surgeon to understand th@aposition of the TKR affects the
knee soft tissue.
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‘Chapter 1

Introduction

1.1 Background

Total knee replacement (TKR) is certainly the mefétctive treatment for knee
osteoarthritis (OA), a degenerative disease oténglage tissue, which requires 600.000
people each year in United States to have oneeif jiints replaced with an artificial
implant (Bozic et al., 2010). This number is expdd increase significantly due to the
aging of the population and the obesity epidemitafigiari et al., 2012).

TKR is a surgical procedure that aims to reducen @aid re-establish proper
kinematic analysis of the joint by replacing thendged surfaces of the knee condyles
and the tibial plate with metallic alloy componefit&ddle et al., 2013). In addition, a
plastic insert, placed between the metallic or mécacomponents, aims to replace the
cartilage function.

Throughout the years, TKR have proven to be vefigcéfe after 10 years from
the operation by significantly reducing the kneengopain. Among the knee OA
symptoms, acute pain during physical activitiethes most critical factor which affects
heavily the patients’ quality of life (Hochberg &t, 2013). When TKR started to be
widespread, elderly patients with a very limitedtgmsgery lifestyle expectation, were
the typical candidates. Thus, the surgical proceduas tuned on this population,
favouring low impacts activities over mobility.

Unlike the medical literature, which reported acmssful rate of 90 % (Colizza
et al., 1995), over 40% of the patients declarpd@ quality of their lifestyle after the
surgery by reporting a reduced range of motiomtjsiiffness and pain (Mannion et al.,
2009). In addition, an excessive physical activigresents the second leading factor for
the failure of TKR which is defined with a very seg end point: re-operation, also called
revision surgery. Not surprisingly half of the geatis undergoing to a revision surgery
are under 65 (Heck et al., 1998), meaning thatstirgical procedure didn’'t meet the

demand of a younger population with higher expemtatin terms of lifestyle.
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Furthermore, the revision surgery is a very compgbeacedure, after which
patients could expect less improvement and a higgleof complications than after their
primary total knee replacement (Stambough et al.4R0

In order to achieve stability and mobility, the gioal procedure must assure a
correct alignment of the mechanical axis along withroper balance of the knee soft
tissue(Bellemans et al., 2005). Currently, the surgicalcpdures have considerably
improved in placing the artificial components on eient, by introducing subject-
specific cutting guides, which starting from a Cdsbd pre-operative planning, provide
an easy way to produce precise bone cuts, essémtscurately position the implant
with respect to the skeleton (Maniar and Singhil4&0 However, the preoperative
planning procedure is still completely based ongivgeon’s experience, as the current
preplanning software is not able to predict howkhee soft tissue will be affected by
the new position of tibia and femur.

The most common causes for TKR failure are: knstability, patella-femoral
complications, misalignment, and component loosenifiyarkbunnam and
Chareancholvanich, 2012; Parratte and Pagnano, 3&llgand Pape, 2011). In general,
most of the above factors for failure can be atteduto surgical techniques which
inadequately addresses the problem of balancingrnée soft tissues (Bozic et al., 2010;
Fehring et al., 2001; Lonner et al., 1999; Sharkég?).

The definition of soft tissue balancing after TKd&Rniot straightforward, however
it can be simply said that the stability of the &meust be restored after the surgery. This
concept might be used to refer to a prosthetic kjueet where the following
characteristics are preserved: a) a full range@fement; b) symmetrical medial-lateral
balance at full extension and 90 degrees of flexedprrorrect varus-valgus alignment in
both flexion and extension; d) absence of medi&ld tightness or laxity; e) correct
patellar tracking; and f) correct rotational bakartetween the femoral and the tibial
components (Babazadeh et al., 2009).

The surgeons pay great attention to how the prostt@mponents are positioned
with respect to the bones, so as to ensure th@e@rative kinematic analysis is retained,
this concept will be extensively defined in the thnehapter ; but there is not yet a validated
procedure to check in advance how a given postidhe implant will affect all the knee
soft tissue (e.g. ligaments, tendons, and othemettive tissues that wrap the knee joint).
Therefore, the balancing of the soft tissue isté@antra-operatively as a consequence of

the positioning of the prosthetic component andasa priori requirement. The most
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popular surgical techniques to achieve a softéismlance are the balanced resection and
measured resection (Ranawat et al., 2006; Whitesidle, 2000). To assess the soft tissue
balancing, surgeons manually apply a varus-valgosiemt to the joint to evaluate the
relative tightness or laxity of the soft tissuesl assess the frontal plane balance. Based
on this and on a following subjective assessmeih®flexion-extension movement, if
balance has not been achieved, the tightest anmeniggaments of the knee is released.
Despite the continual advancements made to thecsligrocedures, the intraoperative
balancing of the soft tissue is still completelgéa on the surgeon’s experience (Matsuda
et al., 2005).

Among the different surgical procedures for TKRgauy, few years ago in the
market were introduced a tool that were able taguhe surgeon to perform the cut on
the bone, this new technology is based on subjeetific cutting blocks that are
personalized using the specific anatomy of theep&tiThe procedure is characterized by
a complex three-dimensional preoperative plannisgtt@n computed tomography (CT)
or magnetic resonance images (MRI). Based on tkeifsp manufacturers’ software
along with the other inputs from the surgeon, custisposable patient-specific cutting
blocks are manufactured to assure an accurateticset the bone during the surgery.
The surgeon’ preferences are called preoperatarenplg parameters and are correlated
with the orientation of the planes cut. The preapee planning successfully addresses
the problem of having aligned the components taribehanical axes but it doesn’t take
into account the soft tissue balancing.

A computational model to predict the outcome of TR represents a viable
solution toward optimal soft tissue balancing. this reason, the biomechanical research
community is strongly engaged in knee modelling antumber of recent papers made
available in vivo measurements obtained from ims&mted prostheses (Bergmann et al.,
2007, 2001; D’Lima et al., 2012; Benjamin J Fregflyal., 2012; Westerhoff et al., 2009),
to help the modelling community to improve and date their findings.

The ultimate goal of this dissertation is to helye tsurgeon in placing the
prosthetic implants on the patient providing robiastications on the knee soft tissue

balancing in the preoperative planning.
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1.2 Motivation and Rationale

In TKR surgery the soft tissue balancing relies plately on the surgeon’s
experience, this means that different surgeons tghsame clinical data may opt to a
different treatment option and then to a differeatcome. The introduction of subject-
specific musculoskeletal computational models dimiselp the clinicians in taking the
best treatment option to adopt, providing informatihat are based on principles of
physics and physiology.

When TKR started to be widely adopted, most ofgagents were well over 65,
and with limited life style expectations. Surgigalocedures were tuned on this
population, and privileged stability over mobilifiherefore, the design of the implants
and the surgical technique were focused on mettmgeeds of a non-active population,
which are: the reduction of the pain, the presemmatf the stability, an acceptable range
of motion compatible with low impact day life adties. However, along with the aging
of the population, also the people between 45 andoddrepresent a relevant fragment
of the TKR market. These younger patients havedifit needs after a TKR, they have
a longer live expectancy and more importantly theguire of having a more active
lifestyle. For this reason the surgical techniqueutd meet the new demands (Jones and
Huo, 2006), providing implant design with a longérdpan along with a specific design
that aim to re-establish a proper range of motagether with a good performance in
higher impact lifestyle activities. It has beenaepd that among the causes that lead to
a revision surgery there is an excessive actieestiyle within the first two years after the
primary TKR (Heck et al., 1998).

To achieve stability and mobility a TKR procedueguires an accurate planning,
in order to ensure an optimal balancing of the 8sftues, and an accurate execution, in
order to achieve accurate skeletal positioning.

In this context the Medacta International SA (ClaSan Pietro, Switzerland)
group, which is an industrial company active infiekl of production and sale of medical
devices, offer a product for TKR surgery, calldgKnee® that allows the personalization
of the surgical instrumentation (cutting guidesptigh a CT-based patient specific pre-
operative planning. The process starts with a bes€T or MRI scan of the knee patient
and these data are successively transmitted tM#dacta International database. The
imaging is then used to create a 3D bone knee nuddieé patient allowing the creation

of patient specific anatomical cutting blocks tleah fit the patient knee morphology
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without using any alignment jig to position them idgrthe surgery. The anatomical
cutting block is a tool that aims to reduce to aimum the subjectivity of the surgeon in
placing the prosthetic components with respediédibones during the surgery. The term
“subjectivity” in TKR for the surgeon is defined dBeir ability to cut the bone
perpendicularly to the mechanical axes. Withoutdbting guides the accuracy relies
only on the specific ability of the surgeon. Me@daatanufactures this tool, after the
surgeon has inspected and confirmed the surgicahpeers that define the orientation
of the implants. The success of the TKR surgesyristly correlated with the preplanning
phase, through which the surgeon can change thgicaliparameters that directly
influence the final pose of the implants on thequdt In addition, a 3D model of the
femur and the tibia are delivered to the surgedh thie resection line drawn to help the
surgeon in resecting the exact amount of bone.bRtencing of the knee soft tissue is
completed ignored in thiellyKne&® procedure and left to the surgeon intra-opergtive
In many cases he has to re-plan the surgery teasldne balancing of the soft tissue and
this happens in almost 50% of the surgeries (Blreaal., 2012).
The main goal of this dissertation was to creafgatient specific modelling

framework to be added to thdyKne&® preoperative planning to take into account the
knee soft tissue balancing along with the surgeahmeters that define the placement of

the prosthetic components to assure mechanicalistgbigure 1.1).

Preoperative Planning | Manufacturing Process Surgery

Mechanical Axis Artificial
Alignement Components
’ Placement
B Custom Made o
Cutting Guides

Knee Soft Tissue
Balancing

Knee Soft Tissue
Balancing

Figure 1.1—-CurrentTKR surgenyprocedure that employs paperatively
planned, custom-made cutting guides

The level of subjectivity for TKR is due to the fatat the surgeons, performing a

conventional TKR has no tools to understand howangposition of the implants would
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affect the soft tissue balance of the knee. Duthéosubjective nature of this surgical
decisions, two surgeons on the same patient mlgbéphe implant differently achieving
different elongation of the ligaments (Benjamirrdegly et al., 2012). One way to help
the surgeons would be to develop objective kneepcbational models that are able to

predict the best positioning of the implants todarce the best outcome for the patients.

1.3 Specific Aims

The specific aims of this dissertation are:

1) To develop a procedure to estimate the origin asdrtions of the knee ligaments
from computed tomography (CT) images;

2) To develop an optimized subject specific preopeegtianning framework based
on static and kinetostatic knee models to compheesoft tissue balance for TKR
surgery;

3) To develop a dynamic musculoskeletal model, cdifedtyle simulatofor TKR
surgery, to compute preoperatively the knee ssdtig balancing in dynamic daily

live activities such as walking.

This dissertation describes through the chaptbesuse and the development of
different approaches for knee modelling to compghte knee soft tissue balancing. In
addition to the computational knee modelling, a pdace to calculate the origins and
insertions of the knee ligaments has been develap@pdmary input for the models. This
procedure is extensively described in the Chap&erd3t represents the first step to create
subject specific knee models from the CT images. &dtienation of these points on the
patient's anatomy relies on the construction ofegistration atlas created using the
“Multibody Models of the Human Knee Project (Bloemlat al., 2012; Guess et al.,
2010) where the data is based on three cadaves khatwere physically tested in a
dynamic knee simulator. The dataset also includedigaments properties, such as the
origin and insertion location. The validation ofsttstudy was conducted on a dataset
where both CT and magnetic resonance images (MBig available, meaning that the
level of accuracy obtained by such procedure isémee level of accuracy obtained using

MRI images where the soft tissue is rather visifileis procedure represents a crucial
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step in this study because the preoperative lengtbach ligament will be used to
calculate the maximum acceptable elongation (wagrtiimeshold) in the postoperative
position when the prosthetic components are imptant

The study comprises the development of subjectfspetodels of some patients
where the output is the percentage of elongatitoulzded on the preoperative length of
the ligaments. During the preoperative planning fiiegeon can change a set of
parameters that defines the orientation of theatuthe bone and consequently the
placement of the prosthesis. The subject specificlats will be able to perform a
sensitivity analysis of the preoperative parameteessess the knee soft tissue balancing.

Subject specific geometric models and one quaststandels were developed to
create the preoperative planning framework to beddalthe existent in houbtyKnee®
Medacta software. The comparison between the twdeiadchas been then performed
observing how the output changed considering sobatalifferences in terms of forces,
number of bones and fibers included in the modetifying that the static model has no
difference in terms of output, the model with a mirmmmputational cost will be
implemented in the Medacta framework.

The first study in Chapter 4 is a subject speg&ometric model developed on a
dataset of seven patients that underwent a TKResyrgsing a posterior stabilized
prosthetic implant no cruciate retaining. The mqatedicts the post-operative soft tissue
balancing examining the knee at two fixed anglesn@ 90 degrees of flexion. The
postoperative position of the knee was accurateghulated thanks to the particular
constraints of the prosthesis. In the static modét the collateral lateral ligament (LCL)
and the medial collateral ligament (MCL) have beefuded to assess the knee soft tissue
balancing. By that a multi-fibore model, that inchsdall the fibres that composes the knee
soft tissue, have been developed on one patighteafiataset to assess that the analysis
of soft tissue balancing can be limited to the stigation of the ligaments, which
ultimately represent the most stressed structar@&R surgery.

The study in Chapter 5 is a subject specific qstatic model, developed on the
same dataset and it is composed by the femoral aoemp, the tibial insert, and the two
collateral ligaments (MCL and LCL). The two rigiddes are linked by a kinemajaint,
which define how the femur component moves resfethe grounded tibial inserfhe
contact between the femoral component and thel tibs@rt was modelled using the
fundamentals of the Elastic Foundation theory (3ohn1985) in which the contacting

solids may be considered rigid bodies except fdhia layer of elastic material of
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thickness at the surfaces (Blankevoort et al., 190llima et al., 2007; Johnson, 1985).
The method for defining each ligament used in stusly is the force-displacement curve
that was first introduced by Blankevoort et al. 419 The lateral collateral (LCL) and
the medial collateral (MCL) ligaments were both ralbetl as one bundle element, the
non-linear behaviour has been represented usingdiorensional non-linear springs and
non-linear splines which take the toe region intocaint. The simulation reached the
convergence when the translational and angulaleret®ns of the femoral component
were less than a small user-defined tolerance. ddrgk patient-specific model was
developed for each patient, adding the patellap#tellar tendon and the rectus femoris
muscle, which is one of the major extensors okiee.

The computational dynamic musculoskeletal subjeetic model in Chapter 6
is created using the experimental data of the “@f@hallenge Competition to Predict In
Vivo Knee Loads” (Benjamin J Fregly et al., 201Phe experimental data included the
tibio-femoralin vivo contact forces of a patient that underwent to & Bkirgery obtained
from a telemetric force measuring sensor embedddtieé knee prosthesis. Thus, the
model has been validated comparing the predictiatisthe experimental data, in terms
of knee joint reaction forces during gait level kiag trials. In fact the primary aim of
the competition was to help the biomechanical comtyun creating computational
models that could accurately predict the kinematialysis of gait, while reproducing
correctly the tibio-femoral forces along with theisoular forces. The model developed
includes 4-body segments (pelvis, femur, shankt) fobthe right lower limb and 44
active musclesThe open-source dynamic solver OpenSim softwareeldpgd by
Stanford University (Delp et al., 2007), was useddnstruct the musculoskeletal models
and to solve the inverse kinematic analysis andanhyos problems together with the
static optimization tool. NMS Builder (SCS srl,ftgsoftware was used to visualize the
medical images, the 3D geometry, and to perfornvittheal palpation and the registration
between the landmark clouds. The collateral lategaiments (LCL and sMCL) were
included in the model and the sensitivity study basn conducted by varying step-by-
step each surgical parameters during the dynarskcsienulated.

All of the studies within this dissertation consi$tcomputational methods that
estimate the elongation of the ligaments perfornairsgnsitivity analysis of the surgical
parameters that the surgeon can change in the gnao@ planning. In this series of
studies, these models have been tailored to exaspeeific research questions for

Medacta International SA (Castel San Pietro, Swapel). However, the proposed
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methodology in this dissertation can be expandeatithess separate research questions
and have the potential to be used in a commerceloperative setting or within a

manufacturer’s design cycle.
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‘Chapter 2

Literature Review

This chapter aims to provide the reader the nepgdsackground information
about the total knee replacement surgery techragdehe knee joint modelling methods
available in the literature. In the first part bétchapter a detailed description of the knee
physiology and anatomy is presented, with a pddiciocus on the properties and the
function of the knee ligaments. The total kneeaepinent, as cure for knee osteoarthritis,
is extensively described including the most empiiostgrgical procedures available in the
market, principally focusing on the preoperativanpling surgery technique. The
MedactaMyKnee® preoperative planner software is described imitded show how a
predictive model for knee soft tissue balancinghhige embedded in such framework.
The last part of the chapter is dedicated to theekj@nt modelling and the

musculoskeletal dynamic models available in literat

2.1 Anatomic reference terminology

The description of the human body and its movemeqtires a standardized
anatomic reference. Three anatomical planes aneetifor the anatomical position and
the axes of movement, the planes are sagittalidrdooronal), and transverse (Figure
2.1). The relative location is described usingigpand directional indications:

e anterior (close to the front of the body)

* Posterior (close to the back of the body)
e superior (close to the head)

» inferior (close to the feet)

* medial (close to the midline of the body)

» lateral (away from the midline of the body)
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The extremities of the body, upper and lower, @scdbed using the termpsoximaland
distal. Proximal is referred to a position along a segménich is closer to the main mass

of to the body (Zatsiorsky, 2002), while distalenesfto a spatially distant part.

Sagittal Plane\

1

/Frontal Plane

<.. “ >/ Transverse Plane

Figure 2.1— The Anatomical references planes
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2.2 The knee joint

2.2.1 Anatomy and physiology of the knee joint

The knee is the largest joint in the human bodyitrsdcomposed by four bones:
the femur, the tibia, the fibula and the patellag@ife 2.2). This articulation is
substantially constituted by two different jointsat work synergistically during the

movements.

Figure 2.2— The knee joint (http://bit.ly/1ojwwwS)

The contact between the femur and the tibia congptse tibia-femoral joint
which has six degrees of freedom (three rotatiors three translations). Despite the
number of the degrees of freedom, the tibia-femjmial is essentially a synovial joint
with a single degree of freedom in flexion-extenswith a range of motion that goes
from 0° up to 135°. More precisely, the relative mment between the femur and tibia
is not a pure hinge joint, in fact the shape ofkhee condyles along with the tibial plate
allow two contemporary movements: sliding and ngjliduring the flexion-extension
movement. Further the tibia-femoral joint allowsl@ht internal and external rotation
whilst the remaining degrees of freedom are lodikgthe presence of a large variety of
structures that, acting as a constraint, limitrttevement of the bones conferring stability
to the joint. These structures are the knee ligaspéme synovial capsule, the patella, and
the tendons of the extensor and flexor muscle group

The contact between the distal femur and the patelinposes the patella-femoral
joint. The posterior side of the patella lies caregtly on the femoral trochlea, which
having a slightly concave shape, allows the slidihthe patella on the femur like a rope

in a pulley. This joint mechanism, called trochleamposes the patella-femoral joint.
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There are a large variety of structures that stabihe patella such as the alar ligaments,
the patellar ligament, the articular capsule of kinee joint, and the tendons of the
quadriceps muscle group.

The two joints work synergistically: during the ¥len-extension movement of
the knee joint the patella moves from the frontat pf the femur to the most distal part
following the femoral trochlea shape which can beghly approximated as an arc of
circle. The flexion extension movement ranges agprately from 0° up to 135° while
the varus-valgus is very limited with a range oftimo between 3° and 4°, the medial

rotation of the femur is almost limited by the Ingents.
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2.2.2 Structure of the knee joint

The knee joint is entirely protected by a varietgwiictures such as the synovial
joint capsule, that along with muscles and ligameansure stability and prevent
excessive motion. These structures surrounding joive can be divided in five
compartments: anterior, posterior, medial, latexat| central compartment.

The frontal compartment (Figure 2.3) is composedthy anterior synovial
capsule, the patella, and the patellar tendon wtaphesent the distal attachment of the
quadriceps femoris muscle group (vastus lateradistus intermedialis, vastus medial,

and rectus femoris muscle).

Quadriceps Tendon

Lateral transverse ligament Medial Patello-Femoral

Ligament

Lateral epicondylopatellar
ligament

Patella

Patellar Ligament

Figure 2.3— Frontal view of the knee joint (http://bit.lyjhavwS)

The four bundles of the quadriceps femoris mergatly to form a solid
connection called quadriceps tendon that attaahéiset superior and anterior edges of
the patella. This tendon attaches to the distadligatvhile the patellar tendon, which
connect the patella with the tibia, originates fritva proximal edge. The patellar tendon
is a thick bundle (averagely 5 cm) that origin frima base of the patella and insert to the
tibial tuberosity of the tibia. This strong struatucomposed by the quadriceps tendon,
the patella, and the patellar ligament allows tkiersion movement of the knee joint.
The patella is also connected medially and lateraith the femur through the medial
patello-femoral ligament, the lateral epicondylgbiar ligament, and the lateral
transverse ligament (Figure 2.3). There are suparfbundles on the patella’s frontal
surface, called medial and lateral retinaculum tieainect the quadriceps tendon and the
patellar ligament with the anterior synovial jogatpsule conferring stability to the whole

joint.
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Long head biceps femoris

Short head biceps femoris

Popliteus
Plantaris

Medial Gastrocnemius Lateral Gastrocnemius

Figure 2.4— Posterior view of the knee joint (http://bitlgjwwwS)

The posterior compartment (Figure 2.4) is compdsgedhe posterior synovial
capsule, which ensures the stability of the knesxtension, and the muscle attachments
that insert on the femur and the tibia. The gaseatdus muscle, which is the major flexor
of the knee, is composed by two heads that origifram both the knee condyles, lateral
and medial respectively. Other extensors of theekhat are attached to the posterior
compartment of the femur are: the plantaris, th@ifsus, the semimembranosus, and the
short and long head of the biceps femoris muscle.

The medial compartment is composed by the inteayrabvial capsule, the medial
collateral ligament (MCL), and the muscle attachteemn the tibia (Figure 2.5). The
muscle that insert on the medial compartment ahe $emimembranosus, the

semitendinosus, the gracilis, and the sartoriusctaytaPrade et al., 2007).

. Semimembranosus
Gracilis

Sartorius ) .
Semitendinosus

Medial collateral ligament

Figure 2.5— Medial view of the knee joint (http://bit.ly/deywS)
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These muscles are classified as extensors of #é kiowever given the orientation of
the fibres and the attachments points they alsa@ahie valgus rotation of the knee.

Tensor Fasciae Latae

Extensor digitorum longus
Lateral Collateral Ligament

Tibialis Anterior
Peroneus longus

Figure 2.6— Lateral view of the knee joint (http://bit.lyjhovwS)

The lateral compartment (Figure 2.6) is composedti®y external synovial
capsule, the lateral collateral ligament (LCL), ahd attachments of several muscles.
The tensor fasciae latae muscle is a continuotiseoiliotibial tract which insert to the
tibia and its function is to keep the balance of pleévis during locomotive physical
activities. The other muscles are flexors and esdes)of the ankle and they are the
peroneus longus, the tibial anterior, and the esdedigitorum muscle.

The central compartment (Figure 2.7), also caledcentral pivot, represents the core of
knee movement and it is mostly controlled by aonteaind posterior cruciate ligaments
(ACL and PCL, respectively). The cruciate ligamesrtsss each other in the transverse,
frontal, and sagittal plane. This compartment is phienary stabilizer and limit the
anterior-posterior movement, the internal and ewstertibial rotation are almost
neglected. In particular, the ACL, which originafesm the intercondylar eminence of
the tibia and insert to the posterior face of théeral knee condyle, limits the
hyperextension of the knee and the anterior slidihgbial plateau. The PCL, which
originates from the intercondylar eminence of th&tto the lateral aspect of the medial

femoral condyle, controls the posterior slidinglué tibial plateau.
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Anterior Cruciate Ligament

Posterior Cruciate Ligament

Figure 2.7— Central compartment of the knee joint (httpt/fpilojwwwS)

The distal femur and proximal tibia are separated bbrocartilaginous structure
called menisci which helps the knee joint in terofisstability, lubrication, and load
distribution (Hutton, 1993). There two menisci @dwn the tibial plate, the lateral and
the medial, both are shaped as semi-lunar carsilggmgure 2.8). This configuration
creates two concavities on the tibial plate to irecdghe femur condyles ensuring
structural integrity to the whole knee during temsand torsion movements. Structurally
the menisci are composed by inhomogeneous collagenlayers (Hutton, 1993) that
are able to transduce applied compression and streas into tensile stress. In fact the
menisci has a higher water content that allow thuesvery high knee joint loads. During
the most common life activities such as walking poessive knee forces can be as high
as three body weight (Taylor et al., 2004).

Medial Meniscus

Lateral Meniscus

Tibia

Figure 2.8— Axial view of the knee menisci cartilage
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The functional role of the meniscus is crucial iaimtaining a good quality of
lifestyle given the importance and the centralityhaf knee joint in the daily life activities.
The tear of the menisci can represent the initeges of the knee cartilage deterioration
(Englund et al., 2009; Michael et al., 2010), bekiown as knee osteoarthritis.
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2.2.3 Knee osteoarthritis

The knee joint is subjected to a wide range ofrippisuch as the ligaments tear,
bones fracture, meniscus injuries, or tendons reptiowever, the most common disease
affecting the knee joint function is the osteoatihr(OA) which is described as a
degenerative process of the knee cartilage (Fg@ewith no cure (Michael et al., 2010),
that require 600.000 people in USA each year to baeeof their joints replaced with an
artificial components (Bhandari et al., 2012). Alilgh the elderly population is the
typical target for this pathology (Neogi and Zha2@13), the standard is rapidly shifting
to younger patients due to the aging of the pomuriaind the obesity epidemic, and these
numbers are expected to grow up in the next fevadke¢Bhandari et al., 2012). The
causes of OA are unknown; however evidences haweepr that the origin is
multifactorial. Many epidemiological studies hateempted to describe the aetiology of
OA finding two types of risk factors, endogenouggasex, ethnic origin) and exogenous
(trauma, overweight, lifestyle) (Hochberg et abD13). Although the risk factors might
suggest a sort of guidelines to prevent or delayot®irrence of this pathology, the

genetic factors indubitably play a key role (Hoatgpet al., 2013).

Figure 2.9— Degeneration of knee cartilage (osteoarthritis)

31



The cartilage loss is caused by a break of the abrdegenerative and
regenerative/healing processes of the knee caetiMirro tears start to appear at cellular
level in the most stressed areas of the cartilegédihg overtime to overall degeneration
(Das and Farooqi, 2008). This degenerative pragregesults in thinning of the knee
cartilage which is usually detected by x-ray, meaguthe thickness between the femur
and the tibia. At latter stage the articular cagé results thinned and fragmented, in
severe cases it can completely disappear leavindetheral surface uncovered. The
symptoms correlated with OA are joint pain, stiagand restriction of the joint function.
The pain is mainly associated with physical agtivihe knee joint is loaded and the
movement creates a friction between the bonesrthmiagainst each other given the
absence of the cartilage function. For this reasdh,represents a dramatic change in
peoples’ quality of life especially for younger igats that have high lifestyle
expectations.

Many studies on the treatment of OA have provenh dhehanging in lifestyle
such as losing weight or decreasing physical esensiay achieve sufficient results in
preventing or delaying the occurrence of this dise@ooper et al., 2000; Hunter and
Eckstein, 2009). However, since the regeneratigherticular cartilage is not possible,
unloading the joint or the normal rest does notl lerareverse the OA symptoms
(O'Driscoll, 1998). Thus, in patients with symptemf severe pain and impaired ability
to perform daily activities changes in lifestyle awot valid, therefore surgical procedures
are commonly considered. Traditionally, the surgiteatment aims to restore the
damaged bony surfaces using artificial componehits operation is known as knee joint
replacement (Bellemans et al., 2005a; Bhandati,e2@L2; Walker et al., 2010).
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2.3 Knee Ligaments

2.3.1 Introduction

The human ligaments connect bone with bone andphienary role is to act as a
mechanical stabilizer to the joints guiding the motand preventing excessive
displacement. Generally they are attached to the lmmugh four progressive zones:
ligament, fibrocartilage, mineralized fibrocartia@nd bone (Woo et al., 1987). The
mechanical behaviour of the ligaments steams floenp@articular organization of the
collagen fibres. In fact these fibres are compdsettopocollagen molecules (Brodsky
and Persikov, 2005) which are organized into hetbains of cross-striated fibrils that
confers to the ligaments unique mechanical progentinder tensile loading (Figure
2.10).

TROPO- MICRO FIBRIL SUB FIBRIL FIBRIL FIBER
COLLAGEN (x ray) (x ray) (x ray) (EM., SEM)
(x ray) (EM) (EM) (EM, SEM) (OM)

64nm
35nm periodicity

= crimy
staming p

fibroblasts (-0

1.5nm 3.5nm 10-20nm 50-500nm 50-300u

SIZE SCALE

Figure 2.10— Human ligament structure. Image modified fidfoo et al., 1999

In fact, the cross-linked chains of the collagdnds give stiffness to the tissue
allowing to work efficiently under mechanical ssesThe ligaments have unique
properties and it’s very difficult to find an artial material with the same characteristics,
for this reason it has been proposed the use ofjanbus tissue graft in case of ligaments
rupture, however the long-term clinical results ap® be dubious (Arnoczky et al.,
1982).
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The structure and the biochemical composition gérhients are identical in
humans and in many animal species such as ratsitsadogs and monkeys, so the
extrapolation regarding these structures in humande made from animal experimental
results (Proffen et al., 2012).

Among the number of structures that surround the kiinee four major ligaments
are the prime responsible for the stability andrtietion of such important joint of the

human locomotor system.
The major ligaments of the knee are four:

* The medial collateral (MCL) ligament origins frotretmedial epicondyle
of the femur and inserts on the post-medial edgeemetaphysis of the
tibia.

 The lateral collateral (LCL) ligament originatesorir the lateral
epicondyle of the femur and inserts on the heatlefibula.

* The anterior cruciate (ACL) ligament originates frdahe post-lateral
aspect of the intercondylar fossa of the femur iasdrts on the anterior
part of intercondylar eminentia of the tibia.

* The posterior cruciate (PCL) ligament originatesnir antero-lateral
aspect of the intercondylar fossa of the femuriasdrts on the posterior

part of intercondylar eminentia of the tibia (S-Y..Woo0 et al., 2006).

Each knee ligament is divided by different bundigsich have different tensioning
pattern during flexion and extension. The ACL ar@LPare both composed by two
bundles: anteromedial (AM) and posteromedial (P¥8di et al., 2002). The MCL and
LCL have in addition another bundle called mediaidia (ML) (Park et al., 2006). The
contribution of each bundles during flexion-extemsmovement allow to understand the
mechanical properties of the ligaments and moreoraptly the stability of the joint
when a partial rupture of the knee ligaments oc@idesner et al., 1995).

The knee ligaments assure stability to the joinpbgventing an excessive motion, for
each plane of knee mobility the ligaments dividgiimary and secondary stabilizers.
The MCL and ACL are primary and secondary stab#izespectively for the varus
movement, whilst the varus is controlled by the R@d LCL. Further the LCL and PCL
are particularly active in preventing the motion4&t and 90 of flexion, respectively.

The cruciate ligaments play a primary role whereaot/posterior displacement of the
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tibia relative to the femur occurs. The externation of the knee joint is controlled by

the MCL during the flexion with the ACL as a secangdconstraint.

In extension the ACL acts as the main stabilizer thie LCL as a second costraint, when
the knee is flexed, the cruciate ligaments alloasoerect internal rotation movement,

while in extension, the ACL is the primary statelizand the LCL is secondary stabilizer
(Marshall et al., 1977).

2.3.2 Mechanical Properties of Ligaments

Measuring the mechanical behavior of human sdtuésemains challenging. As
human soft tissue is anisotropic, non-linear andmmbgeneous in nature, its properties

are difficult to characterize.

The human ligaments have a non-linear viscoeldsgitavior in response to
tensile loading test, which derives directly frdme tomposite and anisotropic structures
this tissue is made of. In fact, the ligaments worére efficiently when the load is
transferred bone to bone along the axial directexperimental tests have discovered
time-dependent properties such as creep, hystemstension-relaxation proving the
non-linear behavior of the ligament under tensidading. Designing experiments for
material characterization of knee ligaments posesral problems and has therefore been
a subject of much debate. Two issues are the nmerasuat of specimen cross sectional
area for the computation of stress and the measunteof surface strain. The typical
result of a bone-ligament-bone (BLB) specimen oé&kiigament loaded with forces
applied on the extremities is shown in figure 2(Girgis et al., 1975, Markolf et al.,
1990, (Arms et al., 1984; Beynnon et al., 1992, ipuend Weiss, 1998; Woo et al., 1999).
Although the best solution would be to examineisiodated ligaments, however in most
cases the specimen is too small and prematuredaikcurs at the clamp sites (Lyon et
al., 1989).

Different methods have been described that arerelibsed on contact or noncontact
measurement techniques. Classically, several typstsain gauges have been used. The
major downside of these measurement tools is fi@gt are invasive in nature and act as
single-point gauges, which can only record streomfone small area. Even several strain

gauges cannot show regional strain and strain gmégliand thus could miss critical
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details. Moreover, many designs only measure straione direction (uni-directional

strain).

The measure of the ligament surface strain has bmekled using different
methods in the past decades, many studies utsizath gages sutured or adhered to the
ligament bundle to measure ligament displacenterdréous knee position (Berns et al.,
1992; Gardiner et al., 2001) and it representedrtbst used method. The typical setup
includes uniaxial strain gauges that are able tasme the strain of the ligament along
the direction of the applied force, however, mdrais gauges can be combined together
to form a rosette (Salo et al., 2015), which isabldetect deformations also in different
directions. Other studies (Quapp and Weiss, 1998p0 Wt al., 1999) have used
extensometer to measure the ligament’s strain tenstehd how the knee position and
the muscle contraction affect the ligaments biomeidsa Delport et al. (2012) have
sutured two calibrated extensometers (Type 63428FATS, Eden Prairie, MN, USA)
to the lateral and medial superficial collaterghinents with the knee unloaded and in
full extension. A preliminary test of the fixatiarf the extensometers showed that strains

could be detected with an accuracy of better tan 1

In the study conducted by Pioletti et al. (1999)BBspecimens were placed in a
custom-made device to perform uniaxial dynamicstisten isolated ligaments. The
strain was measured with a linear displacemensthacer (VIBROMETER, WG 173,
Fribourg, Switzerland) placed on the moving enthefligament. The advantages of
using this “contact” technique is represented byntloglerate cost of the experimental
setup and the accuracy of the results achievedasnoring the ligaments mechanical
behavior, however these conventional techniqueseamseinvasive and strain
measurement techniques, such as using extensontkstusb the strain state in the
ligament and result in point measurements that d@acwunt for the vastly varying
strain distribution resulting from material in-hogemeity. Also, this conventional
approach is not capable to measure ligament cexggsal area and surface strain
distribution.

To address this issue, others studies have adaggcal technique for the
measurement of strains (Woo et al., 1983) thatapable of measuring ligament cross-
sectional area and surface strain distribution twhie necessary information to develop

a proper constitutive model of the ligaments fambéchanical models of the knee. The
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non-contact methods employed tool such as surfagiizdtion system (ATOS":
Advanced Topometric Sensor), 3D photogrammetricicge(Tyson et al., 2002)
(ARAMIS™), and laser micrometers (Lee et al., 1988, lacenial., 1987). Another
approach is the image-based strain measurementarthaon-invasive. Many of them
optically track surface markers on the specimemduwteformation to inversely calculate
displacements and strain. Their resolution is nyaiieifined by the distance between the
markers on the surface and was low in many setMjpg{occa Noble). Digital image
correlation (DIC) is an optical method for straieasurement that uses image recognition
to analyse and compare digital images acquired fransurface of a substrate instead of
surface markers (Zhang). By tracing a randomly iagphigh contrast speckle pattern
using white light, displacement and strain withire specimen can be calculated from
subsequent images. The initial imaging processiefines unique correlation areas
known as macro-image facets, typically 5-20 pixeglsare, across the entire imaging
area. Each facet is a measurement point that cimbght of as an extensometer point

and strain rosette.

2.3.3 Tensile properties of ligaments

The structural properties of the bone-ligament-b@oenplex are normally
determined via tensile test, where a tensile I@adpplied along the axial direction at
constant rate the ligament. A typical result oéasile test is a curve that is nonlinear and
concave upward (Figure 2.11).

A

Load

Displacement }

Figure 2.11— Ligament force-displacement curve modified fRenjamin & Ralphs, 1997
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This is the typical ligament force-displacementeunbtained from a tensile test,

the curve is commonly divided into four regions:

* Region 1is the “toe region” (nonlinear behaviour)
* Region 2s the linear behaviour
* Region 3appears when isolated collagen fibres begin to fai

* Region 4is the rupture of ligament

The unique behaviour of this tissue suggests ikl elongation is the result of
a change in the helical configuration of the rethxellagen chains. In this region the
tissue can be stretched applying a small load,celagen fibres lose their wavy pattern
and they become more straight (Woo et al., 199fjplying more load increases rapidly
the stiffness of the ligament and at this stageggds amount of force is required to

produce the same displacement.

The relationship between force and displacememegqstand strain) of the
ligaments is quantified by calculating the moduiislasticity. In fact, this parameter has
been calculated for tendons and ligaments in skstr@dies (Benjamin and Ralphs, 1997;
Pioletti et al., 1998).The strain)(is defined as the deformation per unit of lergtil it
is calculated by placing markers on the ligamenhéregion of interest. The formula to

calculate the strain is (Woo et al., 1999):

(L —1o)
&=

lo

where

* |ois the initial length (distance between the masker

* | is the length after the application of the load.

Experimentally the strain has been obtained usiagymmeasuring devices that were
sutured directly on the soft tissue measuring #reations along the axial direction. These
devices are mercury strain gauges (Aglietti et1893; Berns et al., 1992), Hall-effect
strain transducers, or differential-variable-retunde-transducer (Arms et al., 1983).

Other experimental studies have enrolled non-contaethod such as the video
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dimension analyser system or the motion capturesydoth use a video camera and an
image processing system (Woo et al., 1986). Therahation of a correct value of the
initial length is fundamental because an incorredial length of ligament would
naturally lead to the incorrect calculation of hgent strain; the optical video system
seems to reduce errors (Woo et al., 1983).

The stress, defined in newton per square millimésréne load per unit cross-sectional

area of a ligament. The formula is:

where
e Fis the force applied

* As the cross-sectional area.

The modulus of elasticity is based on a linear ti@hghip between force and
displacement, and this is the formula:

o
E=-—
&

(o = stressg = strain)

2.3.4 Viscoelastic properties of ligaments

Many studies have discovered experimentally time dmstory dependent

viscoelastic properties of these viscoelastic prtiggeof the knee ligaments are:

* creep (progressive increase of the ligament leagiblying the same
force through time)

» tension-relaxation (a decrease of the tension withen ligament is
maintained at a fixed length)

* hysteresis (energy dissipation after constant l@adind unloading)
(Figure 2.12).

39



In particular, Woo et al. (1989) noticed that duroyglic loading/unloading of
the ligament at specific intervals, the force-disgiment curve moved along the
deformation axes increasing the area of the loadyate. The progressive deformation
is not recoverable and it becomes bigger at eveagihg cycle. This mechanical
response confirmed the presence of non-elastictates in the ligaments which guide
the non-linear behaviour under tensile stress test.

Peak Load
1 Cycle /

Load

Elongation

Figure 2.12— Typical loading (top) and unloading curves (bat) from tensile testing of knee ligaments.
The two nonlinear curves form a hysteresis loog difea between the curves, called the area of
hysteresis, represents the energy lost withinigseie. Image modified from Benjamin and Ralphs7199

Many authors have investigated the behaviour ofligaments under repetitive
loading/unloading testing: in 1983, Woo et al. mé@o an experiment in which a bone-
ligament-bone complex is subjected to a 10 cycfggeconditioning to a low “overall

strain” value of 2%, followed by testing to a faguat a stretch rate of 2 cm/min.
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2.3.5 Damage threshold in quasi-static distractothuman knee

The mechanical behaviour of ligament is studiecelongating the structure to
the point of rupture while measuring associatedease length and tension. From
literature it's possible to find the value of thgag at failure of bone-ligament-bone
complex of animals during a tensile loading test1983, Woo et al. tested the MCL of
dogs, rabbit and swine for a tensile testing oflibae-ligament structure. The results
suggest that the bone-MCL-bone don’t show a limtarctural behaviour, in particular
all the ligaments showed this nonlinear relatidme $train at failure obtained in this study
is 14+1% for the dog specimen, 12+1% for the svaind 7+1% for the rabbit. It's very
important to point out that during the tensile ®sne bone complex failed at the mid-
ligament substance level whereas others failed avitbmbination of ligament substance
tear together with tibial avulsion. Thus, the agexh “overall strains” at failure for the
specimens did not truly represent the ultimateirstcd its MCL substance because
probably the “overall strain” at failure is probghbwer than the actual ultimate strain
values, since most of the specimens fail by tibiallsion. The methodology permitted
also the study of the regional strain variationnglahe ligament substance. The tibial
region demonstrated higher strain values than ¢hsofal region for all three animal
groups. It's interesting to underline that the defation near or at the ligament insertion
sites to bone are larger than the mid-substance ctinceivable that larger deformation
near insertion may predispose these areas to higtidence of tensile failure (Arms et
al., 1983). According to the experimental testsdtwted to calculate the strain to failure
(Table 2.1), the ultimate strain ranges between Hsth 20% of the initial length,
confirming that the ligaments are the first staieits for the mechanical stability of the
knee joint. The table below showed the ultimataistof different human knee ligaments
obtained during tensile loading test (Quapp ands®/ei998). The results revealed that,
although the experimental set up and the specimeme different, there is a 5% of
difference between all the studies, confirming thataverage ultimate strain for a human
knee ligament is around 17% of the initial lengtthmight be said that despite the
differences between the specimens (age, sex, fyjgament), the results are remarkably
similar, meaning that the collagen structure oftitb&ue remained constant over different
ligaments and subjects. The experimental set upd insthese studies were non-contact
(optical) (S. L. Y. Woo et al., 2006) and clampdamp devices (Quapp and Weiss,
1998).
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Specimen Tangent Tensile Stress| Ultimate Strain
Type ModulusMPa) (MPa) (%)
Human MCL 332.2+58.3 38.6+4.8 17.1+1.5

(Quapp et al. 1997)
Human PCL
anterolateral bundle 248+119 35.9+15.2 18.0+£5.3
(Race et al. 1994)
Human ACL,
LCL, PCL 345.0+22.4 36.4+2.5 15.0+0.8
(Butler et al. 1986)
Human pPCL
(Race and Amis NA NA 195154
1994)
Human aPCL
(Race and Amis N.A. N.A. 18.0+5.3
1994)

Table 2.1- The tests were performed using non-contactrstr&asurement
technique except the Butler et al. study
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2.4 Total Knee Replacement
2.4.1 Introduction

Total Knee Replacement (TKR) is a surgical procedaimed to replace the
damaged surfaces of the knee joint with artifim@mponents. The femoral and tibial
surfaces are replaced by a metallic componentccé&imoral component and tibial tray,
respectively. A polyethylene tibial insert is plddeetween the femoral component and
the tibial tray, replacing the cartilage functiarile a patellar button replaces the patellar

surface (Figure 2.13).

’——

Patellar Button

Femoral Component
/f 7] Tibial Tray

"

Tibial Insert

Figure 2.13- The procedure consists of replacing the surfacdisiél femur and the proximal tibia with
high resistant metallic components. The femoralasgr is replaced by a femoral metallic component
while tibia surface by a tibial metallic baseplaBetween the femoral component and the tibial

baseplate, a plastic insert is inserted to repl#oe cartilage function

The first design of knee replacement was create@dlbgk (Wessinghage, 1991),
who in 1890 presented a prototype made of ivoryclvivas attached to the bone through
cement made of colophony, pumice, and plaster asPahe proposed model was a
hinged design, which attempted to simplify the kmehanics by limiting the motion to
the flexion-extension movement. In the seventiemesstudies defined a primitive
concept for the most recent total knee replacendesigns, which eliminated the
mechanical connection from the joint, relying ugbe soft tissue to provide articular

stability. Gunston (1971) created a metallic presi for the femur and a polyethylene
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insert for the tibia that were attached to the lsam&ng a cement made of polymethyl-
methacrylate (PMMA). The design was thought as acampartimental prosthesis,
which could replace the surface of either medi@f compartment of the femur or both.
The first type of total condylar knee replacemeraswntroduced by Freeman and
Swanson (Freeman et al., 1973), which implantedfiise model of total condylar
prosthesis in 1970. This concept represents thé atdahe modern era of total knee
replacement design; in fact, improved version$isf prosthetic model are still currently
used in clinic. Insall et al. (Insall et al., 1976jined the total condylar knee replacement
improving in the frontal plane the congruency betwehe trochlea of the femoral
component and the polyethylene patellar comporidmd.tibial component was designed
to enhance the stability, there was an intercomdgpane and the tibial plates were cup
shaped to receive the knee condyles. The componenésattached to the bone through
cement and short-term good results were reportes@iflet al., 1976). This total condylar
knee prosthetic implant is still considered thedgsandard in total knee replacement
surgery and it represents the design concept oahvdii contemporary TKRs are based
(Persona® Knee —Zimmer, USA GMK Sphere® -Medacta International SA,
Switzerlangl. Despite the considerable success of this ne&bd in terms of short-term
outcome, the major cause for failure was loosenirtpe components (Moreland, 1988)
and the failure rates were considerably high (Text ¥Waugh, 1982). Many studies
reported the negative effect of the bone cemerit aaheat-related failures (Mjoberg et
al., 1986) and chemical toxicity (Sturup et al., 49%esulting in bone resorption and
osteolytic activity (Goodman et al., 1991; Schmelzet al., 1992). This led the research

to explore new methods for fixation such as thesgpifé implants where a roughened
metal surface allows the bony growth in microscquues (Hungerford et al., 1989he

Freeman-Swanson model has represented a base toplevere complex prosthetic
implants such as the fixed-bearing knees, whergtigethylene tibial insert is locked
with the tibial tray. The high congruency of theataxct surface provides low contact stress
but in the other hand it produces a high torquia@tone-implant surface predisposing
to component loosening. Most recent total kneeamphent designs present mobile-
bearings, which allow movement of the insert rgtatio the tray. The mobile-bearing
design provides in principle both congruity and nhighiallowing low contact stress and
low constraint force to improve wear resistance #mebretically, to minimize loosening.
The latest achievements in design and materiahseidave led to incremented life

expectancy of TKR implants, where the femoral congmb and the tibial tray are usually
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made of titanium or cobalt-chrome steel (Co-CR-Bal)jle tibial insert and patellar
button are usually made of ultra-high molecularglképolyethylene (UHMWPE).

Many studies in literature have reported the eiffeciess of the TKR in the long-
term clinical results (Callaghan, 2001; Colizzaalkt 1995) in terms of significant pain
reduction over 10-15 years after the surgery; THRife is measure as 10 % of implants
retrieved within 10 years, as reported in outcoawsters (Figure 2.14). The increasing
number of osteoarthritis patients due to the pregjve aging of the population and the
introduction of minimally invasive surgical procedarhave boosted the demand of total
knee replacement surgeries, which now present irt olioscal studies success rate of
90%, when measured in term of revisions (Callagi20Ql; Colizza et al.,, 1995;

Emmerson et al., 1996; Ranawat et al., 1997).

Same
1%

Worse

Figure 2.14- Proportion of patients achieving optimal and suliot
outcome (figures fror{Baker et al., 2012)

According to this failure criterion, only 10% of ptants fail, most of the time for
reasons other than the device design (Baker éGd2). Thus, this light TKR appears to
be a successful procedure.

However, over 40% of patients are unhappy of tfe dityle their TKR offer
(Mannion et al., 2009).

When TKR started to be widely adopted, most ofpthigents were well over 65,
and with limited life style expectations. Surgigalocedures were tuned on this
population, and privileged stability over mobilits the indication broadened, younger

and younger patients were enrolled; today 45% op#ieents are under 65 (Baker et al.,
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2012) years old. Also, the expectations in terraabive life style in the ageing population
changed considerably. Hence, nearly half of ptgiare not satisfied.

In order to achieve stability and mobility a TKRopedure requires an accurate
planning, in order to ensure an optimal balancinghef soft tissues, and an accurate
execution, in order to achieve accurate skeletaltipoing. The second part has been
drastically improved by the introduction of subjsgiecific cutting guides, which starting
from a CT-based pre-operative planning, provideeasy way to produce precise bone
cuts, essential to accurately position the impldtti respect to the skeleton (Maniar and
Singhi, 2014). However, the planning step is stitirely left on the surgeon experience,
as the current planning tools are not able to ptednich soft tissue balancing a certain

planning would produce.
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2.4.2 Surgical Principles

The aim of the total knee replacement surgery iestore the correct mechanical
alignment of the lower limb, along with the optinsalft tissue balance (Bellemans et al.,
2005b) (Figure 2.15); meaning that, considering lthveer limb fully extended, the
mechanical axis lies on the connecting line betwéencenter of the femoral head and
the center of the ankle passing through the cefténe femur condyles and the tibial
spine (Luo, 2004).

Pre Post

Figure 2.15- Restoration of preoperative varus deformity (l&dtgorrect alignment after TKA (right)

The most common surgical approach used by the sasge the vertical midline
skin incision and a medial para-patellar approdtie intention is to replace the amount
of bone and cartilage that have been lost secontatiie arthritic process and that
resected as part of the TKR, with a similar thidsef polyethylene and metal provided
by the prosthetic components. After exposing thet jaith some elevation of the medial
retinaculum, the knee is flexed. Depending on thdiqular surgical technique the
surgeon performs the tibial and femoral cut follogvcertain criteria.

The surgical procedure starts typically exposirggkhee through a medial para-
patellar incision on the skin, the length rangesfil36 mm up to 151.8 mm (Maniar and
Singhi, 2014) depending by the technique utilizZBuk first step is to detach the patella
from the knee opening the synovial capsule and vamgothe structures such as the
epicondylopatellar ligaments to expose the digalur and the proximal tibia. Once the
patella is moved laterally, the surgeon clean batremained structures in the medial

portion between the femur and the tibia includdtegiboth the cruciate ligaments, or
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just the anterior cruciate ligament (ACL). Afteretk is the most delicate part of the
procedure where the surgeon shapes the boneghe finplants by removing measured
fragments of the bones. The surgical procedure asegfive cuts on the femur: 1) distal
cut 2) anterior and posterior cuts 3) two chamigs ¢Brooks, 2009), and one on the

proximal tibia (Figure 2.16).

Figure 2.16— TKR surgical procedure

The two parallels cut on the femur and the tibeathe most important since they
dictate the position of the final implant and thieentation of the remaining cuts. Among
the surgical techniques that allow to achieve am@ orientation of the cut, the most
common are: conventional TKR (cTKR), computer dsdisurgery (CAS-TKR), and
patient specific instrumentation (PSI-TKR). The d¥End the PSI allow the surgeons to
perform the cut using a mask, called cutting blattached to the bone during the surgery
which guides the jig to remove the bone. The pasitf the cutting block on the bone is
crucial and it relies on specific bony landmarkslsas the knee condyles. The PSI
surgical technique relies upon a complex patientipgreoperative planning (Hafez et
al., 2006) based on CT or MRI images, that allowrntaufacturing of patient specific
instrumentation that fit accurately the patienttsmy. The cTKR instead employs
generic cutting blocks of different size to tryfitadifferent bony anatomies with the same
aim of PSI (Bathis et al., 2004). The CAS uses danaapture system which through
rigid body markers attached on the patient’s baraeks their motion helping to define
the orientation of the cuts in the three dimendi@pace (Bae and Song, 2011). These
technigues take into account the alignment of #mdral and tibial components with

respect to the mechanical axis of the lower linhie, balancing of the soft tissue is not
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included. Therefore, to address the balancing prolthe surgical procedure includes
some methods to check and eventually adjust théoten$the soft tissue.

The most popular techniques are: the balanced treseand the measured
resection. Balanced resection is performed by fitdting the tibial bone and then
applying a symmetrical tension to both ligamentishwhe extended knee, using tensors,
knee balancer or laminar spreaders (Ranawat e2G06; Whiteside et al., 20Q0)he
same procedure is then applied with the flexed lameksetting the femoral component
rotation so to maintain the established tensionhenbalanced ligaments, which is not
easy to achieve since heavily influenced by thee sif the femoral component
(Heesterbeek et al., 2009; Lee et al., 20Mgasured resection entails the cuts of both
the femur and tibia bones before the ligamentsioatg. After the cuts, a trial prosthesis
implant is placed between the bones and the kntsted in extension and in flexion.
The total amount of bone that is cut should cowadpto the thickness of the prosthesis
but femoral and tibial preparations are perfornmependently (Winemaker, 2002). The
artificial components are then placed on the boed afterwards the surgeon will
perform some manual testing to check the rangeatiom and the stability of the joint.
To conclude the procedure, the wound is closedgustiches or staples and a bandage

will then be applied for the recovery process.
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2.4.3 TKR failure

Clinical failure of TKR is defined with a very seeeend point: re-operation, also
called revision surgery. The occurrence of thesesians represents a dramatic change
in the patients’ quality of life and also denotesusderestimated problem in terms of
economic burden. In fact, the total costs assatiatith each total knee replacement
surgery have been estimated to exceed US$49,0@0thes» number is expected to
continue to increase, in concert with the rapidigreasing number of total knee
replacement performed every year (Bhandari et28l1,2). Furthermore, the revision
surgery is a very complex procedure, after whidiepés could expect less improvement
and a higher risk of complications than after thaimary total knee replacement
(Stambough et al., 2014). Thus, the definition efvnmethods that aim to limit the
number and risk of revision surgeries is compelimgeduce the economic burden of
TKR.

The most common causes for TKR failure are: knestability, patella-femoral
complications, misalignment, and component loosenifijyarkbunnam and
Chareancholvanich, 2012; Parratte and Pagnano, 320igand Pape, 2011). Instability,
resulting from excessive laxity of the soft tisstegresents the 22% of the TKR revision
causes (Sharkey, 2002). Patients that presentbilistasuffer pain, effusions, and
inability to navigate curbs and inclined planeshifieg et al., 2001). Patella-femoral
complications can be associated to an incongrubm-femoral rotation, commonly
caused by internal rotation of the tibial platetloe femoral component (Barrack et al.,
2001; Berger et al., 1998). The wrong patellackirag can lead to anterior pain, patellar
fracture, and patellar instability, and limitatioms the ROM. Component loosing is
considered as a consequence of polyethylene whark@y, 2002), it results up to 34%
of late stage surgeries revision. Accelerated weer been observed in patient with
excessive soft tissue tension, both medially atetddly (Gallo et al., 2013; Kuster and
Stachowiak, 2002), that leads to a greater mechhstoess between the femoral and
tibial component. In general, most of the abovediacfor failure can be attributed to
surgical techniques which inadequately addresseprttblem of balancing the knee soft
tissues (Bozic et al., 2010; Fehring et al., 2Q@ner et al., 1999; Sharkey, 2002).
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2.4.4 The relevance of the Soft Tissue BalancinKiR

The definition of soft tissue balancing for TKR met straightforward. This
concept might be used to refer to a prosthetic kjueet where the following

characteristics are preserved:

a) a full range of movement;

b) symmetrical medial-lateral balance at full extensamd 90 degrees of flexion;
c) correct varus valgus alignment in both flexion antension;

d) absence of medial-lateral tightness or laxity;

e) correct patellar tracking; and

f) correct rotational balance between the femoral #rel tibial components

(Babazadeh et al., 2009).

In terms of surgical procedure, the above factioosikl be ensured by the creation
of a balanced flexion-extension gap between thefahand tibial cut, which dictates the
thickness of the final implant (Dennis et al., 20H&esterbeek et al., 2010). This is
usually pursued during the surgery by subsequgustudent of the flexion extension gap
(Figure 2.17) in attempt to obtain equal sizedaegular gaps in both extension and
flexion positions (Griffin et al., 2000) to avoidfs tissue laxity where the gap is bigger

and overstuffing of the joint where the gap is dergBellemans et al., 2005b).

Figure 2.17— Flexion — Extension gap during Total Knee Regmaent Surger{Griffin et al., 2000)

The most popular surgical techniques to achieve lgglpnce are balanced
resection and measured resection and they haveabeaay described in the previous
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paragraph. However, after the gap balancing praegdurgeons manually apply a varus-
valgus moment to the joint to evaluate the relatightness or laxity of the soft tissues
and assess coronal plane balance. Based on thaamtbllowing subjective assessment
of the flexion-extension movement, if balance hasbeen achieved, the tightest among
the ligaments of the knee is released (Unitt e2BD8). Increasing the size of the flexion
and extension gap after extensive releasing proeaday alter the alignment (Yoshii et
al., 1991) and adversely affects the clinical omteqMartin and Whiteside, 1990). Many
surgical devices have been developed to assidiadlamcing in TKR, including spacers
(D’Lima et al., 2007), tensors (Insall et al., 198&lectronic instrument (Miller et al.,
2001) Tensors and spacers, are used to replace triathpsds implant during TKR
(Freeman et al., 1978; Insall et al., 1985), whergactronic devices are sensors that
measure the pressure in the medial and lateral aampnts (Fetto et al., 2011). All the
above methods focus on the frontal plane with iimecd creating the desired varus-valgus
stability and produce an even distribution of tloecés on the medial and lateral
compartments. Despite all the improvements allolmethese techniques, intraoperative
tension is still usually judged subjectively (MadsLet al., 2005) and soft tissue balancing
is still completely based on the surgeon’s subyectiiteria. The creation of new tools
able to help the surgeon is crucial for the redurctof these soft tissue related

complications and for the minimization of the numbgrevision procedures after TKR.
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2.4.5 Preoperative Planning for TKR

Since the first conventional TKR (cTKR) surgeriaghe seventies, the primary
objective was to increase the accuracy of the ptace of the artificial components on
the patient. One of the crucial aims in TKR is tacp the femoral component
perpendicular to the mechanical axis of the lethenfrontal plane. Failure to do so may
adversely affect the long term outcome of TKR (Bz#t al., 2004; Blakeney et al., 2011;
Narkbunnam and Chareancholvanich, 2012). Many ssudave demonstrated that the
effect of misalignment in the frontal plane, exdegdthe 3 degrees, may lead to a
premature failure of the implant caused by compoheosing due to an inaccurate
kinematics (Jeffery et al., 1991; Moreland, 1988n& and Coventry, 1988).

To overcome these complications, computer assis®djation (CAS) in TKR
was introduced to minimize the number of theseienstin misalignment and component
loosing (Figure 2.18). Navigation consists of theé@ments: computer, motion capture
system, and rigid body marker (Bae and Song, 201§ .tracking system visualizes the
rigid body markers attached on the patient’s bane, tracks their motion with the help

of computer processing within the three dimensicpalce.

Figure 2.18- CAS system

This technique successfully improved the accur@sig et al., 1998; Dutton et
al., 2008; Dutton and Yeo, 2009; Mason et al., 200Gtor and Hoste, 2004) achieving
a more accurate postoperative alignment througherpoecise and reproducible bony
resection and ligament balancindpowever, the CAS has some important limitations,

such as an increased risk of complications dubdgin attached to the bone (Bonutti et
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al., 2008; Novicoff et al., 2010), that slowed thiele application in the clinical routine.
Furthermore, the procedure is longer than the cWiR higher cost, for all these reasons
many surgeons didn’t adopt the CAS, at the prideawing a less accurate postoperative
alignment. More importantlynany published studies have not found statistically
significant differences between CAS and cTKR basethe Knee Society score (KSS),
Western Ontario and McMaster Universities Osteorish Index (WOMAC) or
University of California Los Angeles activity scqiedCLA). Only one prospective study
(Chin et al., 2005) reported better five-year K8Sults in the CAS TKA group.
Patient-specific instrumentation (PSI) for totakkrreplacement was introduced
in the market few years ago as a sub category &.®5SI is characterized by a complex
three-dimensional preoperative planning based ompoated tomography (CT) or
magnetic resonance images (MRI). Based on thefgpe@nufacturers’ software along
with the other inputs from the surgeon, custom digpte patient-specific cutting blocks

are manufactured to assure an accurate resecttbe bbne (Figure 2.19).

Figure 2.19— Preoperatively planned cutting blocks

In the preplanning protocol the surgeon can changgt of parameters about the
orientation of the cutting planes and the depthcats on femoral and tibial sides,

respectively. The pre-operative parameters thabeaadjusted by the surgeon are:

e Femur Varus/Valgus

e Tibia Varus/Valgus
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» Tibial slope

+ External rotation

Figure 2.20— Surgical variables (from left): varus-valgus femuayus-valgus tibia, tibial slope,
external rotation femur

The cutting blocks are meant to fit accuratelyltbee surface, assuring a better
alignment of the cuts to the mechanical axes coetptr the generic jigs used in the
cTKR. The advantages of using the PSI TKR is m&abte a faster, more accurate, and
cost effective surgery due to the reduction of numloé trays used during the surgery.
In fact, pre-operative planning with three-dimenasiomodels obtained from medical
images, aims to assess the size and orientatitve ahplants to be used, thereby ensuring
that components of the correct size are availableng the surgery. It's important to
notice that the medical images needed to perfoilf{R preoperative planning is a low
dose CT scan (Henckel et al., 2006), which limis tminimum the radiations on the
patient and the cost of the exam. Also, this examoutinely prescribed by the clinicians
to assess the pathologic condition of the patiefore the surgery (Mohanlal and Jain,
2009). Although many studies reported that the PESR improved the accuracy of
implant positioning compared with the cTKR, there some issues that are matter for a
debate. The limitations are mostly given by the faat there are often some changes that
deviate from the steps of the original preoperaplaaning. The causes that provoke the
failure of the preoperative planning are many anid iikely that an experienced PSI
surgeon can make fewer changes during the surderythis factor can never be
eliminated completely. However, many studies hagorted that the surgery time is
effectively shorter only without considering thené for the pre-operative planning,

which is usually considered as the central pathefprocedure.
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In the literature there are many studies that coatpthe three techniques and the

results are very controversial (Chin et al., 20B®ffart et al., 2012; Manzotti and

Confalonieri, 2013). Therefore, to understand tleefggmance of the preoperative

planning for PSI the outcomes of patients dividedhoee groups were compared: cTKR,

CAS TKR, and PSI TKR. The three groups have beempewed respect to:

a) Postoperative alignment

b) Intraoperative advantages

c) Surgical time

d) Cost savings

a) The postoperative alignment has been evaluatedrétraspective randomized

b)

study of Noble et al. (2012) of 15 PSI and 14 cTK&yorting a significantly
better mechanical axes alignment with PSI with eespo cTKR (1,7 deg versus
2,8 deg, respectively). On the other hand, Barretl.efound no difference in
component alignment and mechanical axes restoragbomeen the three groups,
Nunley et al. (Nunley et al., 2012), Victor et @ictor and Hoste, 2004), arrived
at same conclusion. However, it must be said thkRcand CSA TKR align the
component respect to the mechanical axis, whidhasline that connects the
centre of hip, knee, and ankle, respectively. TBETKR instead, has the unique
ability to align the prosthesis with respect to kireematic axis, achieving better
results in terms of malposition of the componebigsisett et al., 2012; Nogler et
al., 2012) and ligament balancing (Walker et al180 The benefits of having
the components aligned to the mechanical axes dier bange of motion, less
instability, less stiffness, and less pain in tbetpperative rehabilitation (Howell
et al., 2013). Howell et al. in a prospective stofly198 patients that underwent
to a PSI TKE, reported no failure and high funcalorecovering after 28 months
in 75% of the cohort. However, the assessment storation of the
mechanical/kinematic axes needs to be further ateduin order to understand
the real validity of the PSI TKR.

There are different factors to be considered intraoperative advantages. The

length of incision is definitely smaller in the PBAR because the jigs used to cut

the bones are less invasive, Nobles et al. (Nald ,2012) reported a decrease

in skin incision compared to the cTKR (136 mm P&RT 151.8 mm cTKR,

p=0.014). Although the size of the tibial and feal@omponent is based on CT
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d)

images or MRI, many studies reported a mismatchinguthe surgery.
Vunderlinckx et al. (Vundelinckx et al., 2013) refgal a change in the femoral
size in 19.4% of the 31 PSI TKR patients operatpénSer et al. (Spencer et al.,
2009) found no change required in the size of émedral and tibial component.
Conversely, Lusting et al. (Lustig et al., 2013)atled a change in the femoral
size of 48% of the 45 PSI TKR patients and 50%hbialtsize (to be rewritten).
This discrepancy is mainly due to the fact thatdhegeon adjusts the soft tissue
balancing also changing the size of the componebtsining e.g. a bigger gap
between the femoral and tibial plane to balancdigfanents. Therefore, during
the surgery one size below and one above the pregdbsize, should be available
in the trays. To balance the soft tissue or to atlaptchanging in size of the
implants, re-cuts of the bone maybe required. FPB& TKR procedure has a
higher number of intraoperative re-cuts than thERTHamilton et al., 2013),
mainly on the femur which is the most important ditis may be due to the fact
that to avoid an irreversible over resection oflitbee, the preoperative planning

tends to minimize the thickness obtained by theol@icut, demanding a recut.

The aim of PSI TKR was to decrease the number gicalrsteps eliminating the
uncertainty of fitting the jigs (cTKR) or refereeitize cuts to external landmarks
(CSA TKR). Nobles et al. reported a significantbgduction of the surgical time
of PSI TKR respect to cTKR (121.4 versus 128.1 gy the CAS TKR is the
longest procedure because of the placement of #ikars on the patient’'s bone
(Barrett et al., 2014). On the contrary, theresdvelies in literature (Hamilton et
al., 2013; Roh et al., 2013) which report a comipiardime between the two
procedures, the loss of time was attributed to dha&nge in plan needed for
ligament balancing. The current literature revieggests that a deep knowledge
and experience in using PSI TKR may ultimately iovarthe procedure in terms

of surgical time.

The decrease of the overall costs of the procadube most effective benefits of

the PSI TKR (Barrack et al., 2001; Watters et 2011). The use of patient-

specific instrumentation reduces the number ofsttesed during the surgery, the

turnover time is smaller, the number of personngbleyed is decreased, and the

cost of maintaining the inventory of both instrunseand implants is minor. The

shorter operation time allows the surgeon to haveeraurgeries per session with
57



less personnel employed, Watters et al. (Watteed.eP011) reported in their

study savings of 391% per PSI TKR surgery with eesgo the cTKR. The

reduction is due to the operation time shorter ®fndinutes (101 $) and the
employing of fewer trays (290 $). However, thesal&s don't include the cost
of the imaging (CT or MRI) and the fabrication detcustom cutting blocks

(Barrack et al., 2001). The PSI TKR is certainboat-saving procedure, however
the savings don't justify the cost of the preopgeaplanning whenever there are
some complications during the surgery or the patiemdergo to a revision

surgery. Only a significant reduction of the reerss surgery can ultimately admit
the wide application of subject specific preopematplanning (Slover et al.,

2012).

Conclusively, the advantages of using preoperapilaning for TKR have
attracted a lot interest, considering the resultstae possibility to expand and improve
further this surgical technique. However, currerdiailable techniques that employs
patient-specific instrumentation don’t take inte@ant the soft tissue balance, in fact the
femoral component rotation is place using the measuesection method. This might
represent a limitation because this approach niglve less accuracy in placing the
femoral component when compared to the gap-balgn@sults. (Dennis et al., 2010;
Fehring et al., 2001).
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2.4.6 Myknee® Medacta — Preoperative Planning idRT

Medacta International SA is world-leading manufaetwf orthopaedic implants,
neurological system, and instrumentation. The comgeas been founded in 1999 and
the fast growth in the past years is due to theltgonary approach in standard of care
breakthroughs in hip replacement with the AMIS sgstind total knee replacement with
MyKnee preoperative planning system technology.2013 Medacta documented
110.000 AMIS technique surgical procedure for hiraplasty and 15.000 procedures
performed via the MyKnee patient-specific technglogjowadays the Medacta group,

based in Switzerland, operates in 30 countriesdwode.

MyKnee® — Patient Matched Technology

MyKnee® is the preoperative planning system whilkbmes the manufacturing
of subject-specific cutting blocks (Figure 2.20pb®used in the surgery. The surgeon can
visualize and assess the 3D planning based on MRbthrough the Medacta website.
All the MyKnee® workflow is managed in house by Meth, which provides constant

assistance to the surgeon thanks to a dedicatednadrtechnician.

Figure 2.21- Medacta® cutting blocks

This system is a versatile tool available for tdtake replacement and uni-
compartimental knee replacement, it permits to heayeeoperative planning based on
different surgical techniques such as bone refemgn@ViyKnee®), ligament balance
based (MyKnee® LBS).

The MyKnee® workflow comprehends (Figure 2.21):
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1) The MRI or low dose CT scan images of the patiel®sis uploaded on the
Medacta portal

2) Starting from the 3D reconstruction of the bone photogy the surgeon can
modify a set of orientation parameters for the @haent of the implant

3) A virtual positioning of the implant is proposedtte surgeon who can further
modify the planning

4) Once the planning has been validated by the surgle®m-house manufacturing

process starts

Figure 2.22 MyKnee® workflow - 1) The MRI or CT images uploadhe Medacta portal 2) Starting
from the 3D reconstruction of the bone morpholdhg,surgeon can modify a set of parameters for the
placement of the implants 3) A virtual positionofghe implant is proposed to the surgeon who can
further modify the planning 4) Once the planning haen validated by the surgeon, the in-house

manufacturing process starts.

The Medacta'’s protocol requires a low dose CT ¢Eaure 2.22) of hip, knee, and ankle
separately, this minimizes the exposition of thiegod to the x-rays.

Figure 2.23— Typical low dose CT scan for the MyKnee® workflow
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The recommended settings for the CT scan imaged alze ):

Ankle and Hip Knee
Rows x Columns 512 x 512 pixels 512 x 512 pixels
Slice thickness 2-4mm 0.5-1mm
Spacing between slices 2-4mm 0.5-1mm
FOvV Max 200mm Max 200mm

Table 2.2— CT scan image settings for MyKnee® workflow

This procedure accesses the base to create tlwrcaatting blocks that can fit
the subject-specific knee morphology without usamy alignment jig to position them
during the surgery. The cutting blocks guide thedeal and tibial cut planned by the
surgeon during the pre-operative planning phaserder to re-establish a proper
kinematic of the knee after the surgery. The cityzsat of the preoperative planning is
the adjustment of the orientation parameters itMiilénee® user interface (Figure 2.22).
The interactive 3D web planning is based on th@exur's specific preferences and
allows the changing the position of the implantse Burgeon can change the orientation
parameters during the preoperative planning, bef@rereation of the anatomical cutting
blocks. The surgeon can change the orientationnpeteas during the preoperative
planning, before the creation of the anatomicalimgtblocks. The surgeon can change
the orientation parameters during the preoperailaaning, before the creation of the

anatomical cutting blocks.
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Figure 2.24- MyKnee® 3D planning user interface
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The orientation parameters, called surgical vaesioh this dissertation, are:

1) the varus-valgus femur cutting plane orientatioritenfrontal plane (from -3° to
3° degrees, with a step of 1°)

2) the varus-valgus tibia cutting plane orientatiortlefrontal plane (from -3° to
3° degrees, with a step of 1°)

3) the external rotation femur condyle cutting planerttation on the frontal plane
(from 0° to 6°, with a step of 1°)

4) the posterior slope tibial cutting plane orientatan the sagittal plane (from 3°
to 5°, with a step of 1°)

The surgeon can change the orientation parametaiagdthe preoperative
planning, before the creation of the anatomicaimgtblocks. Once these parameters are
inspected and eventually corrected, the surgeonssentine the confirmation for
manufacturing and delivering of the surgical instemtation and also the plastic models
of femur and tibia bones. The surgeon uses thisopatized instrumentation before the
bones cut trying the anatomical cutting blocks e plastic model for examination.
Afterward, the cutting guides can be placed tqgent in the same manner until a good
fit is obtained. In addition, after the cut, thegaon can compare the amount of bone
removed using the resection line on the plastic ihode

The MyKnee®pre-operative procedure assists the surgeon tstadlesh the
preoperative kinematic of the knee after the sytg€he achievement of mechanical
stability, and the alignment of the joint, realizesforming the correct alignment of the

mechanical axes between femur and tibia.
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2.5 Computational Knee Models

2.5.1 Overview knee joint models

The number of studies that have investigated thepctational modelling of the
human knee is massive. The knee is one of thedaeagel more complex joint forming
the musculoskeletal system, and given its centdal in locomotive activities, is also
subject to a large variety of injuries and degeinezgpathologies. Understanding the
mechanics and the forces placed on the knee stescturght lead to understand the
causes and improve surgical techniques such 8KiRe The study of the biomechanics
of the knee has started in the first decade ofl@fecentury; however, the first models
available in the literature (Goodfellow and O’Connt978) that attempted to describe
the function of the knee, were published only i $keventies. In the recent years a lot of
studies have been conducted to understand thebkomechanics and in literature there
are different approaches: kinematic, static-kinis and dynamic models. In literature
dynamic models of the knee are often embeddedatahbody or lower limb dynamic
musculoskeletal models, for this reason this matikébe discussed in a separated section
in this chapter.

The kinematic models were entirely based on theighl/description of the knee
anatomy considering passive conditions and unloatise (Goodfellow et al., 1978).
The hypothesis behind this theory lies on thetlzat when the external forces applied to
the knee are negligible, the passive motion isrizad by the major passive structures
and the particular shape of the contact surfac#smitihe range of motion. This theory is
better known as the four-bar linkage mechanism i(ckw et al., 1972; Sancisi et al.,
2009), and it is composed by two crossed bar warelfixed at one end, and connected
by a coupler in the other. The length of these mexjual to the length of the anterior
and posterior cruciate ligaments. Since this malel 2D, more complex models have
been developed to analyses forces and movemewf the sagittal plane. In particular,
these models didn’'t take into account all the mosets coupled with the flexion
extension of the knee such as the tibial rotatamenti Castelli (2004) developed several
models based on the theory of spatial equivalenthar@sm. The rigid bodies are
connected through different constraints that regorethe passive structures of the knee.
For example, describing the passive motion of tadn ankle joint (Di Gregorio et al.,
2007) the ligaments were considered as two bamngilrte isometric behaviour of the
fibres throughout the entire range of motion. Ssinet al. (2011) developed new
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mechanism including the patella that simulategptssive knee motion and it is simpler
from a mechanical point of viewhis knee3D model of the patella-femur relative
motion is combined with a previous simplified modéthe femur-tibia relative motion,
providing a new methodology to improve the desifthe prosthetic implants (Sancisi
and Parenti-Castelli, 2011a).

A second approach has been developed in the litetatlescribing the knee
motion as a set of equations including the equilibrequations of the system along with
the mathematical representation of the passivectstiel and contact surfaces
(Blankevoort et al., 1991). The description of thetion of the tibia with respect to the
femur has been conducted in many models considegiyor deformable bodies. The
mathematical description of the articular surfadssrealized approximating the
anatomical curvature of the bones with simple gadesesuch as sphere, planes, or
cylinders. Advanced technique such as the B-sjiast square fitting surface allows the
approximation of more complex contacting surfadels (@nd Kruth, 1995; Parenti-
Castelli et al., 2004; Sancisi and Parenti-Cas@lli 1b). In many studies the patella was
not included in the knee model, analyzing onlyri@vement of the femur with respect
to the tibia. However, Sancisi and Parenti-Cas(@llil1l) developed a one degree of
freedom knee model, that took into account thetixeanotion of the patella and the
femur, where the ligaments were modeled as isometyid links. The accuracy results
of this study was validated performing experimergats.

The second static approach is largely used initeeaiure and when the forces
are not taken into account and the model is defasestatic (Blankevoort et al., 1991). In
the static configuration the positions of the rignddies are determined through the
definition of a three dimensional reference sysamichthe transformations are represented

by 4x4 matrices. In homogeneous coordinates:

1 Tz Tz |ty
21 Tz T3 |ly
31 T32 133 |,
0 0 0 1

The 3x3 submatrix represented by thecalar coefficients represents the rotation
matrix while the 3x1-vector describes the translation vector in theifieel 3D reference

system. The rotation matrix is descripted as a caitipa of 3 elementary rotations
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around the Cartesian axis called Euler angles. 8ora¢hese angles are also referred as
yaw/pitch/roll The three Euler angles are:

0, = atan2(rs,, 133)

— 2 2
0, = atan2(—r3q, |55 — 33

0, = atan2(—ryq,—711)

Given the three anglék, 6,,, 6, the rotation matrix R is calculated as follows:

1 0 0
X=|0 cosf, —sinf,
0 sin6, cos6, |

[ cosf, 0 siné,]
Y = 0 1 0
_—sin Hy 0 cos Hy_

[cosf, —sinf, 0]
Z =|sin6, cos#6,
0 0 1.

o

R =ZXY

The position of the rigid bodies in the static mockn be predicted considering
the geometry and the forces that are considerestaointhroughout the simulation. Thus,
this approach might result particularly relevamtT&R knee models where the geometry
of the sliding surfaces that guides the motiorveet defined. The development of these
models allows the calculation of the length of stiiwes such as the ligaments in particular
positions within the range of motion. One of theiimadvantages of using a static
approach is the modest computational cost givekrniog/n mathematical description of
the knee model.

When the model follows a series of equilibrium etatio reach the convergence
and the inertial and viscous properties are neggedt is defined as kinetostatic or quasi-
static (Wismans et al., 1980). The forces and masnare equilibrated considering

specific constraints at fixed flexion-extension lasgand this allow to understand some
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complex function of the knee that comes from thetrdoution of passive structures such
as the ligaments. The literature has emphasizedinipgrtance to investigate the

behaviour of the passive structures in terms afd@nd deformation as a function of the
knee angle (Blankevoort and Huiskes, 1996) andcctimtact forces between the femur
and the tibia. The majority of the studies calceddihe elongation of the ligaments given
the experimental measurements of knee kinematieasuring the distance between the
femoral and tibial insertion point.

Other methods employed computational algorithms aag the finite element
methods and elastic springs (Weiss and Gardiner])2@0obtain the deformation of
ligaments applying different loading conditionsvairious flexion angles. The elastic
springs approach has been adopted widely by tleareser given the high computational
cost of the finite element method. The non-lineahdviour of the ligaments is
characterized through non-linear springs that aimepresent the toe region of the force
displacement curve (H. Bloemker, 2012; Weiss anddiGar, 2001). The toe region
occurs in the initial stretching of the fibre anncends when the ligament becomes taut
(Weiss et al., 2005) assuming a linear behaviauithé linear region the ligament is
represented as a linear spring with a stiffnesamatersk. Many studies in literature
have used non-linear one-dimensional spring expdesy the force-displacement curve
(Baldwin et al., 2009; Franci et al., 2008; Ottobenial., 2010; Sancisi and Parenti-
Castelli, 2011a, 2011c, 2010; Yang et al., 2010jdfbne the mechanical properties of
the knee ligaments. Blankevoort et al. (Blankevabral., 1991) defined the zero-load
length (o) as the length of the fibre when it first becortead, the reference length)(as
the length of the fibre at the reference positioreg is extended), and the reference strain

(er) as the strain at the reference position.

The force displacement curve is described by tHeviahg equations:

Zke? /g 0<e<2g

)4
H f= k(e —¢) £>2¢
0 e>0

5 e (5

where:
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f = the tensile force of the ligament
k = the ligament stiffness

2¢ = the level at which the ligament moves from the-hio@ar region (toe region) to the

linear region of the force-displacement curve
¢ = the strain of the ligament
| = length of the ligament

This approach is relatively easy to implementknee model, however it employs
generalized values of the reference strain, ohddireen the literature, with the reference
length to calculate the zero-load length. Thishodtdoes not take into account the
subject specific properties of the ligament, duthie the force and displacement values
might be unlikely given the significant differencbstween different subjects. Some
studies have represented the ligament structuaesaggle bundle fibre (Wismans et al.,
1980), whereas others used more than one linek® itdo account the anatomical
structures (Andriacchi et al., 1983; Bertozzi et 2007; Bloemker et al., 2012; Franci et
al., 2008; Sancisi and Parenti-Castelli, 2011c020lhe use of a high number of bundles
to describe the ligaments is widely adopted irrdiiere and strictly correlated with the
objective of the study, however in this approadhrtiechanics of the ligaments is rather
complex and a higher number of parameters need ttefined. Since the definition of
these soft tissue related parameters is very comgden when cadaveric data are
available, the estimation of the same parametera fiving subject has an even greater
source of error that effect the calculation ofligament’s force and displacement.

The quasi-static models developed in literaturduched also the contact forces
between the femoral and tibial surface when the rkates was not measured
experimentally. In this case the ligaments forecesansidered in concert with the contact
forces to define the relative position of the botlet composes the knee. The contact
between articular surfaces has been solved usitigoeh@ogies of different complexity.
The most used contact modelling is based on thergstton that the bodies are rigid and
the contact surfaces can be approximated with 2npatials, 3D polynomials, or
spheres and planes. However, this analytical approaglects the possibility to evaluate
the pressure distribution on the contact area, lwigcrather important in total knee
replacement models. Also, the idealization of thetact doesn’t take into account the
real contact forces produced by the deformatiothefcompliant materials. Therefore,
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one theory based on the Hertz contact theory hexs teveloped to calculate forces and
deformations of known geometries using the lindastecity theory. On the other hand,
the elastic foundation theory has been developasntopute the contact between more
complex objects using triangular meshes that cparesent the contact surfaces. This
methodology implies that the bodies may be coneaiegid but for a thin layer of elastic
material of thicknesh. As a result, a “bed of springs” on the surfaahfison, 1985) of
each body is obtained to produce the push-back$agenerated during the contact. The
springs represent an elastic layer of known thiskrmvering a rigid substrate on both
bodies, where each spring is independent from ithbeurs. The springs are defined by
a stiffnes,

__ (a-p-E
1+p)-(1-2p)-h

where:

E = Young’'s modulus
p = Poisson’s ratio

h = thickness

The stiffness takes into account the material ptogseof the body to calculate
the deformation caused by the contact and the mafmiof the force generated. This
methodology allows to estimate the distributionha& pressure on the contact area, many
studies have used this approach to understand ¢issyse on the prosthetic implants in

order to reduce the wear of the plastic compon@atgabalan et al., 2007).
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2.2.15 Computational Dynamic Musculoskeletal Models

The human movement is the direct result of the dioated passive and active
action of several anatomic structures that workttegyeto ensure freedom of movement.
The anatomic structures are the skeletal systenthenahuscles that represent the passive
and active part, and they form the musculosketgtsiem. The skeletal system provides
the framework that allows the moment while the nesprovide the energy to move the
joints. The ligaments create the joints that arkdibetween bones, the tendons represent
the attachment sites for the muscles. The muspkes across the skeletal system pulling
our bones and joints into the exact position tdquar different physical activities. For a
selected movement of the joint the muscles araldd/in agonists and antagonists, the
first group produces force shortening the lengtlievthe antagonist provide stability to
the movement lengthening the fibres (co-contractioechanism). Many studies in
literature have modelled the human musculosketstsiem through a number of rigid
bodies interconnected by joints and spanned by nhendon actuators that simulates
the actions of the muscles.

Since the forces and moments that govern a mudaléial model cannot be
measured directlin vivo, the biomechanical research community is stroeglyaged in
knee modelling and a number of recent papers mediahle in vivo measurements
obtained from instrumented prostheses (Bergmar®8;dD’'Lima et al., 2012; Fregly et
al., 2012; Westerhoff et al., 2009). Among themré¢hes the free access database
“orthoload” (www.orthoload.com) (Julius Wolff Instite- Charity Berlin, 2001) which
made available the contact forces of hip, shoukiee, and vertebral body, obtained by
patients instrumented with telemetric prosthesismére complete dataset has been
released by the “Grand Challenge Competition talietén Vivo Loads” which provides
the knee contact forces, motion capture data, gtoeaction forces, EMG, fluoroscopy,
and pre and post-operative computed tomography {@ages. The availability of these
in vivo measurements, in concert with the availabilitysoftware such NMS Builder
(SCS srl, Italy) and OpenSim, allowed the reseaammnmunity to create and validate
musculoskeletal models able to predictivo muscles and contact forces.

The availability of thisn vivo measurement in mainly due to the development of
an innovative implantable device that is able ttedeaccurately the forces produced by
the contact of the knee and the tibia during dywcaadativities (D’Lima et al., 2005;
Kirking et al., 2006). D’Lima et al. (2005) instremteda tibial prosthesis four force
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transducers located at the four corners of thealtibiay, powered by external coil
induction. These transducers were able to detedbtial compressive forces on the tibial
tray and the location of the centre of pressumiécoprocessor performed the processing
of the signal that was transmitted through an arde¢a an external receiver. The external
receiver was connected to a computer for data sitiqun and processing. The accuracy
of the telemetry device was validated performaxgvivoand successively vivo tests.
The use of an instrumented prosthesis is extremebsive, considering the number of
components that composes the telemetric devicethiforeason the cohort of patients is
very limited and this represents the main limitatio

The prediction of muscle forces represents a amgilhg task because the number
of muscle is generally bigger than the joints’ asg of freedom. Many studies have
proposed optimization theories to solve the distidn problem and simulate the loading
conditions. Static optimization is usually empldyte solve the indeterminate problem
of equilibrating the inter-segmental joint loadsngsa number of actuators that exceeds
the joint's degrees of freedom (Modenese et all320Martelli et al. (Martelli et al.,
2015) have proposed an alternative stochastic riegl¢hat produce a space of solutions
in which the best force muscles recruitment stratagybe found to produce muscle and
joint forces. The predicted muscle forces are Uguavaluated using the surface
electromyography (EMG), however this approach isati#ble because of the complex
relationship between the muscle forces and theiGEnals during dynamic activities
(Erdemir et al., 2007). Thelen et al. (Thelenlet2014) developed a musculoskeletal
model for the co-simulation of neuromuscular dyrezsa knee joint mechanics during
human walking. The contact between the femorakhadibial surface has been modelled
using the elastic foundation theory and the mode based on forward dynamic analysis.
A computed muscle control algorithm (CMC) was udedmodulate the muscle
activations to track measured joint angle trajeetoduring level walking. Marra et al.
(Marra et al., 2014) proposed a musculoskeletal etiod framework which
comprehended two separate knee models, one emgldyen traditional hinge joint
solved using an inverse dynamic, and another wsintfl degrees of freedom which was
solved using a force dependent kinematics (FDKg diithors pointed out the importance
to have a robust workflow to build a reliable suibjspecific musculoskeletal architecture
using advanced morphed techniques to scale theye&ladaatomy to a patient implanted
with a telemetric prosthesis. Hast and Piazza @iand Delp, 2001) represented the

knee as a “dual-joint”, the first joint was a tygliecdealized joint solved using an inverse
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dynamic for the estimation of the muscle forces, gheond joint was 12 degrees of
freedom knee model based on forward dynamics wWastie foundation contact at the

tibiofemoral and patella-femoral articulations. Tpaper of Manal et al. (Manal and

Buchanan, 2013) employed an electromyogram-drivedatiing approach to predict

knee joint reaction forces for two different gaitttpans (normal walking and medial

thrust gait). The model evaluated the accuracyhefprediction of joint reaction forces

with respect to the experimental data, not onlynimmmal walking but also for novel gait

patterns. The predictive capabilities of validatedisculoskeletal models gained
gradually clinical relevance because the posgtiititvalidate the muscle forces and the
ligament forces as indirect measurements of thet jaaction forces (Erdemir et al.,

2007).
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‘Chapter 3

A procedure to estimate the origins and the insertions
of the knee ligaments from computed tomography
1mages

The chapter is based on the article:

Ascani, D., Mazza, C., De Lollis, A., Bernardoni, Miceconti, M., 2015. A procedure to estimate the
origins and the insertions of the knee ligamerasnfficomputed tomography images. J. Biomech. 48, 233—
7.

This chapter aims to describe a repeatable anddapible procedure to estimate the
knee ligaments origin and insertion from computathdgraphy images. Although the
knee ligaments are not visible on the CT images; tepresent typically the only subject
specific data available for a TKR preoperative plagnThe estimation of these points
on the patient’'s anatomy rely on the constructiba statistical registration atlas built on
data that are based on cadaver specimens. Thrawghree transformation between bony
landmark clouds the knee ligament origin and ingerare calculated on the patient, the
validation of this procedure was conducted on askdtwhere both CT and magnetic
resonance images (MRI) were available. This acquaddhis methodology is crucial
because it will be representing one of the inptite®knee models developed in the next
chapters.

3.1 Introduction

The main role of the ligaments, which connect bwith bone, is to provide
mechanical stability to the joints, guiding theiowements and preventing excessive
motion. The knee is the largest and complex joirtthe human body and has four major
ligaments: Medial Collateral (MCL), Lateral Colleaé (LCL), Anterior Cruciate (ACL)
and Posterior Cruciate (PCL). In clinical applioas and biomedical research
individualized musculoskeletal models are currentgd for many purposes such as
customized prosthetic implants (Bert, 1996; Reggietnial., 2007), computer-aided
surgery (Zanetti et al., 2005), gait analysis (Kepgt al., 1997) or automated image
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segmentation (Ellingsen et al., 2010). In orthopasdrgery a geometric model of the
patient’s bone can reproduce the basics morphometgrder to perform a correct
computer based surgery (Radermacher et al.,, 1988pait analysis an accurate
geometrical model is fundamental to create a Ealisusculoskeletal model (Kepple et
al., 1997).

Many computational dynamic models of the knee Hzeen developed (Arnold
et al.,, 2010; Blankevoort and Huiskes, 1996; Gusssl., 2013; Kia et al., 2014;
Shelburne and Pandy, 2002) to understand the famoedsthe strains on the knee
structures, such as the ligaments, during staticl@comotion activities. Improving the
accuracy of these models could help to discovecdlises of ligaments’ injury and guide
the surgical treatment in order to improve the fiomal outcome (Woo et al., 2006). A
subject specific model of the knee is also esdefdratotal knee arthroplasty in the
preoperative phase in order to assure the dunahititl the reliability of the joint implant
especially for younger patient with a greater ptgfsactivity (Zanetti et al., 2005). The
accurate estimation of the origin and insertiothefse ligaments is a crucial step in all
the above applications.

Subject specific models of the knee can be gereeremg information obtained
either ex vivo, probing fresh cadavers, or from high resolutionghtgtic Resonance
Imaging (MRI). Brand et al. (1982) used measurdmernhree cadavers to obtain a set
of lower extremity origin and insertion coordinatdfiese procedures are complex and
cumbersome, therefore many studies utilized a fember of specimens, limiting the
impact of the findings. In addition, the data obé&al from cadavers have proven to be
valid for modelling the knees they have been aegliior, but may likely not translate to
other subjects (H. Bloemker, 2012). Many studiesppsed methods to create subject
specific model by scaling a generic template ireotd measure inaccessible point such
as the origin and insertions of the knee ligam@aitand et al., 1982; Lewis et al., 1980).
This procedure that involves the scaling of a gertemplate provides to build one cloud
of palpable points on a cadaver specimen and qnekng points on the in vivo subject.
Calculating the transformation between these twwld@ark clouds allows measuring
inaccessible points.

The parameters needed to determine an affine tnanafion are a rotation
matrix, a translation vector and a scaling fadtexv and Lewis (1977) demonstrated that
the application of data obtained from cadaversctliydo in vivo subject is not suitable,

some kind of scaling is proper because of the demoandifferences between the in vivo
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subject and the cadaveric specimens. Morrison (tmy 1970) in order to study the
mechanics of knee joint in relation to normal watki developed a technique to scale
uniformly along the axes bony landmarks from drydodata and an experimental subject.
Lew and Lewis (197 Aprmulated a scaling technique that includes therdon method

to scale inaccessible points from a dried boneispetto an in vivo subject. This
technique provides anisotropic scaling along thmegually orthogonal axes defined in
both rigid bodies and is based on the use of fandrnarks palpable on the subject and
four on the corresponding specimen. The landmasksl wo determine the rigid body
transformation will contain some errors that comuarf the palpation of those points on
the reference specimen and the experimental sulgbetlis (Challis, 1995) suggested a
procedure using a linear least-square method wdtielmpted to take into account those
errors. Unfortunately this method allows the caltioh of the rigid body transformation
parameters assuming that the scaling is uniformgalbe three axes. Anisotropic scaling
technigue has been presented by Lewis et al. (1980)g eight landmarks on both the
specimen and the experimental subject, the resalsaled that the anisotropic scaling
was more accurate than the isotropic scaling.

In view of all that has been mentioned so farait be said that previous studies
validated procedures that allow calculating inasit#s points onn vivo subjects using
different osteometric scaling techniques. In tretadies the analysis of human subjact
vivo has been performed without using CT or MRI scaages. Since only a minimal set
of skeletal landmarks can be palpated through eatgualpation, the number of the
landmarks used in the previous methods was veryllewis et al. (1980) demonstrated
that anisotropic scaling improves the identificatafnanatomical landmarks locations,
particularly when a large number of points weredusethe scaling. Also, a detailed
description of the landmarks selected were notgmteis the previous studies, the lack of
standard and well defined guidelines for the pahpadf the these landmarks affects the
accuracy of the rigid body registration (Van Siam &nd Della Croce, 2005).

The purpose of this study was to create a procadwgstimate the origins and the
insertions of the knee ligaments by: providing proeucible and repeatable anatomical
landmark cloud for virtual palpation, creating @istration atlas and using an affine
transformation (rotation, translation, anisotrogtaling). The accuracy of this procedure

will be assessed through comparison with resultsiobgt from MRI.
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3.2 Materials and Methods

The dataset used in this study (D1) has been pedviy Medacta International
SA (Castel S. Pietro, Switzerlandt consists of seven set of images obtained fsenen
different patients (64 + 5 years) who have undeegaTotal Knee Replacement. Each
patient’s dataset includes Computed Tomography é@d)Magnetic Resonance Imaging
(MRI) of pathological knee that underwent surgamyg ghe bone geometries obtained by
segmenting the CT data. In addition to D1, a sedatdset (D2) has been obtained from
themultibody models of the human knee project (Guéss. 2013, 2010; H. Bloemker,
2012). These models are based on three cadaves Kimable 3.1) that have been
mechanically tested in a dynamic knee simulator.eKgeometries (bone, cartilage, and
menisci) were derived from MRI and ligament inser were obtained from both MRI
and probing the cadaver knees. D2 also contairgnration on ligament modelling,

including the origin and insertion locations.

Age at death| Gender Right or Left | Height(in) | Weight(lbs)
Knee #1 77 Male Right 70 220
Knee #2 55 Female Left 67 160
Knee #3 78 Female Right 65 130

Table 3.1- Information regarding each cadaver knee usetthim study to create the Registration Atlas

The first part of this study aims at creating a ogpicible and repeatable bone
landmarks cloud to be palpated on CT scan imagesetailed standard description of
body landmarks through manual or virtual palpaisavailable in literature (Van Sint
Jan, 2007). Among these, a subset of landmarksii@i8;2) belonging to the knee, tibia
and fibula has been chosen. This landmark cloudh®asbeen identified on each subject
dataset through virtual palpation. NMSBuilder (S€25Italy) has been used to visualize
the 3D geometry and to perform the virtual palpationation of anatomical points over
a 3D visualization) and the registration betweea lndmark clouds. The virtual
palpation has been performed by four expert opesaioboth D1 and D2. Each operator
performed the virtual palpation on ten knees (gasepeating the operation three times
for each knee (trials). Three operators perforntesl grocedure using NMSBuilder,
whereas the fourth one used an in-house tool desdlby Medacta International SA.
Reproducibility and repeatability were assessedgusepeated measures analysis of
variance (ANOVA). In particular, a repeated measAOVA was performed for each

operator considering the “case” as between grottpifand the “trial” (3 levels) as within
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factor. Three separate ANOVA, one for each testewvtleen performed considering the
operator as between group factor and the casegtan group factor (10 levels).

TLR@ TMR

LCL

s~

Figure 3.2 —Set of landmarks selected using the “Color AtlaSkéletal Landmark Definitions” (Serge
Van Sint Jan 2007). FME- Medial Epicondy@&M-Tubercle of the Adductor Magnus muscle, FMS-
Medial SulcusFLE- Lateral Epicondyle, center of tuberckd JE-Lateral Epicondyle, FBE Lateral
Epicondyle FPS-Popliteal Sulcus, FLG-Antero-Lateral ridge loé tpatellar surface Groove, FMG-
Antero-Medial ridge of the patellar surface Groo¥#:.,C-Most distal point of the Lateral CondyleMC-
Most distal point of the Medial CondylEL R-Lateral Ridge of tibial plateau, TMR-Medial Bé&lof tibial
plateay TGT -Gerdy Tuberclé[ TM-Tibia, Tuberosity medial edge, LCL-Attachméfrthe collateral
Lateral Ligament

Once reproducibility and repeatability of the bdaedmarks had been assessed,
they were palpated on D2 in order to create aeefm landmark cloud €, and on D1
in order to create a subject-specific landmark @lf@s). Once palpated, the two clouds
had to be registered. An affine transformation waed to this purpose to take into
account the differences between the landmarks gtaljghted on different subjects. The
method that allows the calculation of the paransdteat describe an affine transformation
between two paired landmark clouds is called, atistical shape analysiBrocrustes
Analysis(Grimpampi et al., 2014). In particular, the afftnensformation that mapss
to Cs is composed by a 3x3 transformation matrix, whideludes Translation
(T=(T,, T,, T;)), Rotation (RXR,,R,,R;)), and scaling (S%5,,S,,S,)) parameters.
This operation is implemented in Lhp Builder folliog the method proposed by Berthold
and Horn (Horn, 1987). Once T, R and S are caledlat is possible to register @y
also those landmarks belonging only @g, which, in our case, are the origins and
insertions of the four knee ligaments. The ensemblér and of the eight origins and
insertions of the knee ligaments composes the beddaegistration AtlasKA). The error

associated to the registration procedure is c&ltedrustes DistanceBD) and represents
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the geometric distance betwe€sand Cr. These values estimate the accuracy of the
procedure.

The scaling operation, necessary to take into adcanthropometric differences
due to age or gendé¢Fehring et al., 2009), might have as a consequéredact that
landmarks in @ are not always located on the bone surface. Asrréason, a visual
inspection needs to be performed after the registrand adjustments need to be taken.
These adjustments were performed using an ad-ho8 BRMider function, names “snap
to surface”, which allows to move the landmark aldhg axes characterized by the
minimal distance from the closest surface. The atgimlity of this operation has been
assessed by having one operator repeating it fee ttimes on each case in D1 (after
having performed the calculation of the origins arsgrtions of the knee ligaments using
the RA, as described in the following paragraph).

Using the three models from the D2 dataset, folasas were created: one for
each model and one as the average of the previoes (Atlas 1, Atlas 2, Atlas 3, and
Atlas M). Not having a proper gold standard avadalihe four atlases have been
compared in terms of Procrustes Distance betweelatikenarks of @ registered on the
subjects and the landmarks of galpated on the seven subjects.

Once the best RA had been selected, it was usedtitnate the origin and the
insertions of the knee ligaments of all the casd31. Initially, the origin and insertions
were calculated through the affine transformatiomgishe CT scan, successively the
verification of the positions of those landmarks lieeen performed using MRI scan
where it was possible to estimate the ligamentachthents. In NMSBuilder, the
landmarks that represented the origins and insertmf the ligaments were moved
whenever the position was considered wrong in abegrwith those images. Then, we
compared the distances between the data obtaimexdtfre CT scan with those corrected
with MRI. To compare the two measurements, the SSdgmented from CT and MRI
were registered using a NMS Builder feature caltedistration surface” that employs
an algorithm based on the iterative closest pd@#) technique (Besl and McKay, 1992).
The ICP technique minimizes the differences betweenrigid clouds of points and it
results very accurate when the two points clouchte same shape (Du et al., 2010).
The registration errors of the seven patients @titaset was lower than 1 mm, therefore
it did not influence the comparison between theadditained from the CT scan with

those corrected with MR
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The PD distances between the origin and insertbdhigaments calculated with
the Registration Atlas and those ones estimateoh filse MRI were used to run a
sensitivity analysis for the estimation of the hgents length. The estimate of the
positions of ligament origins and insertions affibet estimate of the length of a ligament.
For each subject, we have a measure of the errtreirestimate of these points by
comparing CT and MRI based predictions. We considiéne standard deviation (SD) of
the error found for each origin and insertion p@stthe expected possible variation of
the position of a ligament’s attachment. The valighis SD for a given subject is inserted
in a sensitivity analysis as a reasonable errathen estimate of the LCL and MCL
attachment points to have an indicator of how wusild reflect on the ligament length
estimate. We run this analysis for one subject j&ut?), for whom we calculated the
length of the ligament as the shortest geometdstince between the relevant origins

and insertions.

Noe

o °

W
o ® I
Definition of a i i
reprOIERN and Definition of a Validation of the Vfo"cd:g:l - Zg: e
repeatable landmark Registration Atlas Registration Atlas P! 9
cloud (LC) MRI

Figure 3.1- Schematic representation of the procedure: 1) Goeatdf a repeatable bone landmarks
cloud palpable on CT scan images. 2) Definitiom ofference landmarks cloud called Registratiorastl
composed by reproducible and repeatable landmankisthe origin and insertion of the knee ligaments.
3) Validation of the RA 4) Calculation of the onigind insertion of the knee ligaments using CT scan
and validation using MRI image
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3.3 Results

The results of the ANOVA performed on the data miaad from the various
operators showed that the procedure is highly tapés with no significant differences
observed within {=0.748 for trial 1, p=0.966 for trail 2, andp=0.992 for trial 3,
respectively) or between operatops=0.430 for operator 1p=0.572 for operator 2,
p=0.187for operator 3, anp=0.685for operator 4, respectively). These findings |sjg
that changing the operator does not affect theatapdity and the reproducibility of the
virtual palpation of the selected anatomical land@maloud. In contrast, the ANOVA
revealed that the case factor influences the rapaity of the virtual palpation (p<0.001):
the specific morphology of a knee or the low resotuof the CT images can be a cause
for lower precision in the identification of thentdmarks.

Since there was no between-operators effect, #@gion of the virtual palpation
was evaluated in terms of standard deviation ofahdmarks positions, palpated by the
four operators over the three trials. The standaxdation ranged from 0.02 mmto 7.71
mm (Table 3.2).

The registration of the four Atlases (Atlas 1, Aty Atlas 3, and Atlas M) on D2
revealed that the Atlas M gives the best resui¢ims of PD. The mean PD between the
landmarks of @ registered on the seven subjects, and the landnudirks palpated on
the seven subjects (Tables 3.3 and 3.4) was 2088%mm for the femur and 1.53 + 0.50
mm for the tibia, respectively (averaged on theesesubjects).

Landmark| SD Min (mm) SD Max(mm
FLE 0.02 5.97
FBE 0.56 2.37
FUE 0.06 2.31
FME 0.38 5.30
FAM 0.16 3.02
FMC 0.08 3.04
FLC 0.04 1.74
FLG 0.16 2.67
FMG 0.06 3.18
FPS 0.23 7.71
FMS 0.31 6.46
TTC 0.1 7.67
TLR 0.03 4.72
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TMR 0.11 3.99
TGT 0.22 3.91
LCL 0.03 1.38

Table 3.2—The table shows the precision of the landmark jmostin terms of Standard Deviation.

The mean Procrustes distances between the originnaedions of ligaments
calculated with the Registration Atlas M and thesémated from the MRI were 2,1 +
1,2 mm (0,4 mm €D < 3,9 mm) on the femur and 2,7 + 1,0 mm (1,4 nidx 4,4
mm) on the tibia (averaged over the seven subj¢€tad)les 3.5 and 3.6). These results
suggest that this procedure is able to calcula&@dsition of the origin and the insertions
of the knee ligaments that are rather close tmttes obtainable on the MRI. However,
in this chapter the influence of this parametethenknee motion has not been included,
this matter will be extensively tackled in the nekapters.

The “snap to surface” operation was highly repdataftith the standard deviation
of the position of the ligament attachments ater‘snap to surface” ranging from 0 to

0.3 mm.

Mean Distance (mm) Min (mm) Max (mn)
SUBJECT 1 2,6+0,8 1,8 4,2
SUBJECT 2 2,2+0,9 1,1 4,5
SUBJECT 3 25+1,8 0,3 5,8
SUBJECT 4 25+1,6 0,2 51
SUBJECT 5 26+23 0,7 7,3
SUBJECT 6 2,1+0,8 0,7 3,3
SUBJECT 7 19+1,1 0,6 4,2

Table 3.3— Registration Atlas registered on the seven subjéetsur)

Mean Distance (mm) Min (mm) Max (mm)
SUBJECT 1 2,1+11 0,6 2,9
SUBJECT 2 19+19 0 3,7
SUBJECT 3 1,1+0,4 0,7 1,6
SUBJECT 4 2,1+1,2 0,5 3,1
SUBJECT 5 1,0+0,6 0,3 1,7
SUBJECT 6 1,3+0,8 0,4 2,2
SUBJECT 7 1,2+0,7 0,4 2,2

Table 3.4— Registration Atlas registered on the seven subjgibis)
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Mean Distance (mm) Min (mm) Max (mn)
SUBJECT 1 25+29 0,0 5,5
SUBJECT 2 1,3+2,3 0,1 4,7
SUBJECT 3 39+238 0,0 6,3
SUBJECT 4 3,1+£3,9 0,0 8,0
SUBJECT 5 2,1+19 0,0 4,7
SUBJECT 6 0,4+£0,7 0,0 1,4
SUBJECT 7 1,3+2,6 0,0 5,3

Table 3.5—Mean Distance between the insertion and the ordithe ligaments
predicted and the ones estimated on the MRI imégesur)

Mean Distance (mm) Min (mm) Max (mn))

SUBJECT 1 4,4+4,2 0,0 10,2
SUBJECT 2 26+1,8 0,0 4,1
SUBJECT 3 25+51 0,0 10,2
SUBJECT 4 / / /

SUBJECT 5 14+1,7 0,0 3,2
SUBJECT 6 2,8+5,6 0,0 11,3
SUBJECT 7 2,7+£3,1 0,0 6,1

Table 3.6—Mean Distance between the insertion and the ordithe ligaments
predicted and the ones estimated on the MRI im@d®a). The subject 4 in not included in this
comparison because the MRI data was incomplete

The sensitivity analysis (Table 3.7) was performadhe Subject 2, having SD of 2.3

mm for the femur and 1.8 for the tibia. It led t© @erage variation in the estimate of 1.8 mm

and 1.7 mm, which represented a variation of 3%2df the ligament length, respectively.
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q

22

23

524

LCL

52.6|53.3|51.9| 50.9

54.2151.8|52.4

51.3

50.2

53.5|53.4| 54.2

52.7

51.8

55.0

54.6

55.2

54.0|52.9

56.2

50.6

51.3

49.9

49.0

52.2

MCL

79.6|79.4|79.9| 78.0

81.3|80.0| 79.7

80.3

78.3

81.6|79.3|79.1

79.6

7.7

81.0

81.6

81.4

81.9|80.0

83.3

77.6

77.4

77.9

76.0

79.3

Table 3.7- Sensitivity study performed on subject 2, dlies are expressed in mm. Each of the 25
simulations corresponds to a combination of thesfie different errors on origins and insertions.

S25

Since in the analysed dataset there are largeo6Dé patients that may lead to higher length

variations, this analysis will be repeated in teatrchapter (Chapter 4), where these results are

more relevant, including all the patients of théadat.
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3.4 Discussion

This study presented a procedure to estimate, Wgh accuracy, origins and
insertions of the knee ligaments starting from @raducible and repeatable landmark
cloud virtually palpated on a CT scan. The propopestedure has been evaluated
through a comparison with the same estimations téraal from MRI, which, as shown
by Taylor et al. (2013) can be considered as abidireference.

Despite many studies have noted the importanceatihg anatomical landmarks
from cadaveric specimen to calculate inaccessibiatp (Brand et al., 1982; Lew and
Lewis, 1977; Lewis et al.,, 1980), we are not awafeother studies providing a
methodology to estimate the knee ligaments attantsrieom a CT scan. Other methods
proposed to create subject-specific musculosketetalels, focused on the mathematical
development of the scaling technique needed taagti the coordinates of bone points
not accessible through manual palpation. The resetorted show that our methodology
allows calculating the knee ligaments attachmeiitts an average RMS error of 2.4 mm
on the femur and 2.9 mm on the tibia. The relevarfid¢kese errors certainly depends on
the practical use of the estimated quantities. #ssity analysis of their effects on the
estimation of additional parameters, such as ligas&train during dynamic tasks, could
be the objective of further studigdthough our method doesn’t have a match with other
studies in literature, it is actually quite likely hypothesize that 2.1 mm and 2.7 mm
might be relevant errors when this information $ed to estimate the ligaments strain
and deformation during dynamic tasks. However,sesitivity analysis revealed that
our method leads to a variation of 2% of the ligatdength considering the SD as input.
Despite these values are very encouraging, a tgbranalysis of this kind would require
the development of a more realistic biomechanicadieh this matter will be explained
in the next chapter.

True accuracy of our estimates should be assesie@xwivostudies. The only
study that we are aware of proposing a methodadiogstimate inaccessible points that
have been validated in-vitro is the one by Kepplal.g1998), who reported RMS errors
of 6.6 mm on the femur and 5.8 mm on the tibiaa Mery recent study Pellikaan et al.
(2014) reported a mesh morphing based method wdilolwvs to estimate the muscle
attachment sites of the lower extremity with a mexaiar smaller than 15 mm, as assessed
through ex-vivo testing. This method is based oragsimptions that the bone geometry
is strongly correlated with the muscle attachméessThis assumption, as highlighted
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by the authors, was based on clinical experiendatanay be not applied to pathological

patients (D1) with bone deformities. It has to benfed out, in addition, that these authors
only analysed muscle insertions and data concenfiegorigins and insertions of the

ligaments have not been reported.

The reproducibility analysis showed an absencagriifecant interactions both
between and within factors, confirming that theuat palpation procedure that provides
the input of the method is not operator-dependentddition, one of the operators
performed the virtual palpation within a differesftware environment and obtained
results that were overlapping to those form theodperators in terms of repeatability.
This suggests that the changeover of the virtuhdgp@an software can occur without
losing precision.

Repeatability findings suggest that an inevitalderse of error for our method
lies in the morphological differences between dédfe subjects: some landmarks can be
determined more precisely than others (see TaBlesBice some anatomical regions of
knee change substantially from subject to subjeeh(ing et al., 2009). The variability
we found, in addition, was likely also due to thetfthat pathological knees, presenting
irregular or deformed surfaces, were part of ouasket. The results showed in Table 3.2
revealed that some landmarks, such as FPS, FMS EHddhave a higher SD. The FPS
and FMS landmark are located in the medial anddbseilcus (Figure 3.2), as reported
in the “Colours Atlas of Skeletal Landmark Definits” guideline (Serge Van Sint Jan
2007), and this anatomical area of the femur redultamaged in most of the patients
included in the study. In particular, the preseaotesteophytes and deformities due to
the sever OA may have misled the operators that Baecuted the virtual palpation. The
TTC bony landmark, which represents the tuberaditie tibia, is rather easy to identify
given the prominent curvature in the anterior mdrthe tibia. However, one operator
completely missed the accurate position of the Tar@mark during the virtual palpation
task, negatively affecting the precision of the laadk position in terms of standard
deviation. This represents the main limitationto tmethodology where the estimation
of the origin and insertion of the knee ligameaststrictly correlated with precision of the
virtual palpation procedure. Hence, it is concelydb hypothesize that the expertise of
the operators and the use of standard and welhelkfyuidelines for the definition of the
anatomical landmarks for the virtual palpation dasth contribute to improve the

accuracy of the proposed procedure.
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The RA created for the purpose of this study ixwated from three knee
specimens obtained from donors of 70 years of agd,has been used to predict the
ligament attachments for a population that was shghtly different in terms of age (65
years on average). Future research should be ctaathacverify whether the accuracy of
the method could be compromised when used in sisbpé@ different age range.

In conclusion, keeping in mind the generalizabilitgitations imposed by the
number of investigated knees, the proposed proeethir be deemed adequately robust.
It allows estimating the origins and the insertiofshe knee ligaments from a CT scan
with an accuracy level that is equivalent to tlestahable using MRI images. As such,
this procedure can be used to improve the accushclynamic patient specific knee
models in order to have a better understandinpefdrces and the strains on the knee

structures, such as the ligaments, during statid@umotion activities.
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Chapter

compute the soft tissue balance in TKR Surgery

4

A Subject-Specific Geometric Knee Model

to

The model in this chapter is a geometric model ezl on a dataset of seven

patients that underwent a TKR surgery using a poststabilized prosthetic no cruciate

retaining implant. The model predicts the post-apee elongation of the knee collateral

lateral ligaments examining the knee at two fixedlas, 0° and 90° of flexion. The choice

was limited only to two fixed position because firesthetic implant was designed to

have a geometrical congruence between the femmahltidial components in full

extension and at 90 ° of flexion. Intermediate poss of the range of motion cannot be

calculated geometrically, therefore a more comph@del that includes the forces and

more structures that surrounds the knee will beld@ed in the next chapter (Chapter 5).

In the geometric model only the collateral latégdment (LCL) and the medial collateral

ligament (MCL) have been included to assess the koé tissue balancing. By that a

multi-fibre model, that includes all the fibres tl@mmposes the knee soft tissue, have

been developed on one patient of the dataset as@dbat the analysis of soft tissue

balancing can be limited to the investigation ofltgaments, which ultimately represent

the most stressed structures in TKR surgery.
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Figure 4.1— Input and output parameters of the geometricadieh
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4.1 Introduction

One of the primary reasons for TKR failure is tlesgble damaging of the knee
ligaments during the surgical procedure and thessjite excessive loosening or
stretching caused by the presence of the artifigiplant, also referred to as non-optimal
ligaments balancing. Problems related with oveigytt and overly loose soft-tissue
constraint that account for up to 54% of revisiargsries in the early stage (Mulhall et
al., 2006), might lead to pain (Babazadeh et @092, stiffness in the joint, and loss of
functionality (Heesterbeek et al., 2008). It is orant to achieve optimal tension in the
knee ligaments to avoid complications after TKR;hsas pain and a reduced range of
motion (Stambough et al., 2014). The optimal temsithat should be achieved in the
knee ligaments after TKR are unknown, thereforegdug-balancing surgical technique
aims to create equal rectangular gaps and equaékat 0° of flexion, and 90° of flexion
during the surgery. However, very few studies hdemonstrated the success rate of this
methodology (Sikorski, 2008), confirming that thestbeutcome for TKR surgery is the
restoration of the preoperative kinematics. In,faaton-optimal length of the ligaments
leads inevitably to an abnormal kinematics (Ghoshak, 2012), therefore the
preoperative length should be used as a refererdtermine whether the balancing after
TKR is overly tight or overly loose.

In the market there is a large variety of TKR inm$athat differs in degrees of
constraint, bone and ligaments resection; the rmsostmon implants design is the
cruciate-retaining (CR) and the posterior-stabdigeS) models. The CR design requires
to cut the anterior cruciate ligament (ACL), thability is maintained by having a
congruent coupling of the contact surfaces, whieeeaikial compression force takes the
implant in place and assures stability. The batamof the soft tissue for the CR implants
is very complex because an unbalanced posteriaiateuligament (PCL) causes tibial
anterior subluxation (Heesterbeek et al., 2010¢ pdsterior-stabilized implant requires
the resection of both cruciate ligaments (ACL a@iL}; the tibial insert provides a pivot
that prevents the anterior-posterior movement offéheral component onto the tibial
insert (Walker et al., 2009). Additional categoradsTKR implants comprises also the
mobile-bearing designs that aim to mimic the natwsl-back movement of the knee
joint during the flexion movement: the polyethylaneert can freely rotate and slide on
the tibial tray (Most et al., 2003). Most recent ralsdprovide asymmetric femoral
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condyles implants where the stability is maintaibgdhaving a congruent coupling in the
medial comportment while the lateral condyle hasediom to move anteriorly and
posteriorly GMK Sphere® - Medacta International SA, Switzerjanikhis approach
seems to be very promising and recent studies d@venstrated that this implant might
reproduce anatomically the kinematics of a hedfinge (Amin et al., 2008; Walker et
al., 2010).

Previous studies have investigated the postoperad¢ingth of the superficial
MCL (MCL) and LCL throughout the knee flexion movem (Ghosh et al., 2012;
Jeffcote et al., 2007; Konig et al., 2011; Thompsbal., 2011), even though the literature
about healthy knee is certainly more comprehen®eegamini et al., 2011; Harfe et al.,
1998; Liu et al., 2011; Park et al., 2006; Sugitd Amis, 2001; Victor et al., 2009; Wang
et al., 1973). The studies conducted on the prbostkieees showed an alteration of the
collateral lateral ligament lengths compared wité preoperative data. Findings of the
studies for both native and operated knees reveahear-isometric behavior of the MCL
whilst the slackening was significant for the LCd_the knee flexed.

The surgical procedures available in the markehatoprovide yet any tool to
understand in advance how the knee ligaments deeted by the presence of the
prosthetic implant. Since a preferred outcome irRTiK the restoration of the native
length of the knee ligaments, the purpose of thidysis to present a procedure to estimate
the postoperative length of the superficial MCL (M@nd LCL of TKR patients in two
static positions: extension (0°) and flexion (9@®Ybject specific models of the knee have
been then developed on a TKR patient’s datasebtolate the outcome of the surgery.
A biomechanical assessment of this aspect, thraugimulation approach, might help
the improvement of the surgical procedure that @impreserve an optimal balancing of
the soft tissue.

The specific aims of this chapter are:

a) to create a subject specific geometric model oK& Ppatient based on CT scan
to estimate the postoperative length of the knelateoal ligaments at 0° and 90°
of flexion;

b) to compare the CT- and MRI-based postoperativeriagd lengths;

c) to define a criterion, based on the preoperativagtie (o), to judge the
acceptability of a postoperative length;

d) to perform a study of the sensitivity of the leng8timates to thk of the LCL
and MCL;
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e) to verify, using an ad hoc multifiber model whié@mong all the structures that
surround the knee, are the most stressed aftdidResurgery.

4.2 Materials and Methods

The dataset used in this study is the same dedcimb€hapter 3, where each patient’s
dataset includes Computed Tomography (CT) and MagResonance Imaging (MRI)
of pathological knee that underwent surgery. Thsthietic model, used for the surgery,
is a GMK posterior stabilized (PS) model no cruiedtaining (Medacta International
SA, Castel San Pietro): the tibial tray providgseg between the medial and the lateral
compartment which limits the femoral component slapé constraint the motion of the

femoral component (Figure 4.2).

=9

Figure 4.2 - GMK revision posterior stabilized (PS) model noaiate retaining
(Medacta International SA, Castel San Pietro)

The stereolithography (STL) files describing the $&metries of the lower limb
bones (femur, tibia, and fibula) were obtained ftbmsegmentation of both CT and MRI
while the STL of the artificial components were pdad by the company.

The patella was not included in the dataSée model was developed entirely
using NMSBuilder (SCS srl, Italy), a freely available sedre that allowed the
visualization of STL and DICOM files, the creati@i landmark clouds, and the
possibility to apply geometrical transformationghe space to 3D geometries.

The femur and tibia STL files have been cut follogvithe surgical procedure
extensively described in Chapter 2 (paragraph Pahd positioned in the extended and

flexed post-surgery positions (Figure 4.3).
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The surgical principle of the TKR surgery aims ¢eatign the MA of the lower
limb, the angle between the mechanical axes ofetimeir and tibia must be 180° (Figure
4.3).

Figure 4.3— The image on the left shows an arthritic patighere the MA axes of
femur and tibia are not aligned. The image on figatrshows the post-operative
condition where the angle between the two axe80s°1

As showed in Figure 4.2, the alignment of the MArw lower limb is obtained placing
the prosthetic implants perpendicularly to the lied which represents the MA of the
patient, and this is currently considered the saash@f care (Parratte et al., 2010). The
mechanical axis, considering the lower limb fullgtended, is the connecting line
between the centre of the femoral head and theecehthe ankle passing through the
centre of the femur and the tibial spine (Luo, 2004)e definition of the lower limb
mechanical axis has been evaluated in NMS Builtlewsng the calculation of the
position of the femur and tibia after the surgeamg ¢he relative roto-translation matrices.
The lower limb planes (sagittal, frontal, transedrsvere defined using the
mechanical axis and an arbitrary medial laterabdion such as the knee trans-
epicondylar axis or alternatively the posterior cgad axis (Luo, 2004). The surgical
procedure comprised five cuts on the femur: 1atlgit 2) anterior and posterior cuts 3)
chamfer cuts (Brooks, 2009). The femoral distalisuhen executed on the transversal
plane and the height of the cut, along the mecléaids, is calculated starting from the
detection of the distal condyles. Once those p@mntsacquired, the height is calculated

moving from the most distal condyle, that conceiyaisl the less worn, along the
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mechanical axis of a quantity related to the sun{gepreference. The femoral distal cut
is the most important part of the surgery sinaidtates the position of the final implant
and the orientation of the remaining cuts. Afteg thistal femoral resection has been
made, using antero-posterior femoral sizers, the sf the femur is determined (Ng et
al., 2013). Once the femoral size is obtained #omized mask guides the anterior and
posterior cuts, this operation is strictly correthtvith the specific model of implant, and
usually the manufacturer provides specific insinng for the surgical procedure.
Afterwards, the chamfer cuts are performed withiraslination of 45°, bridging the
distance between the three previous resections KByd@909). A similar procedure is
applied to the tibia, once the mechanical axis besn calculated the tibial cut is
performed using the transversal plane orientati@vipusly defined. The height of the
cut is then measured starting from the detectiahetibial plate glenoid. The height of
the cut, along the mechanical axis, depends oautgcal technique and the cut plane is
not perpendicular to the mechanical axis but ihgdined posteriorly by 3°, taking into
account the natural slope of the tibia.

Once the bones were cut following the surgical edoce, the prosthetic implant was
attached to the bones. The size and the positiasfitige implant to the femur and the
tibia were performed by the Medacta preplanningws® which through an algorithm
allows to obtain the best fit to cover the bone The coupling of the femoral component
to the tibial insert were calculated consideringdeemetrical propertied of the implant.
In the extended position the curvature of the adintg surfaces can be approximated by
a ball and socket coupling (Figure 4.4), allowingdetermine accurately the relative
position of the femoral component over the tibredart. In the flexed position at 90° the
position is obtained using a specific constraintha prosthetic implant (Figure 4.4) In
fact, the prosthetic implant is designed to postéristabilized, the contact between the
peg of the tibial insert and the connection betwiherateral and medial compartment of
the femoral component limits the movement wherktree is flexed at 90°.
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Femur Mechanical Axis
L

Tibia Mechanical Axis

Tibia Mechanical Axis

Figure 4.4— On the left, femur and tibia components coupiinfiexion at 90°. On the right,
Extension femur and tibia components coupling (Ball socket) at 90°.

There are some orientation parameters that mapdreged during the surgery to
assure a correct positioning of the artificial comgats (Figure 4.5):

1) the varus-valgus femur cutting plane orientatioritenfrontal plane (from -3° to
3°, with a step of 1°)

2) the varus-valgus tibia cutting plane orientatiortlofrontal plane (from -3° to
3°, with a step of 1°)

3) the external rotation femur condyle cutting planerttation on the frontal plane
(from 0° to 6°, with a step of 1°)

4) the posterior slope tibial cutting plane orientationthe sagittal plane (from 3°
to 5°, with a step of 1°)

AYAN, Vo)

Figure 4.5- from left to right: varus-valgus femur, varuaigus tibia,
posterior slope tibia, external rotation femur
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Thelo of the ligaments has been calculated from the i@ages of each patient
for the preoperative images acquired from the fakyended knee. Since the prosthetic
model used in this study was no cruciate retainamjy the LCL and the MCL were
analysed. Their lengths were calculated as the g&@rdistance between two points
representing their origins and insertions on thesisoFor the MCL, the wrapping around
the femur and tibia surfaces has been accountedyfadding a midpoint between the

femoral and tibial attachments. In particular, mhelpoint was calculated as

_ (MCLfemy — (MCLtiby)

Midy =
lay >
Mid, = TMR,
MCLfem; — (MCLtib
mid, = MY s ( 2)

where

« MCLfenyis the x coordinate of the MCL femoral attachment
e MClLtibyxis the x coordinate of the MCL tibial attachment
* TMRy is the y coordinate of the TMR bony landmark (Cleai3)
« MCLfemis the z coordinate of the MCL femoral attachment
« MCLtib;is the z coordinate of the MCL tibial attachment

The y coordinate of the TMR represented the mealieral distance that allowed to push
the midpoint to the edge of the tibial plate tdimsathe wrapping around the knee joint.
The TMR landmark was used in this procedure acogrth the Table 3.2 in the Chapter
3, where it showed that it is one of the most regd#a bony landmark for the virtual
palpation.

The collateral lateral ligaments origin and inser§ were obtained using the
procedure described in Chapter 3 (Ascani et al520

The postoperative lengths of the collateral kngantientsl¢yx: andlex) were then
estimated using the new configurations of the feamdt tibia in the extended and flexed
positions (Figure 4.4). These values were use@ltulate the percentage of elongation

(lexts andliiexs) for each ligament with respect to tlh@sing the following formulas:

lexe — 1
lext, = etho % .100
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Letex — 1o
Ltexss = f% .100
0

The output of the model is represented by the péage elongation of the knee
ligaments in the postoperative positions, howewertdmpute the balancing of the soft
tissue, a warning threshold was defined to judgeatdar the elongation was correct or
not. The definition of the threshold was definedsidering the ultimate failure strain of
the knee ligaments that has been extensively tdckl€hapter 2. Since, as reported in
the literature, many studies suggested that aeycstibeyond 17 % (ref) might start to
damage the tissue, it can be presumed that thisaghe region where pain start to appear.
To prevent the pain and any possible damage thgitraccur, the threshold was fixed to
the 10% of thdo, considering any elongations beyond that valua &asilure for the

balancing of the knee ligaments (Figure 4.5).

- 10 %

i -10 %

Figure 4.6- The 10% of the preoperatilength was considered as
the upper limit of elongation for the model output

Using the above data and procedures a geometrieln@s$ developed for each
patient of the dataset to estimate the ligamertension of the knee collateral ligaments
after a TKR. ldentical geometric models were alswatbped on the dataset using MRI
images to assess if the procedure has the samefaczuracy that can be reached using
MRI images where the ligaments are rather visiMehana-Borges et al., 2005). The
whole process to generate one geometric modelirgiaitom the CT scan takes on
average 30/40 mins.

The preoperative length of the ligaments dependggably from the position of
the origin and insertion on the femur and the tibithe preoperative extended position.
Therefore, the sensitivity study concerns the viamaof the positions of the ligaments

origin and insertion.
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The estimate of the positions of ligament origind msertions affect the estimate
of the length of a ligament. For each case, we bhaweasure of the error in the estimate
of these points by comparing CT and MRI based ptiedis. We might consider the
standard deviation (SD) of the error found for eacigin and insertion point as the
expected possible variation of the position ofgarnent’s attachment. The value of this
SD for a given subject might be inputted in a g@nsi analysis as a reasonable error in
the estimate of the LCL and MCL attachment poiothave an indicator of how this

would reflect on the ligament length estimate.

Patient  Bone Average SD

(mm) (mm)

1 Femur 2.5 2.9

Tibia 4.4 4.3

2 Femur 1.3 2.2

Tibia 2.6 1.8

3 Femur 3.9 2.8

Tibia 2.5 5.1

4 Femur 3.1 3.9
Tibia / /

5 Femur 0.4 0.7

Tibia 2.8 5.6

6 Femur 1.3 2.6

Tibia 2.7 3.1

Table 4.1— Mean distance between the origin and insertiorhefligaments predicted using
the CT scan and those estimated on the MRI images

The mean in the Table 4.1 has been calculatecedoh case and bone, as the
average of the distances between the origin armditios of the ligaments predicted using
the CT scan and those estimated on the MRI imadesrange within the model could

predict the position is given by tB8D on the plane tangent to the bone (Figure 4.7).

Figure 4.7— ZY-Plane tangent to the bone
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Using the standard deviation values of the Tablehe Eensitivity study has been
performed applying the SD to the Z and Y coordinates, respectively, of ghsition
predicted by the model for each ligament origin andertion of the dataset.
Consequently, five different positions have bedouwated for each insertion obtaining
25 preoperative lengths for each ligament (Figugg. 4.

Figure 4.8— Sensitivity study of the MCL (up) and LCL (dowmrthe
preoperative extension, postoperative extensionparstioperative flexion

The knee joint is surrounded by a large varietgtofictures and fibres that go
under the name of soft tissue. Although the ligamant inevitably the first structures of
the knee soft tissue involved in TKR surgery, them@many structures such as muscles,
tendons, skin, synovial membranes that may be dadhag well. For this reason, a
geometric multifiber model of the lower limb hasebedeveloped in NMSBuilder
choosing a random patient of the dataset (Figus® Zhe model included: the major
flexor and extensor of the knee, the knee collateraments (MCL, LCL), the patellar
tendon, and four skin bundles (SANT, sPOST, sSLMEB), along with the bones of the
lower limb (Table 4.2).

Muscle Origin Via Point 1 Via Point 2 Insertion
Gracilis Pelvis \ Tibia Tibia
Rectus Femoris Pelvis \ \ Patella
Sartorius Pelvis Femur Tibia Tibia
Semimembranosus Pelvis \ \ Tibia
Semitendinosus Pelvis \ Tibia Tibia
Tensor Fasciae Latae Pelvis Femur Femur Tibia
Vastus Intermedialis Patella \ \ Femur
Vastus Lateral Patella \ \ Femur




Vastus Medial Patella \ \ Femur
Gastrocnemius Medial Femur \ \ Calcaneus
Gastrocnemius Lateral Femur \ \ Calcaneus

Ligament

LCL Femur \ \ Fibula

MCL Femur \ Tibia Tibia
Patellar Tendon Patella \ \ Tibia

Skin Bundle

Anterior bundle 1 Pelvis Femur \ Ankle
Posterior bundle 1 Pelvis Femur \ Ankle
Lateral Bundle 1 Pelvis Femur \ Ankle
Medial bundle 1 Pelvis Femur \ Ankle

Table 4.2- Soft tissue elements included in the Multifibedaio

The origins and insertions of muscles and ligambat® been registered using a
reference atlas available in the literature (Ddl@mle 1990) with the same procedure
extensively described in the previous chapter. Ve points of muscles and ligament
were also included in the Registration Atlas tdqen the wrapping of the fibres around
the bones. The four skin bundles were estimateobisgrving the axial plane images of
the MRI of pelvis, femur, and ankle (Figure 4.9).

Since some orientation parameters can be changewdhbe surgery to assure a
correct ligament balancing, a sensitivity analyss been performed to investigate what
structures are more stressed varying those paresraie at the time. In addition to the
orientation parameters, the variation of the gamwéen the femoral and tibial distal cut
planes (from 18 mm to 28 mm, with a step of 2 mmjld be adjusted to assure a correct
ligament balancing.
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Figure 4.9— Multifiber Model
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4.3 Results

The results of the multifiber model showed the petage variation of the length by
varying step-by-step each orientation preplannirgameter, additionally for each
orientation preplanning parameter the gap betweefemoral and tibial distal cut planes
was varied between 18 mm to 28 mm (with a steproh®. The Figure 4.10 showed the
max variations of the preplanning orientation pagters, obtained imposing a gap of 28

mm between the femoral and tibial cut planes.
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Figure 4.10— Results sensiity study considering a gap
between the femoral and tibial bone cuts of 28mm

The results clearly showed that the most stredsedisres among the multifiber model
structures are the knee ligaments and the patelteton. The femur external rotation
preplanning parameter shows that the elongationsiaiformly higher in all the fibres
included in the study, even if the most stretchibdefis the LCL. This multi-fibre
modelling approach confirmed that the analysisofif tsssue balancing can be limited to
the investigation of the ligaments, which ultimgt@lso represent the most stressed
structures in TKR surgery.
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The values predicted by the models created usingdttaset, revealed that the
preoperative lengths of the MCL and LCL ligamen&ewmnot preserved after the surgery
in both extended (0 deg) and flexed (90 deg) pwsi{iTable 4.3). By that it can be
assumed that the prosthetic implant didn’t preséimeecorrect kinematic of the knee
where the elongations of the ligaments are ratb@metric during the entire range of
motion. In the postoperative extended positionJe¢hgths of the ligaments were similar
to the preoperative data, 0.6 £ 3.5 mm and -0.204#n (mean + SD) for the LCL and
MCL, respectively. In the postoperative flexed piosi, the LCL decreased significantly
of -3.1 £ 3.0 mm, while the MCL did not diffeioim the preoperative length (0.6 = 4.4).

|0 |e><t |flex

(mm) (mm) (mm)

LCL MCL LCL MCL LCL MCL
Patient 1 61.0 109.1 64.8 107.3 53.9 110.9
Patient 2 52.6 823 54.8 81.5 51.2 79.6
Patient 3 69.5 111.8 71.6 113.6 67.5 120.1
Patient 4 53.2 96.1 55.3 93.1 50.2 91.7
Patient 5 62.2 104.2 56.4 106.1 54.0 103.8
Patient 6 71.0 101.7 70.3 102.4 74.1 102.9

Table 4.3—-Length of MCland LCL for the preoperative position; postoperativ
length of the MCL and LCL in extended (0 deg) dexkl (90 deg) position

The focus of the study was to determine the batanof the knee ligaments by using a
threshold to highlight when the elongation was bigdpan the 10% of thHe The results
in the Table 4.4 showed the LCL is the most affgcia extension the ligament is
considerably taut (-9% — 6%) except for the patte(a® % of laxity). In flexion the length
of LCL ligament decreased significantly showinglack of -5.5 + 5.8% (-12% — 4%).
The MCL did not differ significantly fronto, ranging from -3% up to 2% in the extend
position, and from -5 % up to 7% in flexion positid he prediction of the model on the

dataset did not detect any warning elongation beylo@d 0% of the preoperative length
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EXTENSION FLEXION
CT (%) MRI (%) CT (%) MRI (%)
. LCL 6 6 -12 -13
Patient 1
MCL -2 -2 2 2
. LCL 4 5 -3 -3
Patient 2
MCL -1 -1 -3 -4
. LCL 3 4 -3 -9
Patient 3
MCL 2 2 7 8
. LCL 4 4 -6 -6
Patient 4
MCL -3 -3 -5 -7
LCL - - -1 -1
Patient 5 9 9 3 6
MCL 2 2 0
. LCL -1 -1 q
Patient 6
MCL 1 1 1 1

Table 4.4— Postoperative percentage elongation of the M@ LCL in
extended (0 deg) and flexed (90 deg) position

The table 4.4 also showed the comparison betweeresiuts of the models’ prediction
based on CT scan and the same values obtainedM&hgnages. The results revealed
that there are not statistical differences (p>p@%ween the outputs obtained with MRI
and CT.

The results, as shown in Table 4.5, indicatedtti@variation of the preoperative lengths
lo does not influence significantly the output of thmdel, in terms of percentage
elongation under/over the 10%. The only case inclwhhere are some remarkable
differences is the MCL ligament of the patient 3fiexion position after surgery.

Although the sensitivity analysis reveals thattfus specific patient there is just a 16 %
of possibility that the model gives a wrong warnaigput the elongation of the ligaments,
the values are very close to the warning thresfibdd%). Nevertheless, the stretching
values of this specific ligament appear to be pitagh after surgery (7 %), consequently
this might be a doubtful case which likely coulquée some additional investigations in
terms of preplanning parameters. The LCL ligamerthefpatient 1 revealed that there
is the 4% of possibility that the model could poéd wrong output. All the remaining

cases show that the model is robust and the oigmdt influenced by the changing of

the preoperative length.
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Table 4.5— Results of the sensitivity study
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4.4 Discussion

A non-optimal balancing of the knee ligaments isoagted with numerous
complications after TKR surgery (Stambough et2014). Since a preferred outcome in
TKR is the restoration of the preoperative lendtithe knee ligaments, the purpose of
this study was to present a procedure to estirhatpdstoperative length of the MCL and
LCL of TKR patients in two static positions: extens(0°) and flexion (90 ©).

The sensitivity analysis of the multifiber modelogled that the soft tissue
balancing analysis might be limited to study one tigaments, which ultimately
represents the most damaged structures duringkReslirgery. Therefore, it might be
considered reasonable the development of a modeltdkes into account only the
elongation of the ligaments of the knee after tivgery.

Reported results showed changes of the lengtheipdistoperative positions: the
MCL was comparable to the preoperative length iremsibn and flexion whereas the
LCL was significantly slacker in flexion. The findjs revealed that the preoperative
length of the knee ligaments was not preserved tfeeTKR due to the new position of
the femur and tibia. Nevertheless, all the estichptest-operative elongations were below
the warning threshold, implying that, as describe®aragraph 2.3, the MCL and LCL
ligaments should not undergo irreversible stru¢tdeanages due to the postoperative
overstretching.

The analysis of the sensitivity to theallowed to quantify a crucial aspect of the
methodology (Hefzy et al., 1989) and showed thatrttodel output is not significantly
sensitive to the preoperative length variationeast when this is made to vary within the
limits established in Chapter 3. In fact, even wkeme variations were observed, the
elongation was always under/over the 10% of thegeeative length, suggesting that no
planning changes would happen as a result of tiggnaor insertion misidentification
(Table 4.5).

The length of MCL did not change significantly iretpostoperative positions and
this concurs with previous studies in literaturefigbte et al., 2007; Konig et al., 2011;
Thompson et al., 2011) such as the work of Ghosth €2012) where experimental data
showed that the largest difference from the premiper data was 2.9 mm at 110° of
flexion. They also presented that after TKR the s significantly slacker (4 + 6.2

mm) as the knee flexed, confirming our findings vehtlhe LCL was found slacker of 6
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% (3.1 £ 3.0 mm) of the preoperative length. Aitgb the average values measured on
the dataset were in accord with the literature,fmalings reveal significantly difference
between the TKR patients, confirming the importaméehaving a subject specific
modelling approach of the knee in order to estintlaesoft tissue balancing (Morrison,
1970).

The MCL and LCL appeared to be slack for most efittvestigated patients and
positions, with values of laxity up to 6 mm (LCLflexion). To restore the preoperative
tension of the ligament, the preoperative surgi@abhmeters should be set considering
the soft tissue balancing to avoid overly-tightomerly-loose of the fibres. However,
Kuster et al. (2004) have demonstrated that patieate more satisfied with a laxer knee,
allowing for a bigger range of movement during lompact activity such as walking.
Reported results suggest that for all the patiemtBided in this study a successful
surgery, allowing for an ideal elongation (lowerrtie0%) and an acceptable range of
motion (ligaments are rather loose after TKR), mightachieved. Further follow up
studies are needed to validate this assumption.

The generalization of the results of this studyassible under certain limitations.
First, the collateral ligaments were represented ase bundle fibréelThe use of a high
number of bundles to describe the ligaments is hyiddopted in literature, in particular
in studies focusing on different bundles behavi@ergamini et al., 2011; Hosseini et
al., 2014; Liu et al., 2011). However, the idettion of multiple bundles using the CT
scan, where they are hardly visible, would haveoticed additional errors. A second
limitation of the present work is that the modealluded only two static positions, 0° and
90 °, which are the only two positions of inter&st the soft tissue balancing in the
Medacta preoperative planning framework. Ghosh let (2012), in fact, have
demonstrated that the largest elongation was foebdeen 110° and 80°. These angles,
however, will be dealt with in the following chaptevhere a quasi-static model will be
presented.

The industrial and clinical relevance of this waskrelated to the importance
gained by the TKR preoperative planning surgicatpdure in the last few years (Maniar
and Singhi, 2014), aiming to customise the geonwdttiie cutting blocks to the specific
anatomy of the patients. The procedure developéuisrstudy is currently being further
engineered and will be implemented in the Medactterhational SA planning

framework. In particular, the output of the modéll Wwe shown to the surgeon to warn
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them whenever the elongation of the ligaments edsdke 10% of the preoperative
length (Figure 4.11).

Pre-Op Post-Op

Extension Flexion

Figure 4.11- Soft tissue balancing for the TKR preoperatiaamping surgical procedure

The automatic generation of the geometric modeds iBnportant aspect to consider for
the implementation in an industrial framework. Aklgessed in the material and method
paragraph, to create one single subject specificngé&ric model can take slightly less
than one hour. The timing is partially justified &yertain amount of manual operations
that cannot be easily replaced by automatic scrigte manual operations that are time
consuming are the segmentation of the DICOM im&3@sor MRI) and virtual palpation
of bony landmarks. The automatic segmentationtigerasimple to achieve using one of
the software available in the market that inclutlés feature, on the other hand an
automatic virtual palpation tool is more challerggio develop. Certainly this tool must
be developed and validated for two important reas@) to reduce the time and
consequently the cost of the whole methodology l@litninate the operator dependence

related issues.
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‘Chapter 5

A Subject-Specific Quasi-Static Knee Model to comepu

the soft tissue balance in TKR Surgery

The aim of this chapter is to create a quasi-stBK®R knee model to estimate the
postoperative elongation of the ligaments. A quaiic approach takes into account the
forces developed by the contact between the bagiddifferent anatomical structures
surrounding the knee (ligaments, tendons, musaep)pring the configuration near the
equilibrium, where velocities and acceleration@dose to zero. In this chapter two quasi-
static models will be presented and their outpulisbe compared in terms of changes in
the estimates ligament elongations. Since a quasc&nee modelling approach allows
to estimate the length of the knee ligaments fgrgimen knee flexion angles, the result
will show if intermediate positions might changgrsficantly the output of the model.
The comparison with the results of the geometridehopresented in Chapter 4, will
confirm if the postoperative length of the kneeahgents after TKR surgery can be
reduced to the observation of two static positi@h-(90°) without including the forces

developed by the contact and the anatomical stregtof the knee.

INPUT QUASI-STATIC MODEL

OUTPUT QUASI-STATIC MODEL

&

Pre-Op Post-Op

= B

Figure 5.1— Input and output parameters of the quasi-statideto
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5.1 Introduction

The objective of this study is to investigate thhengation of a TKR patient
ligaments under quasi-static conditions and to coenpelevant results to those obtained
with the geometric model. The quasi-static anal{Biankevoort et al., 1991; Pandy and
Sasaki, 1998; J Wismans et al., 1980) entailed axtcwyfor: a) the contact between the
tibia and the femur and between the patella andettmeir; b) the ligament forces; c) the
muscle forces.

Contact mechanics between articular surfaces camdmelled using different
methodologies. The most used method assumes thabtit@cting bodies are rigid and
the contact surfaces are approximated with matheabditinctions that describe known
geometrical shapes, such as planes or spheres.ddioy@ex models employ 2D (Abdel-
Rahman and Hefzy, 1993; Moeinzadeh et al., 1983Do(Blankevoort et al., 1991; J.
Wismans et al., 1980) polynomial functions to brefitethe articular surface curvatures.
An alternative approach assumes instead, thaithiact forces are mostly developed by
the deformations of the contacting bodies incluntethe model. These methods can be
implemented adopting different numerical and amedytsolution, among them there is
the Hertzian theory (Hertz, 1881; Johnson, 1984 ¢alculates accurately deformations
and contact forces but it is limited to simple gedmes. Other technique are the elastic
foundation model (Blankevoort et al., 1991; Hunt a&rossley, 1975) and the finite
element method (FEM), which allow to process mooenglex objects. The FEM
represents the most accurate method to estimatietbemations and the contact forces
(Halloran et al., 2005), however it is computatibhaxpensive. Therefore, the elastic
foundation model assuming that the contacting Isodan be considered rigid but for
layer of elastic materials at the articular surfade often considered as a “lighter”
alternative to the FEM. For this purpose, Li et(@P97) have demonstrated that there
were small changes in the results using the twdodetiogies to predict the contact
pressure of a simple model composed by a cylinddraahalf pipe. On the other hand,
Halloran et al. (2005) compared the two technidoemeasure the knee contact forces,
finding that the contact areas were the same leu¢ldstic foundation overestimated the
loading peak by 15 %. In conclusion the elastimftation is not accurate as the FEM,
especially to estimate pressure distribution betwsemplex geometries, however the

computational efficiency (98% less computationahej makes this methodology
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particularly relevant for preoperative planning niwork for orthopaedic surgery
because it allows to explore different positionthw the range of motion.

The knee ligaments, which are passive structuresjsually modelled as one or
more bundles that connects the origin and insepga@nts (J. Wismans et al., 1980). The
non-linear behaviour of the ligaments is taken exdoount using non-linear springs that
produce forces in accord the typical non-lineacéedisplacement curve (Figure 2.11,
chapter 2) (Woo et al., 1999). Several studiegardture (Blankevoort et al., 1991; Kwak
et al., 2000; Pandy et al., 1997) have used quasc-snodels to investigate how the
elongation of the knee ligaments is dependanth®yflexion angle, which is needed for
the current work. Pandy et al. (1997) investigatezlligaments function using a three
dimensional model of the intact knee. The ligameiphgation was analysed during
anterior-posterior draw, axial rotation, and isameetontractions of the extensor and
flexor muscles. The results showed that the ligamelongation depended strictly by the
flexion angle. The subject specific modelling of #tnee ligaments requires someivo
measurements such as the reference length or itmeess. The reference length, as
defined by Blankevoort et at. (1991), is the lengththe ligaments in the reference
position of the knee (typically extension). Thdfsg@ss, defined as the slope in the force
deformation curve, has been determined experimgnf@oo et al., 1986) through
tensile tests that showed that the stiffness ferdiht among different types of ligaments.

The muscle forces have been included in quasestadidels to investigate how
different level of muscular activations influendbe ligaments elongation (Pandy et al.,
1997; Tumer and Engin, 1993). The muscles are lystaldelled as musculotendinous
actuators with a contractile muscle-fibre and coamltendons in series (Zajac, 1989),
which can be activated selectively during a quesiesimulation.

In conclusion the total forced included in the medee:
e gravity
» forces developed by the ligaments
« forces developed by the contact between the fenoamralponent and the tibial
insert
« forces developed by the muscle actuator

e external forces (as replacement of the missingspdrthe body)

The equilibrium of the quasi-static model of thee&njoint is calculated by
balancing the forces and moments acting in the mdeeeloped by the contact, the

ligaments, and the muscle forces, for any giveritijposof the joint.
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In the first part of the paper the model includeg two collateral ligaments in two
postoperative positions, extension (0°) and fleX@%). In the second part the model was
modified adding the patella, the patellar tendamg #he rectus femoris allowing a
sensitivity analysis of the ligaments length widgspect to different level of muscle
activations and knee joint angles (0°, 30°, 60°)90
The specific aims of this study are:

a) to create a subject specific quasi static TKR tiieimoral (TKR TF) model to
estimate the postoperative length of the knee tevdaligaments at 0° and 90° of
flexion;

b) to create a subject specific quasi static TKR pafeimur (TKR PF) model that
includes the patella and the rectus femoris musalestimate the postoperative
length of the knee collateral ligaments at 0°, &0 and 90° of flexion;

c) to compare the results with the static model ostpGhapter 4).
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5.2 Materials and Methods

Experimental data. The dataset used in this study has been providdeoiacta
International SA Castel S. Pietro, Switzerlandt consists of six set of images obtained
from six different patients (64 + 5 years) who hanelergone a Total Knee Replacement.
Each patient’s dataset includes CT and MRI of pgatfioal knee that underwent surgery.
The prosthetic model, used for the surgery, is aK@BVision posterior stabilized (PS)
model no cruciate retaining (Medacta Internatidda), the tibial tray provides a pivot
between the medial and the lateral compartment iwhinits the femoral component
slope. The geometric stereolithography (STL) déstg the 3D geometries of the
prostheses were obtained from the CT images forfedhmral component, tibial base
plate, and the patella insert, along with the peeafive bone geometries of femur, tibia,
fibula, partial talus, and partial calcaneus.

OpenSim, the open-source dynamic solver software developedStayford
University (Delp et al., 2007) was used for thestauction of the musculoskeletal models
and the execution of the quasi-static analysiss $bftware allowed to perform a quasi-
static analysis of rigid bodies, setting the for@eting on them and their inertial
properties. Furthermore, NMSBuilder (SCS srl, ydigs been used to visualise the 3D
geometries and estimate the origins and the imsertof muscles and ligaments using a
previously validated procedure (Ascani et al., 2015

The preoperative length of the ligaments has betairea from the MRI images
of the preoperative images acquired from the fakjended knee. Since the prosthetic
model used in this paper was no cruciate retairongy; the collateral lateral ligaments
(LCL and MCL) were analysed. Their lengths weregkited as the geometric distance
between two points representing their origins arsgitions on the bones. For the MCL
the wrapping around the femur and tibia surfaceslie®en accounted for by adding a
midpoint between the femoral and tibial attachmestdescribed in the previous chapter.
The bones have been cut and positioned using the paocedure showed in the 4.2.1

paragraph.
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TKR TF Model

The STLs of the femur and tibia &venported, and following the procedure
developed in our previous work (Ascani et al., 201l origins and the insertions of the
knee ligaments have been obtained from the CT &iane the prosthetic model used in
this study is posterior stabilized, it was ableatculate the transformation matrices for
the postoperative flexion position (90°) along wiitle postoperative extension position
(0°). Therefore, for each patient two dynamic simtiohs were executed in two different

position of the femoral component (Figure 5.2).

Figure 5.2- TKR TF model

The new postoperative positions of the rigid bodiese been then used in
Opensim to build the musculoskeletal models. Theadyic model comprises the femoral
component, the tibial insert, and the two colldtegaments (MCL and LCL).

The two rigid bodies were linked by a kinemdoiat, which defines how the femur
component moves respect to the grounded tibiattinde6 degrees of freedom joint was
used to simulate the rotational and translatioealir movements over the tibial insert.
The center of rotation of the femoral componenthis geometrical centroid of the
polygonal mesh. In the TKR TF model most of thracures that wrap the joint such as
the patella, the muscles, and the remaining sstié are not included. Consequently, the
femur component, not having any constraints, kepinbimg and oscillating over the
tibial insert not achieving a settled position. fidfere, to simulate the missing structure
that act as constraint for the femoral componeansiational and rotational springs were
added on the centre of rotation. The forces develdyethose springs account for the

external forces applied to the model and the siffénparameters were chosen considering
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the range of motion allowed by the prosthetic impl&ince in this model the tibial insert
is fixed and the femoral component is moving on@ltkegrees of freedom, many studies
in literature have analysed the displacement @& pinosthetic model in fixed positions.
The external forces were applied only in selecieections:

* Medial-lateral direction

* Anterior-posterior direction

* Intra-extra rotation

The posterior stabilized prosthetic model is higtdystrained and it allows: a translation
in the medio-lateral direction of 2-3 mm, antero{pasr translation of 4-5 mm, an intra-
extra rotation of 7°-10°. These values, that coraenfex-vivo experiments found in the
literature, were discussed and agreed by Medat#enkttional SA which have conducted
as well this kinematic test on cadavers. Consetyetite forces developed by the
external forces maintained the prosthetic implaittiw the chosen range of motion.
The contact between the femoral component and ithal insert has been

modelled starting from the Elastic Foundation tggdohnson, 1985), according to which
the contacting solids are considered as rigid sodiecept for a thin layer of elastic
material of thicknes$ at the surfaces (Blankevoort et al., 1991; D’Lietaal., 2007;
Johnson, 1985). The surfaces of each of the cormp®éthe implant that are in mutual
contact have been approximated with a triangulashmereated with the open source

MeshLab softwarenttp://meshlab.sourceforge.neilhe area A of the triangles was kept

uniform and a spring was placed at the centroidaah triangle in the mesh. The force

exerted by each spring along its displacement timegiven by

F=k-A-x-(14+c-v)

where:
k = stiffness of the springs
A = area of each triangle
x = displacement distance
c = dissipation coefficient of the springs
v = dx/dt
As a result, a “bed of springs” on the surface (3oim, 1985) of each body was

obtained, which was used to represent the pushfoacés generated during the contact.
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The layer of springs has a known thickness arglptésent on both contacting surfaces,
each spring is independent from the others. Eaghgsphad a stiffneds,

__ (A-p»-E
A+p)-(1—-2p)-h

Where:
E = Young’'s modulus
p = Poisson’s ratio
h = thickness

The assumption of isolated springs gives an impbddvantage eliminating the
integral nature of contact problems, this allowsat@alyse complex contacting surfaces
and non-homogenous materials. The femoral andl timianponentsobj meshes have
been modelled with 4000 and 2000 triangles, respgt The number of triangles has
been chosen to have the area of the triangles tindwface, averagely. The material
properties provided by Medacta allowed obtainirglibdy mass and the inertial tensors
having considered the prosthetic components as genuws rigid bodies. The elastic
foundation model parameters needed to define thiacioim Opensim were the stiffness,
coefficient of dissipation, coefficient of statiaction, coefficient of dynamic friction,
and the coefficient of viscous friction. The valus®d to run the simulation can be found
in the model parameters section (Page xxx) andwesg calculated using a simplified
model composed by a sphere and a cup with the setezial properties of the prosthetic
implant. This allowed to understand the sensitivfythe simulation algorithm with
respect to the variation of these parameters, faywere set to have an interpenetration
of the two surfaces less than 1 mm.
The method for modelling the ligaments is the fadegplacement curve that was first
introduced by Blankevoortt al. (1991). The lateral collateral (LCL) and the medial
collateral (MCL) ligaments were both modelled as bonadle element, the non-linear
behaviour has been represented using one dimehsiomdinear springs and non-linear
splines which take the toe region into account. llgeements’ stiffness parameters (k),
shown in the model parameters section, is taken franiiterature (Marra et al., 2014)
while the non-linear behaviour of the ligaments @escribed by the equation 1 and 2
(Blankevoort and Huiskes, 1996):

0 e>0
1) f={ ske¥/q 0<e<2g
k(e —¢g) £ > 2¢
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2) £ = (%)

Where:

f = the tensile force of the ligament

k = the ligament stiffness

¢ = the strain of the ligament

2¢ = the level at which the ligament moves from the-hoear region (toe region) to the

linear region of the force-displacement curve.

The strain is obtained from the lendtbf the ligament and the resting lendgh
Two different non-linear curves, which attemptsimulate the non-linear behaviour of
the ligaments, have been obtained from the liteeatarnold et al., 2010) for the MCL
and LCL. The resting length, defined as the lerggtthe ligament at which there is no
strain, is a patient specific parameter calculatethe following formula:
— Lo
& +1

r

wherel, is the preoperative length of the ligaments gnis the reference strain and the

values is taken from the literature (Blankevooralet1991).

The forces took into account in this dynamic comfegion were:
1) gravity
2) forces developed by the ligaments
3) forces developed by the contact between the fenmoralponent and the tibial
insert

4) External forces

Forward dynamic simulations of the models were gaed using the previously
described musculoskeletal model to analyse the atamyof the collateral ligaments.
The equations of motion were solved using the Simthibdaries (Sherman et al., 2011),
included in Opensim, which consist of conventioealor controlled, variable step
integrators through time with a specified accurang include a variety of explicit Runge-

Kutta methods, well-posed for biomechanical raaktisimulation (Hairer and Wanner,
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1991). A convergence threshold has been then eaédcl)l considering the linear and
angular acceleration of the femoral componentatt €ach dynamic simulation reached
the convergence when the translational and angataelerations of the femoral
component were less than a threshold (0,002 amd 0,001 degfsn our simulation).
The simulation time was less than 10 minutes oQ &&z Intel ® Xeon® personal

computer. All the parameters are available in tlogl@hparameters section.

TKR PF Model

INPUT QUASI-STATIC PATELLA MODEL
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Figure 5.3—Input and output parameters of the quasi-statidetavith patella

The second patient-specific model has been dewelfipecach patient in NMS
Builder adding the patella, the patellar tendon thedrectus femoris muscle which is one
of the major extensor of the knee. Starting fromrtioelel previously created, the patella
was imported and the origin and the insertionshef patellar tendon and the rectus
femoris were registered. Although the same proeedias used (Ascani et al., 2015) to
map those points, the atlas used in the registrgirocedure was inevitably extended
adding the origins and the insertions of the patédndon and the rectus femoris muscle,
using the “model of the lower limb for analysis lmiman movement” (Arnold et al.,
2010). Since this model included new origins andritisns on the pelvis and the patella,

also the expansion of the reference landmark cleasl necessary for the registration
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procedure (Van Sint Jan, 2007). The new added larkBnvere localised on the proximal
area of the femur and the patella, since the agigimd the insertions of the patella and
the rectus femoris are localised in those areas.nélelandmarks are€HF (center of
the femur head)FCH1 (femur head top)FCH2 (femur head anteriorFCH3 (femur
head bottom — next to femoral neck{;H4 (femur head posteriorf;CH5 (femur head
lateral — above the femoral necklCH6 (femur head medialPLE (patella lateral edge),
PCE (patella center edgePME (patella medial edgelRAX (patella apex) (Van Sint Jan,
2007).

In addition to the positions of the femoral compainebtained previously, two
new angular positions at 30° and 60° degrees haea lestimated in NMS Builder
considering the radius of the femoral componentHerlateral and medial compartment.

The TKR PF model is therefore composed by: the fatrmmponent, the tibial
insert, the patella insert, the patella, the red¢amsoris muscle, and the two cruciate
ligaments (MCL and LCL).

The patella and the patellar insert rigid bodiesenimked by a weld joint, while
the patellar insert was connected to the femomalpmment using the 6 degrees of freedom
customized joint. The center of rotation of thimjoivas calculated as the geometrical
center of the patellar insert mesh.

In addition to the constraints implemented previpua spring along the axial
direction of the femur was added in the 30°, 6@ 80° of flexion positions (Figure
5.2). This constraint simulated the presence ohtpgoint, in particular the displacement
of the head of the femur inside the hip joint durthg excitations of knee extensor
muscles, which push back the femur into the acetabulKapandji, 1974 — The
Physiology of the Joints. Vol 2: Lower Limb). Codering the pelvis fixed, the
movement of the femur inside the acetabulum isatkct by the thickness of the cartilage
which averagely range from 2,5 mm to 2,8 mm (Kuaradl Oberléander, 1978; Lattanzi
et al., 2014; Mechlenburg et al., 2007). Therefde, spring placed along the axial
direction of the femur simulated the femoral comgrrmovement by having a maximum
displacement 08 mm, the stiffnesk of the spring has been calculated taking into actcou
the push back forces of the patella during theregotibn of the rectus femoris muscle,
and the forces developed by the contact betwegpetiedia insert and femoral component
(Figure 5.4).
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Figure 5.4—Knee joint modelling

The contact between the patellar insert and theofahtomponent has been
modelled following the same methodology and the esgrarameters of the previous
model, based on the elastic foundation theory (Sohn1985), modelling the patellar

insert with 1000 triangles.

The presence of an actuator such as a musclesimiblel, allowed performing further
investigation to observe how eventually the elologaof the knee collateral ligaments
may be affected considering different level of &ton of the rectus femoris muscle
(Seth et al., 2011). The muscles in Opensim arecuoiendinous actuators, following
Zajac (1989) to describe the active and passiweeftangth, force-velocity, and tendon
force-strain curves, a dimensionless Hill-type nheismodel needed the following
parameters to be identified:

1) Maximum isometric force Kj¢p)

2) Tendon slack lengthl})

3) Optimal fiber length ')

4) Pennation angle at optimal fiber lengtky)

5) Maximum contraction velocity ¥, 4.)

These parameters were taken from the work of Areblal. (2010) which is available at

www.simtk.organd can be freely examined and analysed in OpenBimonly subject

specific parameters identified on the subjects wieeeorigin and the insertions of the

rectus femoris muscle.
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The forces considered in this dynamic configurati@ne
1) gravity
2) forces developed by the two ligaments
3) forces developed by the contact between the fenmamralponent and the tibial
insert
4) forces developed by the contact between the patedlart and the femoral
component

5) External Forces

Forward dynamic simulations of the TKR knee wereagated using the
previously described procedure to analyse the elibmy of the collateral ligaments. The
dynamic simulations reached the convergence whentrtreslational and angular
accelerations of the femoral component were leas thset threshold (0,001 m&nd
0,001 degfin our simulation). The simulation time for a dimgynamic simulation was
about 3 hours on 3.20 GHz Intel ® Xeon® personailater. For each patient a total of
sixteen forward dynamic simulations have been eecuand all the parameters are
available in the model parameters section.

Figure 5.5— TKR PF model

The criteria to evaluate the ligament balancing lbeased on defining a threshold
as the maximum acceptable elongation before irséder structural damages might
occur. Although there are many works that haveistuthe ultimate strain of the knee
ligaments, finding that the value is around1féoof the preoperative length (see Chapter
2). However, in order to avoid any possible damathes10% of the preoperative length

was considered as the upper limit of elongationtfier models’ output. Therefore, our
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models will suggest to the clinicians to imposersston until the 10% of the preoperative
length to perform a correct ligament balancing loé knee without provoking any
irreversible damages.

Model Parameters

Material properties of the femoral and tibia compune

Implant Component Femoral component Tibial baseplate
Material Co-Cr-Mo ISO 5832-4 (steel)] UHMWPE ISO 5834-2 (plastic)
Elastic Modulus (MPa) 2.08 E+11 7.2 E+9

Poisson’s Ratio 0.3 0.45

Mass Density(Kg/nr) 8280 944

Table 5.1- Material Properties

Translation and rotational spring parameters:

krx (N/m) 800
Coefficient of dissipation - gx 0.8
kry (N/m) 800
Coefficient of dissipation - gy 0.8
krz (N/m) 400
Coefficient of dissipation — ez 0.8

Table 5.2— Translation and rotational spring parameters

The Elastic Foundation Model parameters:

Stiffness (N/m) 90000000
Coefficient of dissipation 0.9
Coefficient of static friction 0.01
Coefficient of dynamic friction 0.001

Coefficient of viscous friction 0

Table 5.3-Elastic Foundation Model parameters

Ligaments modelling parameters (Blankevoort et1#191):

Ligament Stiffness (N) &
MCL 2000 0.04
LCL 2750 0.02

PT 0 -

Table 5.4— Ligaments modelling parameters
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5.3 Results

All the models developed in this dissertation wevaluated by their ability to
predict the elongation of the ligaments after a T&Rgery. Matching all the results
allowed the evaluation of the most suitable modebé incorporated in a simulation

framework to compute the TKR soft tissue balance.

TKR TF Model

The forward dynamic simulations performed for théRTmusculoskeletal model
produced in output the elongation of the ligamevhenever the convergence threshold
was achieved by the OpenSim dynamic solver (Figirésand 5.6). In addition to the
previous results, it is also relevant to make amamson with the same findings obtained
by the geometric model. The figures below show thatlength of the LCL and MCL
obtained by the two models are very similar in bodkition (t=0.247p<0.05, and the
difference is never bigger than 1 mm. To noticd thahe flexion position the models

predict the same elongation in the majority ofthees.

120
100
£ 80 mLCL Static
£ 60 mLCL TKR MS
£ 40 ,
9 B MCL Static
20
0 MCL TKR MS
Patient Patient Patient Patient Patient Patient
1 2 3 4 5 6
Figure 5.5— TKR TF Ligaments length in extension position
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[ = .
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20 - —
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1 2 3 4 5 6

Figure 5.6— TKR TF Ligaments length in flexion position
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Furthermore, the percentage of elongation with reispethe preoperative length
(preoperative position) has been calculated torebséthe length was under the 10% of
their preoperative length (Tables 5.7 and 5.8)sA®wn in the tables below, although the
lengths of the LCL and MCL ligaments are differé&noim the preoperative length, the
percentage of elongation remains under the 10%roainf the results of the geometric

model.

Case LCL (%) MCL (%)
1 6 -2
2 5 -1
3 4 2
4 4 -3
5 -9 2
6 -1 1

Table 5.7— TKR TF Ligaments percentage elongation in extensosition

Case LCL (%) MCL (%)
1 -13 2
2 -3 4
3 -9 8
4 -6 -7
5 -16 0
6 5 1

Table 5.8— TKR TF Ligaments percentage elongation in flexyjosition
TKR PF Model

The forward dynamics simulations performed on tleelebs were longer than the
previous ones, given the increased complexity eftKR PF model. The results reveal
that the rectus femoris excitations don’t affect lipaments elongation (Figure 5.9 and
5.10), contrarily the flexion angles of the femocamponent dictates the changing in
length of the collateral ligaments. The maximuiffedénce found, considering different
muscular excitation at the same flexion angle isualhanm. Moreover, the table below
suggests that the LCL ligament, except for thegpath, has a decrease in length of 10 %
(range from-16° to -5y from 0° to 90°. On the contrary, the MCL ligameshiowed a
different result: half of the dataset decreased thagth of-3 % from 0 to 90 degrees,

the second half increased the elongatioB%f It can conceivably be said that the LCL
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Is more affected than the MCL ligament changing dhgle of flexion from the fully
extended position to the flexion position. This mlocenfirms that the percentage of
elongation on the preoperative length is still untihee 10% confirming strongly the
findings obtained with the two previous models.
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Rectus Femoris Excitation
Figure 5.9— TKR PF forward dynamics simulation results of MCL
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Figure 5.10— TKR PF forward dynamics simulation results otLC

The TKR P results have been successively compaitbdiive geometric model
(Tables 5.11 and 5.12), showing no significantestéghces (t=0.24p<0.05 between the
outputs. The maximum difference is stiliim and it doesn’t affect the prediction based
on the 10% threshold as stated before.
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Table 5.11- Comparison between the forward dynamic simulatésults of TKR PF with no muscular
activation and the Static model for the MCL ligamen

Femoral Component Flexion (°)
0 30 60 90
Rectus
Femoris | R | ceom| KR | ceom | KR | geom | TKR | GEOM
o PF PF PF PF
Excitation (mm) (mm) (mm) (mm)
%) (mm) (mm) (mm) (mm)

P1 0 100 101 104 105 105 106 106 105
P2 0 81 82 81 82 80 81 79 79
P3 0 105 105 108 109 110 110 111 11]
P4 0 93 93 92 93 91 92 89 90
P5 0 101 101 100 100 99 99 98 98
P6 0 102 103 106 106 106| 106 108 104

Femoral Component Flexion (°)

0 30 60 90
Rectus
Femoris | KR | geom | KR | geom | T™’R | geom | ™R | cEOM
L PF PF PF PF
Excitation (mm) (mm) (mm) (mm)
%) (mm) (mm) (mm) (mm)
P1 0 61 62 58 59 54 55 51 51
P2 0 53 54 52 53 51 52 50 50
P3 0 73 73 69 69 66 66 64 65
P4 0 52 53 50 51 49 50 47 48
P5 0 57 58 55 55 54 54 53 53
P6 0 66 68 72 72 71 71 70 71

Table 5.12— Comparison between the forward dynamic simulatésults of TKR PF with no muscular
activation and the Static model for the LCL ligamen
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5.4 Discussion

The first goal of this paper is to develop a patspecific musculoskeletal
modelling framework based on CT, to estimate theaut of a TKR surgery in terms
of ligaments elongation. Two models, obtained iasheg the complexity, have been
proposed to compute the ligaments balancing ak& Surgery.

The geometric model (Chapter 4) has been develomdading the femur, the
tibia, the fibula and the two collateral ligameatshe knee (LCL and MCL), calculating
the outcome of the surgery in terms of ligamenabaihg with the knee fully extended
and at ninety degrees of flexion. The TKR TF dymamodel, instead, allowed obtaining
the length of the LCL and MCL ligaments taking ir@ccount the contact between the
femoral and tibial insert component, the forcedealeped by the ligaments, and the
gravity. This version attempted to investigate ¢h@engation of the ligaments when the
forces are applied to two static positions: extemsind flexion. The contacting model
implemented, the elastic foundation (Johnson, 198%imple and versatile and makes
the model ideal for incorporation into a multi- lyadiynamic simulation framework (Seth
et al., 2011).

Afterward the TKR PF dynamic model has been dewsldp assess whether a
more complex representation of the model substgntdters the model predictions.
Further, two different positions were added (30° 808), and a sensitivity analysis has
been performed to investigate how different intgnef muscle excitation may affect
significantly the output of the model. The resuitshe TKR PF model revealed that the
rectus femoris excitations don’t affect the elomgabf the ligaments, on the contrary the
flexion angle of the femoral component changes istergly the output of the model.
Nonetheless our findings revealed that the elongatof the ligaments measured at the
two intermediate positions (30° and 60°) don’t vdrgmatically, as matter of fact they
follow the flexion and extension positions trenthefefore, this model clearly confirms
that the evaluation of the ligaments balancing ceduto the flexion and extension
positions. It can be said that the two positionsngetrically defined in the geometric
model can be used to analyse the elongation ofigaenents and then choosing the
preoperative planning parameters to obtain an @btswft tissue balancing.

The max difference between the models’ predictadual to 1 mm, and more
importantly all the models predicted an elongatumder the 10% of the preoperative
length, which represent the upper limit of elongatbefore irreversible damages may
occur to the ligament (Butler et al., 1986; Woalet1986, 2006). This finding stated that
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the differences between the outputs of the modat dffect the ligament balancing in
terms of examining the elongation under the 10%then preoperative length, which
ultimately represent the most functional informationthe clinicians.

It may be conceivably said that, although there sarestantial dissimilarities
between the three models, the results clearly stiowesignificant differences in terms
of ligaments elongation after the TKR surgery. Hemoncerning the computational cost,
the static model may be considered as a robustehoibe incorporated in a simulation
framework. The matrices operations which compos$es static model procedure is
certainly faster and lighter than solving dynamiiéeslential equations.

This study includes some limitations that are wadititussing. First, we modelled
the patellar tendon as a rigid link between theslfathe tibia, so this may have been
slightly change the position of the patella durithg forward dynamics simulation
(Sheehan and Drace, 2000). However, a differentafting of the patellar ligament may
be the matter for further investigation. A secointitation is that in the TKR PF model
only one extensor of the knee was included to pethe ligaments elongation, however
Pandy et al. (1997) demonstrated that the ligamlemgation is largely governed by the
geometry of the muscles passing through the knat Jairrther investigations, in the next
chapter, will consider all the extensor and flerauscles acting on the knee joint to
estimate the ligaments elongation. Another limitatf this study is that this quasi-static
approach is valid for this specific prosthetic miodeis unlikely to apply the same
procedure for different prosthetic designs withslesnstraints. In fact, modifying the
shape of the contacting surface the elongatiohefigaments would change a lot since
is dictated by the kinematics imposed by the design.

The level of agreement of our results suggeststti@{TKR static model is a
patient-specific musculoskeletal modelling framekvbased on computed tomography
(CT) that reliably estimates the outcome of a TKiRgsry in terms of ligaments
elongation.

The automatic generation of the quasi-static mogelsn important aspect to
consider, to create a single subject specific gsi@sic model and execute the simulation
can take up to 6 hours. The timing is partiallytified by the computational time to
compute the quasi static analysis with Opensim vtakes one average 2 hours for each
position analysed.
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‘Chapter 6

A subject-specific dynamic musculoskeletal
modelling framework to compute the knee soft
tissue balancing for TKR surgery

This chapter aims to create a subject specific alynanusculoskeletal model using the
experimental data of the “Grand Challenge Competito Predict In Vivo Knee Loads”
(Fregly et al., 2012). The postoperative elongatioithe knee ligaments are analysed by
varying step-by-step each preoperative surgicarpaters during a normal walking trial.
The simulation of the gait task might allow to eoqgl different surgical treatment that
preserve the correct tissue balancing of the pafidre breakthrough of this approach is
the development of an Orthopaedic Lifestyle Simarlad surgical planning software that
can help the surgeon to optimize the balancingodf tsssue, forecasting the type of

physical activities that the patient is likely &turn after the operation.

6.1 Introduction

An active life style after a TKR surgery has becameecessary requirement, especially
for young patients, which now account for the 45%he operated population (Baker et
al., 2012). Unlike the medical literature, whicHdicates a successful rate of 95 %
(Culliford et al., 2015) after ten years, more tH8é0o of the patients are not satisfied with
their life style (Mannion et al., 2009). This fawight be related to the surgical procedure
that is tuned on an elderly population that pritgyazoncern stability over mobility. Thus,
younger patients that have higher expectationsrim of active life style, are not satisfied
and more prone to revision surgeries (Heck eL8B8). Although new prosthetic designs
have been developed to meet these new demandss (dndeHuo, 2006), it has been
demonstrated that an excessive physical activitiigssecond leading factor to revision
surgery within the first two years after the opera{Heck et al., 1998).

Many studies in literature have demonstrated thadtraf the complications after

a TKR surgery might be caused in the first plaga Imon-optimal balancing of the knee
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ligaments (Dennis et al., 2010; Fehring et al.,120 fact, the knee ligaments, among
the various soft tissues that surround the knesy, @lcentral role in the stability and the
function of the knee joint (Babazadeh et al., 2008) this regard the best practice is
intraoperative ligament balancing, based on pagsivaional tests, hardly representative
of dalily life.

The prediction of the postoperative knee ligameahbsgation toward different
daily life activities might represent an optimaln to perform a correct balancing of
the knee soft tissue. For instance, this might log ndevant for the creation of the subject
specific cutting guides which define the new positdf the tibia respect to the femur and
consequently the postoperative elongation of the kigaments.

The creation of a patient specific musculoskel@K) modelling framework,
to compute the knee soft tissue balancing towdifdrdnt dynamic activities, seems to
be a viable solution. In particular, the subjectafic MSK model might represent a
powerful tool for the surgeon that will explore haifferent prosthetic design or
preoperative planning parameters will affect tha iesbue during a selected physical
activity that belong to the patient’s life-style.

The utility of MSK models in the clinic is very prosing, however their limited
application is represented by the impossibility rotitinely validating the results,
measuring forces within the human body. Small bamgrehensive datasets made
available in vivo measurements obtained from ims&mted prostheses (Bergmann et al.,
2007; D’Lima et al., 2012; Fregly et al., 2012; Wehoff et al., 2009). Among them
there is the free access database “ortholoadtv{.orthoload.com)Bergmann, 2008)

which made available the contact forces of hip, &leyy knee, and vertebral body,
obtained by patients instrumented with telemetrmsthesis. A more complete dataset
has been released by the “Grand Challenge CongoetdiPredict In Vivo Loads” which
provides the knee contact forces, motion captute, dgound reaction forces, EMG,
fluoroscopy, and pre and post-operative computedotpaphy (CT) images. The
availability of thesen vivo measurements are invaluable workbenches for validaf
new modelling approaches, and in concert with thkeilability of software such
NMSBuilder and OpenSim, allowed the research conitytmcreate and validate MSK
models able to predict contact forces, individuaknoie forces, and ligaments forces.
Kim et al. (Kim et al., 2009) created a MSK modgeptedict the leg muscle forces
and validated the results usimgvivo measurements of the knee contact forces from an

instrumented prosthesis. The whole body was contblog®& body segments linked by a
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total of 21 degrees of freedom articulated linkagtuated by 58 muscle actuators and
the knee ligaments (LCL, MCL, and popliteo-fibuligament), the knee was a modelled
as a hinge joint. The muscles and ligament forca®when used as input for a separated
3D quasi static knee model to estimate the laterdimedial knee contact forces. The 3D
quasi static knee was a 6-deegrees-of-freedom gidt Hertzian contact theory was
employed to calculate the interpenetration betwberfemoral and tibial components.

Thelen et al. (2014) developed a MSK model for ttwsimulation of
neuromuscular dynamics a knee joint mechanics gunuiman walking. The contact
between the femoral and the tibial surface has bemdelled using the elastic foundation
theory and the model was based on forward dynanailysis. A computed muscle control
algorithm (CMC) was used to modulate the muscletatxans to track measured joint
angle trajectories during overground walking. Ire tinvestigation seventeen knee
ligaments bundles were included in the model anddfees during the gait cycle were
measured.

Marra et al. (2014) proposed a MSK modelling fraragwwhich comprehended
two separate knee models: 1) one employing thétioadl hinge joint solved using an
inverse dynamic 2) another using an 11 degreeseetlbm knee model solved with a
force dependent kinematics (FDK) technique. Theskigmments were modelled as non-
linear multi-bundles springs and the attachmentsewdetermined following the
description found in the literature, forces werertimeasured during one normal gait and
one right-turn trial. The KCF were predicted bylbbinge and FDK knee models with a
root mean square error (RMSE) and a coefficiertedérmination (R smaller than 0.3
body weight (BW) and equal to 0.9 in the gait teahulation and smaller than 0.4 BW
and larger than 0.8 in the right-turn trial simidat respectively.

Kia et al. (Kia et al., 2014a) developed a full $ddS model to evaluate six
muscles driven forward dynamic simulations of wadkiThe model was built scaling on
the lower limb of the subject a generic model basednthropometric database available
in literature (Obergefell and Rizer, 1996). Thedmas modelled as a tri-axis hinge joint
constrained by a combination of passive torsionaling-damper and restricted
anatomical range of motion to limit the movementeTmedial and lateral collateral
ligaments are modelled as three bundles fibrerigdi peak of 200 N at the end of the
swing phase.

None of the above studies have investigated howptesence of the prosthetic
implants affect the knee soft tissue balancingrdua dynamic task such as walking.
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Further, often the authors adopted methods fontuthie model parameters specifically
aiming at optimizing the comparison with the expemtal data. This approach seems
likely to be difficult to reproduce and be adopteg an industrial patient-specific
modelling frameworks.

The specific aims of this study is a subject spedfSK modelling framework to
compute the soft tissue balancing in TKR patietiigugh a sensitivity analysis of the

preoperative planning parameters during normal wglki

6.2 Materials and Methods
Experimental Data

The experimental data used in this chapter waseintaken from the literature using the
third “Grand Challenge Competition to Predict Inv&iKnee Loads” data (Fregly et al.,
2012) available on the SimTk.org websitétjfs://simtk.otg/home/kneelogdT he knee

grand challenge competition represents one of thet momplete dataset for human
movement and imaging data for a patient with a knsgumented prosthesis implanted.
The motivation to make publicly available this daiais to engage the biomechanical
researchers in validating the models using the raxjgatal knee joint contact forces
(KCF). The engagement is realized under the forenafallenge in which the participants
can predict the KCF and the most accurate predictdl win the competition. In
particular, the participants have to send the ptexnhi without knowing the experimental
data blinded predictioi, after the release of the tibiofemoral forcegtb@n improve the
models and send a second predictiamb{inded predictiop So far, six dataset have been
released and between them there are some differé@mterms of data available. Among
them we used for this study the third grand knedleige because the kind of data
available were more relevant to the specific ainthed study. In particular the presence
of the preoperative MRI images allowed to validdte knee ligaments origins and
insertions, the accuracy of this step is cruciatifierpurpose of this study.

The data available for this challenge were obtainech a female subject who
have undergone to a posterior cruciate-retainited kmee replacement surgery of her left
knee (female, height=167 cm, BW = 78.4 Kg, instroted knee side = left). The

prosthetic implant used in this study was diffeffenin the previous used in the geometric
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and quasi-static models.

The dataset included:

a. Geometry data- Thegeometric stereolithography (STlof the
femoral component, tibial tray and insert, patebatton, along with the post-
operative bone geometries of hemi pelvis, femuelfza tibia, fibula, calcaneus,
and talus.

b. CT data— The post-operative CT scan of the whole legvipgb
calcaneus), the pre-operative CT scan of the kdis¢a( femur, proximal tibia,
proximal fibula, and patella)

C. MRI data -The MRI images of the preoperative knee regiortdtlis
femur, proximal tibia, proximal fibula, and pat¢lla

d. Motion data — The experimental data collected in the gait
laboratory includes the gait trials of the subjectdifferent gait pattern. Every
gait experimental pattern comprehends the trajestaf motion capture markers,
ground reaction forces, and EMG signals of 15 loadremity muscles on the
leg with the instrumented prosthesis. Furthesthgc trials, the calibration trials,
the joint trials, and the maximum isometric EMG tbe normalization of the
EMG signal were available to construct the modédl. the gait trials were
performed over ground and on an instrumented tnadd

e. Strength data— The strength data were acquired testing the
instrumented knee of the patient with a BIODEX is@tic dynamometer. The
biodex trials were performed to calculate the pétigpecific maximum joint
moments.

f. eTibia data —the data from the instrumented prosthesis was
recorded and synchronized with the EMG signal feerg gait, static, or
calibration trial. The dataset included the for(fes, Fy, F2 and the momentum
(Tx, Ty, Ty measured by the load cells over the trials. Tledial and collateral
forces can be calculated using the data measuraagtin this regression equation:

g.

Fregiar = 0.942 * Fx + 0.497 * Fz 4+ 0.0184*Ty
Figterar = —0.942 * Fx 4+ 0.503 * Fz — 0.0184*Ty

The eTibia (D’Lima et al., 2005) instrumented prosthesis implas a
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custom tibial tray which embedded 4 axial loadscelaced on the four corners
of the metallic tray (Figure 6.1). The force transehs can measure the total
tibiofemoral force or the medial and lateral distition, allowing the calculation

of the center of pressure and the mediolateralaarteroposterior moment. The
eTibia sensors include also a micro-transmittet toanects the load cells with
the transmitting antenna for the telemetric trassion of the force data. An
external receiver connected to a PC manages #ensing, the visualization, and

storage of the data (D’Lima et al., 2005).

Polyethylene insert

Tr d strain gauges

Titanium shell

Location of multichannel transmitter

Glass feed through antenna

\ Protective polyethylene cap

Figure 6.1—eTibia instrumented implant. The load cells arecplhon the tibial tray
whilst the antenna is located at the bottom, priateédy a plastic tip

All the measurements were given in two differeriadats, one containing the raw
data and a second with the data filtered, resampled synchronized using a common

goniometer or the EMG muscle signal.
6.22 Subject specific musculoskeletal modellingh&aork for tissue balancing

The construction and the validation of the subggecific musculoskeletal (MS) model

required the following steps (Figure 6.2):

Creation of the subject specific geometric model
Definition of the joints
Muscles origins and insertions
Knee ligaments origins and insertions
Identification of the subject specific muscles paeters
Inverse kinematics and Inverse dynamic
Static Optimization
Validation of knee joint contact forces (KCF)
I Sensitivity analysis of the surgical variables tbe soft tissue
balancing

SQ "0 o0 o
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The framework is rather cumbersome and the contplexicreases substantially
throughout the process. Despite that, using this daumber of subject specific models
have been previously proposed and validated iratilee (Guess et al., 2010; Manal and
Buchanan, 2013; Marra et al., 2014) until the $tephe proposed solutions, however,
often adopted modelling approaches or criteria taming the model parameters
specifically aiming at optimizing the comparisortiwihe experimental data, turned out
to be difficult to reproduce and be adopted by @tlas generic modelling frameworks.
Therefore, in this study we introduced a reprodecipfocedure for subject specific
musculoskeletal modelling based on freely availabtds and on a limited number of
operator dependent choices for the identificatibaritical model parameters, including

joint axes, muscle origins and insertions, tendacksand optimal fiber lengths.

) JOINT
SUBJECT INVERSE INVERSE STATIC
SPECIFIC KINEMATIC [] DYNAMIC || OPTIMIZATION R,ESEII;N SOET TISSUE
GEOMETRIC | 1 4 N l 4\ 1 J l BALANCING
MODEL
-
Hip Flexion - \( Hip Flexion- Y4 Muscle A Knee Joint
Ext;"jsfon angle Extension Activations Reaction Force %
/ AY Moment "I?,
\
Knee Flexion - ) Muscle \
Definition of the Extension angle Knee Flexion - \_ Forces J \ l
Joints g Extension ".‘-\ 10%
- Ankle Flexion - Moment \
Muscles origins Extension angle . fr;
and insertions Ankle Flexion -
Extension
! . VAN J 0%
Knee ligaments
origins and }
insertions ~ ‘ ¥ ‘:ﬁ‘
Literature Literature EMG signal eTibia
A S (M. P. Kadaba et (M. P. Kadaba et (Experimental (Experimental
al. 1989) al. 1989) y measurements) measurements)

Figure 6.2— Subject specific musculoskeletal modelling fraork to compute the soft tissue
balancing

a) Creation of the subject specific geometric model

A musculoskeletal model of the lower limb was ceedrom the data made available for
the 39 Grand Challenge competition (Figure 6.3), a 5-bodylel (pelvis, femur, patella,
shank, foot) has been created aligning the STL géioes (STk) provided by the dataset,
and registering the missing body segments (metdtarsl toes). The developed model

consisted of five groups that comprehend the bgaemetries and the artificial implants:

PELVIS

FEMUR (Femur and Femoral component)
PATELLA (Patella and patellar button)
SHANK (Tibia, fibula, tibial insert, and tibial ty
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. FOOT

The alignment procedure was performed using NMSRuil(SCS srl, Italy)
where the STkwere registered onto the STL segmented directiynftbe CT images.
That allowed to add to the aligned geometries #tgosoft tissue of the patient. The
surface registration operations were performed MiSN\Builder using a feature called
“registration surface” that employs algorithms lzhee the iterative closest point (ICP)
technique (Besl and McKay, 1992). The ICP technigir@mizes the difference between
two rigid clouds of points and it results very a@ta when the two points clouds have
the same shape (Du et al., 2010). By this meamaiirprocedure we registered bones
geometries of the same subject achieving an extath@tch, however, this technique
may likely not be appropriate for registration ainles geometries of different subjects

because the introduction of scaling factors emp#oyaffine transformation.

Figure 6.3—Geometrical lower limb musculoskeletal model

The missing body segments of the foot (metatarsdtees) were replaced using
generic bone geometries available in literaturdg@eal., 1990). The body segments’
inertial properties (White et al., 1987) were cadtetl accounting for different tissue
densities using the function available in NMSBuil{fEable 6.1).

Group Body Density (Kg/mm?®)

PELVIS Pelvis bone 1.42 06
Pelvis Soft TissL 1.0z e-06
Femu bone 1.42 «06

FEMUR
Femoral compone 8.2¢ e-06
Femoral Soft Tisst 1.0z e-06
Patell: bone 1.42 «06
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PATELLA Patella butto 9.44 07
Tibia bone 1.42 06

Fibule bone 1.42€-06

SHANK Tibial Inser 9.44 07
Tibial Tray 8.28¢-06

Shank soft tisst 1.02¢06

FOOT Foot bone 1.42 06
Foot soft Tissu 1.02¢-06

Table 6.1-Body segments’ inertial properti€é/hite et al., 1987)
b) Definitions of the joints

The definition of the centre and rotation axesheflower limb joints were accomplished
fitting known geometries to the anatomical sitegy(Fe 6.4). This operation has been
executed automatically through a Matlab script @diiwed a least square fitting of a
sphere to the femoral head and two cylinders tofémeoral component, and talus
trochlea. The posterior condyles of the femoral ponent can be approximated with a
cylinder, the script allowed to calculate a cylindeith a radius comparable to the
prosthetic implant and to minimize the distanceweein them. This operation, that
identified the axis of rotation of the knee joimtas validated measuring the Hausdorff
distance (Dubuisson and Jain, 1994) that was kess 1 mm. Hence, the hip joint was
defined as a ball socket joint with three rotatiathegrees of freedom, where the centre
of rotation is the centre of the sphere fitted. Tinee degrees of freedom of the joint
describe the physiologic hip movements such: theexidh/extension,
adduction/abduction, and rotation. The knee joias wodelled as a hinge joint with one
rotational degree of freedom (sagittal plane),dhénder fitted on the implant defined
the axes of ration of the knee angle. The femarvaimonent is a double radii prosthetic
implant, meaning that one portion of the contacfas@ can be approximated with a
single radius. It can be said that, during walkimgportion of femoral component surface
that is more in contact with the tibial insert, idefg consequently the motion, is the
posterior part. Therefore, the cylinder was fitedsidering the curvature of the posterior

portion to define the axis of the knee flexion-@&sien angle.
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Figure 6.4—The definition of the body joints: ball sockeipjrénd hinge (knee and ankle)

The patella-femoral joint was modelled with a custgmmt where the frontal and
transversal rotations were neglected to describeibvement of the patella on the femur.
The motion path was accurately described consigetie congruency of the patella
button with the surface of the femoral componeriticlv can be described as an arc of
circle. The motion of the joint then was defineithgsa spline where the four degrees of
freedom were coupled with the knee joint angle. the degrees of freedom are: the
three translational degrees of freedom and thetiootaon the sagittal plane. This
constraint allowed having a correct movement ofghtella entirely dependent by the
knee flexion-extension angle; the talus trochleatjaias defined as a hinge joint in the
same manner, fitting a cylinder to the bone andrilgisg the rotation axes of the ankle
flexion-extension. It is important to point out thiae operation to place and size the fitting
geometries was completely automatic and not opedstpendant. The LSGE Matlab
library (http://www.eurometros.org) was used fottiriig the cylinders to the bone
geometries. This freeware library was assessedenifted againsad hocgenerated test

cases before its inclusion in the modelling pipeline

C) Muscle origins and insertions

The muscles origins and insertions were obtainetiMSBuilder through an affine
transformation that registered a reference atlasuscles attachments (Delp et al., 1990)
onto the patient bone geometries using reprodu@hkd easily identifiable reference
points (Van Sint Jan, 2007). The registration pdoce took also into account the
wrapping of the muscles around the bones, regigjehie necessary via points to define
the correct path of the muscles. The accuracy®ithscles’ path is crucial in the MS
model because the distance of the muscle’s lirectodn to the joint’s center of rotation
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defines the muscle moment arms. By that meansgefiaition of an inaccurate path
could neglect the muscle contribution in the geti@neof the joint torque.

The registration method used in this chapter folldle procedure outlined in the
Chapter 3: a reference landmarks cloud)(Containing the knee ligaments attachments,
was registered trough an affine transformation salgect-specific landmark cloud (Cs)
that includes reproducible and repeatable bony lamkisn In this section ther&ontains
the muscle origins and insertions, the Cs was gpjately extended to the whole lower
limb using the same descriptive guidelines fontinial palpation used in the Chapter 3
(Van Sint Jan, 2007). Thus, a landmark cloud gbalale and repeatable bony landmarks
was created, for each body segment. The obtainedelmacluded 43 Hill-type
musculotendon units acting across the hip, kneeaaktd joints. The patella body was
articulated with the femoral component body as regabin DeMers et al. (2014) defining
a coupled knee mechanism with 1 degree of freedoguie 6.5). The movement of the
patella was determined by prescribed functions dget by the knee flexion angle. The
quadriceps muscles were wrapped around the patetlaattached to the tibia in the
patellar ligament insertion. Mechanically, the guesjss muscle forces were transmitted
along the line of action of the patellar igamemd éhe patella body worked as frictionless
pulley during the knee flexion. This mechanism alBowto estimate the correct knee

contact forces (Lerner et al., 2015).

Figure 6.5—The musculoskeletal model was modified
to transmit the forces of the quadriceps throughhtella to the tibia

d) Knee ligaments origins and insertions

The collateral lateral knee ligaments (LCL and MQilgre added to the lower limb
model. The estimation of the ligaments origins amgkrtions were computed on the
preoperative CT scan of the subject available & dhtaset, following the procedure

outlined in the Ascani et al. (Ascani et al., 20%8)dy. The affine registration allowed
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the registration of the ligaments’ attachmentshengatient’s bone geometries along with
a medial point that permits the wrapping of the M&2aund the femur and tibia, imitating
the anatomical path on the bone surface. Hencd,@hewas represented as a straight
line whilst the MCL is composed by two connectet Isegments. Although it has been
demonstrated that the procedure is robust enoudtate the same level of accuracy
reachable using MRI images, the values were vdrifiging preoperative MRI images
available in the dataset. Also the path of the M@is carefully checked on the images
were the soft tissue is rather visible (Figure 6I®)e operation of virtual palpation, affine

registration, and MRI validation were entirely marhed in NMSBuilder.

Figure 6.6—MRI knee ligaments preoperative position

The knee ligaments were both modelled as one buheieent, the non-linear behaviour
has been represented using one dimensional ncear-lsgings and non-linear splines
which take the toe region into account. The nordmbehaviour of the ligaments are
described by the equation 1 and 2 (Blankevoort amdkés, 1996):

0 e>0
1
f= stz/e, 0<e<2g
k k(e —¢&) £>2¢

where




f = the tensile force of the ligament
k = the ligament stiffness
¢ = the strain of the ligament

e = the level at which the ligament moves from the-hoear region (toe region)
to the linear region of the force-displacement eurv

The strain is obtained from the lendtbf the ligament and the resting lendgh
Two different non-linear curves, which attemptsimulate the non-linear behaviour of
the ligaments, have been obtained from the liteeator the medial collateral ligament
(MCL) and the collateral lateral ligament (LCL). Tiessting length, defined as the length

of the ligament at which there is no strain, isaignt specific parameter calculated by
the following formula:

wherel, is the initial length of the ligaments aadis the reference strain and the values

are taken from the literature (Blankevoort et B991). All the parameters are shown in
the table below (Table 6.2):

Ligament | Stiffness (N)| &, L,

MCL 2000 0.04| 0.09

LCL 2750 0.02| 0.06

Table 6.2 —Knee ligaments’ parameters used in the model

e) Identification of the subject specific musculotendarameters

Following Zajac (1989) to describe the active andglspee force-length, force-velocity,
and tendon force-strain curves, a dimensionlesktyfie muscle model needed the
following parameters to be identified:

1) Maximum isometric force Kj¢p)
2) Tendon slack lengthl)
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3) Optimal fiber length ')
4) Pennation angle at optimal fiber lengtky]
5) Maximum contraction velocity ¥, 4,)

The F/§, of each muscle was estimated using the experim8ntdex strength data
provided by the dataset using the following proceddaximum isometric forces from
Delp et al (1990) were assigned to the correspdndesculotendon units of the model.
The MSK model was used to replicate computationalg of the maximum voluntary
iIsometric contractions recorded experimentally. $bbject has knee at 90 degrees of
flexion, whereas the hip joint was flexed of 80 @&s and the ankle joint was in neutral
position. The subject was exerting maximum flex@xtension knee joint moment. From
the ratio of experimental and computational kneetjoioments, scaling factors for were
calculated the knee extensors and flexors musolepgrand used to update #§, of

the muscles in order to match the experimental galbgure 6.7).
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Figure 6.7 —Knee maximum moment and knee passive moment deyéipphe
model simulating the Biodex test. The maximum atidin of the muscles with positive moment arm
(agonist muscles), with respect to the directiomtdrest (flexion or extension) allowed the cadtidn
of the maximum joint moment. The group of musdiésarnegative moment arm (antagonist muscles)
generated the maximum passive moment with respéuoe direction of interest.

The muscle parameters for the quadriceps were tiikem the DeMers et al. (2014)
model to take into account the new length of theek due to the attachment on the tibia
tuberosity instead of the patella. The remainingoeiparameters were adopted from the

Delp et al. (1990) model available in literature.

152



f) Inverse kinematics and Inverse dynamics

The standard plug-in-gait marker set in the modek wedited to match the

experimental marker locations from a static trial

Joint angles and moments were calculated for fautr gycles from different
overground trials $C_ngait_og5, SC_ngait_og6, SC_ngait_og7, SC_rags} using
the OpenSininverse kinematicandinverse dynamiciols.

The inverse kinematics (IK) tool allowed the estiima of the joints angle (hip
flexion-extension, hip abduction-adduction, hipatan, knee flexion-extension, and
ankle flexion-extension) throughout the full gaytke (heel strike — heel strike). To run
the simulation, the trajectories of the experimleg#it markers from the motion capture
were used as input. The OpenSim solver compute=afdr frame of time the generalized
coordinates that describe the position of the mtiadglbest matches the experimental gait
markers and the virtual markers added to the mddighematically the IK tool solves a
weighted least square problem which aim to minintfee error of the coordinate and

marker in a specific time step:

. 2
min Z Wi”xiexp - xi(CI)” + Z wj(CI;xp - q,)*
iemarkers jeunprescribed ccords

q; = q]’fw for all prescribed coordinates j

whereq is the vector of generalized coordinates beingexbfor,x®**is the experimental
position of marker, xi(q) is the position of the virtual marker on the modgt® is the
experimental value for coordingteThe maximum error between the experimental and
virtual markers during the simulation of the moveinghould be less than 2-4 cm, while
the RMS around 2 cm (REF). If this condition is achieved during the IK simulation,
then the placement of the virtual markers on the ehastiould be corrected until a
satisfactory match is accomplished. The matchingvéen virtual and experimental
market were around 1.5 cm on average and the Rblghdr2 cm.

The marker set utilized to compute the IK inclu@@smarkers placed on the subject’s

lower limb and they are reported in Figure 6.8.
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Figure 6.8 —Marker set used for static and dynamic trials

The inverse dynamic (ID) tool allowed to determine moments and the forces of each
joint needed to perform the motion obtained from K. Indeed, the motion of the model

(IK) and the ground reaction forces, measured fitoerforce plates, represented the input
of the ID tool analysis. The OpenSim tool solves thassic mechanics equations of

motion for the unknown joints moment and forcengshe known motion of the model

(IK).

M(@)4+C(q,q) +G(q) =t

where q,q,q are the generalized coordinated of position, vgfp@nd acceleration
respectivelyM(q) is the mass of the body segme®(gq, ¢) is the vector of the Coriolis
and centrifugal forces, ar@(q) is the vector of the gravitation forcesis the unknown
variable vector of moments and forces.

In order to replace the dynamic contribution redate the missing torso and
contralateral leg, coordinate actuators actinghto@ degrees of freedom of the pelvis
respect to the ground were added to the model. dpesation is fundamental to replace
the missing forces on the pelvis and to ensure mymaonsistency of the system. The
predictions were expressed as a fraction of the &W resampled on a 0-100% trial
duration scale with a step interval of 1% from h&telke to the subsequent heel strike.

The results were assessed with data availablesiature.
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s)] Static Optimization

The static optimization (SO) tool allowed estimatihg individual muscle forces and
activations on the net joints moment by minimizithgg sum of muscle activations
squared. This tool is an extension of the ID taamtduse it resolves in the same manner
the equations of motion but following a specific rwlesactivation-to-force condition. To
run the simulation, the motion of the model (IKprad) with external loads (ground
reaction forces, moments, and centers of pressaw@e used as input.

The musculoskeletal system is an underdeterminatersy which has more
unknown variables than equilibrium equations. Mathgcally it is a redundant system
excluding the possibility of having a unique sadatifor the muscle forces of the model.
The solution employed in this study is a stati¢rajgation of the muscular forces through
which the dynamic muscles forces are consideregliasi-static in each frame of time.
The optimization theory also allowed solving theu&iipn of motion using different
criteria for the optimal behaviour of the recruitmhestrategy. Therefore, the SO tool
solved for each musclen, a force generator constrained by force-lengtioaig}

properties:

n
Z [amf(Frgr lm ’ Um)] Tmj = Tj

m=1

while minimizing the objective function

= Z (am)”
m=1

wheren is the number of muscles,,is the activation level of the musae EJ is the
maximum isometric forcd,, is the muscle lengthy, is the shortening velocityx,, ; is
the moment arm about tf&joint axis,t; generalized force acting about iFgoint axis,
andp is user defined constant.

The criterion to compute the muscle recruitmenategfy was dictated by the
objective function employed in the SO tool that acnminimize the muscle activations.
This strategy might be unlikely for not healthy mdbs, however the OpenSim solver
didn’t provide the possibility to change and tr{felient objective function.

The output of the SO analysis, which are the imtlisi muscle forces and the

activations throughout the full gait cycle, haveebbecompared with the EMG data
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available in the dataset to assess quantitatielyatcuracy of the results. The accuracy
of the muscular forces is crucial to determine ecity the tibiofemoral forces of the

model.

h) Validation of the KCF

The joint reaction tool allowed the estimationted KCF and moments between the femur

and the tibia. To run the simulation, the followinguts were provided to the JR tool:

. Motion of the model (IK)

. External loads (ground reaction forces, moments)tree of
pressure)

. Names of the joint and the body

. Muscle forces (SO)

The OpenSim joint reaction tool calculates the Ki€#tating the body of the joint of
interest from the kinematic chain. To calculate jhiet reaction on the tibia, the solver
computes the six dimensions Newton-Euler equatiomatfon of the tibia constructing

the free body diagram in the moving space (Figudg 6

Figure 6.9 —Joint reaction body diagram of the tibia body segtne

Ri = Mlﬁ - (Z Fext + Z qusc + Z Fconstraint + Ri+1)

whereM; is the mass of the tibid,is the linear acceleration of the tibia includig t
Coriolis and gyroscopic acceleratignF,,.includes all the external forces applied to the

body such as the gravity and the ground reactime&). F,,,,. is the muscle forces from
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the static optimization‘_fl-+1 is the ankle reaction force, aﬁglis the knee reaction force
on the tibia. The knee joint reaction force is tilknown variable of the equation and it
is then computed each frame of time.

The KCF forces predicted by the model were then payed with the
experimental data. The predictions of the four waglgait trials were expressed in BW
and resampled on a 0-100% of the gait cycle (te&kgo heel strike of the same foot).
Difference between model prediction and experimeatdta were quantified in terms of
magnitude, RMSE, and squared Pearson coefficigit The computed knee joint
reaction forces were also compared using the maggiand the timing of their two

typical main peaks and the similarity of their shape

) Sensitivity analysis of the surgical variables tloe soft tissue

The postoperative geometries of the bones provigeithe dataset were already
shaped to simulate the TKR surgery and the prasthmeplants were already placed on
the subject. The surgical procedure comprised om®m the tibia and five cuts on the
femur: 1) distal cut 2) anterior and posterior cBtschamfer cuts (Brooks, 2009), like
extensively described in the Chapter 2. The first@af the TKR is to place those implants
perpendicular to the mechanical axis of the lovib] which is the connecting line
between the centre of the femoral head and theecehthe ankle passing through the
centre of the femur and the tibial spine (Luo, 20@bnsidering the lower limb fully
extended. In the preoperative planning of TKR theme some orientation parameters,
called surgical variables, that may be changed bedod eventually during the surgery
to assure a correct positioning of the artificiahponents. These variables are (Figure
6.10):

1) the varus-valgus femur cutting plane orientationthenfrontal
plane (from -3° to 3°, with a step of 1°)
2) the varus-valgus tibia cutting plane orientatiortlos frontal

plane (from -3° to 3°, with a step of 1°)
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3) the external rotation femur condyle cutting planerdation on
the frontal plane (from 0° to 6°, with a step of 1°)
4) the posterior slope tibial cutting plane orientatan the sagittal

plane (from 3° to 5°, with a step of 1°)

YRR Vv

Figure 6.10— Surgical variables (from left): varus-valgus femuayus-valgus tibia, tibial slope,
external rotation femur

The description of the surgical procedure emplayedithe intraoperative details for this
subject were not provided, thus we assumed thathall surgical variables of the
preoperative preplanning were in the neutral pmsitall the parameters set at 0° except
the posterior slope at 3°) and the same conditias pveserved after the surgery. Hence,
the sensitivity analysis has been conducted byingrgach orientation parameter
throughout four normal gait cycle. Additionally, faach orientation preplanning
parameter the gap between the femoral and tibigblames was varied between 18 mm
to 28 mm (with a step of 2 mm). The changing of skhegical parameters during the
walking trials allowed exploring the sensitivity thie elongation of the knee ligaments in
response to the orientation of the cutting plartes. each gait cycle the maximum
elongation was examined to check when the elongatxceeded the 10% of the
preoperative length, which is considered the marinacceptable elongation before
irreversible structural damage occurs to the ligame€he calculation of the percentage
for maximum elongation of the ligaments has bedrresively exploited in the Chapter
1. The representation of the results of the seitgianalysis was performed using a heat
map for each surgical variable. Since every stdp@tensitivity is composed by a curve
that represents the length of the ligament overgtiecycle, only the maximum of the
curve was taken into account in the representgEmure 6.11). Therefore, the heat map
intuitively showed where the ligaments might hamesbbngation beyond the 10% of the
preoperative length.
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Figure 6.11— Example of the heat map construction. On theheftcurve of the length of the

MCL ligaments throughout the gait cycle with a @iblarus-Valgus=-2and gap=26mm. On the right

the heat map of the Tibia Varus Valgus parameted €blour=10% of the initial length, Blue colour=-
10% of the initial length.

In addition, the sensitivity analysis was perforneadwo subjects of the Medacta dataset
used in the chapters for whom the subject spearigins and insertions of the ligaments
were calculated and corrected using MRI imageghEumnore, a cylinder was fitted onto
the femoral prosthetic implant defining the axisatation of the knee hinge joint. Since
the sensitivity analysis relies, in our framewodkly on the knee kinematics of the
musculoskeletal model, the simulations were peréatrapplying the kinematics of the
knee obtained in this study to the hinge knee joinhe Medacta dataset. For one subject
of the Medacta dataset, two simulations were coteduemploying two different knee
prosthetic implants (posterior stabilized, and spherlhus, this allowed the comparison
of the knee soft tissue balancing between two ihiffeprosthetic designs within the same

subject during the same dynamic activity.

6.3 Results

The verification of the inverse kinematics resukdsshowed in the figures below,

comparing the four gait trials of the model witle thata available in the literature (Kadaba
et al., 1989; Perry, 1992) for healthy subjectse Khee kinematics was also compared
with data obtained from TKR patients (McClellanckt 2011).The results are expressed
throughout the 0-100% of the gait cycle, from tingt heel-strike to the subsequent heel-
strike. The figure below (Figure 6.12) shows tlinet tange of motion of the knee angle

spans approximately between -2° and 62° througtimigait cycle, revealing that the
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predictions of the model are in line with the kiregio data of healthy subjects. The major
difference was found in the first period of thetgsgicle where the patient approaches the
heel-strike phase with the leg completely extenddile a healthy population revealed
a flexion of 10°. Furthermore, the model kinematiesulted shifted by 5% and 11% with
respect to the two healthy group, and the rangeation in the initial single stanc@+
25% of the gait cyc)as rather low. On the other hand, the comparngibin TKR patients
revealed that the timing of the two curves is \&@nyilar with a difference of 3%, also the
range of motion the initial single stance is conapé. The difference between the knee

angles of the first heel-strike phase is smallanttihe healthy population.

Knee Flexion-Extension Angle

mm M.P. Kadaba etal., 1998 === McClelland et al., 2011

e Perry J. — Gait Analysis 1992 === \lodel Prediction
=== \odel Prediction \

Degrees

0 50 100 0 50 100
Gait cycle (%) Gait cycle (%)

Figure 6.12- Knee kinematics compared with healthy
subjects (Right), and TKR patient (Left)
The hip flexion-extension angles predicted by thmdet showed a high correlation, the
values range within the literature data with a eod motion that goes from -13° of
flexion to 24° of extension (Figure 6.13). The tmgiof the two curves are comparable,
while there is a considerable offset in the begigrand at the end of the gait cycle. The
ankle flexion-extension angle showed the same rafigmtion of the healthy population,

on the contrary a different pattern was found ia thes-off phases0-70% of the gait
cycle.
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Figure 6.13- Knee dynamics compared with healthy subjects (Right knee kinematics
compared with healthy subjects (Left)

The inverse dynamics analysis showed an excel@mélation between the model and
the healthy population for the hip flexion-extemsinoment. The knee flexion-extension
moment presented a significant reduction in termsafnitude due to the presence of

the prosthetic implant in the model simulationgy(fFe 6.13).

The KCF predicted by the model during the walkiragt grials and the experimental
forces are depicted in the following figure (Figér&4). The model predicted the overall

shape and timing of the experimental forces.
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Figure 6.14—Total knee joint forces predicted (black) duringrfaevalking gait trials
normalized on the 100% of the gait cycle. The elléxperimental forces are showed for the same gait
trials (red). The vertical blue bar represents tbe-off phase of the gait cycle (toes are leavirg t
ground)

The total force measured by the instrumented prestheported two peaks throughout
the full gait cycle, with the first peak of 2.0 Bu@¢curring at the beginning of the stance,
and a second peak of 2.6 BW occurring toward thee afnthe gait cycle. The model

showed an excellent accuracy showing a differeh®elaBW for both peaks (Table 6.3).

Peak 1 Peak 2

Experiment Model Experiment Model

Magnitude | 5 (0.1 2.1(0.1) | 2.6(0.1 2.5(0.1
BWI (0.1) (0.1) (0.1) (0.1)

Timing 13(3) 17(2) 48 (5) 44.(4)
[% gait cycle]

Table 6.3 Joint contact forces measurements in a patiettt wmplanted instrumented
prosthesis compared to predicted model from a stisjgecific model of the same patient.

The timing between the two dataset was found excglthe two peaks were shifted by
less than 4 %. The computed joint contact forcegWwighly correlated (rho: 0.94 (0.01),
p<0.01), with RMSE of 0.35 (0.05) BW (Figure 6.15).
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Figure 6.15 Regression line - R.inear= 0.939

The knee ligaments forces predicted by the modekhowed in figure below (Figure
6.16). The KCF results revealed a similar patteith the values found in literature (Kia
et al., 2014b; Marra et al., 2014), in particulae imean force generated by the MCL
ligaments of 45 N is directly comparable with thedue found by Marra et al. (2014) of
43 N throughout the walking gait cycle. The MCLdigent has a peak force of 60 N
when the knee is approximately flexed of 60 degreesl it represents the most
considerable contribute. The amount of force gateer by the LCL ligament is very

small and remains under the 10 N during the gaikecy

MCL LCL

—— Model
==== Marraetal. 2015

0 —

0 20 40 60 80 100 0 20 40 60 80 100

Gait Cycle (%)
Figure 6.16 —Ligaments Forcesstimated by the model compared with

the results of Marra et al. (2015)

The length of the knee ligaments was calculatéterpreoperative position finding 90.5
mm and 59.4 mm for the MCL and LCL, respectivelieTlength in the postoperative

position was 97.3 mm (+8% longer than preoperdéaungth) and 60.4 mm (+2% longer
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than preoperative length). The gap between the f@mot and the tibial cut in the neutral
postoperative position, considered as the thickakE®e prosthetic implant, was 26 mm.

The sensitivity analysis is showed in the figureg(ife 6.17), for each surgical
variable the maximum elongation value during thi ggcle is reported for each gap-
orientation parameter. The colour of the heat mhjghlights visually when the
elongation exceeded the 10% of the preoperativgtien

The results showed that the collateral knee ligasare sensitive to the femur
varus-valgus parameters. The MCL ligament is rather and increasing the gap more
than 26 mm extends the fibre up to 12% of the peeadpre length. The LCL ligament
seems to be less affected by this parameter edigdoravalues of the gap above 26 mm,
the maximum elongation value is 9 % and it coulddzehed setting a gap of 28 mm and
3 degrees of varus angle. Similar results were dofon tibia varus-valgus parameter
where the MCL stretches up to 13 % having 3° ofjualangle. The LCL ligaments
preserves the same preoperative length, exceptléoger gap and a 3° of varus angle.

Femur Varus-Valgus +10 %

LCL MCL
18
20
95,

24
26

~
28 T m
-3 -1 0 1 2 3

Femur Varus-Valgus (deg)

gap (mm)

+5 %

Femur-Tibia

-3 -2 -1 o 1 2 3

0%

Tibia Varus-Valgus

LCL MCL

18[

20
10 .
=S E i
.Iézz | 5%
22 24

o0
% 2 |

28

3 -2-1 0 1 2 3 3 -2-1 0 1 2 3

Tibia Varus-Valgus (deg)
-10 %

Figure 6.17—The figure shows the results of the Femur and hiais-valgus parameters. The
yellow point represents the postoperative liganitancing imposed by surgery. The yellow dot
represents the real outcome of the surgery

The collateral knee ligaments seem to be lesstsens$o the tibial slope and femoral
rotation parameters. The ligaments reach valuesrizethe 10% of the initial length only

for the MCL if a gap of 28 mm is set in the pre@tee planning. However, the two
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orientation parameters reveal that lower valuethefgap might balance the ligaments
more appropriately considering the preoperativetteng

The tibia posterior slope and the femur externttion seems to have a minor
impact on the postoperative length consideringdimge of variation (Figure 6.18), that
reach critic values only in the posterior slopetfee MCL when the gap is 28 mm. The
ligaments balancing appeared to be correct inséiesion not exceeding the 10 % of the
initial length, the maximum value found was 6 %tfoe MCL considering the 3 degrees

of natural tibial slope.

Tibia Posterior Slope +10%
LEL MCL
18
- 1A

22 N=)
24 s » +5 %

- L

3 -4 -5 -3 -4 -5

Femur-Tibia
gap (mm)

Tibia Posterior Slope (deg)

Femur External Rotation
LEL MCL

22
24

26
28
o 1 2 3 4 5 6 o 1 2 3 4 5 6
-10 %

Femur External Rotation (deg)

Femur-Tibia
gap (mm)

: .

Figure 6.18—The figure shows the results of the Femur ExteRwthtion and Tibia Posterior
Slope parameters. The yellow point represents tistoperative ligament balancing imposed by surgery.
The yellow dot represents the real outcome of tingesy

The results showed a different postoperative outcamthe patient of the Medacta
dataset, in which the simulation was performed mag the elongation of the ligaments
using two different prosthetic implant (Figure 6.4:9d 6.20). The posterior stabilized
implant (PS) assures a great stability to the jprmaviding a pivot between the knee
condyles whilst the Sphere model ensures a laeggyer of motion and stability through
a total congruency between the medial compartmenhtss difference has been
extensively outlined in the Chapters 4 and 5. Tineeksoft tissue balancing appeared to
be noticeably incorrect in both prosthetic modelssidering the sensitivity analysis of
the four surgical variables. The LCL seemed tohgeligament with a major elongation
(8 % with PS and 7% with Sphere) throughout thé gaile.
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Figure 6.20— Patient with Sphere Implant

To perform this sensitivity analysis on a differgmatient of the Medacta dataset, we
applied the motion calculated on the experimenttd tieken form literature (Fregly et
al., 2012). This might affect the accuracy of thépot since the specific pathologic
condition of the patient's knee can change drarabyidhe gait pattern (Baan et al.,
2012). However, in this study the knee was modelkdne degree of freedom, therefore

the knee rotation is defined by the range of maiidhe sagittal plane. It can conceivably
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said that this factor doesn't influence dramatic#itle output of the model in terms of
elongation of the ligaments under/over the 10%hefinitial length.
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6.5 Discussion

The first goal of this study was to develop a scbgpecific musculoskeletal modelling
framework to compute the soft tissue balancingkiR patients. The soft tissue balancing
predictions have been performed through a sersitamalysis of the preoperative
planning parameters throughout a full normal walkmmait cycle. These parameters
determine the position of the artificial componeatsthe TKR, defining the relative

position of the tibia with respect to the femur ammhsequently the length of the knee

ligaments after the surgery.

A recent study conducted by Walker et al. (2014)aaadaveric leg implanted with an
instrumented prosthesis, have demonstrated thaprdwperative planning parameters
have a huge impact in the definition of the kneet $isSue balancing, affecting
considerably the stiffness of the knee joint. Fstance, our results agree with this study
confirming that the frontal varus-valgus orientatisrone of the most critical variables
that might overstress the tension of the ligamexftsr the surgery. The sensitivity
analysis revealed that femur and tibial varus \alguentation stretched the ligaments
beyond the 10% of their preoperative length angl tis widely demonstrated in literature
(Heesterbeek et al., 2009), may cause a premailiregfof the procedure due to a limited

range of motion, joint pain, or the wearing of firesthetic implant.

The methodology suggested in this study allowedaeiyg through an intuitive
heat map (Figure 6.15) the balancing of the ligasmemce the desired preoperative
planning parameters have been set. This tool isthas a warning threshold which can
be described as the maximum acceptable elongatitredigaments before irreversible
structural damage might occur. The value of thisghold has been extensively described
in the Chapter 2 and its value is the 10% of tleperative length.

The level of agreement of our results showed i@ KR surgery in the analysed
subject didn’t take into account wisely the sofistie balancing, not preserving the
preoperative length of the knee ligaments (+8 % Mé&id +2% LCL, postoperatively).
The sensitivity analysis showed that to achievejptimal balancing, the gap between
femoral and tibial cuts needs to be smaller, apdtientation of the varus-valgus frontal
plane might be more varus to decrease the lengtedfICL ligament.

Based on our knowledge in the literature no othiadies have performed a
sensitivity analysis of the preoperative planniaggmeters to predict the knee soft tissue

balancing during a dynamic activity such as norwelking.
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The creation of the musculoskeletal modelling freuoik is based on subject
specific CT and MRI data, motion capture, and fala& as input to the inverse kinematic
and dynamic OpenSim tool to predict the knee jagattion forces. The validation of the
model was accomplished using timevivo knee joint reaction forces provided by the
“third knee grand challenge competition” (Fregly adt, 2012) along with the data
described previously. Several studies have valilatesculoskeletal models using
vivo contact forces dataset (Guess et al., 2010; Ndj,e2012; Shelburne et al., 2005):
the proposed solutions, however, often adopted fogleapproaches or criteria for
tuning the model parameters that, specifically agrat optimizing the comparison with
the experimental data, turned out to be difficoltéproduce and be adopted by others as
generic modelling frameworks. Therefore, sinceuvialéation of the model was not the
primary goal of this study, we adopted simplifieginfjs model and reproducible
procedures for subject specific musculoskeletal iodebased on freely available tools
and on a limited number of operator dependent elsoior the identification of critical
model parameters; a least squares fitting Matlaiptsfitted known geometries to the
anatomical sites to define univocally the joint ;xthe muscles and knee ligaments
origins and insertions were calculated adopting epeatable affine registration
methodology previously validated and described hajier 3.

Manal et al. (2014) predicted the KCF on the saatasit using an EMG driven
model that allowed a tuning of the muscle paramsefeunding a difference of 0.01 BW
in the loading peaks and arfR®.92. The primary scope of the Manal's work was the
validation of the KCF to participate to the chafienthus the knee joint was modelled
with a two contact point knee model (Winby et 2D09) that allowed the estimation of
the medial and lateral knee forces. Although is #tudy the validation of the KCF was
not a primary objective, however the validity of tantact forces was necessary to have
a reliable framework to perform the sensitivity lgse on the ligaments. The knee joint
was modelled as an hinge joint that allowed to igteslith excellent accuracy the total
KCF, with a difference of 0.1 BW of the loading geawith a Pearson’s coefficient (rho:
0.94 (0.01), p<0.01) and a regression coefficiBAt=(0.939) that described satisfactorily
the overall trends of the curves confirming theikinty in shape and magnitude (Figure
6.13).

The prediction of muscle forces represents a ahngilhg task because of the
redundant nature of the human neural control irctvkiie number of muscle is generally

bigger than the joints degrees of freedom. Manylistihave proposed optimization
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theories to solve the distribution problem and sateuthe loading conditions. Static
optimization is usually employed to solve the imdetinate problem of equilibrating the
intersegmental joint loads using a number of aorgathat exceeds the joint degree of
freedom (Modenese et al., 2013). Martelli et aD1®) have proposed an alternative
stochastic modelling through which the muscle fsercan be selected from a space of
muscle recruitment strategies that produce stalofiom and variable muscle and joint
forces. Individual muscle forces were calculatedimizing the sum of squared muscle
activations, which is equivalent to minimize metiabexpenditure (Anderson and Pandy
2001). To enhance this technique other studiesr@etral., 2014; Thelen et al., 2014)
introduced a weighting factor in the objective fuioe for the muscle recruitment
problem. Manal et al. (2014) used an EMG driven ehddat aimed to minimize the
difference between the knee moment estimated byntbeel and the knee moment
computed by the inverse kinematics.

The muscle activations were not evaluated in ttudys but their validity might
be indirectly estimated through the evaluationhef knee contact forces that represent a
direct result. Also, the common practise to evaualé muscle activations and the muscle
forces using the surface electromyography (EM@eisatable considering that the force
developed by the muscle and the EMG signal aredifferent phenomena governed by
complex mechanism during dynamic activities (Shizal.e2011).

The KCFs are the direct results of the muscle foexing on the knee joint that
were calculated using the static optimization athar. Hence, it can be hypothesized
that the differences between the model and therempetal results might be due the
adopted objective function, which was not represtére of the compensatory strategy
enrolled by the patient. In fact, examining the&kkeematics and the videos of the gait
trials, it was noticed that the subject had theaijgel leg rather rigid throughout the gait.
This is confirmed by the fact that the subject apphed the force plate with a completely
extended knee joint (0°), while the normal popolatusually have 10° of flexion in the

same period (Figure 6.20).
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Figure 6.21—The figure shows the knee joint kinematics of thdehcompared with the
healthy subjects. Our model detects accuratelktiee angle in the heel-strike phase, as showdtkin t
picture taken during the trial in the gait laborayo

Thus, the subject during the gait cycle might hawneolled a compensatory
strategy aiming to maximize the stability of theemgied leg. Many studied have
demonstrated that the knee proprioception decreafted a surgery in the knee joint
(Bennell et al., 2003; Corrigan et al., 1992; Knaapal., 2011; Lephart et al., 1998),
causing defects in sensory information that legtiedpatients to develop compensatory
pathways mechanisms. Kim et al. (2009) made theesemmclusions in their study
confirming that the errors between the model andktiee contact experimental data were
mostly due to the objective function of the stajtimization that was not representative
of the recruitment strategy for task performedhey patientn vivo. Further studies will
investigate if more appropriate objective functioay improve the prediction of the knee
joint reaction forces.

The prediction of the knee ligaments forces wasiobt by the model for the
normal walking trial. The overall predicted foraesmpared qualitatively well with other
values found in the literature. The MCL force mealue @7 N) were found to be similar
with the values of Marra et al. (20188(N), the Kia et al. (Kia et al., 2014a) work showed
the same pattern even though with higher peak v@0@ N. Also, Kia et al. (2014)
showed a similar pattern and mean value between BI@LL CL, on the other hand our
model showed that the contribution of the LCL issleghe 20 N, in agreement with the
literature. Controversially, Thelen et al. (201%pwed that the LCL mean force was
higher than the MCL contribution overall the gaitie. The study conducted by Morrison
(Morrison, 1970) demonstrated that the forces & kimee ligament may changes
dramatically between different subject due to {ectfic gait, origins and insertions, and
shape of the bones that defines the wrapping ansithtial geometry. This study included

a subject specific characterization of the anatahycoperties of the knee ligaments,
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validating the findings with the use of MRI imag#sost of the studies employed a
scaling of generic musculoskeletal and ligament geoes to the subject to run the
simulations (Kia et al., 2014a; Marra et al., 20T#glen et al., 2014). Although this
approach is largely used because it avoids cumimersond tedious tasks for creating
subject specific models, it may be a source ofremrexamining the ligaments behaviour
given their high specificity among different sulig@natomy.

There are several limitations to consider in thiglg that are worth to discuss.
Although, Marra et al. (2015) have demonstrated tthere were no differences in knee
contact forces using a simple hinge joint or a tsmtuwith more degree of freedom for
modelling the knee joint, we believe that our m&lgrediction could enhance
employing a more sophisticated modelling of theektieat could change the muscular
activations. Another limitation is represented gdinms type of experimental data that are
representative of a very small cohort of patiemis & the limited number of prosthetic
models under specific conditions.

In this chapter the sensitivity analysis was penked varying the surgical
variables one at the time, the analysis of the dugiiained by changing multiple
parameters at the same time has not been inclddeslis a fundamental step to have
clinical relevance in the preoperative planningaict the surgeon routinely change more
than one parameter at the time to place the pridsingplant on the patient. This matter
has to be extensively examined in further studies.

This study demonstrated the potential of the suHgpecific computational
models to help the surgeon during the preoperaliarening set up to perform a correct
knee soft tissue balancing. Further improvementkisfmodelling approach, may aim to
the creation of a subject specific lifestyle simotathat could disrupt the vision of
undergoing to orthopaedic surgery, performed a® dar joint osteoarthritis. This
simulator would predict the postoperative outcometled TKR surgery exploring
different prosthetic implants that could match #pecific lifestyle activities of the
patient. The subject specific model will assist $hiegeon in choosing the implants that
will assure the best performance for a selectddaad to perform a personalized surgical
procedure based on the specific patient charatteriheir most frequent activities are
analysed using highly personalized computationafleteoand the surgeon is provided
with a set of parameters that help him in planrtimg best intervention to maintain or

restore full function.
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‘Chapter 7

Conclusions

7.1 Summary

The dissertation attempted to address a spec#feareh question that stems from
the clinical need of having a prediction of the &rssft tissue balancing as part of the
TKR preoperative planning framework (Figure 7.8tthllow to produce subject specific
cutting guides.

The procedure developed in this dissertation wdl ddded in the industrial
preoperative planning tool callddlyKne&® (Medacta International SA, Switzerland). In
particular, this study is composed by the develagnoé different knee joint models of
gradual complexity that estimated the postoperateregth of the collateral knee
ligaments (LCL and MCL). In the course of this stutdhas been demonstrated that the
subject specific static model of the TKR knee jopmedicted significantly similar outputs
compared with the quasi-static models which areememmplex and computationally
heavier. In addition, the dynamic model developedhapter 6, allowed to estimate the
postoperative length of the ligaments using a sitgpecific MSK model of the lower
limb during a dynamic task such as walking.

Throughout the dissertation, the models were etdllay their ability to predict
the elongation of the ligaments after a TKR surgeatiowing to understand how the
position of the prosthetic implant might affect theee soft tissue. Unlike the current
methodology used in the preoperative planning fiaamk to manufacture disposable
cutting guides, the balancing of the ligaments banexamined according with the
preoperative parameters set by the surgeon. Iniaddio make the feedback more
intuitive and readable, the length of the ligamemés showed using a colour scale that
reflects the percentage of elongation with respedhe preoperative length. The red
colour warns the surgeon that the ligament is &, twhereas the white colour means
the preoperative length has been preserved. Theinvgathreshold used to create the

colour scale is based on the 10 % of the preoper&ngth.



Extension Flexion

Figure 7.1—-Optimized TKR surgermyrocedure that shows preoperatively the
elongation of the ligaments after the surgery

A methodology to accurately estimate the knee ligats origin and insertion,
starting from a reproducible and repeatable lan#mlaud virtually palpated on CT scan,
has been developed and validated thorough a cosopawith the same estimations
calculated from MRI, which can be considered adialsle reference (Taylor et al., 2013).
This procedure was essential to estimate the pratwpe length from CT scan images,
which typically are the only patient’'s data avaiéatio perform a subject specific
preoperative planning. The preoperative lengthdsuaial parameter in this study since
it represents one of the inputs of the models;hgorbbustness of this procedure was
proved by the sensitivity analysis in chapter 4icllshowed an absence of variation in
the models’ output changing the ligaments origid arsertion position within a range
imposed by the SD provided by the procedure (Asetal., 2015).

A subject specific static models of the knee hagenbcreated to estimate the
postoperative length of the sMCL and LCL of TKRipats in two static positions:
extension (0°) and flexion (90 ©°). The results lvé study revealed that the models
predicted accurately the postoperative length, nrga@ompared the findings with the
same results obtained using MRI images. The reshtig/ed that the preoperative length
was not preserved after the TKR due to the newtipasof the femur and tibia.
Nevertheless, all the estimated postoperative elbmgs were below the warning
threshold, implying that the ligaments should nadergo irreversible structural damages
due to the postoperative overstretching.

Subject specific quasi-static models have beenldped, using the same dataset,
to investigate if the forces produced by the cantmtween the bodies and different
anatomical structures (ligaments, tendons, and lesjsanight affect significantly the

prediction of the model compared with the static efedoutputs. The results showed
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that there are not significant differences betwé#®n static and quasi-static models’
output, not even when in the quasi-static modelvase positions were added (30° and
60°), and a sensitivity analysis has been perfortnedvestigate how different level of
muscle excitation might affect significantly thetput of the model.

The final study in this dissertation developed @& mneethodology to compute the
knee soft tissue balancing during a dynamic physicivity such as walking. The study
was inspired by the availability of experimental vivo KFC data from the “Grand
Challenge Competition to Predict In Vivo Knee Ldaffegly et al., 2012). A subject
specific dynamic MSK of the lower limb was created validated using experimental
data, the collateral lateral knee ligaments werdeddto the model to observe the
postoperative trend over the gait cycle. In paléiGla sensitivity analysis was performed
varying each preoperative planning parameters.résdts were represented through the
use of heat maps that showed the maximum elongatfitite ligaments throughout the
gait cycles (Figure 6.11). The heat maps intuitivedvealed for each preoperative
planning parameters, where the ligaments had amgatmn beyond the 10% of the
preoperative length, helping to choose the corvatites to ensure an appropriate soft

tissue balance.

7.2 Novelty and Utility of the Work

TKR surgery is currently the most popular treatnfentthe deterioration of the
knee cartilage, which affects more than 600.000 lgeper year in USA (Bozic et al.,
2010). Despite the improvements carried out by shegical procedure and the
availability of intraoperative medical devices, ab60.000 patients undergo to a revision
surgery every year and more than 40 % have a lihlite-style in terms of physical
activities (Mannion et al., 2009). The reasonsheffailure lies in the surgical procedure
that primary benefits the alignment of the bone® et al., 2004); the reduction of the
number of revision surgeries and the return tocegtable life-style revolve mostly on
the correct balance of the soft tissues wrappinditiee (Asano et al., 2004). Among the
different surgical procedures the pre-operativebnpked, custom-made cutting guides
were introduced in the market few years ago, tes technology is considered the most
promising because it can tailor the surgical insgaotation using the specific anatomy of
the patient (Hafez et al., 2006). However, thispdure does not include any information

about how a given position of the femur and tibighminfluence the ligaments. For this
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reason, a subject specific predictive model of khee joint was successfully used to
investigate the balancing of the knee soft tissuthimv the preoperative planning

framework that allow the manufacturing of customdmautting guides (Figure 7.2).

Preoperative Planning | Manufacturing Process | Surgery

‘on— ,
Mechanical Axis |
Alignement ;

Artificial

Custom Made

———
) Cutting Guides Components
Knee Soft Tissue Placement
Balancing
———

Figure 7.2—Optimized TKR surgemrocedure that employs paperatively
planned, custom-made cutting guides

The last model developed in this study represergesaible future application
that aim to personalize the surgery considering #ige physical activity the patient is
likely to return after the operation.

The potential of this new optimized TKR procedurggim improve the current
surgeon’s criteria that are entirely based on his experience. The use of TKR subject
specific computational models might introduce statigaocedures to select the most
correct values of the preplanning parameters imctudiso an optimal soft tissue balance
along with the mechanical alignment (Figure 7.2).

Throughout the years, the industrial and cliniedévance gained by the TKR
surgery pushed the research community to prodlaega amount of work dedicated to
this subject. Although the computational modellofgthe TKR knee has been largely
studied to answer many research questions, hovievhe best of my knowledge there
are no studies or freely available tools in litaratthat allow the estimate of postoperative

length of the knee ligaments after TKR surgerytstgrfrom CT scan images.
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7.3 Limitations

The studies conducted in this dissertation hadraglimitations that have been

extensively tackled through the chapters.

The main limitation is that the output of the madetvolves entirely on the
preoperative length of the knee ligaments, whick alatained from CT scan images and
validated using MRI images. The preoperative lergjtthe knee ligaments, following
the Blankevoort et al. (1991) terminology, was dedi as the length of the knee ligaments
when the leg is in the reference position (fullyezxded). The dataset available for this
dissertation did not allow to investigate the positof the patient during the CT scan,
thus the procedure developed in this study assunatdhe patients were in the reference
position. Although it has been demonstrated thatntlodels’ output is not significantly
sensitive to the changing of the preoperative lengowever the accuracy of this
parameter is still a problem that has to be addressfuturein vivo studies.

A second limitation is that the collateral ligamern.CL and MCL) were
represented as a one bundle fibre. Although theettind of the knee ligaments usiag
high number of bundles is frequently adopted irditure, the identification of multiple
bundles using CT scan images, where they are sittl&j might have introduced more
noise than information in the simulations. Also, tfsgective of this study was to estimate
a parameter that described intuitively the overatlponse of the ligament rather than
focusing on different bundles behaviour (Berganeinal., 2011; Hosseini et al., 2014,
Liu et al., 2011).

Although a preferred outcome after a TKR surgeryhis restoration of the
preoperative length of the knee ligaments, the noahg of the ligaments in this
methodology was considered acceptable as the lengtle ligaments did not exceed the
10 % of the preoperative length. This assumptiemstfrom the findings of the medical
literature, it has been demonstrated that an exeesgretching of the ligaments after
TKR is the leading factor to revision surgery doehte wear of the plastic tibial insert, a
limited range of motion, joint stiffness and paitevertheless, the laxity of the ligaments
after the operation is certainly an issue that a¢ede taken into account to achieve an
optimal ligaments balancing, even though Kusteale{2004) have demonstrated that
TKR patients were more satisfied with a laxer krellwing for a bigger range of

movement and absence of pain.

181



Another limitation is represented by the use ofnraals dataset that might be
representative of a very small cohort of patiemd #he absence of a clinical follow-up
that might have validated our results. Future sgteative or prospective studies will

confirm the accuracy of this methodology.

7.4 Future Work

The models developed could be improved by solvimges of the limitations
described throughout the dissertation.

The static models have proven to estimate correlcdypostoperative length of
the collateral knee ligaments, for this reasonilitlve further engineered and included in
an industrial preoperative planning software. #stfistudy, with a selected group of
surgeons, will assess the feasibility and the amgyuof the procedure performing the
current available preoperative planning procedune #he optimized preoperative
planning on the same patient. The surgery will befggmed following the available
planning, however the surgery’s outcome and thaaperative surgeon’s feedback will
confirm if the optimized procedure would have be®re accurate. A second study, with
the same group of surgeon’s, will start using tpeinoized preoperative planning to
perform the surgery to observe if there is a radnatf the intraoperative complications
such as ligaments resection, re-cut of the borreshange of the implant size. Also the
overall patients’ satisfaction is a crucial asp#wt needs to be assessed after the
operation. A statistical analysis on a large colairtTKR patients will assess the
improvements compared with the current availabéoperative planned TKR surgery.
Moreover, throughout this validation process, thaigans’ feedback will allow to
further improve the methodology and the user iat®f leading step by step to a stable
version that can be implemented in the final redeas

The dynamic model developed in chapter 6 mightesgmt the core for a new
technology for TKR surgery, tha can be called “Opthedic Lifestyle Simulator” (OLS).
The OLS is a surgical planning software that calp ltke surgeon to optimize the
balancing of soft tissue, forecasting the typetofgical activities that the patient is likely
to return after the operation. Demand for bettescuioskeletal health services drives
R&D departments of major companies to invest magsimenew product development
to account for the demand of these younger patiémtswhom generally a joint

replacement is not recommended. This frequentljepmed surgery is currently based

182



on surgeons’ subjectivity even when a personalpedperative planning is performed.
The OLS disrupts the vision of undergoing to ordeqglic surgery predicting the
postoperative outcome in terms of personalizedslijge activities. Using only a set of
medical images (CT or MRI), a patient specific thdemensional model of the patient is
created to assess the physical performance aftesutigery. The breakthrough of this
idea is the concept of tailoring the surgical prhoe to the anatomy, but also the life
style expectations of each patient, the surgedrseliéct the prosthetic implants that will
assure the best performance for a selected taskb#iang to the specific patient’s

lifestyle.
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