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Abstract

The shape of the hip joint components has a crucial role in the loading
distribution and functionality of the hip joint. Hip joint pathologies commonly
diagnosed on adults, such as femoroacetabular impingement (FAI) and
developmental dysplasia of the hip (DDH) are characterized by abnormalities in
the morphology of the pelvic or/and femoral bone. Surgical procedures focus
on restoring the mobility or slowing the degenerative process of cartilage
damage by reorienting the acetabulum or removing abnormalities from the
acetabulum and/or the femur. However, in a number of cases damage appears in
a different location or symptoms do not disappear. This suggests that the shape
of the articular surfaces of the hip joint is affected by the hip joint pathologies.

To investigate this, anatomical angles of the hip joint were measured, finite
element models were constructed, and a sphericity analysis of the femoral head
and acetabulum surface was performed on thirty hip joints, 10 with cam-type
impingemen, 10 with DDH and 10 normal hips. Radiographic parameters were
taken from CT scan data, finite element models were used to obtain hip joint
contact areas and contact pressures from a one-leg-standing loading condition,
and, regarding sphericity, acetabulum and femoral head surface sphericity was
assessed using quantitative and visualization methods.

It was found that the femoral head was more spherical than the acetabulum
in all subjects. However, the sphericity percetage of the acetabulum and femoral
head from the DDH and FAI group was lower than the normal hip joint group.
Furthermore, DDH and FAI group had similar values on the sphericity of the
acetabulum and femoral head. We believe that the abnormal morphology of the
pelvic bone and femur found in DDH and FAI subjects affects the shape of the

hips, and this leads to damage on the articular surface or acetabular rim.

19



Declaration

No portion of the work referred to in the thesis has been submitted in support of an application

for another degree or qualification of this or any other university or other institute of learning.

Copyright

1. The author of this thesis (including any appendices and/or schedules to this thesis)
owns certain copyright or related rights in it (the “Copyright”) and he has given The
University of Manchester certain rights to use such Copyright, including for

administrative purposes.

2. Copies of this thesis, either in full or in extracts and whether in hard or electronic copy,
may be made only in accordance with the Copyright, Designs and Patents Act 1988
(as amended) and regulations issued under it or, where appropriate, in accordance with
licensing agreements which the University has from time to time. This page must form

part of any such copies made.

3. The ownership of certain Copyright, patents, designs, trade marks and other intellectual
property (the “Intellectual Property”) and any reproductions of copyright works in the
thesis, for example graphs and tables (“Reproductions”), which may be described in
this the sis, may not be owned by the author and may be owned by third parties. Such
Intellectual Property and Reproductions cannot and must not be made available for
use without the prior written permission of the owner(s) of the relevant Intellectual

Property and/or Reproductions.

4. Further information on the conditions under which disclosure, publication and
commercialisation of this thesis, the Copyright and any Intellectual Property
University IP Policy (see
http://documents.manchester.ac.uk/display.aspx?DoclD=24420), in any relevant
Thesis restriction declarations deposited in the University Library, The University
Library’s regulations (see http://www.library.manchester.ac.uk/about/regulations/)

and in The University’s policy on Presentation of Theses.

20



Acknowledgements

I want to express my greatest gratitude to my supervisors Professor Teresa Alonso and
Professor Colin Bailey for their guidance, support and, particularly, their patience. Their
experience was very helpful in the development of the research. Thank you for giving me

the opportunity to be part of your team.

My deepest thanks to my advisor Dr Alan Walmsley for all his academic and personal

support during my research. His encouragements and advices were always precise.
I would like to thank Prof Tim Board for his guidnce and constructive comments.

My greatest gratitude to the Mexican National Council of Science and Technology

(CONACYyT) for the financial support provided for my postgraduate studies.
Many thanks to my family for their heart-warming support and unconditional love.

Thanks to all the great friends I met at the bioengineering department and friends I made

during my studies. Thank you for your support and good times.

21



Chapter 1

Introduction

1.1 Overview

In human anatomy, a joint is the connection between two or more bones in the body that
allows different types and range of movements. Joints can be can be classified depending on
their function and structure. The hip joint is a synovial joint, this type of joints allow a large

range of motion, are self-lubricating and can support heavy loadings.

There are several factors that can lead to the abnormal function of the joints, such as
congenital deformities, abnormalities acquired by growth, extreme physical activities, and
injuries. Other factors can be diseases, such as osteoporosis and osteopenia, which affect the

bone mineral density.

In young adults, Femoroacetabular Impingement (FAI) and Developmental Dysplasia of
the Hip (DDH) are the two most common diagnosed diseases that affect the hip joint, and if
left unthreatened both can lead to early osteoarthritis. FAI occurs due to irregular
morphology of the proximal femur and/or acetabulum, repetitive contact on this
abnormalities by extremes of motion produces can cause damage to chondrolabral junction,
leading to permanent degenerative changes. DDH is caused by an abnormal development of
the femoral and acetabulum, the main characteristic of DDH is the undercoverage of the
femoral head due to a shallow acetabulum or a mal-oriented acetabulum. Insufficient

acetabular coverage is associated to small contact area between the acetabulum and femoral
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head producing abnormal high contact pressures. It is believed that prolonged abnormal

high pressures damages the articular surface of the hip joint.

To prevent complications related to these diseases, like osteoarthritis, or to avoid very
invasive treatments, it is imperative to have an early diagnosis and appropriate treatment.
Surgical treatments focus on restructuring the shape of the hip joint bones to allow the
proper functioning of the joint, however symptoms develop again or a new lesion appears in
a different location of the hip joint soft tissue. Moreover, surgeons do not take into account
the topology of the articular area of the hip when planing the surgical intervention as they
assume that removing/modifying the bone abnormality is the “cure” of pathomechanical

diseases.

1.2 Research background

Despite the fact that it has been suggested from previous work that random “bumps” on the
articular surfaces of the femoral head and acetabulum create high contact pressure [1], and
that using a “Natural” shape rather than a spherical shape of the acetabulum and femoral head
articular geometries give more realistic results when predicting contact stresses between the
acetabulum and femoral head [2—4], the morphological structure of the hip joint articular

components have been little investigated.

Sankar et al. [S] quantified the “Sphericity” of the femoral head in 37 hip joints from
walking aged children suffering of DDH. Sankar et al. created a femoral head “Sphericity”
score based on the largest difference between 4 radii measured from the centre of the femoral
head to the edge. Gu et al[6] created a method using reverse engineering, surface-fitting
algorithms and curve surface theory to create a mathematical representation of the acetabular
cartilage. Gu et al. concluded that the shape of the acetabular cartilage surface is a rotational

ellipsoid, rather than a simple sphere.
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1.3 Objectives and methodology

The aim of this research is to investigate the effect of pathological conditions (Dysplasia of
the hip and femoroacetabular impingement) on the sphericity of the articular surfaces of the
femoral head and acetabulum. To investigate this, the contact area and contact pressure of the
hip joint during one-leg-standing was calculated using finite element models, and later related
to landmarks to diagnose pathological hip joints, and finally it was related to the “Sphericity”
of the hip joint articular components. The research project was undertaken in collaboration

with Wrightington Hospital, UK. All patient information was provided by the hospital.

The following section presents the structure and content in this thesis: Chapter 2
describes the anatomical structure and function of the human hip joint. This chapter gives a
description of the different structures and tissues that form the hip joint. Descriptions of
bone and cartilage mechanical behaviour and material characteristics are also include. In
addition, this chapter gives a description of anatomical planes and hip joint movements. The
purpose of this chapter is to become familiar with medical terminology, anatomy and

biomechanics regarding to the hip joint.

Chapter 3 presents the aetiology, diagnosis and treatments of two major pathologies
presented on adults, Femoroacetabular Impingement and Dysplasia of the hip. In addition, a
review of the latest and relevant research work regarding the effect of the femoral head and
acetabular articular surfaces “Sphericity” on the biomechanics of the hip joints and its
relationship with hip joint pathological conditions is presented. In this research the
structural morphology of the articular surfaces of the femoral head and acetabulum is called

“Sphericity”.

Chapter 4 describes the methodology used to create subject-specific geometries from
Computed Tomography (CT) scans using ScanIP® and, the creation of assembly of the
Finite Element model on Abaqus/CAE®. This chapter also describes mechanical properties,
mesh properties, and loading, boudanry and contact conditions defined to perform the finite
element analysis. In addition, a description of the finite element models validation and mesh

sensitivity analysis is presented.

Chapter 5, presents the procedure to assess the “Sphericity” on the femoral head and

acetabulum surfaces, and describes the method to create a visualization of asphericity of the
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femoral head and acetabulum surface. Additionally, this chapter describes typical
characteristics of the normal hip joint group, by relating geometrical features, “Sphericity”,

and the contact between the acetabulum and femoral head on normal hip joints.

Chapter 6, using the same methodology described on chapter 5, this chapter describes
typical anthropometric, “Sphericity” and contact characteristics on subjects suffering of

dysplasia of the hip and hips suffering from cam-type femoroacetabular impingement.

Chapter 7, presents the conclusions of the qualitative/quantitative analysis performed on

the hip joint groups.

1.3.1 Design of study diagram

The flow chart in Figure 1.1 illustrates the sequence of activities and analysis performed in
this investigation. 30 hips joints (10 normal, 10 dysplastic and 10 with cam-type
impingement) were used for this analysis. X-rays and computer tomographies (CT) data
were used to measure anatomical features of the pelvic bone and to build computer
geometries of the hip joint. From frontal plane x-rays anatomical angles related to
pathological conditions of the hip were measured. Computer models of the hip joints were
used for “Sphericity” and finite element analysis. Results were analysed to obtain typical
values from each hip joint group. Finally, representative characteristics of each group were

compared and conclusions were obtained.
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Figure 1.1
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Chapter 2

Anatomy and Biomechanics of the Hip

Joint

This chapter describes the anatomy, structure and function of the hip joint with purpose of
providing the medical terminology and bio mechanics of the hip joint related to this
investigation. Also, a description of the mechanical behaviour and mechanical

characteristics of bone and cartilage is included.

2.1 Introduction

The human body is the physical structure and material substance of a human being. The
musculoskeletal system is the organ that gives the human body the ability to perform different
motions throughout our daily activities. That is, the purpose of the skeletal system is to
provide weight bearing support, protect internal organs and facilitate muscle action. The
skeletal system is composed by bones, cartilage and ligaments and it accounts approximately

20% of body mass.[7-12]

The hip joint, also known as coxo-femoral joint, is the largest and most stable joint in
the body. It allows the movement and force transmission between the torso and the lower
extremities. Therefore, it is indispensable for weight transmission of the body during human
motion. Ligaments and muscles in the joint help to support body weight and provides the hip

joint different movements such as walking and running. Alterations to the hip can produce
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abnormal stress distribution in the hip joint cartilage and bone leading to cartilage damage

and arthritis. [10, 12—14]

2.2 Hip Joint Anatomy

The hip joint is formed by the head of the femur and the cupped acetabulum of the pelvis
as illustrated in Figure 2.1. It is located lateral and anterior to the gluteal regions, and also
it is strengthened by the acetabular labrum, muscles and the joint capsule, which contains

lubricating synovial fluid. [9, 11, 15-18]

Pelvic bone

Figure 2.1: Hip joint.

The hip joint has a ball-and-socket configuration. The acetabulum being the concave
surface of the configuration, deepened by the acetabular labrum and the femoral head as the

convex surface forming two-thirds of a sphere.[17-19]

2.2.1 Acetabulum

The acetabulum is the cup-shaped portion of the ball-and-socket hip joint structure, located
on the lateral outer surface of the pelvis. It is formed from the fusion of the ilium, ischium

and pubis bones angling in the anterolateral direction as Figure 2.2 shows.[9, 10]

The acetabular cavity is covered with articular cartilage that is thicker at the edge and

thickest at the top part. It faces diagonally forward, outward and downward. [10]

28



Acetabulum

Acetabular
fossa

Pubis Ischium

Figure 2.2: Lateral view of the pelvis bone (Modified)[20].

The acetabulum has a smaller diameter than the femoral head when the hip joint is not
loaded. The acetabular cavity deforms about the femoral head when the hip joint is subjected

to aload. [9, 10, 19]

A malaligned acetabulum does not cover the femoral head properly, commonly causing
dislocation and osteoarthritis. Geometrical parameters, such as centre-edge angle and
acetabular ante version angle, are used to describe how much coverage the acetabulum
provides to the femoral head. The centre edge angle measures the extent to which the
acetabulum covers the femoral head in the frontal plane, while the acetabular ante version
denotes how much the acetabulum surrounds the femoral head within the horizontal

plane.[10, 18, 21]

2.2.2 Femur

The Femur, or thighbone, is the closest bone to the centre of the body of the lower limb. It
is the largest, heaviest and strongest bone in the human body. The femur bone transmits the
body weight from the pelvis to the upper end of the tibia. It posses a long shaft and two

expanded extremities.

The proximal part of the femur articulates with the pelvis throughout the acetabulum
and it consists of the femoral head, fovea capitis, femoral neck and a greater and lesser

trochanter. Furthermore, the trochanters server as site for muscle attachment and assists

29



with the abduction movement of the hip. Figure 2.3 illustrates the proximal femur anatomy.

[10, 17]

Femoral

head Femoral

neck

Lesser
Greater trochanter
Lesser trochanter
trochanter N
Perictineal
line

(a) Frontal plane of the femur. (b) Sagittal plane.

Figure 2.3: Femur

Long bones of the human have their own descriptive terminology. The femur can be
divided into diaphysis, metaphysis, and epiphysis. On the proximal femur, the metaphysis
consists of the trochanters, femoral neck and the body, and the proximal epiphysis is composed

only by the femoral head. [12]

During childhood, between the diaphysis and epiphysis, there is an epiphyseal plate of
cartilage which is replaced by an epiphyseal line when bone growth is completed on

adulthood. Figure 2.4 illustrates the structure of the femur.[12]

Femoral Head

The femoral head is the ball component of the ball-and-socket configuration of the hip joint.
It faces upwards, medially and forwards. The articular surface is covered by hyaline cartilage
except for a pit presented in the lower centre, called fovea capitis. It is thickest on the medial-
central surface surrounding the fovea, where the ligament teres attaches, and thinnest toward
the edge of the head. In a normal hip joint, the centre of the femoral head coincided with the

centre of the acetabulum.[10, 12, 19]
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Figure 2.4: Structure of the thigh bone.

Femoral Neck

The femoral neck connects the femoral head to the shaft and it is approximately Scm long. In
healthy patients, it forms a 125° angle with the shaft, this angle helps to maintain a congruent
articulation within the hip joint and to keep away the femur from the body. The femoral neck
is, on its posterior surface wide, concave and smooth, while tight and curved in the anterior

surface. [10, 17, 19]

The angular relationship between the femoral neck and the femoral shaft plays an essential
role in the proper function of the hip joint. Abnormal angles shift the alignment between the
acetabulum and the femoral head, altering the hip movements and the impact forces applied

to the joint by the upper body. [19, 21]

2.2.3 Labrum and hip joint capsule

The acetabular labrum is a fibrocartilaginous lip that encircles and deepens the acetabulum.
The acetabular labrum itself is essential for the proper functions of the hip joint, it prevents the
femoral head to dislocate in extremes of motion and is thought to act as a seal to prevent loss
of interstitial fluid. Figure 2.5a illustrates the lateral view of the hip joint opened exposing

the acetabular labrum.[10, 19]
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Figure 2.5: Proximal femur structure

The hip joint is surrounded by the hip capsule which is an important stabiliser of the
joint. It attaches directly to the perimeter of the acetabulum, above the acetabular labrum.
The capsule is made up of longitudinal and circular fibres. Circular fibres form a collar
surrounding the femoral neck, while the longitudinal fibres travel along the neck and carry
blood vessels. Moreover, three ligaments enforce the outer surface of the capsule and serve

to stabilise the hip joint as well. Figure 2.5 illustrates the hip joint capsule.[9, 10, 15, 19]

2.2.4 Hip joint ligaments

Three ligaments are found on the external surface of the hip capsule. These ligaments are
iliofemoral, pubofemoral, ischiofemoral. The iliofemoral ligament lies in the anterior part of
the joint and attaches from the pelvis to the femur. It is a ligament of considerable strength
and allow the human body to maintain posture for large periods of time without muscular
fatigue. The pubofemoral ligament is attached to the pubic bone and merges inferolaterally
with the capsule and the iliofemoral ligament. This ligament prevents the overabduction of
the hip joint. The ischiofemoral is a triangular ligament and attaches on the posterior part

of the acetabulum and to the ischium to the femur. This ligament blends with circular fibres
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of the capsule giving support to the posterior aspect of the hip capsule. Figure 2.6 illustrate

external ligaments of the hip joint. [9, 15, 19]

Pelvis Iliofemoral
ligament
Pu’pofemoral Ischiofemoral
ligament _ ligament
Iliofemoral . A
]\ trochanter
o~ Femur
Femur =——
(a) Femur anterior view (Modified)[23] (b) Femur posterior view(Modified)[23]

Figure 2.6: Ligaments of the hip joint.

Finally, there is the ligament teres which connects the head of the femur to the acetabulum
and it is located inside of the joint. This ligament supports little or no loads, however it serves
as an important conduct to supply blood to the head of the femur. Figure 2.5(b) illustrates a

lateral view of the hip join opened where ligament teres can be seen.[9, 15, 19, 23]

2.2.5 Muscles

Hip Joint muscles are responsible for providing protection to the joint and distinct types of
movement. Additionally, muscles help to stabilise and support the body weight during
locomotion. These muscles enable flexion-extension, abduction-adduction and rotational

movements.[9, 12, 23]

Muscles at the hip joint are divided into anterior, posterior and medial groups. The
iliacus, rectus femoris, Sartorius, Psoas major and pectinous are anterior muscles that
perform flexion movement.  Hip joint extensors muscles are the semitendinosus,
semimembranosus, gluteus maximus and biceps femoris. Abductor muscles include tensor

fascia lata, gluteus maximus, medius and minimus. The hip joint adductor muscles are
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pectineus, gracilis, adductor longus, brevis and magnus. The muscles are gluteus maximus,
obturator internus and externus, piriformis, gemellus superior and inferior, and the

Quadratus femoris.[9, 12, 19, 24]

2.3 Bone tissue

The bone tissue is a calcified and complex connective tissue characterised by its
composition that forms most of the skeletal system. It has a complex structure that grants
the bone the capacity to modify its structure and shape according to the mechanical demand
and location within the skeleton. Furthermore, bone has the essential function to provide

mechanical support to the body and protection for vital organs. [7, 15]

Bone tissue consist of cells, osteocytes, and organic and extracellular fibres and ground
substance. Also, it has a high content of inorganic material in form of mineral salts, which
combine intimately with the organic structure. The inorganic part of the bone gives to the
bone great stiffness and strength. On the other hand, the organic component grants the bone
its flexibility and resistance. Its compositions varies according to body location, function,

dietary, presence of disease, age and sex of the person.[7, 10, 15]

In addition to the protective role and supporting roles, bone serve as a storage for essential
minerals in the body, especially calcium, and proteins. Additionally, most of the water can

be found in the organic matrix around the collagen fibres and ground substance.[10, 15]

There are four type of cells that form the bone tissue: osteogenic cell, osteoblast,
osteocyte and osteoclast. Each cell type is a specialized form of the same basic cell type that

has transformed to its mature or functional form. [9, 10]

Bone tissue configuration allows osteocytes to swiftly detect strain and send signals to
each other facilitating bone remodelling. Thus, bone tissue is considered a dynamic tissue that
has an excellent capacity to repair itself and alter its properties in response to load demand.[7,

10]

At a microscopic level bone forms: Woven and lamellar bone. Woven, or non lamellar

bone, is considered the immature bone and is characterised by the presence of collagen fibres.
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This type of tissue can be found in the embryo, in the new born, fracture callus, growing bone
and in the beginning of the fracture healing process. The other type of osseous tissue, lamellar
bone, is a more mature bone in which the collagen fibres are organised in parallel layers called

lamella.[10]

At a macroscopic level, bone is classified in two types of osseous tissue: Cancellous
(Trabecular) and cortical (Compact). Cortical bone forms the outer shell of the bone, whereas
the trabecular is found within the outer shell of the bone. Both type of tissues are found in
most bones of the human skeletal system. Figure 2.7 illustrates trabecular and cortical bone

in the proximal femur.[7, 10, 15]

Cortical bone

Trabeculae

Trabecular bone

Blood vessels

Figure 2.7: Structure of the bone (Modified)[9].

2.3.1 Cortical bone

Cortical bone tissue has a dense structure and constitute up to 80 percent of the skeleton. It
nearly has no space between its hard components. Also, cortical bone forms the outer shell

of all bones and it withstands the stresses produced by the body movement. [7, 10, 13, 25]
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Figure 2.8: Osteon unit(Modified)[9].

The basic structural unit of the compact bone is the Osteon, also known as Harvesian
system. At the centre of each system there is a small channel called haversian canal which
contains blood vessels and nerve fibres. The osteon consists of concentric mineral layers,
lamellae, surrounding the central canal. Furthermore, along each layer are small cavities

containing osteocytes. Figure 2.8 illustrates the structure of the Osteon. [9, 10, 23]

2.3.2 Trabecular bone

Lateral
system

Figure 2.9: Trabecular system of a normal hip joint.
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Trabecular bone represents the remaining 20 percent of the skeleton but occupies a larges
volume than cortical bone. Trabecular, or cancellous, bone is composed of thin rods, called
trabeculae. The loose trabecular bone helps to dissipate and distribute the energy coming

from loads on the joints during daily activities.[7, 10, 13]

The main difference against cortical bone, is that trabecular bone is a more porous than
cortical bone structure. Trabeculae are oriented precisely along load lines, this feature permits

the bone to resist and transfer loads without breaking, as illustrated in Figure 2.9. [7, 10, 13]

2.3.3 Mechanical behaviour of bone tissue

Bone tissue most important characteristics are stiffness, flexibility and toughness. Bone can
be described as a two-phase composite material, composed by inorganic and organic
materials. The inorganic phase provides to the bone hardness and stiffness, while the
organic phase, constituted by collagen and ground substance, provides its flexibility and

toughness.[10-12]

Even though cortical and trabecular bone are formed from the same material they present
different mechanical behaviour, mainly because they differ in their porosity. Cortical bone
due to its compact property it is stiffer and supports higher stresses than trabecular bone,
but exhibits lower strain before failure. In the other hand, trabecular bone is more flexible,

yielding up to 50% before yielding. [7, 10, 11]

Moreover, the mechanical properties of bone also depends on the type of load applied, in
relation to the orientation of its trabecular system of the bone. Additionally, trabecular bone

properties are determined by secondary factors such as density, location and function.[8, 10,

19, 25-27]

Bone behaves anisotropically because it exhibits different mechanical properties
according to the loading axes, this is caused because its structure is different in the
transverse and longitudinal directions. Also, bone exhibits more brittle or more ductile

behaviour depending on its age and the rate which it is loaded.[8, 10, 19, 25-27]
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2.3.4 Bone Material Properties

Bone material properties, such as strength and stiffness are determined by factors such as
material composition, bonding between its components and microscopic arrangement. In the
other hand, structural parameters depend on the bone geometry and anatomic location.[8, 10,

19, 26, 27]

Since bone is anisotropic material, strength and stiffness are dependent on the orientation
and the type of loading which the bone structure is subjected to. Bone is stronger when the
loading is applied longitudinally than transversally, in contrast, in terms of loading conditions,
bone can support higher loads when is subjected to compressive loading than tensile modules.
Furthermore, bone presents a more ductal-to-brittle transition depending on the strain rate that

is subjected to.[8, 10, 19, 26, 27]

Stiffness represents how elastic a material is and it is measured by the elastic modulus of
the material, or Young’s modulus (£), which is the slope of elastic region in the stress-strain

curve of the material.[8, 19, 27]

The stress-strain curve represents the behaviour of a material when is subjected to different
magnitude loadings. Stresses are considered the intensity of aload is applied, or force, per unit
area that develops on a plane surface within a structure in response to externally applied loads.
Strains in change in dimension, or deformation, that results within a structure in response to
externally applied loads. Figure 2.10 shows a characteristic stress-strain curve of bone.[8, 10,

19, 26-28]
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Figure 2.10: Stress-strain curve of bone(Modified) [28]

2.4 Articular Cartilage

Articular cartilage is a major component of synovial joints. It is composed of type II
collagenous fibres and chondrocytes assembled together in a solid firm gel. Its mechanical
properties, extremely low coeflicients of friction, high strength and flexibility allows bone
movement against each other without damage and pain. Figure 2.11 illustrates the articular

cartilage structure.[7, 8, 10, 19, 27]

Both components of the ball-and-socket configuration of the hip joint are covered with
a layer of hyaline cartilage. The acetabulum is covered with a horseshoe-shaped layer of
articular cartilage, its thickness on a healthy adult hip joint ranges from 1.2mm to 2.3mm.
The head of the femur is completely covered with a regular layer of hyaline cartilage except

where the fovea capitis femoris is, ranging from 1.0mm to 2.3mm thick.[7, 8, 10, 27, 29-31]

Cartilage can be either flexible or very strong and resistant depending on the type of
cartilage. Different types of cartilage can be found, the most important are hyaline cartilage,

elastic cartilage and fibrocartilage.[7-10, 27]
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Figure 2.11: Articular cartilage structure(Modified) [9]

2.4.1 Mechanical behaviour of articular cartilage

In articular cartilage, the mechanical behaviour is determined by the type of loading subjected
to. Under compressive loads the performance of the cartilage depends of the flow of the
interstitial fluid, while, the movement of the collagen fibres determines the shear behaviour.
Under tension, articular cartilage presents anisotropic properties since collagen fibres are

stronger and stiffer within superficial areas. [7, 10, 14, 16]

2.4.2 Material properties of articular cartilage

Articular cartilage is considered a viscoelastic composite material formed of a solid cell
matrix and collagen fibres and an inorganic solution made of water with salts and proteins.
The anisotropy property comes from the inhomogeneous distribution of the collagen fibres.
As many other fibrous tissues, articular cartilage tends to stiffen with increasing strain when

the strain becomes larger.[7, 10, 14, 16]

If the molecular configuration of collagen is altered the tensile properties of the articular
cartilage will be damage. This is a significant factor in the early events that leads to the

development of osteoarthritis.[7, 10, 14, 16]
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2.5 Ligaments

Ligaments in the skeletal system are fibrous connective tissue which attach one bone to
another across the joints. Ligaments help to guide joint movement and provide mechanical
stability. Ligaments are mainly composed of collagen, elastin fibres and proteoglycans.

Ligament fibres are generally nearly arranged parallel to resist tensile forces.[7, 10, 14, 16]

Ligaments in the hip joint surround the articular capsule, also known as capsular
ligaments. The hip joint has a small intra-capsular ligament called ligament teres which

helps with motion and stability.[8, 10, 32, 33]

2.5.1 Mechanical behaviour of ligaments

Ligaments are viscoelastic, ductile and flexible structures. These mechanical properties allow
ligaments to natural movement of the bones to which are attached to, while at the same time
are strong and stiff to provide resistance to external forces and unexpected motions. Ligaments
can modify their behaviour in response to the mechanical demand, in consequence the tensile
strength increases during normal and excessive loading and it is reduced in repose. Figure

2.12 illustrates the ligament structure in repose and under tension. [8, 10, 32, 33]

Ligament under
tension

Figure 2.12: Ligament fibre structure.
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2.5.2 Material properties of ligaments

Material properties of the ligaments are determined by its biomechanical properties and its
micro-structural organisation, orientation and interaction of its components. Its material

properties are expressed in the behaviour of its stress-strain curve.[8, 32, 33]

2.6 Biomechanics of the hip

Hip joint plays an important role in the human locomotor system as its primary function is
to support body weight and to transmit forces between the trunk and lower limbs. The ball-
and-socket configuration provides the hip joint a wide range of motion and great stability. In
consequence, in order to study the position and movement of the human body a reference

system is use and defined in relation to a neutral position.[8, 10, 13, 14, 19, 27, 33]

2.6.1 Anatomical planes of the human body

In human anatomy three planes and three axes are used to transect the human body in order
to describe anatomical structures, position and movement direction of the limbs. Both planes
and axes origins at the centre of mass of the human body. Anatomical planes and axes are

shown in Figure 2.13.[8, 10, 14, 19]
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Figure 2.13: Human anatomical planes.

Sagittal plane

The sagittal plane, also known as lateral, is perpendicular to the ground. It separates the
body in two halves, right and left. The sagittal plane is formed by the aneroposterior axis and

longitunidal axis.[8, 10, 14, 19]

Coronal plane

The coronal plane, also know as frontal plane is perpendicular to the ground and is formed by
the mediolateral and logitudinal axes. It separates the human body in anterior and posterior.
Also, it defines fewer movements of the while body in relation with the mass centre.[8, 10,

14, 19]

Transverse plane

The transverse plane, also known as axial or horizontal, is parallel to ground and it is formed
by mediolateral and anteroposterior axes. It separates the body in upper and lower sections.[8,

10, 14, 19]
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2.6.2 Hip joint movements

The hip joint is capable of performing locomotion in all anatomical planes. This variety of
movements is possible because of the range of rotation of the joint. Limitations on the hip
joint are related to structure, material and quantity of its connective tissue. The hip joint
is capable of performing flexion-extension, abduction-adduction and rotation movements.[8,

10, 14, 19]

Flexion-Extension movement

Flexion-extension movement refers to forward and backward motion of the hip joint as shown
in Figure 2.14. Hip flexion is limited by the tight contact with abdominal wall and it has a
range of motion nearly 0° to 140°. Whereas, in extension the range of motion is smaller,

ranging from 0° to 30°.[8, 10, 14, 19]

Figure 2.14: Flexion/extension movements. (Modified) [34]

Abduction-adduction movement

Abduction-adduction in the hip joint motion takes place in the frontal plane are the motions
that move the limb away from or towards the centre of the body as shown in Figure 2.15.

The range of abduction movement ranges from 0° to 30° in a neutral position, yet then hip is
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partially flexed can reach up to 90°. Adduction has a range of 0° to 25° and it is limited with
opposite limb.[8, 10, 14, 19]

Rotational movements

Rotations can be internal and external. These movements involve moving the entire lower
extremity, including the foot, around its vertical axis. Its range of motion reach up to 50°, if

the hip is flexed it reaches up to 90°.[8, 10, 14, 19]

Figure 2.15: Abduction/adduction movements. (Modified) [34]
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Figure 2.16: Internal/External rotation movements. (Modified) [34]
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Chapter 3

Pathologies: Developmental Dysplasia of
the Hip (DDH) and Femoroacetabular
Impingement (FAI)

3.1 Introduction

The hip joint is essential for the normal functioning of the human body, its function is to
support a great proportion of the body weight during daily activities and is fundamental to

the proper movement of the body. [9, 13, 15]

The hip joint is frequently subjected to loads, therefore if undergone to improper
development, repeatedly traumas and prlonged wear it can lead to pathological conditions in
the hip joint. Hip pain is a common cause for medical complaint and is present in different

diseases and in patients of all ages and sexes.[9, 13, 15]

In this chapter, two of the most common hip joint disorders Developmental Dysplasia of
the Hip and Femoroacetabular Impingement, which are normally diagnosed in young-adult

patients, are described.[21, 35—40]
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3.2 Dysplasia of the Hip

The Developmental Dysplasia of the Hip (DDH) is a common condition that refers to a wide
range of disorders, ranging from a fixed dislocation at birth to asymptomatic acetabular
dysplasia in adults. Other terms for describing DDH make reference to the results of
physical examination or anatomic abnormalities, such as instability, subluxation and
dislocation. Regarding to dysplasia, it refers to the abnormal development of bone or soft

tissue.[21, 37, 38, 41-44]

The main attribute of the DDH is the poor acetabular coverage of the femoral head dude
to a mal-oriented acetabular articular surface, DDH can affect bones and soft tissues. DDH
in adults/adolescent is not usually diagnosed until symptoms develop, however it may have
been present since birth and childhood. Figure 3.1 illustrates a dysplastic hip where it can

seen typical radiographic characteristics of DDH. [21, 37, 43]
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Figure 3.1: Anterior-posterior radiograph of a patient suffering DDH. In this case, the left hip is

affected and presents a deficient acetabular coverage of the femoral head.

3.2.1 Aetiology

The exact aetiology of DDH is unknown, it is believed that different genetic and

environmental causes can contribute to DDH. Furthermore, such factors can be divided into
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two groups: Internal and external. Internal factors consider the morphological structure of
the components of the hip joint and the joint itself, for example: decreased resistance of the
hip to dislocation, shallow acetabulum and connective tissue laxity. Whereas external
factors consider lifestyle and environmental conditions, such factors can be breech

presentation, multiple pregnancy and infant position.[21, 37, 45-47]

A typical and adequate development of the acetabulum depends on the epiphyseal
development of the triadiate cartilage and the development of the individual ossification
centres of the pubis, ilium and ischium which are the common physis of the acetabulum.
During this development the acetabulum deepens stimulated by the spherical femoral head.
If this interaction is absent or alterations take place, the acetabulum fails to properly develop
causing atrophy on the cartilage or leads to Developmental Dysplasia of the Hip.[21, 37,
45-47]

Another factor to consider on the occurrence of DDH is female gender and breech
positioning. The left hip is more frequently affected since is associated with the intrauterine
position of the left hip and the relative position of the sacrum of the mother at moment of
birth. Neuromuscular disorders, as cerebral palsy or Larsen’s syndrome, may cause an
abnormal development of the hip in children, however these cases are not classified as
DDH. Most of the factors can be presented on childhood, but some patients may present
symptoms of DDH until adulthood and it is usually related to acetabular malformation.
Furthermore, the incident varies in different ethnic groups, which North American and
caucasian eastern Europe populations have the most elevated incidence (0.5%) with a

predominant female distribution. [21, 37, 45-47]

It is difficult to conclude that DDH is a consequence of only genetic factors of the
population. It is necessary to also take into account cultural practices, obstetric care and life

style of the patient. [45, 46]

3.2.2 Diagnosis and Symptoms

Developmental Dysplasia of the Hip changes with age and so does diagnosis. A full history
of the patient including age and occupation, must be considered to underlie the feasible

pathology. In new born babies, a clinical examination, such as Ortolanis and Barlow tests, is
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used to diagnose DDH. Dysplasia in children is commonly associated with dislocated,
subluxated and unstable hip joints. However not all children may present clinical signs after
birth. Furthermore, dysplasia in adulthood is associated with acetabular malformation.[21,

37, 45-50]

It is possible to diagnose dislocation and subluxation through clinical examination.
However, occasionally it is necessary to use imagining tools, especially in adults. Imaging
tools used for diagnosis on adults are radiography, computed tomography and magnetic

resonance imaging. [21, 37, 38, 45-48, 50]

Ultrasound imaging is used to see internal soft tissue. In consequence, ultrasound scans
are only used on new-borns up to 5 months babies, when bones are still cartilaginous.

Ultrasounds are also important during the treatment of DDH on babies. [43, 48]

Radiography

Radiography imaging is helpful in patients older than 5 months old, when the ossification of
bones has progressed adequately to allow the proper visualisation of bone structures. The
most used view on the diagnosis of DDH is the Anterior-Posterior (AP).[21, 38, 43, 46, 50,
51]

The clinical diagnosis of the DDH in adults is performed by using radiological parameters
that can be measured on radiographs. Moreover, some radiological parameters are used to
asses features of the hip joint morphology, such as the acetabular coverage. The most common
radiological angle used in diagnosis of DDH is the Centre-Edge (CE) angle, which measures
the lateral acetabular coverage. Following, the Vertical-Centre-Anterior (VCA) angle which
assess the anterior acetabular coverage. Other angles related to DDH are the acetabular roof

angle (Tonnis angle) and the Sharp angle.[21, 38, 43, 46, 50, 51]

Radiological parameters

Radiological parameters are the measurements and angles taken from radiographies to
describe the morphology of the hip joint. The following radiological parameters are

commonly used to diagnose DDH on a patient: Centre-edge (CE) angle,
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Vertical-centre-anterior (VCA) angle, acetabular roof angle and acetabular sharp angle.[21,

38, 43, 46, 49, 51]

Central Edge angle

The centre-edge angle, also known as Wiberg angle, is an angle formed between a vertical
line crossing the centre of the femoral head and another line connecting the centre of the
femoral head with superior border of the acetabulum as shown in Figure 3.2. The CE angle
is used to asses the lateral acetabular coverage and, also, it is used to distinguish normal and
dysplastic hips. According to literature, a normal CE angle in both men and women ranges

from 25° to 45°. Being less than 25° considered as pathological. [21, 38, 43, 46, 49, 51, 52]

Vertical Centre anterior angle

The vertical-centre-anterior (VCA) angle evaluates the anterior acetabular coverage. The
VCA angle is formed between a vertical line crossing the centre of the femoral head and a
line crossing from the centre of the femoral head to the anterior acetabular sourcil as shown
in Figure 3.3. The VCA angle is also known as Lequesne angle. VCA angle ranges from 25°
to 45° on normal hips, where an angles less than 25° is considered as abnormal. In a hip joint
radiography, a sourcil is the thickening of subchondral acetabular bone.[21, 38, 43, 46, 51,
52]

The VCA angle is usually used for describing the anterior acetabular coverage. However,
the anterior coverage can be measured directly in the sagittal plane using CT scans. This
radiological parameter is called anterior Anterior Acetabular Coverage (AAC).[21, 38, 43,

46, 51, 52]

Acetabular roof angle

The acetabular roof angle of Tonnis is used to describe the structural stability of the hip
joint. It is formed by a horizontal line crossing the lowest point of the acetabular sourcil and
a line from the lateral border of the acetabular sourcil as shown in Figure 3.4. The normal

range of the Tonnis angle is from 0° to 10°. A value smaller than 0° indicates the likelihood
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of Femoroacetabular Impingement, whereas a value greater than 10° may indicate structure

instability.[21, 38, 43, 46, 51, 52]

Acetabular Angle

The acetabular angle, also known as sharp angle, is used to describe the morphology of the
acetabulum. It is formed by a horizontal line that connects the inferior point of the pelvic
teardrop and another line that connects the lateral edge of the acetabulum with the inferior
tip of the pelvic teardrop. Teardrop refers to the end-on projection of a bony ridge running

along the acetabular fossa as shown in Figure 3.5.[21, 38, 43, 46, 51, 52]

The normal range of the acetabular angle is between 33° and 38°. Angles below 33° are
not common and might not require medical intervention. Whereas angles greater than 38°

are considered abnormal and should be clinically attended.[21, 38, 43, 46, 51, 52]

(2 Lateral edge
Centi : of the
of | Acetabulum
Femoral Head

Figure 3.2: Central-Edge (CE) angle. The location of the centre of the femoral head was define with

the intersection of two perpendicular diameters of a circle fitted into the femoral head [53].
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Figure 3.3: Vertical centre anterior (VCA) angle. a)Radiographic false profile view technique. b)VCA
radiograph. c) The anterior centre edge angle (Modified) [41, 54]
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Figure 3.4: Acetabular roof angle (Tonnis angle).
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Figure 3.5: Acetabular angle (Sharp angle).

Computed tomography

(b)

Figure 3.6: Computed tomography (CT) scan of the right hip of a patient suffering DDH.

a)Transversal plane. b) Coronal plane.

The computed tomography (CT) scans are used to diagnose disease and help with
preoperative planning. CT scans help to asses the hip joint congruity and study radiological

parameters in three planes. Also, CT scans provide good details about the osseous structures
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of the patients and its format facilitates image processing to generate Three-Dimensional

(3D) models, used for further analysis and studies.[21, 37, 38, 43, 46, 51, 52]

Magnetic resonance imaging

Magnetic Resonance Imaging (MRI) presents similar characteristics to CT scans but with a
greater quality imaging. MRI provides better soft tissue detail that can help to evaluate its
condition. this imaging tool makes possible to study articular cartilage and identify joint

congruity. MRI, along with CT scans, can be used for diagnostic and preoperative

planning.[21, 37, 38, 43, 46, 51, 52]

Figure 3.7: Magnetic resonance imaging (MRI), in this image the left hip of a 57 year old female
patient with mild displasya is shown. a) Coronal plane. b) Sagittal plane. Black arrows show cartilage

yielding. [55].

Average values of anatomical parameters

In 2013 Laborie et al. [52] did an analysis of the radiological parameters related to dysplasia
of the hip in a population of 2011 (841 males, 1170 females) 19 year old Norwegians. For
each gender, he calculated the average and standard deviation of the following angles: the
Sharp’s angle, the Tonnis angle, and the CE angle of Wiberg. Laboire et al. [52] found that
the average values of the Sharp angle were 40.7 £ 3.52° for females and 38.8 £ 3.49° for
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males. The Tonnis angle was 5.84 + 4.9° for females and 5.64 + 4.8° for males. And finally,
the CE angle of Wiberg for females and males was 31.0 £ 6.1° and 32.1 4= 6.1°, respectively.
The aim of the study was to define new gender-specific standards to assess the characteristics

of the hip joint. [52]

3.2.3 Treatment

Treatment of DDH can be classified into non-surgical and surgical. Non-surgical treatment
such as Pavlik harness and closed reduction are usually used in children, which redirects the
femoral head into the acetabulum to allow the proper development of the hips. In adults,
non-surgical treatments are mainly changes in their lifestyle such as weight loss and changes

in their daily routine.[21, 37, 38, 43, 46, 51, 52]

If non-surgical treatments fail to relocate the hip or symptoms are still present, a surgical
procedure is needed. Osteotomies are surgical treatments for correcting the DDH. The
purpose of this procedure is to reduce the excessive loading area on the acetabulum by

increasing the contact area.[21, 37, 38, 43, 46, 51, 52]

Pelvic osteotomies

Pelvic osteotomies have been developed to correct and slow the degenerative process of DDH.

There are two types of osteotomies: reconstructive and salvage osteotomies.[21, 38, 43, 56]

On reconstructive osteotomies, surgeons reorient the acetabulum according to the femoral
head. After the osteotomy the femur keeps the hyaline cartilage. For this procedure, it is

important that patients hip joint is congruent. Reconstructive osteotomies examples are: [56].

Single(Salter) Innominate osteotomy

Double (Sutherland and Greenfield) Innominate osteotomy

Triple (Steel) Inominate osteotomy

Spherical or Rotational (Wagner) Acetabular osteotomy

Tonnis Juxta-Articular Triple osteotomy
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e Bernese (Ganz) Periacetabular osteotomy

Salvage osteotomies give additional support to the femoral head using the hip capsule.
In these cases the femur does not articulate with the hyaline cartilage, but with the
fibrocartilage. When patients have incongruity of the femoral head and acetabulum, or they
present degenerative changes, salvage osteotomy should be used. The shelf arthroplasty and
Chiari Medial displacement osteotomy are two examples of Salvage osteotomies. [56].
However, the success of the treatment of DDH highly depends on early diagnosis and
correct treatment. Previous work and literature show that DDH is the principal cause of

Osteoarthritis.

3.3 Femoroacetabular Impingement

N\

Excess of
bone

Excess of
bone

(a) (b)

Figure 3.8: Abnormal growth in bone causing FAI. (a)Femoral head-neck junction. (b) Acetabular

rim.

Femoroacetabular Impingement, FAI, is a condition characterized by defects on the
pelvic/femoral bone rather than a disease. FAI refers to the abnormal contact between the
proximal femur and acetabular rim produced by atypical morphologic features as shown in
Figure 3.8. Frequent abnormal contact can result to progressive degenerative damage in the

hip joint soft tissue, if left untreated can cause the development of Osteoarthritis (OA).

57



Proper diagnosis of FAI and adequate future treatments are important in slowing the
degenerative process, a misdiagnosis or delayed diagnosis can lead to complications such as

OA or even inappropiate surgical treatments. [39, 40, 57-64]

3.3.1 Aetiology

Currently, the exact aetiology of FAI remains unknown. It is believed that stresses produced
by sports, trauma during development and/or genetic factors represent the main reasons for
abnormalities in the femoral epiphysis. Moreover, distorsion of the hip joint structure after a
pelvic osteotomy, post-traumatic and iatrogenic deformities, such as dysplasia, femoral

retroversion can also lead to FAI. [39, 57-61, 63, 65, 66]

3.3.2 Pathology

The current concept of FAI was postulated by Ganz et al.[58] as developmental
abnormalities in the hip joint caused by a pathomorphology in one or both bones of the hip
joint. These anatomic abnormalities reduce the space between the femoral neck junction
and acetabular rim, resulting in range of motion injuries, on acetabular rim and labrum, hip
pain and eventually arthrosis. Additionally, FAI can occur in a normal shaped hip as a

consequence of an extreme rate of motion. [39, 65-67]

The most frequent location for femoroacetabular impingement is within the antero-lateral
and supero-anterior area of the joint and the most critical motion is internal rotation during

flexion. [58, 65-67]

3.3.3 Types of Impingement

In FAI the femoral head remains well-centred, but freedom of movement is limited by the

presence of an offset at the femoral head-junction or excessive acetabular deepness.
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Figure 3.9: Abnormal growth in bone causing FAI. (a)Normal. (b)Cam. (c)Pincer. (d)Mixer

Two type of FAI mechanisms have been identified, based on intraoperative observations
of the injuries. Cam-type impingement is caused by a malformation at the femoral epiphysis
that produces and outside-in delamination of the acetabulum. Pincer-type impingement is
caused by a local or general overcoverage of the acetabulum. However, only a few patients
present isolated FAI abnormalities, approximately 86% of patients present both
pathomorphologies. Figure 3.9 shows the normal shape of the hip joint and the three

different types of femoroacetabular impingement.[39, 57-61, 63, 65]

Cam-type Impingement

Cam-type impingement characteristics are a dysplastic “bump” at the head-neck junction, a
synovial herniation pit, and a “pistol-grip” deformity, which may be developmental or
posttraumatic. These non-spherical extensions of the head are frequently the result of an
abnormality of the capital femoral epiphysis and are covered by hyaline cartilage.
Deformities are commonly found on the anterior-superior and lateral region of the femoral
head at. This type of impingement is more common in young athletic men around 30 years

old.[39, 58, 59, 61, 65, 68, 69]

The cam mechanism occurs when the non-spherical extension of femoral head or the

off-set between the neck and head of the femur, forcibly enters into a normal morphological
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acetabulum. Normally, the junction between the neck and head of the femur has a concave
configuration. In cam-type impingement this area is flattened or convex.[39, 58, 59, 61, 65,

68, 69]

It has been hypothesized that cam-type FAI is the result from the development of an
asymptomatic slipped capital femoral epiphysis causing a defective elongation of the
femoral common physis between greater trochanter and femoral head, and as consequence
leading to a reduction in the concavity of the femoral head-neck junction.[39, 58, 59, 61, 65,

68, 69]

Cam-type pathomechanical process is more common in young athletic males and
commonly occurs during flexion of the hip. As the hip is flexed a shear stress appears at the
labral cartilage junction where the “pistol grip” deformity presses against the labrum. As a
consequence of the shear forces damage can occur on the acetabular cartilage and/or on the
labrum or bone region, gradually leading to a detachment of the labrum. Furthermore,
repetitive impingement between bones can cause osteophyte formations to more serious
problems on the affected area. Figure 3.10shows the reduced range of motion caused by the

cam-type mechanism in the hip. joint.[39, 57-61, 63, 65]

Pincer-type Impingement

In Pincer-type impingement, contact frequently occurs on the antero-superior region of the
femoral epiphysis as in cam-type impingement, however in this case it is a consequence of
the abnormal acetabular shape. As in cam-type impingement its aetiology is not
well-defined, although it is associated with some disorders such as slipped capital femoral
epiphysis, acetabular retroversion or post-traumatic dysplasia which can lead to acetabular
overcoverage. Active female patients around 40 years old are the most common patients to

have a pincer-type impingement.

Unlike cam-type, pincer impingement produces damage in a very restricted area of the
hip, only a small area of the acetabular rim is affected. However, repetitive impacts on the
labrum produce damage and ossification in the soft tissue, leading to progressive increase
of femoral head coverage. Figure 3.11 shows a pincer-type mechanism, the acetabular rim

presents an excessive acetabular coverage which reduces the range of motion.[39, 57-60, 63,
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Figure 3.11: Cam-type femoroacetabular impingement.

3.3.4 Diagnosis and Symptoms

Patients with FAI regularly presents with groin pain with hip rotation and often start after a
minor trauma, also, patients are aware of their limited hip mobility before symptoms appear.

Patients histories report intermittent pain that increases with athletic activities, prolonged
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sitting and prolonged walking. [39, 40, 58, 59, 65, 70]

The initial phase of symptoms are stiffness in the grin region or in the anerior side of the
thigh and instability while flexing the hip further than 90 degrees. As symptoms develop,
movements that require flexing the hip towards the trunk with internal rotation become more

uncomfortable from patients.

3.3.5 Physical Evaluation

All patients presenting hip are subjected to a systematic physical examination to assess
possible cuases of groin pain. Physical inspection includes, standing position, passive and

active range-of-motion and specialized tests for FAI.[39, 40, 58, 59, 65, 70-72]

The two most common test used to diagnose FAI are, the Anterior Interior Test (AIT) and

the Flexion-Abduction Test (FABER).

Anterior impingement test

The anterior impingement test requires the examiner to flex the hip to 90° gently, followed by
a forced adduction and internal rotation. The final position recreates the position that can lead
to impingement bringing the femoral neck-head junction close to the antero-inferior region
of the acetabulum. AIT outcome can be positive or negative based on the pain signals of the
patient. A positive result is considered when pain is experienced during the test. Negative

result is considered in absence of pain.[39, 40, 58, 59, 65, 71-73]

62



FABER Test

Figure 3.12: FABER test. Left picture negative test. Right picture presents a positive test with

increased distance between the exam table and knee.(Modified)[74]

FABER test induces posterior impingement by bringing the hip into a flexed, abducted, and
externally rotated position and applying a downward force perpendicularly to the leg, as is
shown in Figure 3.12. A positive result is define if distance between the lateral aspect of the
knee and the examination table is greater compared to the unaffected hip or a positive result

can be also be defined if a sharp sudden pain is present during examination. [58, 73, 74]

3.3.6 Imaging assessment

Plain film radiography is the primary imaging procedure to diagnose any abnormality of
the bones. Radiographic assessment for FAI consist of a standard anterior-posterior (AP)
plain radiograph of the pelvis and a cross-table lateral radiograph of the affected hip. For
cam-type impingement the common bump deformity is frequently seen in an AP pelvis view,
because non-spherical extensions of the femoral head are commonly located on the anterior
region. Rim ossification and acetabular retroversion can also be seen on the anterior edge of
the acetabulum. Figure 3.13 shows Cam-type and Pincer-type FAI in antero-posterior view

radiographs. [39, 40, 58, 59, 65, 71-73]
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Figure 3.13: Radiographic assessment of FAI. a)Cam-type b)Pincer-type.

On Cam-type FAI, bone deformities on the femoral head can be assessed on AP plain films
by the Alpha angle and it is defined as the angle between a longitudinal line to the femoral
neck from the centre of the femoral head and a line where the contour of the femoral head
surpasses the radius of the femoral head and it is recommended to be measure on an axial
oblique view in order to have a proper view of the femoral head-neck junction, as Figure 3.14

shows. [75]

However, Laborie et al. [76] reported that 35% of asymptomatic males had signs of FAI
on frontal plain film radiographs, and concluded that plain X-rays can not properly localize
abnormalities on the femoral borderline or antero-superior abnormalities. Currently,
magnetic resonance imaging (MRI) is the most helpful method in diagnosing labral
pathologies and assisting in further detailing subtle deformities. Although MRI aids in
preoperative planning, it is not part of the routine procedure to asses FAI owing to concern

about radiation exposure in young patients.[72, 73, 75-78]
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Figure 3.14: Alpha angle on AP radiograph.

3.3.7 Treatment

Treatment procedures for patients with FAI should begin with conservative management,
which includes modification of all activities that may have an impact on impingement,
particularly restricting activities that require extreme hip motion and high loading on the
hip. Additionally, early treatment includes anti-inflammatory medications administration, to

reduce pain and swelling, and physiotherapy.[39, 58, 59, 65, 72]
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Figure 3.15: Radiographic assessment of FAI. a)Cam-type b)Pincer-type.
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Definitive surgical intervention is indicated if pain is persistent in young patients despite
attempts at conservative treatments. The surgical procedure focuses on improving the
clearance for the proper movement of the hip joint and reducing the impact of the femur

against the acetabular edge.

Osteochondroplasty focuses on improving the space for the movement of the hip by
removing the bone abnormality from the acetabular rim or/and the femur that causes
impingement, thus reducing the impact of the femur against the acetabular edge. The type
of treatment performed is determined primarily by the bone abnormality that causes

FAL[39, 58, 59, 65, 72, 79]

In pincer-type impingement, the over coverage of the acetabulum on the femoral head is
modified. In cam-type impingement, the range of motion of the femoral head-neck is
optimized by increasing the removing the aspherical part of the femoral head-neck junction.
Osteochondroplasty for hip impingement is carried out by open surgical or arthroscopic

procedures. As Figure 3.15 shows.[39, 57-61, 63, 65, 79]

3.4 Sphericity

In general, research studies regarding Femoroacetabular Impingement and Dysplasia of the
hip focus on the diagnosis, epidemiology, treatment and surgical procedures. FAI and DDH
have been also investigated from a mechanical point of view with the purpose to understand
the mechanical impact of these abnormalities and new surgical procedures on the hip joint.
Currently, multidisciplinary research techniques and new technologies combined with
experimental work have allowed researches to investigate unsolved issues regarding FAI and
DDH. However, there is still a lack of studies that provide information how anatomical

features affect the biomechanical behaviour of the hip joint.

Imaging methods and 3D models have been proposed as diagnosis for DDH and FAL
Wyss et al. [80] evaluated the effectiveness of using MRI images to predict clinical
symptoms regarding to FAI In this study, physical examination results are compared with
MRI measurements of the hip joint on two subject groups,an asymptomatic patient group

and patients diagnosed with FAI It was found that internal rotation of the hip measured at
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90° had a strong correlation with the space between the femoral neck and the acetabular

rim. [80]

Li et al.[81] developed a software package that was capable of measuring different
radiological parameters related to DDH using 3D hip models generated from patients CT
scans. This package was also capable to perform virtual surgeries on the 3D models. Beaule
et al. [82] developed an non-invasive method to study FAI In this study, measurements of
the alpha angle on FAI symptomatic patients and a control group were compared. The alpha
angle is defined by a line from the centre of the femoral head to the point where the cortical
cortex exceed the radius of the femoral head and a line extended through the axis of the

femoral neck. [81, 82]

Armiger er al. [83] developed an automatized procedure to diagnose DDH. Armiger
developed an algorithm based on MATLAB® that uses CT data from patients and
automatically creates a 3D model and measures radiological angles regarding to DDH.
Other studies, such as Chen et al.[84] and Tan et al.[85], used 3D segmentation tools for

diagnosis of DDH and preoperative planning to correct DDH. [83—85]

Regarding mechanical studies, many experimental and numerical researches have taken
place in order to investigate stress distribution, contact area and contact pressure in hip joints.
FALI studies focus on the range of motion and, the stress distribution of bone and soft tissue
where the bone abnormalities are located. While DDH studies focus on the stress distribution,

contact area and contact pressure of the articular surface of the hip joint.

Although, many studies have analysed the geometry of the hip joint and how affects
contact area, contact pressure between the acetabulum and femoral, and also the stress
distribution on the hip joint. To date, just a few studies have quantified and analysed the
effect of the shape of the acetabulum and femoral head on the biomechanical behaviour of
the hip joint. Sankar et al.[5] quantified the “* sphericity” of the femoral head in a series of
children suffering with DDH. Sankar et al. calculated an average of the femoral head
sphericity of 85.2 £ 5.5, they also found a significant variability in the “roundness” of the
femoral head. Sankar et al. concluded that the femoral head in walking aged children with
DDH is dysplastic and usually “aspherical”, also their results suggest that DDH affects the

morphology of the acetabulum and femoral head. [5]
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Gu et al.[6] presented a method to create a mathematical representation of the acetabular
cartilage using reverse engineering techniques, surface-fitting algorithms and mathematical
curve surface theory. Guetal. created 3D triangulated mesh surfaces of 25 acetabula by using
a 3D laser scanner. The gaussian curvature and mean curvature at each point were calculated
and presented as shown in Figure 3.16. The results showed that the shape of the acetabular
cartilage was not theoretically spherical but rather rotational ellipsoidal. Furthermore, the

highest surface-fitting error was seen in the roof area of the acetabular cartilage.
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Figure 3.16: Distribution of Gaussian (a) and mean(b) curvatures on the acetabular cartilage surface.

(6]

Afterwards, Gu et al. [4] used the results obtained on [6] to create 3 finite element models
to investigate the role of the non-spherical acetabular cartilage in the biomechanics of the
hip joint. From a healthy volunteer CT image data a model with the original shape of the
acetabular cartilage was created, other two models had the acetabular cartilage shape replaced
by the rotational ellipsoid and the other one had the acetabulum replaced by a sphere. Results
showed that the shape of a healthy acetabular cartilage surface contributed to the optimal
contact stress, as the model with rotational ellipsoid surface showed more consistent results

to the natural shaped acetabulum than the sphere shaped. [4]

In order to study the influence of the anatomical parameters corresponding to different hip
joint pathologies and the sphericity of the hip components, numerical models are a very useful

tool as they allow to measure contact patterns, angles and positions of anatomical landmarks
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and to obtain coordinate data of the hip joint geometries. The following chapter describes the
process to construct a computer model of the hip joint from CT scan data; computer models

were used for finite element and “Sphericity” analysis.
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Chapter 4

Development of the Finite Element

models

4.1 Introduction

Currently, there are few procedures to quantify and study the articular surface and its effect
on dysplastic and healthy hip joints. This research focuses on the shape of the acetabulum
and femoral head in healthy patients and patients with dysplastic and cam-type impingement.
As discussed in the previous chapter, protuberances on the articular surface of the hip joint
significantly affects the bio mechanical behaviour of the hip joint. In order to investigate if the
typical pathological characteristics of bone in dysplastic hips and in hips suffering from cam-
type impingement affects the articular surface of the joint , 3D models were built from CT data
of 30 hip joints(10 normal hips, 10 dysplastic hips and 10 suffering from femoroacetabular
impingement) and were undertaken to a “Sphericity” and finite element analysis simulating

a one-leg-standing position to obtain contact area and contact pressure values and pattern.
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4.2 Modelling

4.2.1 3D models

For this research, subject-specific hip models for each hip were developed. The models were
constructed from CT scans using ScanIP® (Simpleware Ltd, version 4.2). ScanIP® is a cross-
sectional image based modelling, it provides several image processing tools for visualization,

segmentation and edition of specific regions on 3D surfaces.

On this research, CT scans had a Digital Imaging and Communication in Medicine
(DICOM) image format, which is a widely used protocol to store medical images. This
format can be imported to ScanIP® to create 3D surfaces. Every set of CT scan of each
subject differed on resolution, size, frequency, and position of the slices, for this reason it
was very important to have a good knowledge of anatomy, in order to properly identify hip
bone structures. In such manner, 3D geometries could be constructed as accurate as
possible. Figure 4.1 shows a 3D visualization of a normal patient using CT scan data from a

DICOM image format.[86]

Figure 4.1: 3D visualization of Normal patient 1 right hip based on DICOM image format.

Each CT scan has a variable number of cross-sectional images depending on the scanned
body part, space between slices and size of the patient. Consequently, a greater number of

images indicates less space between each image, thus providing a more accurate geometry.
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In order to have adequate results, for this research models constructed required an average of
200 slices. CT scan images are presented on greyscale and show all tissues inside the body
according to the density of the material. Bone is well defined but not cartilage and soft tissue,
in consequence cartilage geometry cannot be constructed using CT scans. Furthermore, pixel
grey scale values are defined by the density of the material, bone tissue presents a white colour

while soft tissue presents a clear/dark grey.[86]

ScanIP® reads the DICOM images and displays each of them in a transverse, coronal
and sagittal planes, and also provides to the user a 3D preview of the surface as Figure 4.2
shows. ScanIP® provides a reference frame using cartesian coordinates, with the axis X, Y, Z,
corresponding to the axis of the human body. The software also provides to the user the option
to align or rotate the geometry. It also has the option change coordinate system. The assigned
coordinate system is maintained during export of the model and preserved throughout further
analysis processes. On this research, coordinate system is based on the axis of the human

body.[86]

Based on the greyscale, ScanIP® takes pixel values within the threshold predefined by
the user and constructs a layer called “mask”. ScanIP® names CT scan images as
background, mask layers are presented in top of the background to facilitate edition of the
mask. This process is called “segmentation”. Threshold value were defined to select only

pixels in cortical bone.[86]

ScanIP® provides to the user different segmentation and morphological filters. The
segmentation tool called “Paint” allows to merge and split segments in a mask, by selecting
of just an individual pixel, this tool is very useful when working on complex geometries.

[86]
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Figure 4.2: ScanIP® work area. a)Segmentation tools and filters window. b)Mask list window. ¢)CT
scan slides window. d)Mask visualization tools window. e) Transverse view window. f)Sagittal view

window. g)Coronal view window. h)Fast preview window

Filters = Segmentation
Current Tool:

Interactive threshold

Lower value 129 = 322

Upper value 255 = 730

Mask operation Perform on
Create new mask Active slice
@ Merge with mask Selection
Replace with mask @ All slices
Apply

Figure 4.3: ScanIP® threshold window. ScanIP® allows you to manipulate lower and upper values

of the threshold. Also, it gives the option to update the visualization of the mask in real time.

Morphological filters are applied in the colour masks to improve geometries surfaces after
segmentation. First, a “binarisation” filter is applied to assign a binary value to pixels to the
mask in order to eliminate the connection between the mask and the background, and to

homogenize the mask itself. Afterwards, a “smoothing-recursive Gaussian” filter is applied
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two times to refine contours of the surfaces as shown in Figure 4.4.

(2) Final (b) Binarisation
segmented model
filter
no filters

—

(c) Gaussian (d) Gaussian
smoothing- smoothing-
recursive filter x 1 recursive filter

time

E X 2 time

Figure 4.4: Surface smoothing process

After creating the cortical bone, trabecular bone and cartilage surfaces were constructed
using morphological filters in ScanIP®. In order to create different tissues, masks with
different colours were used. Afterwards, morphological filters were applied to variate the
size of surface. In order to achieve the trabecular surface, an “erode” filter was applied to
the segmented cortical bone. As its name implies, this filter erodes the segmented mask to

get a new segmented mask but thinner that the previous mask.

Cartilage surface was constructed in a similar manner, but the morphological filter “dilate”
was used instead. This filter expands the segmented mask to create a new thicker segmented

mask. Figure 4.5 shows segmented trabecular bone, cortical bone and cartilage.
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Figure 4.5: Different mask sizes of cortical bone to create trabecular bone and cartilage in ScanIP®.

4.2.2 Finite element models

Geometries used in finite element and sphericity analysis were generated in ScanIP®. 3D
surfaces from ScanIP® were exported as (*igs) files. This process converts 3D surfaces into
surface models conformed by triangular geometric entities. A maximum of 5000 triangles
per part was used on each part as this was the maximum number of triangles permissible on

the computer system.

Afterwards, (*igs) files were imported into the “part module” of Abaqus/CAE®. In
Abaqus/CAE® boolean operations were performed to construct cortical and cartilage
models with correct thickness. The models of the different tissues were cut on the
“Assembly module” using the “Merge/Cut Instancesa”. Afterwards, cortical trabecular
bone were put together, next, trabecular bone was cut from the cortical bone. In this
research, constant thickness values of cortical bone and cartilage were based on previous
research work, according to literature cortical bone in the femur has a constant thickness of

1.8 mm and cartilage a constant thickness of 1.5 mm. [29-31].
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Cartilage geometry
before cut

Boolean operation

Cortical bone
geometry

Cartilage geometry

I
Cortical bone geometry

Final Cartilage
geometry

Figure 4.6: Boolean operation to create the cartilage geometry on Abaqus/CAE®.

Cortical bone
geometry before cut

Boolean operation

Trabecular
bone geometry

Cortical bone geometry

.
Trabecular bone geometry

Final Cortical bone
geometry

Figure 4.7: Boolean operation to create the cortical geometry on Abaqus/CAE®

On Abaqus/CAE® on the part module of the final cortical bone geometry, a face is created

using the inner edges of the hole, on the femur the hole is found in the bottom part of the model
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while on the pelvis the hole is found in the upper part of the mode. Afterwards, using the tool
“Create Solid” all edges of the cut and the new face are selected to create a new cell in the

same part. Figure 4.8 illustrates the process to create a new cell in the same part geometry.

Figure 4.8: Selection of inner edges on the bottom of femur to create a new cell. a)Edges of the hollow

at the bottom of the femur part selected. b)New face created. c)Edges to create a new cell selected.

Subsequently, on “Assembly” cartilage, trabecular and cortical bone were assembled to
form a complete model. In order to attach cortical and trabecular to cartilage, on the same
module the “Merge/Cut Instancesa” tool was used to attach the cortical and trabecular bone
to the cartilage. This operation allows the model to behave as a single part, but with different

sections that can be assigned different mechanical properties.

4.2.3 Material properties

The mechanical properties are the material characteristics which define the behaviour of the
material when it is exposed to some type of force. In contrast to engineering materials, such
as metals, plastics or composites, biological material alter their mechanical properties and

morphology in response to external stimuli.

In this research, cartilage, cortical and trabecular bone were assumed to be linearly
elastic and isotropic materials. For linear elastic materials the most common properties are

the modulus of elasticity and Poisson’s ratio (v). Mechanical property values were assigned
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to each tissue according to literature. Table 4.1 shows the mechanical properties assigned to

cartilage, trabecular and cortical bone in this research.[87]

Material Young’s Modulus E (MPa) | Poisson’s Ratio(v)

Cortical bone 17,000 0.3
Trabecular bone 70 0.2
Cartilage 15 0.45

Table 4.1: Young’s modulus, poisson’s ratio of cartilage, cortical and trabecular bone.

4.2.4 Loading conditions

The body weight and muscles around the hip joint produce a force which acts on the pelvic
bone. Generally, only the resultant hip joint force and its directions are determined and
applied to the pelvic bone. However, the real loading to the pelvic bone is a distributed load
rather than a concentrated load. On Abaqus/CAE® to create a distributed force, a kinematic
coupling was employed. A kinematic coupling is a constraint which connects a reference
point with set of nodes related to the surface of interest, in consequence connected nodes

have the same displacement and rotation as the reference point.

In order to apply an adequate distributed force to the pelvic bone a local coordinate system
was created. One of the axes coincides with the line of action of the resultant hip joint force.
After a kinematic coupling was created, connecting all nodes from the top surface the pelvic
bone with the reference point. The total hip joint force was applied to the reference point and

transmitted to all the nodes of the surface.

The direction and total force joint applied to the pelvis was calculated based on the
anatomical coordinate system and components of joint contact described by Bergmann et al.
[88]. Figure 4.9 illustrates Bergmann coordinate system and the respective angles of the hip
joint contact components for one-leg-standing position. For this research a constant body

weight of 690N was defined for all subjects.
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(a) Coronal plane (b) Sagittal plane (c) Sagittal plane

Figure 4.9: Bergmann’s coordinate system and angles of the components.

4.2.5 Boundary and contact conditions

Boundary conditions define how the components of a model will interact with each other
on experimental and theoretical setups. As it was explained in Chapter 2, the hip joint has
an important role on the locomotion of the human body, in consequence other components
cause forces that may affect the hip joint. For this reason, it is important to understand the

mechanics of the joint and the mechanical effects of its components.

In this research, the analysis performed on hip joints was static on a one-leg-standing
position. To correctly recreate this posture the following boundary conditions were applied

to the models:

a) The distal femur was totally fixed.

b) The pelvic bone was permitted to move only on the direction of the total hip joint force.

The same local coordinate system created to apply the distributed force to the pelvic bone
was used to apply the boundary condition (b). The reference point of the kinematic coupling

was allowed to move only in the direction of the applied force.
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Figure 4.10: Boundary conditions in the coronal plane. The green arrow on the local coordinate

system shows the axis where the pelvis is allowed to move.

Part of the analysis of this research was to examine the contact that occurs in the hip
joint. For this reason, in order to obtain values and patterns of the contact between the
acetabulum and femoral head, contact conditions had to be defined onAbaqus/CAE®. A
”surface-to-surface” contact interaction was defined because the contact is between two
deformable surface. The entire surface of both cartilage surfaces was considered in the
contact interaction. The contact properties were defined as mechanical contact with
tangential behaviour.  Furthermore, the surfaces were considered to be frictionless,
according to previous work experimental work the static friction coefficient between human
cartilage on cartilage is extremely low, approximately 0.06 for a pressure of 2.4 MPa and a

temperature of 37°C. [89]

4.2.6 Mesh analysis

Contact area between the femoral head cartilage and acetabulum cartilage patterns and values
were analysed on this research, for this reason it was required to have accurate results without
using excessive computational resources. The accuracy of results depends on the defined

mesh used on the geometries of the hip joint components.

Hip joint geometries were meshed in Abaqus/CAE®. Discrete geometries used in the
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Finite Element (FE) analysis were very complex, for this reason 4-node linear tetrahedral,
also known as “C3D4” (Continuum, 3D, 4 node), elements were used. Figure4.11(a) shows a
section of the distal part of a meshed femur geometry and Figure4.11(b) illustrates a “C3D4”

element.

Node

Node

Node

(a) (b)

Figure 4.11: (a)Meshed geometry using tetrahedral elements. (b)Tetrahedral element configuration.

The mesh used in cartilage geometries was finer that the mesh used in the bone geometries
because the scope the FE analysis was the contact interaction between the articular cartilages

of the hip.

The analysis consisted in comparing contact areas and maximum contact pressures on the
acetabulum in normal hips, dysplastic hips and hips with impingements models from three
meshes densities. The criterion used for the selection of an appropriate element size of the

was that the results between the different element sizes should not vary more than 1%.

Different mesh densities were achieved by varying the “seed” parameter in the “mesh
module” on Abaqus/CAE®. Mesh densities were changed on both cartilages, the femoral

head cartilage and acetabulum cartilage.

The mesh density with a “seed” of 1 was chosen, since contact area and contact pressure
results from the finer mesh density and the selected mesh density changed by <1.0%. Table
4.2 shows the number of elements and results from different “seed” values. Figure 4.12 shows

different sizes of meshes in the femoral head.
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Seed | Total number of Elements | Contact area | Contact pressure

3 112,000 573.1 mm? 7.6 MPa
1 198, 000 629.9 mm? 7.5 MPa
0.8 258, 000 633.9 mm? 7.4 MPa

Table 4.2: Table of mesh densities and their perspective number of elements, contact area and

maximum contact pressures

Seed FH=3 Seed FH=1 Seed FH=0.8

Seed Femur=3 Seed Femur=3 Seed Femur=3

Figure 4.12: Different mesh sizes of the femoral head cartilage.

4.3 Model validation

The model validation of this research was conducted by comparing the results of contact areas
and peak contact pressures with previous experimental work and numerical studies under
one-leg-standing loading condition from normal and dysplastic hip joints. Anderson et al
[31] used a pressure sensitive film to measure contact pressure in a cadaveric subject. Forces
from daily routine activities were applied to the hip. The peak contact pressure measured
from the experiment was of 10 MPa, and from their FE model they obtained a peak contact

pressure of 10.8 MPa with a load of 820N.

Three normal hip joints were selected (N2, N7 and N10) were selected and were subjected

to the same loading condition used by Anderson et al. Normal hip joint models predicted
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an average peak contact pressure of 9.3 MPa, this value is close to the value obtained by

Anderson et al. experimetanlly (10 MPa) and from their FE analysis (10.8 MPa).

Regarding DDH, Liu et all. [3] performed a finite element analysis on 10 dysplastic hip
joints to investigate the influences of using patient specific cartilage model or constant
thickness cartilage models on the simulation results. Liu et al.[3] loading conditions were

based on Bergmann et al. previous work[88].

This research focuses on the shape of acetabulum and femoral head articular surfaces
and its effect on the mechanical behaviour of hip joints from normal patients and patients
suffering from DDH and FAI. Chapter 5 describes in detail the procedure undertaken to
measure “Sphericity” and the analysis to investigate the effect of the hip joint “Sphericity”

on the articular surface mechanical behaviour of normal, FAI and DDH hip joint groups.
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Chapter 5

Sphericity analysis normal hip joint

group

5.1 Introduction

As mentioned in chapter 3, it is believed that sphericity plays an important role on the
mechanical behaviour inside the hip joint. In order to investigate how sphericity of the hip
joint affects the contact area and pressure values and patterns on normal hip joints for each
hip in the normal group, morphological features were related to sphericity and results from

FE analysis. [1, 3, 4]

This chapter describes the procedure to quantify anatomical features and the “Sphericity”
on the acetabulum and femoral head surfaces, in particular the general process used to obtain
angles that describe the structure of the hip joint, acquisition of the cloud of points of the hip

joint articular surfaces, and lastly, obtain the “Sphericity” of acetabulum and femoral head.

In addition, anatomical features to describe the structure of the hip joint include angles
used by radiologists to diagnose dysplasia of the hip, such as Centre-Edge, Tonnis and Sharp
angles. Additionally, angles measured from 3D models that describe the orientation of the

acetabulum and the femoral head are also included.

Also, this chapter presents a description of the analysis undertaken to obtain the typical

characteristics of the normal hip joint group based on FE results and morphological features
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of the hip joint, including “Sphericity”. This analysis consists of the investigation of the
relationship between morphological features, “Sphericity”, contact area and pressure values
and patterns. A description of the features that distinguish the normal hip joint group is also

presented.

5.2 Computer models development

Ten normal hip joints models were developed to quantify sphericity of articular surfaces of
acetabulum and femoral head, and also to analyse contact area and pressure patterns and
values when the hip joint is one-leg-standing position. Procedures to develop computer

models and details of the finite element analysis are described in Chapter 6.

5.3 “Sphericity” quantification of the acetabulum and

femoral head

The following method was designed to asses and quantify “Sphericity” of the femoral head
and acetabulum by comparing their natural articular surface to an ideal sphere, which is fitted
to their respective surface topologies . To accomplish this, first it was important to properly
define the acetabulum and femoral head surfaces. For this purpose anatomical features found

in the pelvis and femur were used.

5.3.1 Articular surfaces

Surfaces were defined using Abaqus/CAE® tools. Its user interface and tools facilitate the
task to create partitions in the model, and obtain coordinate data from desired nodes of the
model. The femoral head surface is part of the femur geometrical used for the finite element
analysis, and the acetabulum is part of the pelvis geometry. The following methods
describes the process to define the articular surfaces of the femoral head and acetabulum for

the ’Sphericity” quantification.
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Femoral Head surface

To define the femoral head articular surface for the “Sphericity” analysis the equator of the
femoral head was used. On Abaqus/CAE® in the part module of the cartilage model of the
femur, following a line that describes the femoral head equator, as Figure 5.1(a) illustrates,
three points were selected, one point on the inferior part, one on the superior anterior part and
another point the superior posterior part of the femoral head. Afterwards, a datum plane was
defined using these three points. And, finally, a partition cell was created using the datum

plane. Figure5.1(b) shows the final partition of the femoral head cartilage.

N, % Equator of the
/a Femoral Head

Centre

Femoral Neck
Axis

(b) ©

Figure 5.1: Proximal femur structure and epiphyseal line. (a) Proximal femur structure and its name.
(b) Concave section formed by the epiphyseal line, arrows show the starting point of the articular

surface. (c) Femoral head cartilage surface partition.

Acetabulum surface

Concerning the acetabulum, to define the articular surface the acetabular rim was used. On
Abaqus/CAE® in the assembly module, an instance of the cartilage model of the pelvis was
created. Subsequently, a a hollow sphere was created and fitted in the acetabulum of the
pelvis, the diameter of the hollow and position of the sphere were defined that such covered the

acetabular rim as Figure 5.2(a) shows. Afterwards, a cut operation was performed subtracting

86



the hollow sphere from the pelvis model to, finally, obtain the acetabular articular surface.

Figure 5.2(b) illustrates the resulting geometry of the articular surface of the acetabulum.

Acetabular
rim ;

Hollow
of the
sphere

. Sphere
Pelvis model

(a) Pelvis model and representation of the hollow (b) Final geometry of the articular surface of the

sphere. acetabulum.

Figure 5.2: Definition of the acetabular articular surface.

Once the acetabulum and femoral head surfaces were defined, parts were meshed on
Abaqus/CAE® and coordinate data of the nodes was obtained, and subsequently, data of the
nodes was saved in a spreadsheet file. On the femoral head, nodes from the hollow of the
ligament teres attachment were discarded because this section of the femoral head is not in

contact with the acetabulum.

5.3.2 Method to create the ‘Ideal” Sphere of the acetabulum and

femoral head

For each hip joint, two “Ideal” spheres were defined, one for the acetabulum and another
sphere for the femoral head. Coordinate data of the surfaces was used to define the centre and

radius of each of the spheres.

In order to define the “Ideal” sphere centre, a least squares fitting method was employed

on the X,Y,Z, data of the surfaces [90], coordinate data was manipulated and processed in
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Wolfram Mathematica. Equations to define the centre of “Ideal” sphere [90] are as follows:

+ (S..2 + S + S,22)(SzySyz — SIZSS)

{ (Spaz + Sage + Sp2) (5252 = S2.) + (Sya2 + Sy + Sy2) (SeaSys — SyS?) }
X = SQ 282 SQ 2 SQ 525’2
2{ mSy T QSnySyZSfL"Z - xSyz T Mxz T Mz :):y}

(5.1)

{ (SM,Q + SmyQ + sz2)<SxZSyz — SxySf) + (Syzz + Sny + Syz2)(55353 — ng) }
=+ (Szx2 + Szy2 + SZZQ)(SmySQSZ - SyzS%)

Y =
2525257 + 28,,5,.5,. — 5282, — 52, — 5252 }
(5.2)
(Sxxz + Sxy2 + SxZQ)(SxySyz — SxySE) + (Sny + Syyz + Syzz)(SxZSxy — SyZS§)
7 + (Szxz + SzyQ + Szzz)(Sg%Si — Sgy)

2{ 525257 +28,,5,.5.,. — 5252, — 52, — 5252, 59

After the centre coordinates of the “Ideal” sphere were calculated, the radius,r, of the
sphere can be calculated. This is accomplished by computing the distance of each node to
the centre of the best fitted sphere and calculating the average of the distances, this described

by equation 5.4. Figure 5.3 presents a visual representation of this process.

r= Z V(e —X)?2+ (4 —Y)2+ (2 — Z2)%/n (5.4)

Where n is the total number of nodes of the surface.
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Figure 5.3: Visual representation of the distance of a node to the centre of the “Ideal” sphere.

5.3.3 Sphericity percentage

To assess the “Sphericity”, the natural shape of the acetabulum and femoral head were
compared to their corresponding ‘“Ideal”’spheres. ~The comparison is performed by
calculating the average of the absolute normalized distance difference between the node
distance to the centre of the sphere and the radius of the sphere. The absolute value of the
difference distance was used becuase when calculating the average distance difference of the
nodes, negative values cancel positive values resulting in a very small number. Also, the

distance difference was normalized by diving it by the radius of the “ideal” sphere.

The average of the absolute normalized distance difference between the node distance to
the centre of the sphere and the radius of the sphere quantifies the “Asphericity” of the
acetabulum and femoral head natural shape, in order to present the results in regards of
“Sphericity”, the “Asphericity” of the surface was subtracted from one unit, which is the
“Sphericity” percentage of the “ideal” sphere. Finally, the “Sphericity” percentage was
converted to a 0 to 100 scale. Equation 5.5 calculates the “Sphericity” of the natural shape

of the acetabulum and femoral head.

Sph = (1 — M) % 100 (5.5)

T -nr

Where Sph is “Sphericity” percentage, ny is the total number of nodes, d; is the distance of
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the node to the centre of the ideal sphere, and 7 is the radius of the ideal sphere.

5.3.4 Average normalised distance

In order to visualize and observe how “Sphericity” is distributed a weighted “Sphericity” of
the surface was calculated. In this procedure the acetabulum and femoral head surface were
divided into eight equal regions of 45° wide [91], and were labelled with roman numerals, as
Figure 5.6 illustrates. Location of the zones and their respective roman numeral are: Superior
anterior as I, superior, II, superior posterior, III, lateral posterior, IV, inferior posterior, V,

inferior, VI, inferior anterior, VII, lateral anterior, VIII.

Moreover, position of the sections was defined according to anatomical features of the
femur and pelvis bone structures and the centre of their respective “ideal” spheres. For the
femoral head the orientation of the femoral neck in a the transversal and coronal planes was

used, on the acetabulum the orientation of the acetabular notch was used for this purpose.

To measure the orientation of these features, a local coordinate system, with the axes of
the CT scan, was set on the centre of the “ideal” spheres of the acetabulum and femoral head.
Furthermore, angles located on the anterior quadrants obtain a negative value, in contrast,

angles on the posterior quadrant have a positive value.

The femoral head the orientation angle of the femoral neck in the transversal and coronal
plane is the angle between the X axis and a line parallel to the femoral neck in half and passes

through the centre of the femoral head “ideal” sphere as Figure 5.4.
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(a) (b)

Figure 5.4: Femoral head orientation on the: (a)transversal plane and (b)coronal plane.

The acetabular notch angle orientation is defined by the proximal part of the acetabular
surface. On the transversal plane, a line is drawn from the most proximal anterior point (A) of
the acetabulum surface to the most proximal posterior point of the surface(P). The acetabular
notch angle is the angle between the X axis and line perpendicular to AP and contains the

centre of the acetabular “ideal” sphere as Figure 5.5 illustrates.

Figure 5.5: Surface sections of the: (a)Acetabulum and (b)Femoral head
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(a) (b)

Figure 5.6: Surface sections of the: (a)Acetabulum and (b)Femoral head

The weighted “Sphericity” is calculated using the equation 5.6 where n; is the number of

nodes in the section.

(5.6)

A&mp:(Zﬁﬁ%_ﬂ%—J)*HElE

T Ng nr

The “asphericity”, ASphs, of the obtained sections was calculated with equation 5.7. The

average of the node distances of the section to the centre of the “ideal” sphere is calculated.
The result is divided by the radius of the “ideal” sphere to obtain a ratio that describes how
smaller or bigger the average of the section nodes distance is from the radius of the “ideal”
sphere. Subsequently, the ratio is subtracted one unit to get the average “asphericity” of the
surface. Finally, the “aspherity” value is multiplied converted to 0 to 100 scale and multiplied
by the contribution of the section to the overall surface. The sign of the obtained value was

used to make a rough description of the surface section.

", 100 - n,
A%m:(ZELnJ>*00n (5.7)

T-Ng nr

A positive ASph, value indicates that the average distance of that region is outside the
ideal sphere. In contrast, a negative ASph, value indicates that the average distance of the

nodes in that section is inside the ideal sphere. A value of cero indicates that the average

92



distance is on the radius of the ideal sphere. Position of the nodes and their respective signs

are illustrated in Figure 5.7

Acetabulum

(+)

Positive Asphericity
Nodes

s

()

Null Asphericity

Nodes /

Negative Asphericity

Femoral head Nodes

)

%)

Figure 5.7: Position of the node and sign asphericoty

There are 9 combinations of sections “Asphericity” signs to consider and the effect on the

distance between the femoral head and acetabulum as Table 5.1 shows.

Femoral Head Asphericity sign | Acetabulum Asphericity sign | Distance between surfaces

- - Congruent

- 0 Widened

- + Very Widened

0 - Narrowed

0 0 Congruent

0 + Widened

+ - Very Narrowed

+ 0 Narrowed

+ + Congruent

Table 5.1: “Asphericity” sign of the femoral head and acetabulum and the effect on surface distances.

5.4 Centre-Edge, Tonnis, acetabular and alpha angles

Anatomical angles related to Femoroacetabular Impingement and Dysplasia of the hip were

measured from CT scans and X-Rays of 30 subjects. The Centre-Edge (CE), Tonnis, Sharp,
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and Alpha angles were measured patients X-Rays. For these procedures, the centre of the
femoral head on the X-Ray was defined by the intersection of two perpendicular diameters of

a fitted circle in the femoral head[53].

5.5 Results

5.5.1 Table of results

The tables shown in Figures 5.8, 5.9, and 5.10, display anatomical angles and results from the
“Sphericity” and finite element analysis from each of the 10 hips in the normal hip joint group.
From left to right, the table displays the identification number of the subject, anatomical
angles (CE and Tonnis), “Sphericity” of the acetabulum and femoral head total surface and
by sections, contact area and peak contact pressure values from one-leg-standing position,

and finally an “Asphericity” visualization of the acetabulum and femoral head.
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Table of results from subjects N1, N2

Figure 5.8
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Table of results from subjects N9 and N10

Figure 5.10

5.5.2 Anatomical angles

Centre-Edge, Tonnis, Sharp and Alpha angles were measured from 10 hip joints considered

normal. Measurements of anatomical angles are shown in Table 5.2. All subjects angles were

normal according to literature. The average of CE angle in the normal hip joint was 33.8°

and a range of 27.3° to 37.9°. The range of the Tonnis angle on the normal hip joint group
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was from -4.8° to 10.0°. Subject N4 presents the lowest CE Angle and the highest Tonnis
angles, its values are in the limit to be considered as normal. In contrast, subject N5 has the

largest CE angle (37.9°) and N10 has the lowest Tonnis angle (-4.8°).

Subject CE angle | Tonnis angle
Normal hip joint 1 (N1) 31.3° 54°
Normal hip joint 2 (N2) 34.2° -0.4°
Normal hip joint 3 (N3) 31.0° 9.7°
Normal hip joint 4 (N4) 27.3° 10.0°
Normal hip joint 5 (N5) 37.9° -3.6°
Normal hip joint 6 (N6) 33.8° 2.9°
Normal hip joint 7 (N7) 37.0° 8.9°
Normal hip joint 8 (N8) 35.8° 3.2°
Normal hip joint 9 (N9) 33.3° -2.0°
Normal hip joint 10 (N10) 36.5° -4.8°
Average 33.8° 2.9°

Table 5.2: Table of anatomical angles of the normal hip joint group

5.5.3 Sphericity percentage

“Sphericity” percentage of the acetabulum and femoral head of the normal hip joint group are
shown in table 5.3. Acetabulum sphericity values range from 96.6% to 98.5% with a median
of 97.5%. On the other hand, femoral had sphericity values have a range of 98.5% to 99.2%,
and a median of 99.0%. In all cases, the femoral head has a greater sphericity percentage than
the acetabulum, but the difference magnitude differs from subject to subject. In particular in
subject N1, the sphericity of the acetabulum and the sphericity of the femoral head has the

same percetage.
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Subject | Acetabulum Sphericity | Femoral Head Sphericity | Sphericity Difference
N1 98.5% 98.5% 0.0%
N2 97.7% 98.6% 0.9%
N3 97.5% 98.5% 1.0%
N4 98.1% 99.0% 0.9%
N5 96.6% 99.2% 2.6%
N6 98.1% 99.2% 1.1%
N7 96.1% 99.0% 2.9%
N8 97.5% 99.1% 1.6%
N9 97.0% 99.0% 2.0%

N10 96.5% 98.5% 2.0%

Median 97.4% 98.9% 1.5%

Table 5.3: Table of overall surface “Sphericity” of the normal hip joint group.

Furthermore, a visualisation of the Sphericity values on the femoral head and acetabulum

was generated to locate areas of high asphericity, as Figure 5.11 illustrates.

(a)

(b)

R

Asphericity
=

o -
(©)

Figure 5.11: Asphericity visualisation of subject N2. (a) Asphericity pattern of the femoral head (b)

Asphericity pattern of the acetabulum (c) Asphericity range of the subject.
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5.5.4 Asphericity of the sections

Tables 5.4 and 5.5 shows the asphericity location of the eight defined regions on the
acetabulum and femoral head from the normal hip joint group. In all cases, section I in the
acetabulum presented a negative asphericity. In contrast, section II in the acetabulum
presented a positive asphericity, with exception of subject N10 which presented a value of

0.0. Also in nine of ten hips a negative asphericity was located in section IV.

Subject || I | II | IIT | IV | V | VIII
N1 -+ - +
N2 -+ - +
N3 -+ -] - -
N4 -+ - +
N5 -+ | - -+ |+
N6 -+ + -] - -
N7 -+ | - -+ |+
N8 -+ -] -

N9 -+ | - -+ 4+
NI10 - - - |+ +

Table 5.4: Table of the sections asphericity signs of the acetabulum from the normal hip joint group.
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Subject || 1 | II | IIT | IV | V | VI | VII | VIII

N1 -+ |+ -

N2 + +

N3 + - +
N4 +
N5

N6 -
N7 - -

N8 + -

N9 +
N10 + | + +

Table 5.5: Table of the sections asphericity values of the femoral head from the normal hip joint

group.

On the femoral head, sections I, II and VI have only one case where its asphericity value
is different from zero. The number of femoral head sections with a zero value of asphericity

are predominant in comparison with the acetabulum sections.

5.5.5 Contact area and contact pressure
Table 5.6 shows the results of the FE analysis on normal subjects, which include contact area

and contact pressure values. Figure 5.12 shows the contact area and contact pressure pattern

on the acetabulum and femoral head of an normal hip joint.
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Subject | Contact Area | Contact Pressure
N1 658.0 mm? 7.5 MPa
N2 632.0 mm? 7.4 MPa
N3 724.0 mm? 6.5 MPa
N4 525.9mm? 14.9 MPa
N5 583.9 mm? 10.7 MPa
N6 605.1 mm? 8.8 MPa
N7 653.8 mm? 11.3 MPa
N8 724.2 mm? 10.9 MPa
N9 581.8 mm? 7.8 MPa
N10 581.8 mm? 8.2 MPa

Average | 618.6 mm? 8.5 MPa

Table 5.6: Table of finite element analysis results of the normal hip joint group.

(a) (b)
N Higher Contact Pressure ( > 6MPa)
] Contact

[] No contact

Figure 5.12: Contact pressure distribution of subject N2. (a) Sagittal view of the contact pressure

pattern on the femoral head. (b) Sagittal view of the contact pressure pattern on the acetabulum.

The average contact area in the normal hip joint group is 618.6mm? and the average of
the peak contact value is of 8.5 MPa. Additionally, Case N8 has the largest contact area in

the normal, but it doesn’t have the smallest peak contact pressure. On the other hand case N4
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has the smallest contact area and the largest peak contact pressure.

In this investigation, peak contact pressures greater than the smallest peak contact
pressure value within the hip joints in this study are considered as high contact pressures. In
all cases, high contact pressures were located in the superior anterior region (section I) of
the acetabulum. Some cases have also a high contact pressure located in the superior

posterior region (section III) of the acetabulum.

High contact pressures were located in superior regions where asphericity of the
acetabulum was negative, usually found in superior areas. Cases that only had one negative
asphericity value in their superior regions of the acetabulum had only one high contact

pressure area in the contact area, as Figure 5.13 shows.

Acetabulum

Femoral Head
Higher Contact Pressure ( > 6MPa)

Contact
No contact

(a) (b) WO

Figure 5.13: (a) Asphericity of the sections on subject N3. (b) Contact pressure distribution on subject
N3.

Other subjects in the normal group presented high contact pressures in section III in
addition to the high contact pressure in section I. These cases had a negative asphericity in
section I and either a negative asphericity in section III of the acetabulum or a positive

asphericity in section III of the acetabulum as Figure 5.14 and Figure 5.15 show.
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Furthermore, in all cases, contact area pattern and high contact pressure location on the
femoral head was slightly different from the acetabulum, because the acetabulum surface

diameter is slightly bigger than the femoral head surface diameter.
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Figure 5.14: (a) Asphericity of the sections on subject N3 femoral head and acetabulum. (b) Contact

pressure distribution on subject N3 acetabulum.
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Acetabulum

Femoral Head
Higher Contact Pressure ( > 6MPa)

Contact

No contact

(a) (b)

[]
[]
[]

Figure 5.15: (a) Asphericity of the sections on subject N3 acetabulum and femoral head. (b) Contact

pressure distribution on subject N3 acetabulum.

5.5.6 Discussion

On the normal hip joint group, peak contact pressures were located in all hips in zone 1. Only
one subject, N10, presented a peak contact pressure in zone III, in addition to zone 1. This is

because the femur of this subject is rotated.

CE angle and Tonnis angle were within the normal range (CE: 25° to 40° and Tonnis: -5°

to 10°). In particular, N5 Tonnis angle is close to the superior limit of the normal range.

Regarding “Sphericity”, Three subjects had a “Sphercity” percentage lower than 97.0%.
The rest of the subects their acetabulum “Sphericity” ranged from 97.0% to 98.5%. The range
of the “Sphericity” of the femoral head in normal hip joints was from 98.5% to 99.2%. This

indicates that the femoral head is more spherical than the acetabulum.

In all normal subjects, negative asphericity appears in sections [ and IV of the acetabulum.

On the other hand, sections of the femoral head were “Spherical”. Also, the location of peak
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contact pressures was in the same location of negative “Asphericity” areas in superior sections
of the acetabulum. This indicates that the shape of the articular surface affects the contact

pattern between the femoral head and acetabulum.

Subject N4 had the highest contact pressure and the lowest CE angle in the normal hip
joint group. The range of the contact area was from 525.9 to 724mm?, where only two subjects
had a contact area greater than 700mm?. The range of the peak contact pressure was from

6.5MPa to 13.2MPa.

106



Chapter 6

Sphericity analysis on hips suffering of
Developmental Dysplasia and

Femoroacetabular impingement

6.1 Introduction

FAI and Dysplasia of the hip are pathomecanical diseases caused by abnormalities on the
bone structures of the hip joint. These abnormalities usually cause damage on the soft tissue
surrounding the hip joint and on/or the articular surface of the acetabulum or/and the
femoral head. The biomechanical effect of bone abnormalities on the hip joint has been very
well investigated and it is believed that damage on soft tissue and articular surface of the

acetabulum and femoral head is due to bone deformities.

Permanent medical treatments focus on adjusting the pelvic or femur bone structure to a
healthy arrangement to allow the proper movement of the hip joint and to slow the
degenerative process of the soft tissue lesion. However, in some cases a new lesion appears
in a different location of the articular surface and/or soft tissue of the hip joint. This
phenomenon suggests that the articular surface topology is not perfectly spherical and that
is related to the bone structure of the hip joint. To investigate if there is any relation between
the topology of the hip joint articular surface and pathomechanical diseases, a method to

quantify the sphericity of the acetabulum and femoral head was developed and results from
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the sphericity analysis were related to anatomical angles and finite element results.

This chapter reports the results from the procedures to measure the anatomical features
of the hip joint and to quantify the “Sphericity” on the acetabulum and femoral head
surfaces of the pathological hip joint groups. Also, this chapter presents a description of the
relationships between the results of the sphericity analysis, anatomical features and FE
results. To conclude, a comparison analysis of the results, relations and typical values from

the normal and pathological groups is included.

6.2 Computer models development, Sphericity and

anatomical angles

Twenty hip joint models, ten suffering from FAI and ten hips suffering from dysplasia, were
developed to quantify sphericity of articular surfaces of the hip and to analyse contact area
and pressure patterns and values when the hip joint is one-leg-standing position. Also,
anatomical angles related to FAI and dysplasia of the hip, such as CE, Sharp, Tonnis and
Alpha angles, were assessed and measured from anterior-posterior plain radiographs of the
twenty hip joints. Computer models, Sphericity and anatomical angles were constructed,

quantified and measured, respectively, using the procedures described in Chapter 5 and 6.

6.3 Femoroacetabular Impingement: Results

6.3.1 Table of results

The tables shown in Figures 6.1, 6.2, and 6.3 display anatomical angles and results from the
“Sphericity” and finite element analysis from each of the 10 hips in the FAI hip joint group.
From left to right, the table displays the identification number of the subject, anatomical
angles (Alpha angles), “Sphericity” of the acetabulum and femoral head total surface and by
sections, contact area and peak contact pressure values from one-leg-standing position, and

finally an “Asphericity” visualization of the acetabulum and femoral head.
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Figure 6.1
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Table of results from subjects FAIS5, FAI6, FAI7, and FAIS

Figure 6.2
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Table of results from subjects FAI9 and FAI10

Figure 6.3

6.3.2 Anatomical Angles

Centre-Edge, Tonnis, Sharp and Alpha angles were measured from 10 hip joints suffering

from Femoroacetabular Impigement Cam and Mixed type. Measurements of Alpha angle are
shown in table 6.1. All subjects from the FAI hip joint group had an Alpha greater than 55°.
111

The range of the Alpha angle of this group was from 66.7° ti 115.2°. Where FAI6 has the



largest angle and FAI7 has the lowest angle. And the average Alpha angle of the FAI group
was of 79.5°.

Subject Alpha Angle
Hip joint with FAI 1 (FAI1) 81.0°
Hip joint with FAI 2 (FAI2) 68.0°
Hip joint with FAI 3 (FAI3) 72.0°
Hip joint with FAI 4 (FAI4) 80.7°
Hip joint with FAI 5 (FAIS) 85.8°
Hip joint with FAI 6 (FAI6) 115.2°
Hip joint with FAI 7 (FAI7) 66.7°
Hip joint with FAI 8 (FAIS) 78.8°
Hip joint with FAI 9 (FAI9) 74.3°
Hip joint with FAI 10 (FAI10) 72.0°
Average 79.5°

Table 6.1: Table of anatomical angles of the FAI hip joint group

6.3.3 Sphericity percentage

“Sphericity” percentage of the acetabulum and femoral head of the femoroacetabular hip joint

group are shown in table 6.2.

Acetabulum sphericity values range from 94.9% to 98.2% with a median of 96.6%. On
the other hand, femoral had sphericity values have a range of 99.3% to 95.7%, and a median of
98.1%. In all cases, the femoral head has a greater sphericity percentage than the acetabulum,
with the exception of subject FAI2, in which the femoral head sphericity is 0.2% smaller than
the acetabulum sphericity. Subject FAI10 has the largest sphericity difference between the
acetabulum and the femoral head, with a difference value of 3.6%. FAI1, FAI3 and FAI7 had
low difference of sphericity between the acetabulum and femoral head, in comparison to the

FAI subjects.
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Subject | Acetabulum Sphericity | Femoral Head Sphericity | Sphericity Difference
FAIl 97.4% 97.7% 0.3%
FAI2 98.2% 98.0% -0.2%
FAI3 95.4% 95.5% 0.1%
FAI4 95.6% 98.5% 2.9%
FAIS 97.7% 99.3% 1.6%
FAI6 96.5% 97.5% 1.0%
FAI7 97.9% 98.6% 0.7%
FAI8 96.7% 98.7% 2.0%
FAI9 96.0% 98.9% 2.9%
FAI10 94.9% 98.5% 3.6%

Median 96.6% 98.1% 1.5%

Table 6.2: Table of overall surface “Sphericity” of the Femoroacetabular hip joint group.

A visualisation of the Sphericity values on the femoral head and acetabulum was
generated to locate areas of high asphericity, as Figure 6.4 illustrates. In this subject FAIS, a
negative asphericity can be observed in the superior and inferior lateral regions of the
acetabulum, while the femoral head asphericity is less significant than the acetabulum

asphericity.
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Figure 6.4: Asphericity visualisation of subject FAIS. (a) Asphericity pattern of the femoral head (b)

Asphericity pattern of the acetabulum (c) Asphericity range of the subject.

6.3.4 Asphericity of the sections

Tables 6.3 and 6.4 shows the asphericity values of the eight defined regions on the
acetabulum and femoral head from the femoroacetabular impingement hip joint group. In
all cases, section I in the acetabulum presented a negative asphericity ranging from. On the
other hand, section II in the acetabulum presented a positive asphericity, subjects FAI8 and

FAIO reported a 0.0 on this section.
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Subject || I | IT | III | IV | V | VIII

FAIl -+ - - |+ +
FAI2 || - | +
FAI3 -+ - - |+ +
FAI4 -+ - +
FAI5 -+ |+ | -
FAI6 -+ |+ - - +
FAI7 -+ + | -+ -
FAIS8 - - - |+
FAI9 || - -] -

FAIIO || - | + | - -+ ]+

Table 6.3: Table of the sections asphericity values of the acetabulum from the femoroacetabular hip

joint group.

Femoral heads in the femoroacetabular impingement were diverse in shape, from very
aspherical” to slightly almost ”spherical”. In this group, the femoral head has ”Asphericity”

values in sections I, II, and IV.

Subject || I | II | IIT | IV | V| VI | VII | VIII
FAIl + -] - |+ |+ - - +
FAI2 + | + +
FAI3 + - - |+ |+ - - +
FAI4 + + -

FAI5 +

FAI6 + - - | + -
FAI7 -+ ]+ - + +
FAIS8 -l -+ - + +
FAI9 +
FAI10 + +

Table 6.4: Table of the sections asphericity values of the femoral head from the femoroacetabular hip

joint group.
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6.3.5 Contact area and contact pressure

Table 6.5 shows the results of the model, which include contact area and contact pressure
values of the FAI hip joint group. Figure 6.5 shows the contact area and contact pressure

pattern on the acetabulum and femoral head of hip joint suffering from FAI.

The average of the contact area of the FAI hip joint group is 671.0 mm? and peak contact
pressure average value is of 9.0 MPa. The contact area range from the FAI group was from
532.5mm? to 808.7mm?. And the peak contact pressure was from 5.6 MPa to 12.5MPa.
Subject FAI8 has the largest contact area between the acetabulum and femoral head in the

FAI hip joint group and the largest peak contact pressure. On the other hand, FAI3 had the

smallest contact area, and FAI2 the smallest peak contact pressure.

Subject | Contact Area | Contact Pressure
FAIl 691.7 mm? 5.6 MPa
FAI2 808.7 mm? 6.1 MPa
FAI3 532.5 mm? 8.4 MPa
FAI4 611.2 mm? 8.4 MPa
FAIS 702.1 mm? 13.3 MPa
FAI6 818.9 mm? 8.7 MPa
FAI7 598.4 mm? 12.5 MPa
FAIS 713.2 mm? 7.9 MPa
FAI9 541.8 mm? 6.9 MPa
FAI10 691.7 mm? 12.3 MPa

Average | 671.0 mm? 9.0 MPa

Table 6.5: Table of finite element analysis results of the Femoroacetabular hip joint group.
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Figure 6.5: Contact pressure distribution of subject FAIS. (a) Sagittal view of the contact pressure

pattern on the femoral head. (b) Sagittal view of the contact pressure pattern on the acetabulum.

Two subjects in the FAI hip joint presented small areas of high contact pressure on the
superior regions of the acetabulum, nevertheless, acetabulum and femoral head were not
“Spherical” as Figure 6.6 shows. Subjects FAIl and FAI8 correspond to this description. In
this cases, location of the contact area and high contact pressures was similar on the
acetabula of these cases. On the other hand, contact area and high contact pressure location
on the femoral head differed within the subjects. Moreover, negative “asphericity” of
acetabulum coincided with the location of the small areas of high contact pressures,

however, effects of the femoral “asphericity” was not observed.
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Figure 6.6: (a) Asphericity of the sections on subject FAI1 femoral head and acetabulum. (b) Contact

pressure distribution on subject FAI1 acetabulum.

Subject FAI4 showed two high contact pressure areas, as Figure 6.7 shows. Contact area
on the acetabulum was present on the superior regions, high contact pressures areas were
located posterior and anterior. In this case, the contact area high contact pressure areas
locations in the femoral were different from the acetabulum, contact area was located on
lateral and superior regions. Moreover, high contact pressures were located on sections VIII
and III, as for the acetabulum high contact areas were on I and III. Also, negative
“asphericity” of acetabulum coincided with the location of high contact pressures areas,

however, effects of the femoral “asphericity” was not observed.
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Figure 6.7: (a) Asphericity of the sections on subject FAI4 femoral head and acetabulum. (b) Contact

pressure distribution on subject FAI4 acetabulum.

Subjects FAI9 and FAI10 showed high contact pressure values slighlty close to the
acetabular rim. Contact area on the acetabulum and femoral head was located on superior
regions as Figure 6.8 illustrates. On the acetabulum, contact area was slightly on the
acetabular rim. Also, negative “asphericity” of acetabulum coincided with the location of
high contact pressures areas and positive “asphericity” of the femoral head moderately

affects the contact distribution between the femoral head and acetabulum.
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Figure 6.8: (a) Asphericity of the sections on subject FAI9 femoral head and acetabulum. (b) Contact

pressure distribution on subject FAI9 acetabulum.

A number of subjects showed a high contact area very close to the acetabular rim.
Location of the high contact pressure are was located on the superior anterior part of the
acetabulum and femoral head, as Figure 6.8 shows. Negative “asphericity” on superior
regions of acetabulum coincided with the location of high contact pressures areas. As for
the femoral head positive values of “asphericity”’on superior regions matched with the
location of high contact pressures areas. Cases under this description are FAI2, FAIS, FAI6

and FAI7.

Additionally, on three of four of these cases,FAI2, FAI5S and FAI7, a small negative
“Asphericity” was observed between sections IV and V, on the acetabulum as Figure 6.10

illustrates.
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Figure 6.9: (a) Asphericity of the sections on subject FAI6 femoral head and acetabulum. (b) Contact

pressure distribution on subject FAI6 acetabulum.
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Figure 6.10: Posterior asphericity on the acetabular rim of subject FAI2.

Subject FAI3 showed two high contact pressure areas, as Figure 6.11. Contact area on
the acetabulum was present on the superior regions and negative “asphericity” of acetabulum
coincided with the location of high contact pressures areas. Contact area location on the

femoral head highly disagreed with contact area location of the acetabulum.
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Figure 6.11: (a) Asphericity of the sections on subject FAI3 femoral head and acetabulum. (b) Contact

pressure distribution on subject FAI3 acetabulum.

6.3.6 Discussion

Peak contact pressure was found in section I in five of the ten hips joints with cam-type
impingement. One subject, FAI9, had its peak contact pressure in section II because of an
abnormal femoral head. FAIl and FAI2 had two peak contact pressures located in zone I
and III, FAI2 because of the bone abnormality on the femoral head and FAIl because of an
abnormal shape of the femoral head and acetabulum. In subject FAI3, due to an abnormal
shape of the acetabulum the peak contact pressure was observed in section III. Finally, subject

FAI4 displayed a peak contact pressure in section III because its femur is rotated.

The contact area range in FAI hip joint group was from 632.5 to 808.7 mm? with an
average of 671.0 mm?. Contact areas above 700mm? are produced by the bone abnormality

on the femoral head.

The “Sphericity” of the femoral head had a wider range in comparison to normal and

DDH group. In the FAI group the shape of the femoral and acetabulum were variable as well.
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Subjects FAI1, FAI3, FAI6 and FAI10 had an acetabulum and femoral head with a oval shape,

the remaining hips were similar to those found in the normal hip joint group.

In a number cases, the acetabulum on the FAI group presented a small negative sphericity
area in the opposite side of the antero superior region, this asphericity is like due to the effect
of impingement. In other cases, the femoral head had two positive asphericity areas usually

found in opposing sides giving to the femoral head and oval-like shape.

6.4 Developmental Dysplasia of the Hip: Results

6.4.1 Table of results

The tables shown in Figures 6.12, 6.13, and 6.14 display anatomical angles and results from
the “Sphericity” and finite element analysis from each of the 10 hips in the DDH hip joint
group. From left to right, the table displays the identification number of the subject,
anatomical angles (CE, Tonnis, and Sharp angles), “Sphericity” of the acetabulum and
femoral head total surface and by sections, contact area and peak contact pressure values
from one-leg-standing position, and finally an “Asphericity” visualization of the acetabulum

and femoral head.
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Table of results from subjects DDH1, DDH2, DDH3, and DDH4

Figure 6.12
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Table of results from subjects DDHS5, DDH6, DDH7, and DDHS

6.13

Figure
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Table of results from subjects DDH9 and DDH10

Figure 6.14

6.4.2 Anatomical Angles

Sharp and Alpha angles were measured from 10 hip joints suffering

Tonnis,

2

Centre-Edge

from Developmental Dysplasia of the hip. Measurements of anatomical angles are shown

in table 6.6. In almost all subjects CE angle was less than 25 degrees which is considered
as abnormal according to literature. Subject DHHS has CE angle considered as normal,
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however its Sharp angle is out of the range considered as healthy. Tonnis angle was within
the healthy range in three subjects, DDH1,DDH 5 and DDH7. The remaining cases reported
a Tonnis angles in the dysplastic range. As for the Sharp angle all cases were greater than

40°, considered as dysplastic.

The average CE angle of the DDH group was of 17.9° with a range from 11.9° to 30.1°,
Tonnis angle had a range of 24.0° to 9.4° and average value of 14.2°. Finally, the average

angle for the DDH group was of 46.9° with a range of 40.5° to 50.7°.

Subject CE angle | Tonnis angle | Sharp Angle
Hip joint with DDH 1 (DDH1) 21.4° 9.4° 44.7°
Hip joint with DDH 2 (DDH?2) 23.0° 13.4° 40.5°
Hip joint with DDH 3 (DDH3) 10.1° 24° 50.7°
Hip joint with DDH 4 (DDH4) 16.8° 11.4° 58.7°
Hip joint with DDH 5 (DDHS) 30.1° 6.4° 41.1°
Hip joint with DDH 6 (DDH6) 14.6° 20.6° 50.3°
Hip joint with DDH 7 (DDH7) 22.6° 10.0° 42.8°
Hip joint with DDH 8 (DDHS) 6.6° 22.6° 49.2°
Hip joint with DDH 9 (DDH9) 11.9° 12.1° 48.1°
Hip joint with DDH 10 (DDH10) 22° 11.9° 42.9°
Average 17.9° 14.2° 46.9°

Table 6.6: Table of anatomical angles of the DDH hip joint group

6.4.3 Sphericity percentage

“Sphericity” percentage of the acetabulum and femoral head of the dysplastic hip joint group

are shown in Table 6.7.

Acetabulum sphericity values range from 95.4% to 98.5% with a median of 96.4%. On
the other hand, femoral had sphericity values have a range of 99.0% to 95.7%, and a median
of 98.3%. In all cases, the femoral head has a greater sphericity percentage than the
acetabulum, with the exception of subject DDHS5, in which the femoral head sphericity is

0.2% less spherical than the acetabulum. Subject DDH4 has the largest difference between
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the acetabulum and femoral head sphericity.

Subject | Acetabulum Sphericity | Femoral Head Sphericity | Sphericity Difference
DDHI1 98.5% 98.6% 0.1%
DDH2 96.7% 98.9% 2.2%
DDH3 97.5% 97.5% 0%
DDH4 95.6% 98.2% 2.6%
DDHS5 97.9% 99.0% 1.1%
DDH6 95.9% 95.7% -0.2%
DDH7 97.0% 98.4% 1.4%
DDHS8 95.4% 97.7% 2.3%
DDH9 95.5% 98.2% 2.7%
DDH10 96.0% 98.4% 2.4%
Average 96.6% 98.1% 1.5%

Table 6.7: Table of overall surface “Sphericity” of the normal hip joint group.

Asphericity (%)
=

il

(a) (b) (©

Figure 6.15: Asphericity visualisation of subject DDHI. (a) Asphericity pattern of the femoral head

(b) Asphericity pattern of the acetabulum (c) Asphericity range of the subject.

A visualisation of the Sphericity values on the femoral head and acetabulum was

generated to locate areas of high asphericity, as Figure 6.15 illustrates. In this subject
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DDHI, a positive asphericity can be observed in the superior region of the femoral head.
On the acetabulum three negative asphericity regions can be located, on the inferior rigt/left

and superior regions of the acetabulum.

6.4.4 Asphericity of the sections

Tables 6.8 and 6.9 shows the asphericity values of the eight defined regions on the acetabulum
and femoral head from the dysplastic hip joint group. In all cases, section I in the acetabulum
presented a negative asphericity. In contrast, section II in the acetabulum presented a positive

asphericity in all cases.

Subject | I | II | II | IV | V | VIII
DDHI1 || - | + -

DDH2 || - |+ | + | - +
DDH3 || - |+ | - - |+
DDH4 || - | + | + +
DDHS | - |+ | + | - +
DDH6 | - | + | - - |+
DDH7 |- |+ | + | - |+ | +
DDHS | - |+ | - | - +
DDHY || - |+ | + | - +
DDHIO || - | + | - | - +

Table 6.8: Table of the sections asphericity values of the acetabulum from the dysplastic hip joint

group.
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Subject || I |1 | I [ IV | V | VI | VII | VIII
DDH1 | + + -
DDH2 + -+

DDH3 - + | -] - + +
DDH4 || + | - | - - - +
DDHS5 || +

DDH6 ||+ | - | - | + | + | - - +
DDH7 | + + -

DDHS

DDHY9 | + -+ + - -
DDHIO || + - +

Table 6.9: Table of the sections asphericity values of the femoral head from the dysplastic hip joint

group.

On the femoral headsubjects DDHS and DDHS8 have the most “Spherical” femoral heads,
DDHS has no “asphericity” values while DDHS5 has an “asphericity” in the anterior superior
section (I). The remaining subjects have more than three sections with “asphericity” values.
Subject DDH6 reports “asphericity” in all sections of the femoral head, and also the largest

“asphericity” value, a positive and negative “asphericity” in sections II and IV, respectively.

6.4.5 Contact area and contact pressure
Table 6.10 shows the results of the FE analysis on the Dysplastic hip joint group, which

include contact area and contact pressure values. Figure 6.16 shows the contact area and

contact pressure pattern on the acetabulum and femoral head of a dysplastic hip joint.

130



Subject | Contact Area | Contact Pressure
DDH1 | 482.7 mm? 7.0 MPa
DDH2 | 707.0 mm? 9.7 MPa
DDH3 | 450.2 mm? 9.9 MPa
DDH4 525.9mm? 14.9 MPa
DDH5 | 575.3 mm? 15.0 MPa
DDH6 | 430.8 mm? 12.3 MPa
DDH7 | 663.1 mm? 7.4 MPa
DDHS | 443.6 mm? 11.7 MPa
DDH9 | 581.8 mm? 7.8 MPa
DDHI10 | 666.4 mm? 7.8 MPa
Median | 550.6 mm? 9.8 MPa

Table 6.10: Table of finite element analysis results of the normal hip joint group.

The average of the contact area of the dysplastic hip joint group is 550.6 mm? and peak
contact pressure average value is of 9.8 MPa. Range of the contact area in the DDH group
is from 430.8 mm? to 707.0mm?, and the peak contact range is from 7.0 MPa to 15.0 MPa.
Subject DDH2 has the largest contact area in the dysplastic group, but it doesn’t have the

largest peak contact pressure. Subject DDHS has the largest contact peak pressure, but it

doesn’t have the smallest contact area.
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Figure 6.16: Contact pressure distribution of subject DDHI1. (a) Sagittal view of the contact pressure

pattern on the femoral head. (b) Sagittal view of the contact pressure pattern on the acetabulum.

In all cases, high contact pressures were located in the superior anterior region (section
I) of the acetabulum, with exception of subject DDHI1. This subject shows high contact
pressures in the superior section of the acetabulum as Figure 6.17 illustrates. In this case,
the femoral head presents a large positive “asphericity” on the superior part as it can be
observed in Figure 6.15. By comparing the “asphericity” and contact pressure distribution,
in this case, it can be deduced that the femoral head sphericity has a larger role on the
biomechanical behavior of the hip joint. The acetabulum in this case had the highest

acetabulum sphericity percentage in the dysplastic hip joint group.
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Figure 6.17: (a) Asphericity of the sections on subject DDH1 femoral head and acetabulum. (b)

Contact pressure distribution on subject N3 acetabulum.

Subjects in the dysplastic group presented high contact pressures in section III in addition
to the high contact pressure in section I. These cases had a negative asphericity in section I
and either a negative asphericity in section III, also the femoral head presented a a positive
sphericity in the lateral sections (IV and VIII) and it was not “spherical” . Moreover, contact
area distribution has a discontinuity in section II of the acetabulum, and contact area of the
femoral head is not in the same sections as the contact area of the acetabulum is as Figure

6.18 illustrates. Subjects DDH3, DDH4, DDH6 and DDH10 fall under this category.
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Figure 6.18: (a) Asphericity of the sections on subject DDH6 femoral head and acetabulum. (b)

Contact pressure distribution on subject N3 acetabulum.

Other subjects in the dysplastic group presented more than two high contact pressures in
superior sections of the acetabulum. These cases had a negative asphericity in section I and
III of the acetabulum. In these cases, the femoral head presented a positive asphericity in its
superior sections. Also, contact area of the femoral head is not in the same sections as the
contact area of the acetabulum is as Figure 6.19 illustrates. Subjects DDH2, DDHS, DDH7,
DDHS8 and DDHY fall under this description.
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Figure 6.19: (a) Asphericity of the sections on subject DDHS8 femoral head and acetabulum. (b)

Contact pressure distribution on subject N3 acetabulum.

Additionally, in all cases contact area in section I of the acetabulum was close to the
acetabular rim. Cases where a contact discontinuity was present in section II of the

acetabulum, contact area in section III was also close to the acetabular rim.

6.4.6 Discussion

In two hips (DDH6 and DDH?7) the location of the peak contact pressure in the femoral head
was not in the same section as in the acetabulum, this is because of the abnormal shape of the
hip joint components. In 5 subjects peak contact pressures were location in zone I (DDH2,
DHH3, DDHS, DDH9 and DDHI10). In the other five hips the location varied. In two hips
peak contact pressure was located in zone II due to an abnormal femoral head (DDH1 and
DDHS). In two hips peak contact pressure was found in zone I and III produced by the
abnormal shape of the femoral head and acetabulum (DDH4 and DDH6). In subject DDH7

the peack contact pressure is located between zone I and II caused by an abnormal acetabulum.
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Eight of ten hips had a CE angle lower than considered as normal (DDH1, DDH3, DDH4,
DDH6, DDH7, DDH8, DDH9 and DDH10). DDH2 had Tonnis and Sharp angles not within

the normal range, and in subject DDHS only the sharp angle was not in the normal range.

Seven hips of ten had contact area in the range of 400mm? and 500mm?. Only three hips

had a contact area greater than 600mm?.

Six of ten acetabula in the DDH hip joint group (DDH1, DDH2, DDH3, DDH4, DDH5
and DDH10) had negative asphericity areas in section I and IV. Similar to acetabula of the

normal hip joint group.

In two of 10 femoral head, positive asphericity was located in one section. In other three
femoral heads two areas of positive asphericity were found making the femoral head have an

oval shape.

In addition, negative asphericity on superior regions of the acetabulum coincided with
peak contact pressures on the acetabulum. On the femoral head, asphericity sections with a
positive sign on superior regions coincided with high contact pressures. However, location
and distribution of the contact area on the femoral head and acetabulum from the dysplastic
hip joint group was different and less consistent within subjects than the normal group, this

is likely due to different pelvis structures typical of each group.

136



Chapter 7

Conclusions

This chapter presents the main conclusions, limitations and future work of this research. The
conclusions presented are based on sphericity analysis, FE analysis and quantitative analysis

performed on 30 hip joint models, 10 asypmtomatic hip joints .

7.1 Conclusions: Normal hip joints

e The femoral head is more “Spherical” than the acetabulum.
e The femoral head in the hip joint group is almost 100% spherical.
e In all subjects, the maximum contact pressure was found in section I.

e The location of the maximum contact pressure on the acetabulum was the same as the

location of negative asphericity on the acetabulum.

e The effect of the femoral head “asphericity” was minimal because of its high percentage

of sphericity.

7.2 Conclusions: Hips joints with cam-type Impingement

e The femoral head is more “Spherical” than the acetabulum.
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7.3

7.4

“Sphericity” percent average of the acetabulum and femoral head was lower than the
sphericity of the acetabula and femoral head of the noraml hip joint group. But the

range of “Sphericity” was wider than the range of the two other groups.

A number of hips had similar shape and “Sphericity” percetage as those found in the

DDH group.

The average of the peak contact pressure and contact area average was similar of the

FALI hip joint group was similar to the average values of the normal hip joint group.

The location of the maximum contact pressure was different within the subjects because

of the “Sphericity” and anatomical morphology of each subject.

In a few hip joints suffering from Cam-type impingement a small negative asphericity
area was found in inferior/lateral posterior side of the acetabulum, on the opposite side

where the abnormal growth of the femoral head is.

Conclusions: Dysplastic hip joints

The femoral head is more “Spherical” than the acetabulum.

“Sphericity” percent average of the acetabulum and femoral head was lower than the

sphericity of the acetabula and femoral head of the normal hip joint group.

DDH group had the lowest average contact area and the highest peak contact pressure

average of the three groups.

The location of the peak contact was different within the subjects because of the

“Sphericity” and anatomical morphology of the hip joint components of each subject.

Overall

The femoral head shape usually is very close to a sphere and it is more spherical than

the acetabulum.
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e Sphericity differences between the acetabulum and femoral head is related to peak

contact pressures.

e Asphericity visualization showed that the most negative aspherical sections on the

acetabulum were on the anterior superior and posterior inferior.

e High contact pressures were usually find on the superior anterior region of the

acetabulum.

e On the acetabulum, high contact pressure areas coincide with negative asphericity in

superior regions.

e On normal hip joints, positive asphericity of the femoral head coincides with high

contact pressure areas in superior regions.

e On pathologic hip joints, contact area location on the femoral head was different from

the acetabulum contact area location.

e The interaction of asphericity of the acetabulum and femoral head affects the articular

contact.

e Asphericity visualization of the articular surfaces asphericity gives an overview of the

topology of the acetabulum and femoral head.

e Dysplastic and FAI groups showed a lower sphericity percentage on the acetabulum

and femoral head than the normal group.

e Visualization of the asphericity of the femoral head and acetabulum suggests that the

topology of the articular surfaces is related to contact behaviour of the hip joints.

7.5 Limitations

This investigation only includes the study of contact between the acetabulum and femoral head
on one-leg-standing position and its relationship with anatomical features and sphericity of

the hip joint.

Despite the limitations, sphericity analysis demonstrated a relationship between the

biomechanical behaviour of the hip joint, structure and sphericity of the hip joint.
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7.6 Future work

The results presented have demonstrated a relationship between normal and pathologic hip
joints and sphericity of the hip. Further analysis of the effect of sphericity should include
more data about the patient, such as symptoms and location of the soft tissue damage. Also,

sphericity analysis can be implemented as a tool to help surgeons on-pre operative procedures.
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