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Resumo

Atualmente, a cirurgia ortopédica é auxiliada por software que ajuda tanto no diagnéstico como no planea-
mento préoperatorio cirtrgico. O Curan tem o objetivo de combinar ambas as vertentes num software open-
source, com funcionalidades de visualizacdo e comunicacao com periféricos, tais como sistemas robéticos.
Este trabalho apresenta como obter e usar um modelo estatistico de forma 3D (SSM) do fémur proximal
como ferramenta de planeamento pré-cirtrgico para detetar danos causados pelo conflito femoroacetabu-
lar (CFA) do tipo cam. O projeto Curan é apresentado e a implementacdo de uma janela de visualizagdo de
imagens médicas com uma ferramenta de segmenta¢do manual é explicada. O SSM 3D do fémur proximal é
obtido através da base de dados de 33 fémures do projeto de investigacao de osteoporose VPHOP. O registo
foi efetuado através dos algoritmos de Andlise de Componentes Principais (PCA) e de Iterative Closest Point
(ICP), o tltimo com um erro médio na ordem de 0.0387 mm. Os modos de variagdo do SSM foram também
estudados num esfor¢o de perceber a influéncia de cada vetor préprio na variacao dos dados, resultando
que os primeiros 26 vetores proprios representam 90.57% da variacdao na base de dados e 30 vetores proprios
representam 97.61%. O modelo estatistico foi entdo usado para obter uma visualiza¢ao da lesao do tipo cam
num fémur patolégico obtido através de segmentacao manual de imagens de ressondncia magnética (MRI)
radiais. Finalmente, este trabalho é concluido com uma revisao global e discussao dos resultados obtidos, e

sugestoes para investigacao futura no ambito deste projeto.

Palavras-chave: Planeamento Pré-Operatério Cirtirgico, Statistical Shape Model (SSM), Conflito
Femoro-acetabular (CFA), Registo, VPHOP
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Abstract

Nowadays, orthopaedic surgeries are heavily aided by technology, particularly by software tools that help
both in diagnosis and preoperative planning. Curan aims to be a software tool that combines both into the
same application, by allowing for medical imaging visualization of clinical studies and communication with
external peripheral, such as robotic systems. The present work presents how a 3D Statistical Shape Model
(SSM) of the proximal femur can be obtained and used as a preoperative planning tool in Curan to detect
cam type femoroacetabular impingement (FAI). The Curan project is presented and the implementation of
a medical visualization window with a manual segmentation tool is explained. The 3D SSM of a proximal
femur was obtained from a 33 femora database of an osteoporotic research project, VPHOP. Registration was
performed using Principal Component Analysis (PCA) and Iterative Closest Points (ICP) algorithms, the latter
having a root mean square error in the order of 0.0387 mm. The SSM modes of variation were also studied
to understand the relevancy of each eigenmode for the variation in the training set with a result of 26 eigen-
modes describing 90.57% of the variation and 30 eigenmodes describing 97.61%. Then, the obtained SSM
was used to obtain a visual representation of the surface representing cam type lesion in a pathological fe-
mur from an FAI patient obtained by manual segmentation of radial MRI sequences. To conclude, the results

are discussed and suggestions for future work are given, specially in a way of improving the present model.

Keywords: Preoperative Surgical Planning, Statistical Shape Model (SSM), Femoroacetabular Im-
pingement (FAI), Registration, VPHOP
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Chapter 1

Introduction

1.1 Motivation

Orthopaedic surgeries’ success, as well as most surgical procedures, is heavily dependent on the preop-
erative planning. Preoperative planning involves the revision of the techniques to be performed and write a
step by step draft of the surgical procedure. Historically, this involved methods such as using copies of x-ray
sheets in order to practice and explain to the surgical team what was the course of action [1]. Nowadays,
depending on the medical specialty, there are numerous tools to help the preparation of a surgery, most of
them associated with software capable of interpreting modern medical imaging techniques, such as CT or
MRI scans.

Typically, medical imaging software are tools that help a health professional, or researcher, visualizing a
set of images describing a certain pathology with functionalities that allow a better understanding of the clin-
ical case, either by isolating a certain region of interest (segmentation), annotating or describing anomalies
by, e.g., measuring distances. These software are often closed source and owned by medical companies, not
allowing tool development by researchers for specific case studies and often being quite expensive to be used
for scientific research.

Given the necessity of having an open source medical visualization tool that also enables communication
with external peripherals, such as robotic systems, the Curan project was initiated in the Surgical Robotics
Lab (SRL), in IST. The goal is to offer an "all in one" software, totally built in C++ with state of the art libraries
such as ITK or Skia. Curan is currently in development but aims to feature previously mentioned tools, as
well as additional functionalities regarding medical applications.

In the SRL, previous work regarding preoperative tools for orthopaedic surgery planning, had already been
developed, more specifically, a 2D SSM of the human proximal femur that aimed to help planning surgery for
cam type FAI [2]. Cam type FAl is a medical condition where the femoral head-neck junction has an abnormal
bone growth creating an irregular geometry causing mechanical collision between the femoral head and the
acetabulum.

An SSM is a statistical analysis of an object’s shape capable of defining a set of objects by using their

mean shape and a number of modes of variation. This statistical approach will be used for the cam type



FAI since femora suffering from this pathology will present abnormal geometry that can be indentified when
comparing to the SSM. In this thesis, a 3D SSM will be developed in an attempt of mathematically defining

cam type FAl lesions on a pathological femur to be later implemented as a functionality in Curan.

1.2 Objectives

The scope of this thesis is to create a 3D Statistical Shape Model of the human proximal femur to be used
in Curan as a preoperative planning tool for cam type FAI, as well as the implementation of segmentation
algorithms in the Curan software. For this, a database of healthy femora and MRI radial images sequence of
a patient with cam type FAI were used.

This thesis can be divided into the following objectives:

¢ Understanding and help building the underlying architecture of the Curan project and implement a

manual segmentation tool;
¢ Data analysis and treatment to obtain a statistical shape model of the proximal femur from a database;
¢ Segmentation of a femur from a cam type FAI patient;

¢ Analysis of the comparison between the SSM and the pathological femora.

1.3 Thesis Outline

This thesis is divided into six chapters. The current one is an introductory chapter explaining the cur-
rent thesis’ motivation and its structure. The second chapter, Background, presents some of the background
knowledge that will later be used into the development of the thesis, such as anatomy concepts or medical
data. In this chapter, the state of the art of medical image visualization tools is also presented in order to con-
textualize the Curan project as well as previous work developed in the SRL related to both SSM and cam type
FAI. Chapter 3, Curan, introduces the Curan project and explains its structure. It also presents the current
development of the FAI Preoperative Planning tool and the implementation of a segmentation algorithm.
Chapter 4, Statistical Shape Model, presents the methods and materials used for the development of the SSM
of the proximal femur, the acquisition of the pathological femur and the FAl identification by comparing both
models. In chapter 5, Results and Discussion, the results obtained are presented and a thorough analysis and
discussion is performed. Lastly, the chapter 6, Conclusion, provides an overview of the work presented, both

findings and limitations, as well as suggestions for future work.



Chapter 2

Background

2.1 Femur and Hip Joint Anatomy

2.1.1 Femur Anatomy

The human femur is the largest bone in the human body and the only bone in the thigh, being situated
between the hip and knee joints. Having a great number of tendons and muscles attached to it, it is respon-
sible for the upright natural position of humans and their ambulation. It is divided into three distinct parts,
the proximal femur, shaft and distal femur. This thesis will focus on the proximal femur since it is in this re-
gion that the femoroacetabular impingement will occur. The proximal femur is composed by the head, neck
and two bony processes called greater and lesser trochanters. There are two bony ridges that connect these
trochanters, one on the anterior side - trochanteric line - and one on the posterior one - trochanteric crest

(figure 2.1).

(ireater

Fit on head Head Pacdd e
rochander
(Freater ____Trochanteric
frochanter fossa

Neck

Trochanteric™
crest

Lesgser frochanter Lesser

trochanter

‘

(a) Anterior View (b) Posterior View

Figure 2.1: Anterior and posterior view of the right human femur [3]

The head of the femur has an almost spherical shape and it connects the femur to the acetabulum to
form the hip ball and socket joint, allowing for a broad range of movement. The neck of the femur has a

cylindrical shape and connects the head to the shaft at angle around 135°. This angle is also responsible to



the greater freedom of movement. Both trochanters are projections of bone responsible for holding most of
the muscles and ligaments around the pelvis area. The greater trochanter has attached most of the muscles

of the gluteous area while the lesser trochanter has the iliopsoas muscle attached to it [4].

2.1.2 Hip Joint Anatomy

The hip joint is one of the most important joints in the human body. This ball and socket joint is respon-
sible for the stability and weight bearing of the whole body as well as ambulation [5].

The hip joint is an articulation connecting the femur to the pelvis in a ball and socket anatomy. The
femoral head is the ball and the acetabulum the socket. The femoral head is kept inside the acetabulum due
to a strong ligament called ligamentum capitis femoris, or ligament of head of femur. Both the head of femur
and the acetabulum are covered in articular cartilage, which allows for movement without bone damage and,
this cartilage, is thicker at higher stress and weight-bearing zones. The acetabular cavity is deepened by the
existence of a collar around the bone called acetabular labrum. The anatomy of the hip joint is shown in

figure 2.2.

Acetabular labrum

Hip bone
Articular capsule

Ligamentum capitis
femoris

Mass of fat

Figure 2.2: Hip joint anatomy [6]

2.2 DICOM Files

Digital Imaging and Communications in Medicine (DICOM) files are the standardized image file format
used by medical imaging hardware devices. DICOM files not only store the digital imaging but also accessible
data of a patient or about the image acquisition protocol [7]. In DICOM files, the data is encoded into specific
unique tags, each containing different types of information, depending on the used imaging technique or
procedure.

In this work, the MRI image files of the femur with cam type femoroacetabular impingement are DICOM

files. Given the goal of segmenting the femur it is important to convert the coordinates of each pixel in each



MRI slice to the real 3D coordinate system. In each DICOM file there is information that helps on achieving

this, more specifically [8],

* Image Position (Patient), with tag (0020,0032), is the (x, y, z) coordinates of the upper left corner of the

image in mm, with respect to patient’s orientation;

* Image Orientation (Patient), with tag (0020,0037), is the direction cosines of the first row and the first

column with respect to the patient;

¢ Pixel Spacing, with tag (0028,0030), has two values that represent the physical distance in the patient
between the center of each pixel in the row direction (first value) and in the column direction (second)

in mm.

From [9], it is possible to obtain the real coordinates, P, ,,, from the (i, j) pixel by using,

yzr

p| [x.-ar ven; o s

P X,-A;, Y,-A; 0 S

v [fyen Ay a v | |J @.1)
p| |x.-a0 Y.-a; 0 S0

1 0 0 0 1 1

where P, ; are the coordinates of voxel (i, j) in the frame’s image plane in mm, S, ; are the three values of the
Image Position (Patient), X, are the values from the row direction cosine of Image Orientation (Patient),
Y, . are the values from the column direction cosine of Image Orientation (Patient), A; is the column pixel
resolution of Pixel Spacing, A; is the row pixel resolution of Pixel Spacing and (i, j) are the column and row

indexes, respectively, to the image plane.

2.3 Femoroacetabular Impingement (FAI)

2.3.1 Definition

Femoroacetabular impingement (FAI) is a pathomechanical condition that affects the normal functioning
of the human hip joint causing abnormal contact stresses in this area [10]. In most cases, FAI is caused by
a deformation in the bone of the femoral head or head/neck junction, acetabulum or both. Due to these
deformations in the bone, repetitive movement of the femur in the acetabulum may lead to chondral lesions
(degradation of joint cartilage) and labral tears that can eventually cause early degenerative disease [11].

FAl is a recently proposed medical term, being used for the first time in 1999 even though evidence shows
records of typical FAI deformations throughout literature [12]. It started being looked upon the scientific
community after studies emerged suggesting that FAI could be a cause of osteoarthritis of the hip and suc-
cessful medical interventions were made in adolescents and active adults with imaging evidence of FAL It
has, since then, became important to develop assessment and treatment standards in order to improve the
quality of diagnosis, as well as reducing the rate of osteoarthritis caused by this condition [10].

Clinical evidence of femoroacetabular impingement is characterized by anterior inguinal pain and de-

creased range of motion with flexion, adduction and internal rotation. In terms of classification, it is con-



sidered to exist two types of femoroacetabular impingement, cam type and pincer type that can coexist in a

combined form.

2.3.2 Diagnosis

The diagnosis of FAI consists of a combination of symptoms, physical examination and imaging studies.
With this information it is then possible to distinguish FAI from intra- and extra-articular hip disorders. Even
though FAI is commonly associated with groin pain and decreased range of motion, one can live years with
this condition without knowing. Most FAI patients are typically young and active, usually practicing sports
that require repetitive hip movement. During physical activity it is possible for the individual to fell stiffness,
pain or popping of the hip joint in specific movements like joint loading, rotation or hip flexion.

In a physical examination to determine the existence of FAI, a professional will perform a set of move-
ments in order to track down the origin of the patient’s problem. Exercises like a single-leg stance (figure
2.3a) or single-leg squat (figure 2.3b) can help the professional understanding which type of movements pro-
voke what type of pain. The physical examiner can also observe the patient’s sitting posture since FAI can

also affect the patient in this position.

(a) Single leg stance position [13] (b) Single leg squat movement [14]

Figure 2.3: Exercises performed during a physical examination

The physical examiner proceeds to perform the hip impingement test on the patient. With the hip and
knee flexed on a 90° angle, the hip is rotated from external rotation to internal rotation while moving from
abduction to adduction (FABER - flexion, abduction and external rotation - to FADIR - flexion adduction and
internal rotation, figure 2.4). Patients with a positive impingement test will feel pain at any given moment,
that usually matches with the symptoms. Over 90% of the patients with confirmed FAI by radiology or other
imaging techniques have a positive impingement test.

Even if a patient comes out having a positive hip impingement test it is usually necessary to have more
proof of the existing problem and, ifthe FAlisindeed confirmed, the doctor should have more detail regarding
that patient’s case. For this plain radiology, computerised tomography (CT) or magnetic resonance imaging
(MRI) can be used.

An x-ray is usually taken in order to confirm the physical examiner diagnose since it is the cheapest, fastest
and more widely available option. It is important that the x-ray is centered on the pubic symphysis and that
there is a neutral tilt between the machine and the patient. Apart from a frontal view (figure 2.5a) it is also

important to have lateral hip projections such as Dunn’s 45° view (figure 2.5b).
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(a) Anterior view (b) Dunn’s 45° view

Figure 2.5: Anterior (a) and Dunn’s 45° view (b) on a bilateral FAI patient [16]

Using computerised tomography it is possible to observe osseous morphological abnormalities of the
acetabulum and femoral head-neck junction allowing the doctor to identify the type of FAI in hands. With

CT scans it is also possible to obtain a 3D reconstruction in order to have a better surgical planning.

Figure 2.6: Computerised Tomography scan from a patient with cam type FAI [17]

Magnetic Resonance Imaging (MRI) can be used to also detect the extent of osseous abnormalities in the

hip joint in order to detect the FAI type of the patient. Since the MRI also shows cartilage it is also important



to note that, with this method, the doctor can comprehend the extent of cartilage damage such has chondral
injuries like chondrolabral separation and carpet lesion. Similar to CT, MRI also enables the option of 3D
reconstruction if the doctors feel like it is needed.

MRI is widely used for surgical planning of FAI since it gives the option of having radial MR-sequences.
Radial sections provide a true cross section of the hip joint anatomy, allowing to have better perception of
the region of interest. With conventional imaging planes, the images can be subject to averaging effects that
can alter the amount of cartilage and labral damage due to the complex shape and anatomic position. The
spherical shape of the femoral head and the oblique anatomic position of the head-neck joint are the primary
difficulties found when using conventional imaging planes. Furthermore, in axial and coronal planes, the re-
gions most affected by these partial-volume averaging effects are the antero- and posterosuperior regions of
the hip joint while in sagittal plane, the most affected area is the superior. Radial scans differ from conven-
tional ones since all planes go through the center of the joint, allowing for same-sized sections that contain
the right proportion of information. Figures 2.7a and 2.7b illustrate how conventional and radial imaging
planes differ in terms of obtainable information when the object in study has a round shape [18]. Figure 2.8,

shows an example on how a radial MR-sequence is obtained [19].

CONVENTIONAL IMAGING PLANES CONVENTIONAL IMAGING PLANES

W -dle-

(a) Conventional imaging planes

RADIAL IMAGING PLANES RADIAL IMAGING PLANES

(b) Radial imaging planes

Figure 2.7: Imaging planes exemplified as slices of an orange [18]
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Figure 2.8: Arrangement of radial MR-sequences and how they are distributed around the femoral head with
10° difference

Unfortunately, one of the major drawbacks from radial MRI images is the inability of correctly capturing
the region near the axis of revolution creating a black band in the middle of images, a visual artifact. This
anomaly darkens the center of all images in a radial series affecting the quality of image in this area. In figure
2.9 it is possible to visualize the artifact present in two images from the DICOM files with the MRI images of

a cam type FAI patient that will be used later to obtain the pathological femur model.

(a) Image 9 (b) Image 19

Figure 2.9: Artifact presence in two radial MRI slices from the radial MRI series



2.3.3 Cam Type FAI

In cam type impingement of the hip, the main deformation occurs in the contour of the anterior/superior
femoral head-neck junction while the acetabulum has a normal morphology. A healthy femoral head-neck
junction has a concave morphology (as seen in figure 2.2 between the femur and the femoral head). When a
cam type femoroacetabular impingement exists, it affects the shape of this junction to a flat or, even, convex

one (figure 2.10). This type of FAI can also compromise the sphericity of the femoral head.

Figure 2.10: Cam type FAI and location of the bone deformation [11]

During vigorous and repetitive movements, like the ones performed during physical activity, the non-
spherical part of the femoral head will be forced against the acetabular rim, will result in damage to the exist-
ing cartilage. Cam type FAI is known by extensive cartilage damage and labral tears. These impairing lesions
are more severe than the ones presented by pincer type FAI since the aspherical shape of the femoral head

heavily compresses the joint with rotational and flexing movements of the leg.

2.3.4 Pincer Type FAI

The pincer type femoroacetabular impingement is characterized by the atypical morphology of the ac-
etabulum while having a normal-shaped femur. In this case the malformations in the acetabulum can be of
several types such as acetabular retroversion, anterior and/or lateral over-coverage and protrusio acetabu-
lae. The first is shown in figure 2.11. Without diving too deep in this type of FAI, since the main focus of this
thesis is on the cam type one, all these conditions affect the overall geometry around the femoral head and
acetabulum by increasing the relative depth of the latter or an excessive bone growth covering the femoral

head, restricting its movement in the socket.

Continuous abrasion from the femoral neck against the altered acetabular rim leads to both damage in
the rim as well as the appearance of a pincer abutment. Usually, degeneration of the labrum occurs and an
intra-substance cyst or ossification occurs, further worsening the problem of over-coverage of the femoral
head. In pincer type FAI, acetabular chondral lesions occur in a smaller area of the acetabular rim, when

compared to the cam type FAI, therefore being less impairing.

10



Figure 2.11: Pincer type FAI with anterior acetabular retroversion (a) with the anterior acetabular rim (white
dotted line) protruding over the posterior acetabular (black dotted line) rim (b) [11]

2.3.5 Treatment

Currently, when justifiable, FAl is treated by performing a type of surgery called Femoroacetabular Osteo-
plasty (FAO) where the main goal is to remove excess bony areas formed on the hip bone and/or the femoral
head-neck junction, reshaping these areas in order to minimize the abrasion between both parts. It may also
be needed to repair torn labrum. To do so, one of three types of surgery may be used to correct such damage
[20].

The first possible type of surgery is Hip Arthroscopy. Arthroscopy is a minimally invasive type of surgery
where the area to be operated is accessed through small incisions making the recovery easier on the patient.
Through these incisions an arthroscope, a small high quality videocamera, is inserted to observe the joint
while the tools are inserted on the remaining incisions to perform the surgery. Usually, the typical damage
caused by FAI, such as labral tear, damaged articular cartilage and bone spurs, can be treated using this type
of surgery. Hip arthroscopy, usually, takes no longer than two hours depending on the extension of damage

caused by FAI.

(a) Simulation of the procedure (b) Procedure on a patient

Figure 2.12: Hip arthroscopy simulation (a) and on a real patient (b) [21]

FAI treatment can also be done by surgical hip dislocation, an open surgery. In this technique, the doctor
will perform an incision close to the greater trochanter figure 2.13a and safely dislocate the femoral head from

the socket 2.13b so that the entire hip joint is exposed. Since the jointis totally dislocated it is possible to better
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repair labrum tear and bony abnormalities of the femoral head, when comparing to the hip arthroscopy.
Usually, this procedure takes between two and three hours to perform and is more invasive than the Hip

Arthroscopy, so should only be considered when the extensiveness of the damage is considerable [20].

AO

Trochanteric bursa #
(a) Incision location (b) Controlled dislocation of the hip

Figure 2.13: Surgical hip dislocation procedure [22]

Another possible type of surgery is a mini-direct anterior approach. This technique combines both pre-
vious ones but with a smaller incision when compared to traditional hip dislocation. In this procedure an
incision is made in order to insert the arthroscope similarly to the Hip Arthroscopy surgery. Then, a 7-8 cm
curved incision is made towards the femoral head [23]. The hip is slightly extend so that the surgeon can treat
the labrum, the acetabular rim and all other internal damage in the hip bones by using a burr drill. Since this
technique provides better visualization of the area to be observed it decreases the risk of damaging nerves

and femoral cartilage when compared to Hip Arthroscopy [20].

Figure 2.14: Mini-direct anterior approach [24]
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2.4 State of the Art

Technological development had a major impact in the medical world with the implementation of new
technology, such as digital imaging systems with higher quality when compared to traditional radiography.
Further advances in technology and the desire to create safer protocols for surgeries were major influences
to the state of the art of preoperative planning. New methodologies started to be part of everyday surgeries
around the globe, naturally influencing orthopaedic practice as well. Today, it is possible to construct 3D
digital models from imaging systems to better evaluate the case at hands as well as serving as a guide during
surgery. Software has slipped into medical briefings and operating rooms and has proven to be a reliable
teammate to increase the likelihood of success of surgeries. In this section, the state of the art of medical

imaging software and preoperative planning tools will be presented.

2.4.1 3D Slicer

3D Slicer is an open source software platform for analysis and visualization of medical images and for
research in image therapy. Born out of the necessity to find a more advanced quantitative imaging tool to
better the personalization of cancer therapy, 3D Slicer was used to help building the Quantitative Imaging
Network (QIN) by the American Nation Cancer Institute [25].

Fundamentally, 3D Slicer serves as a radiology workstation that provides not only versatile visualizations
but also advanced functionality such as automated segmentation and registration for a variety of applica-
tions. The software supports multimodality imaging e.g. MRI, CT, ultrasounds (US), microscopy. The major
advantage of 3DSlicer when compared to other radiology workstations is being open source and not tied to
specific hardware. It is also available on multiple operating systems such as Linux, MacOSX and Windows,
being easy to run on most computers.

The development of 3D Slicer is ensured by users, developers, contributors and commercial partners.
This is a great advantage for researchers since it is a fully open source software and, thus, can be extended
and distributed. A researcher can also create new functionalities through the creation of a 3D Slicer extension
that is easily implemented.

One of 3D Slicer’s drawbacks is the fact that it is not approved for clinical use. After being first introduced
in 2012 [25] it is still only intended for research purposes so, using it in a hospital setting, such as an operating

room, is not possible.

Figure 2.15: 3DSlicer layout [26]
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2.4.2 OsiriX

OsiriX is a medical imaging software designed for navigation and visualization of multimodality and mul-
tidimensional images. The OsiriX project started as an open source software for Macintosh platforms spe-
cialized on DICOM images produced by medical equipment such as CT, MRI, Positron Emission Tomography
(PET), etc [27].

Multidimensionality in OsiriX refers to the capacity of creating and visualizing 2D, 3D, 4D and 5D studies.
The most important feature in OsiriX is its 3D Viewer that offers state of the art post-processing techniques,
such as Multiplanar Reconstruction or 3D rendering. The 4D models are 3D series with temporal dimen-
sion such as Cardiac-CT and 5D models are similar with extra functional dimensions present in studies like

Cardiac-PET-CT.

Figure 2.16: OsiriX layout [28]

Nowadays, OsiriX is property of Pixmeo SARL, a swiss company founded by the creators of OsiriX and is
now a ISO 13485 certified medical device manufacturer, allowing OsiriX to be used in clinical setting. Then,
OsiriXis no longer an open source software which means that its availability for medical or research purposes
is limited. Another drawback of OsiriX as a DICOM viewer is its exclusivity to macOS running devices being

unavailable for Windows or Linux operating systems.

2.4.3 DYONICS PLAN

In 2014, the medical equipment company Smith & Nephew launched DYONICS PLAN Hip Impingement
Planning System, a software designed for FAl identification and correction planning. This software can create
3Drendering of a patient’s hip based on CT scans and identifies the areas and the degree of hip impingement.
It can also create range of motion simulations that allow better visualization to the user. DYONICS PLAN
offers the unique ability of being able to identify areas of conflict and develop a resection planning based
on stored coverage data from 400 asymptomatic hips. Furthermore, it allows the user to enter their clinical
judgement, giving a doctor control of the planning [29]. The software also delivers an output report with the
resection planning and customized different measures and views from the planning

Some of the disadvantages of DYONICS PLAN are the fact that it is not an open source software, it is limited

to only the Hip Impingement pathology and its models are created in a proprietary format that is only used
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Figure 2.17: DYONICS PLAN layout [30]

by PLAN. This means that, as a research tool it is not the best software available. Another point to note is that
the software is no longer available at Smith & Nephew’s website and no information about its current state

was found.

2.5 Surgical Robotics Lab and previous work

This thesis comes as a follow-up to already published research about preoperative planning for cam type
FAI, more specifically, to two master’s degree thesis developed in the Surgical Robotics Lab (SRL) of idMEC
(Instituto de Engenharia Mecanica - IST).

The first work, [2], examined a way of applying a statistical shape model of a set of healthy femora to
compare it with a pathological femur. In this thesis though, the used data to obtain the statistical femur was
a 2D coronal section of each femur (figure 2.18). This will be the baseline of present thesis but it is necessary
to understand that any human bone, such as the femur in these works, has a high degree of complexity, thus

itis necessary to perform a 3D analysis that better depicts the characteristics of a real bone.
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Figure 2.18: Difference between pathological femur (blue)
and statistical model (green) shown in red [2]

In [31], the main goal was to develop a preoperative planning tool to be part of a robot-assisted conser-
vative hip surgery. In said tool, it would be possible to outline, in each pathological femur MRI slice, what

would be the normal geometry of a healthy femoral head and neck. From these outlines a surface would be
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generated in order to serve as the safe zone to which the robot arm would be constrained to work. From this
work, it is possible to understand the limitations of Image Segmentation when it comes to medical images,
such as the ones used in this paper. It is important to state that the pathological femur medical images used in
this thesis are the same as in [31] but the segmentation process was implemented independently, so minimal

variation on the pathological femur may occur.
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Chapter 3

Curan Software Development

Curan is an ongoing project being developed at the SRL that aims to create an open source medical vi-
sualizer based on several state of the art libraries. The project is completely written in C++ in order to be
compatible with most operative systems. The goal is to build an application that supports visualization of
medical images and preoperative planning, communication with external peripherals, such as robotic sys-

tems for Image Guided Therapy (IGT), and the flexibility to easily integrate new tools by developers.

3.1 Build and API

The tool used to build the project library is CMake. CMake is an open source, cross platform family of tools
designed to build, test and package software [32]. To build a library, it is used along native build environments
(Microsoft Visual Studio 2019 in this case). A configuration file is necessary to create standard build files,
generally called CMakeLists.txt written in CMake language. In this file both libraries and executables can be
added. It is in this file that all Curan’s external libraries will be added.

Some important libraries are:

Asio - This library is used for network and low-level input/output programming [33]. In Curan, it is used

to establish TCP/UDP protocol communication with external applications;

* GeometricTools - Used for computation in the fields of mathematics, geometry, graphics and image
analysis [34]. Some important mathematical operations depend on this library, such as convex hull

estimation and smallest bounding box;
¢ GLFW - One of the most used API for creating and managing windows, contexts and surfaces [35];

¢ ITK - Insight Toolkit (ITK) is a library that provides extensive tools for image analysis. Capable of reading
and writing DICOM files (one of the most used file types for medical images), it is possible to perform

segmentation and/or registration in multidimensional images [36];
¢ nlohmann_json - Creates JSON files used to record information for different sessions of the application;
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¢ OpenlGTLink - Provides a standardized protocol for the communication between computers and med-
ical devices for image guided therapy. Some examples of this library use are robot-assisted interven-
tions, with robotic devices and surgical planning software, and intraoperative image guidance using

real-time MRI and medical image visualization software [37];
* sigslot - Generates signals between widgets and other library components;

* Spdlog - One of the fastest C++ loggers, this library allows multithreaded information to be output to

the command line;

¢ stb - Used for loading images.

Currently, there are two external dependencies that are not directly injected into the source code, Vulkan
and Skia. Vulkan is a new generation low-level graphics API best known for its high performance and used
as a state of the art API for video game development. A graphics API works as a "middleman" between the
software and hardware, providing access to the graphics processing units (GPUs) [38]. When compared to
other APIs, such as the predecessor OpenGL, Vulkan is a considerably lower-level API, reason why it is such a
powerful tool for 3D rendering at a higher performance. Skia is an open source 2D graphics library developed
by Google and it is used as the graphics engine for popular products such as Google Chrome, Mozilla Firefox
or Android [39]. In Curan, it will be used to create and display 2D entities on the screen.

Curan API is divided into four logical groups based on the specialization of each group inside the appli-

cation. All classes are contained in the curan namespace.

¢ Image Processing - This group focus on the medical imaging management, such as storage in RAM
memory and algorithms related to segmentation, registration, volumetric reconstruction, etc. The code

is contained inside curan: : image namespace;

¢ Display - The code in this group takes care of widget functionality, such as buttons, and information to

be displayed in 2D to the user. It is contained in the curan: : display namespace;

¢ Communication - This group is in charge of the communication between Curan and external periph-
erals, such as surgical robots or ultrasound, by using the TCP/IP protocol. The code is contained in

curan: :communication;

¢ User Interface - This portion controls the behaviour between the Display group and window manage-
ment and logic. The namespace curan: :ui contains all the windows that can be shown to the user by

the application.
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3.2 FAI Preoperative Planning

Given the flexibility of integration and the tools presented earlier, the goal is to start the implementation
of a window in the Curan app dedicated to the preoperative planning of the cam type femoroacetabular im-
pingement pathology presented in section 2.3.3. For this, alongside the basic functionalities of both 3DSlicer
and Osirix in image processing, such as segmentation and registration, that are necessary for any state of the
art medical imaging visualizer, it is intended to implement an algorithm that would help identifying where
the bony deformation occurs and the shape of the region to be surgically removed. For this, it is intended to
build a 3D Statistical Shape Model (SSM) of the top part of the femur. A Statistical Shape Model is a model
capable of characterizing the shape of an object based on the mean shape of a training set and a set of modes
of variation of said shape [40]. This approach is often used on objects that have a recurrent varying shape as
itis the case of human bones.

The Statistical Shape Model of the human femur to be used in Curan was implemented and developed in
MATLAB® R2021a due to the powerful data analysis and visualization tools it inherently has. The final data re-
sulting from SSM implementation can easily be exported to be used in Curan. Even though the segmentation
tool was implemented in C++ and explained in subsection 3.2.2, the segmentation of the pathological femur,
used for the results of this thesis, was obtained in MATLAB® due to trustworthy of results when compared to

the emerging Curan software that is still susceptible to changes.

3.2.1 Medical Imaging Visualizer Implementation

Before diving in the implementation of the visualizer it is necessary to understand the foundation of Curan
and the logic behind how the application works.

The main source file, app . cpp, is where function start_up () is defined. In this function, before con-
structing the window, where the medical imaging and options will be presented, there are five initialization

steps needed:

1. Create a pointer to the thread that is intended to be used. This is important since Curan is built as a
multithreading program that is able to execute different actions at the same time (in different threads)

but communicating with each other (concurrently);
2. Load the resources necessary for the layout of the Curan app, mainly the button icons;

3. Load the desired clinical study into memory under the class curan: :display: : StudyManager. This

is currently done by using the file path of the file with the medical imaging;

4. The method initialize_context() from the curan::display: :Context class will create the

Vulkan context instance necessary to communicate with the GPU;

5. Finally, it is necessary to define curan: :display: :DisplayParams that will initialize the parame-

ters of widgets and overall aspect of the window.

Now, it is necessary to call the class that will manage the information to be displayed to the window,

curan: :ui::WindowManager. As the name suggests, this class will manage what window will be called
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and the necessary methods to perform this. Firstly, the manager will set the previously created Vulkan con-
text with set_context () method. Then, launch_faiviewer_visualizer () method will launch the FAI
planning window. At the same time, the process_os_events method is called. This important method will
monitorize all pending events in the created window. It will process the events in the event queue, such as
input callbacks like mouse clicks.

The launch_faiviewer_visualizer () method will create an instance of the FAIViewer class that
holds the methods necessary for the FAI planning window. Firstly, the init () method is called to setup the
initial state of the FAl window, mainly the disposition of widgets, such as buttons, size and initialize the Vulkan
context for this window. It will also set the type of input that can be received through connect_handler ()
method, that in this case will be the cursor position, mouse buttons and scroll wheel. Then, the run()
method is called. This method will manage the behaviour of actions in the window while the app is run-
ning. It is in charge of drawing images to the screen and decide on actions based on user input signals. The

FAI window is shown in figure 3.1.

Segmentation

N

7
g

Figure 3.1: FAI Visualizer in Curan

From figure 3.1 it is possible to observe the existence of six buttons in this window. From top to bottom:
* Save - Saves the changes made to the current image and stores this changes in memory;

¢ Move - Allows to freely move the image in the designated image area (area with black background);

e Zoom - Allows to zoom in and out on a specific area of the image;

* Rotate - Gives the option to freely rotate the image around its center point;

¢ Segmentation - This button opens the segmentation options box, further explained in subsection 3.2.2;

¢ Measure - Through a series of mathematical relations, this button allows to measure the distance be-

tween two points selected in the image.

These buttons allow for a similar experience one has with medical imaging software. Options like moving,
zooming or rotating an image are important when analysing a clinical study. Bear in mind that these are the

available button as of the time of writing this thesis and in the future are subject to changes.

20



3.2.2 Manual Segmentation Options Box

The segmentation of a medical image is known to be a difficult task. The biological variation, the quality
of the image acquisition and different pathology all influence the task of identifying the object of interest.
While Image Segmentation is a widely studied field on itself, and automated methods have been applied to
medical studies in platforms, such as 3DSlicer or OsiriX, these options are still not implemented in Curan.
For the time being, it was implemented a way of manually drawing the contour of a region of interest (ROI).

To start the manual segmentation of a medical image, the user should press the Segmentation button in
the FAI window. This will open a small menu-like box on the top left of the image area. This box will feature

five different buttons each with a different function.

* Adjust Contour allows to edit a previously drawn contour by dragging the existent vertices of said con-

tour;
 Hide Contour gives the option to hide/show an existing contour;

¢ Add Points allows the user to start drawing a contour. After pressing this button the user will start draw-

ing points on the image (figure 3.2a);

e Submit Contour will save the current contour as a path. This will save the coordinates of the vertices
drawn by the user and draw lines connecting all points (figure 3.2b). It is to note that these coordinates

are the (i, j) pixel coordinates of the image with size i x j pixels;

¢ FErase will allow the user to select a contour to eliminate. This will delete the contour from the screen

and its coordinates from memory.

(a) Point placement (b) Closed contour

Figure 3.2: Steps of drawing a contour in Curan

In order to achieve the real coordinates of the human femur it is necessary to apply the mathematics
presented in section 2.2 using the (i, j) coordinates drawn on the image. After repeating the procedure for all
radial MRI slices, it is possible to construct the 3D model of the patient’s femur. For now, one of the biggest

drawbacks is that the number of points defining a slice contour is defined by the number of points the user
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draws on the image. In the future, it is intended to implement a way of creating a spline curve, based on the

points drawn by the user, with equally distanced points.
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Chapter 4

Statistical Shape Model

Statistical Shape Model (SSM) is a technique of analyzing an object by extracting the mean shape of said
object alongside a number of modes of variation from a training sample set that is specially useful in medical
applications due to natural variability between all humans [40]. The main goal of the chapter is to obtain
an SSM of the proximal femur from a set of 33 human femora and identify cam type FAI detection with the

model.

4.1 Algorithm

The SSM algorithm starts with obtaining the point coordinates, landmarks, of an object, in this case the

proximal femur. The array of k points defining a femur is stored in vector x [40].

x:(xlvyl!zlv-"rxkryk)zk)T (41)

With the landmarks a Point Distribuition Model (PDM) of each femur in the training set is obtained [41].
One of the necessary requirements to build a PDM is that the landmarks on the different training samples
need to be located at corresponding positions, this is, a landmark point needs to be located in the same
relative position in all samples. In figure 4.1 it is possible to observe the assigned position to each of the points
defining the shape of a resistor. In order to build a PDM for this resistor it is important to maintain the points
in around the same position for other resistors in the training sample e.g. points 3, 5, 10, 12, 10, 21, 26 and
28 should be placed in the "vertices" of all resistor bodies in the training set. Another requirement is that all
models in the training set have the same number of points in order to obtain a point to point correspondence

for the mean shape model.
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Figure 4.1: Thirty-two point model of the boundary of a resistor from [41]

With all the points aligned in different training samples it is then possible to compute the mean shape of

the object, X, in study.

=27, (4.2)

the covariance matrix, S, is then calculated with all shapes in the training set, x;, and the mean shape, X

using equation 4.3

1 & _ .
S= N ;(xi —X)(x; —X) (4.3)

From the covariance matrix it is then possible to use eigendecomposition in order to find the eigenvalues,
Ak, and correspondent eigenvectors, py, that describe the most significant modes of variation as explained
in [41]. From [40], a more numerically stable method to discover p; and A, is by performing Singular Value
Decomposition (SVD) to the aligned landmark matrix L, where each column is the difference between each
femur in the database, and the mean shape, (x; —X), in order to obtain U, the matrix of the eigenvectors of L
and D, the diagonal matrice with respective eigenvalues, A;. SVD is an algorithm that provides a numerically

stable matrix decomposition that can later be used for different types of analysis [42]

L=|{x—% .. (x,—%X) (4.4)

From here, any allowable shape will be the result of a linear combination of the ¢ relevant eigenvectors

and the mean shape, resulting in

x=X+Pb (4.5)

where P = (p;,p», ..., P;) is the matrix of the first ¢ relevant eigenvectors and b = (b, b, ..., b;) is a vector of
weights. t is usually chosen such that the cumulative variance Zle A; reaches 90-98% of the total variance
Zle A;. The weights b; will be the parameters that will affect the shape of the Statistical Shape Model so it
is important to define limits in between which they can vary. The variance of these weights over the training
set is given by its correspondent eigenvalue, A;, so a suitable limit for b; is within three standard deviations

of the variance.
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—3VA; <b; <3v2; (4.6)

This method to obtain an SSM is considered to be better for shape analysis models or diagnostic purposes.
It is similar to PCA (later approached in this thesis) but instead of delivering global modes that influence all
variables in the model, this method results in modes that will influence the model in a more isolated way,
allowing for a more intuitive interpretation. So, each mode will affect local clusters of data or specific regions

in the model [40].

4.2 Training Set

To derive a statistical shape model of a human femur, as explained in section 4.1, a data set is needed.
This data set should contain the coordinates of points located on the surface of a human femur in order to
derive 4.1. The Osteoporotic Virtual Physiological Human project (VPHOP) is a research project funded by
the European Union and other institutions that aims to accurately predict a patient-specific risk of fracture
for osteoporotic patients. During the course of this investigation project an open-source database of human
proximal femora was published by the Eindhoven University of Technology [43]. This database featured a
total of 33 human cadaver proximal femora with ages varying from 61 to 95 years old donors with a mean
of 77.8£10 years. 17 out of the 33 femora were from female donors and the remaining 16 from male ones.
This database featured a set of 3 files for each femur, a finite element model input file in ANSYS format (*.cdb
files), a tabular file containing microstructural parameters measured at the location of each element (*.dat
files) and the reconstructed microCT images of the sample (*.aim files).

In order to acquire data, it is necessary to get the nodes of each of the femora in the database. To do
so, ANSYS Software was used. By uploading the *.cdb files to ANSYS Workbench as an External Model and
analysing them in ANSYS Mechanical (figure 4.2), it was possible to export the surface mesh information from

each femur data to a *.txt file.

Figure 4.2: Femur FEM01098 from VPHOP database in ANSYS Mechanical

Additionally, viewing the 3D model femur in ANSYS Mechanical allows for correctly labeling whether it is
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the right or left femur, based on the location of the greater and lesser trochanters (figure 2.1). This will later
become important since a reflection transformation will have to be applied to the femora of one side in order
to achieve the SSM of the femur.

With this process, 33 files were generated, each containing 3 columns of information relative to each node
in the finite element model. The columns have the (x, y, z) [mm] coordinates, necessary to building vector
4.1. The *.txt files were then uploaded into MATLAB® R2021a and the information on the number of nodes

and side is shown in table A.1.

4.3 Point Registration

Point Registration is the process of aligning a set of data, in this case the coordinates of the femora database,
in order that each femur holds its shape but all femora are placed as close as possible [44] so that it is later
possible to compute the Statistical Shape Model as explained in 4.1. The process of overlaying different ob-
jects can be divided into two main parts, coarse registration and fine matching [45]. For the first, Principal
Component Analysis (PCA) will be used so that the principal components of each femur are aligned. For the
second, the Iterative Closest Point (ICP) algorithm will provide a fine point by point match so that the final
Statistical Shape Model better reflects the characteristics of each femur.

In figure 5.2 it is possible to observe three femora with different spatial orientation. The remaining femora
in the database have one of these three orientations but the majority of the femora have a similar position to

femur 4.3c.

Femur FEM01239 Mesh Femur FEM01407 Mesh Femur FEM01456 Mesh
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(a) Femur FEM01239 (b) Femur FEM01407 (c) Femur FEMO01456

Figure 4.3: Meshes from three different femora in the database

Before advancing into the registration algorithms, it is important to remember that 14 out of the 33 femora
in the database are left femora, so in order to compare left and right models a reflection by the xOy plane will

be applied to the left ones by multiplying the z coordinate by (—1) (figure 4.4).

4.3.1 Principal Component Analysis

One of the most important algorithms for Dimensionality Reduction and useful linear transformation
techniques is the Principal Component Ananlysis (PCA). It is based on Singular Value Decomposition (SVD).
Principal Component Analysis (PCA) is one of the most used algorithms in Data Science. This algorithm

creates a hierarchical coordinate system that represents high-dimensional data depending on the variance
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Figure 4.4: Original left femur FEM01239 and after reflection by the xOy plane

of the data set. This coordinate system will be built based on the way that the data is spread, in this case, the
number of points in a certain region will affect the direction of this coordinate system.
The first step of PCA is to center the data. This means calculating the mean point, m; = (x,,,, Y, 2), in

each femur, k, and subtracting it to all points, 7, in the femur’s matrix.

L&
my = N;(Xi’Yi»Zi) 4.7

The centered femur is given by subtracting the mean m;. from all points in the original femur matrix X,

x=X —my (4.8)

After the data is centered, the covariance matrix is obtained by,
C=x"x (4.9)

By computing the eigendecomposition on C it is possible to obtain the eigenvectors of C,

c=vbDvT (4.10)

where V is the matrix of the eigenvectors, the principal components of C, and D the diagonal matrix with the
eigenvalues corresponding to the matrix V columns. In figure 4.5, the principal components of two femora
are shown. It is to note that the blue vector is the first principal component (first column of V), the red
vector the second principal component (second column of V) and the orange vector is the third principal
component (third column of V). In figure 4.5, it is possible to observe the principal components from femora
FEMO01239 and FEM01456.

Finally, since the eigendecomposition was applied on the covariance matrix of the centered centered data,
the columns in V will be orthornormal basis vectors of said femur (in figure 4.5 the eigenvectors were mul-
tiplied by 70 for visualization purposes). The last step is to multiply the transpose of V, VT, by the data in

order to align all principal components from the set with the frame of reference.
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Figure 4.5: Principal components plotted on respective femur

4.3.2 Data Refinement

Recalling subsection 4.3.1, the orthonormal basis of each femur is heavily influenced by the number of
points in a specific region, reason why the principal component (blue vector in image 4.5) is the one going
through the head, neck and part of the femur shaft.

During inspection of the three dimensional plots of the femora, it was found that some femora in the
database featured more volume of the shaft than others. This means that the principal components analysis
will be influenced by the larger number of points in the shaft of these femora. In figure 4.6, it is possible to

observe that femur FEM01407 has a smaller volume of the shaft when compared to FEM01462.
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Figure 4.6: Anterior view of two femora with different shaft angle
Based on the angle of the shaft on femur FEM01407, a plane with equation

y=—15x+62Az€R

was considered, and all points above it were eliminated from all femora (figure 5.4a. The updated number of
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nodes for each femur is presented in table A.1. After this reduction in volume, a new PCA was computed and

the coarse registration process is finished.

4.3.3 Iterative Closest Point

The Iterative Closest Point (ICP) algorithm is one of the most powerful methods to achieve a more precise
point cloud matching. In this work it is used as a refinement technique of the registration performed by PCA
so that minor adjustments, not detected by the principal components, can be made. ICP’s goal is to find
an optimal mapping by means of a rigid transformation, T, (translation and/or rotation) between the target
point set, S, and the reference point set, M, that minimizes the least squares error of the distance between
corresponding points [45].

Assuming that the coordinates of S are {S;|S; € R%,i = 1,2,..., N}, the coordinates of M are {M;|M; €
R3,i=1,2,.., Ny} and, in the k-th iteration, the coordinates of M corresponding to the coordinates of point
set S are now M* = {M;*|M;* € R3,i = 1,2,..., Ny} [46]. The first step is to find the corresponding point

M;* € M* in set M such that

IM;* —S;*|| = min 4.12)
Then, the rotation matrix, R¥, and the translation vector, T¥, are calculated so that
N
ZIleSik+Tk—Ml-k||2=min (4.13)
i=1
Then, the target set point is updated by multiplying the rotation matrix R* and summing T*,
SH = {5;F118, k1 = RE S,k + TF 5% € S} (4.14)
The distance d**! between the new point set S;**! and M;* is calculated,

N
d* = s =M (4.15)
i=1

Given a threshold 7 for the maximum distance between between corresponding points in the final model,
the algorithm is repeated until d**! < 7. In MATLAB® R2021a, the ICP algorithm was implemented by using
function pcregistericp from the Computer Vision Toolbox [47]. This function has the following inputs

and outputs,
[tform, movingReg,rmse] = pcregistericp(movingPC,fixedPC) (4.16)
where:

* movingPC is the point cloud of the target set point S;

e fixedPCis the point cloud of the reference set point M;

29



e tformis the rigid transformation, T, with the rotation matrix R¥* and translation vector T;

* movingReg is the transformed point cloud, result of the rigid transformation applied on the moving

point cloud movingPC;

¢ rmse is the root mean square error that represents the Euclidean distance between the inlier aligned

points.

In order to improve the performance of the ICP algorithm, every femur was normalized. In this way,

changes in femur size due natural variance are neglected allowing to have a better point to point mapping.

4.4 Point Remapping and Mean Shape model

As explained in 4.1, to build the SSM of the proximal femur it is necessary to ensure that the points in
matrix x from 4.1 are in the same order. For example, the first point in all matrices x should be placed in the
same place in all femora, as well as the second and so on.

Due to different number of nodes characterizing each femur (min = 3172 nodes and max = 3548, see table
A.1), and based on the femur chosen to be used as reference, it is important to downsample said femur so
that it is possible to remap remaining femora to only having points corresponding to points in the reference.

To do so, MATLAB®’s function pcdownsample was used.

downsampledPC = pcdownsample(pointCloud, ’gridAverage’,gridStep); (4.17)
where,
¢ pointCloud is the point cloud of the data set intended to downsample;

e ’gridAverage’ is one of the possible downsampling methods. In this method, points within the same
box will be merged as a single point in the output. Other possible method is the >random’ method that

eliminates random points in the data set based on a percentage of points to keep;
* gridStep is the size of each 3D box;
¢ downsampledPC is the downsampled point cloud.

Due to a small range between the femora with the lowest and highest amount of nodes, it is expected that
the reference femur will only be downsampled to a value slightly lower that the femur with the minimum
point number (3172) so, the point density along the reference femur should not change much. Following the
downsampling of the reference femur, it is now necessary to remap the points in every femur to the same
order as the reference.

Let us take a k candidate femur as X, with k = 1,...,32, an m x 3 matrix and the reference femur as X*f
an n x 3 where m and n represent the number of points in each matrix. The goal is to obtain the remapped
matrix X’*, a n x 3 matrix where each row represents the closest point of X to the same row point in X", The

implemented algorithm steps are as follows:

30



1. For each k femur, compute A, an m x n matrix where,

A=K =X (4.18)

withi=1,...,mand j=1,..,n. Eachentry A; j represents the euclidean distance between each point i

in the candidate femur and the point j in the reference femur.

2. Compute the minimum value of matrix A, &, ;. This value represents that point Xf is the closest to point
X", This means that point X¥ will be remapped into Xk,

X =X} (4.19)

3. Since it is not intended to repeat or replace points in matrix X’¥, after remapping a point Xf to X’jk both

row i and column j of A are replaced with infinity. After this, repeat from point (2) until femur &k is

totally remapped into X’* and repeat from point (1) to remapped a new femur.

After the remapping is finished and all X’* matrices are computed, the final step is to denormalize each
femur with the normalizing factor used before and apply equation 4.2 to the obtained matrices and compute

the set of points that describe the mean shape of the femur based on 33 femora from the database. The mean

shape of the proximal femur can be observed in figure 4.7.

Mean shape point cloud Mean shape femur
' e -

PISE
£y Ay.«yi&‘é#
uv,«AVAv vi A

2

P
S

S aravaavevav Al

X YRS A\vaw‘
AR

Y A&Vé'eﬂﬂﬂt‘ﬂﬁ“%u
= )
SSma T dEa
4 R ‘> S ‘ﬂ NS A NA
AR g'wy' veyﬂ,,mg;,k:gf‘u ‘mmea: S|
4&5 »‘“ \ AVA"‘J»V »;4’_‘" ,Av 11» ‘»'AVA’
AVA

,':,
5
Nz
NY

KN
%

.

\AVAA

ah‘ ‘v
wn
L

‘m *'AVAV‘

V AV'A Vil
200G Av AE‘? ,.mu

-50 -40 -30 -20 -10 0 10 20 30 40 -50 -40 -30 -20 -10 0 10 20 30 40
x [mm] X [mm]

(a) Posterior view (b) Posterior view

Mean shape point cloud Mean shape femur
A

W

&
O

S
X
A

AV
;ﬁ

R
S

s ; TAAGRN
'14 RAE SOPATS
.@hn;‘v”‘é'»’iiri%%‘[ RVEAR
NN X
PPN

S5
2D

N
s,
S
hV%
X

R
v

N
Vay)
2
<\
Va¥)
%)

y [mm]
y [mm]

%

K15

RES

X

X
it

‘ N

AN TATAVAY, «»W;v:k$‘ng”. 1L
VAIQ}WV Aﬂmr'y‘muvmm GV
5 AT\ ATAY

7i%a

N

72
KZS
0

K]

<

7

Viave
g’
Aval

VA

= ‘
PN
G

7=
&
=
e
YAV
VAYA
%
W

o

7%
%
)
X

SN R
ATS NS ,,;;;/4,‘»
m'ﬁ?’;’f"; /

9
%
7

(c) Axial view (d) Axial view

Figure 4.7: Point cloud and mesh of the femoral head and neck mean shape
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4.5 Pathological Femur model

With the mean shape of the proximal femur, it is now necessary to obtain the model of the femur with the
FAI pathology and compare the differences between models.

The images of the femur with FAI were obtained at Hospital da Luz using their standard procedure of
collecting 24 radial slices that results in 48 images after post-processing [31]. A series of 48 DICOM files is
generated with the necessary information mentioned in section 2.2.

Given the extensive analysis made in previous work [31], on possible state of the art segmentation tools,
to isolate the femur from remaining soft tissue and bones, it has proven to be challenging to automatically
isolate a region of interest, such as the femur. This is due the natural variance in shades in different osseous
tissue (cortical and trabecular bone) and the crosstalk artifact, mentioned in section 2.2. So, to acquire the
pathological femur model, the segmentation will be performed manually, as in [31].

Similarly to the point placement approach implemented in Curan (figure 3.2a) the same was done in
MATLAB® R2021a with the implementation of function ginput that returns the (i, j) pixel coordinates of the
points selected. Then, a spline was built based on these points with N equally distanced points in order to
generate a higher number of points to better describe the geometry of the femur. In figure 4.8 the result for
one on the images is shown, with the red points being the user selected points and the cyan are the equally
distanced points across a spline. A contrast adjustment was applied to the original image to better the visi-

bility of the femur’s contour.

*  User points
Spline points

Figure 4.8: Manual segmentation of a radial slice in MATLAB for N =130

After defining the region of interest, it is necessary to transform the (i, j) coordinates into the real (x, y, z)

coordinates with the help of equation 2.1, resulting a N x 3 matrix. After repeating the process for all 24 MRI

32



images, all matrices were merged to obtain the full 3D representation of the pathological femur (figure 4.9).
Therefore, the resulting data was treated similarly to what was done before to obtain the mean shape of the
healthy femur. Operations applied before, such as centering the data (equation 4.8) and reducing the volume
of the shaft (from subsection 4.3.2) were applied to the pathological femur as well in order to prepare the data

set for registration.
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Figure 4.9: Pathological femur representation in space

4.6 FAI Identification

To proceed with the comparison of the pathological femur with the statistical one to identify the FAI de-
formation, it is necessary to, once again, proceed to register both femora. The general idea for the registration
is the same used in section 4.3. Firstly, from the resulting models in figure 4.9, one can observe that the patho-
logical femur is from the left side of the human body so the y column of the mean shape femur data will be
multiplied by (—1) so that the statistical femur is from the left side. Secondly, since the pathological femur
point cloud was achieved by manually segmenting each radial MRI slice, it is expected that the areas near the
axis of revolution of the MRI machine, such as the femoral head and near the lesser trochanter, will have a
higher point density. This can become a problem since such density can affect the PCA registration and sub-
sequent remapping algorithms so, to correct this, the downsampling function 4.17 will be used again with
the goal of averaging the number of points per grid box along the surface of the femur.

Once again, the registration will be separated in two parts. For the coarse matching, the principal compo-
nents of both femurs will be acquired and the femora will be translated and rotated so that all principal com-
ponents are aligned (figure 5.13). Then, the fine matching will be completed by using the pcregistericp
function by taking the mean shape femur as reference and applying a rotation and translation to the patho-
logical femur.

Afterregistrationis concluded, itis intended to understand the anatomical differences between the patho-
logical and the statistical femur. The challenge now is to distinguish between natural variance in the patho-

logical femur and the FAI caused anomalies. Firstly, it is once again applied the algorithm presented in 4.4
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in order to have the closest points mapped to the same position in both femora matrices and to eliminate
points that will not be important for the comparison. With the remapping the number of points in the mean
shape femur will be reduced to the same as the pathological femur and the remaining points will be better
aligned with the ones from the pathological model.

From 2.3.3, it is known, a priori, that cam type FAI deformation occurs on the anterior/superior aspect
of the femoral head-neck junction. Without medical feedback, important since every human’s anatomy is
different, and only recurring to literature, this area is assumed to be where the pathology will manifest. In

order to mathematically define this/these region/s a euclidean based distance clustering algorithm was used.

1. Calculate the euclidean distance between corresponding points from both models.

2. Compute the mean of the distances and reject outliers distancing more than three standard deviations

from the mean value.

3. Recalculate the euclidean distance between the remaining points and select the ones from the FAI

model that have a distance to the mean model greater than the mean.

4. Select the points placed around the anterior/superior region of the pathological femur and construct
clusters using MATLAB® function dbscan that given a list of point coordinates builds clusters based on

the density of points on a certain radius circle.

5. In order to recreate the three dimensional region that will have to be removed, it is important to also
select the region were the pathological femur and the mean femur intersect, thus points in this region

have a distance close to zero.
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Chapter 5

Results and Discussion

5.1 Mean Shape femur

Acquiring the mean shape of the human femur is the first task into building a statistical shape model so,

in order to do that, registration and remapping of the training set was performed as explained in 4.

One of the first things to consider before diving into the analysis of results is the quality of the database.
As explained in section 4.2, the database features femora models collected from human cadaver proximal
femora with ages varying from 61 to 95 years old donors with a mean of 77.8+10 years old for a osteoporosis
research project. Firstly, this age range is not representative of the population that can develop cam type FAI
since this is a condition that heavily affects young people. Secondly, it is not know if these femora were from
osteoporotic patients or healthy ones and, while osteoporosis only changes the microarchitecture of the bone
[48], it is also unknown if the donors suffered from other medical conditions that could affect the geometry
of the bone. The femora were compared with literature and were taken as healthy but feedback from a health
professional, such as an orthopedist, would be favourable into validating the database. As explained in 4.3,
the registration was divided into two parts, coarse and fine matching each resorting to PCA and ICP methods

respectively.

5.1.1 PCAregistration

While analysing the set of femora from the database it was perceived that the spatial orientation of each
femur was different but could be divided into one of three groups, each represented by femora FEM01239,
FEMO01246 and FEMO01456, each with a different color in figure 5.1. After the PCA algorithm was applied all
femora were alligned by the coronal plane but a problem emerged where two of the the principal components
of some femora did not have the same order or orientation, leading to registration errors like the one in figure
5.1b. To guarantee that the final result of the PCA method is the correct one, and since all femora were aligned

by the coronal plane, the femora having a poor registration were multiplied by a rotation matrix, such as
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1 0 0 cost 0 sint cost —sint 0
R,=10 cost —sint|, R,=| 0 1 0 |, R,=|sint cost O (6.1

0 sint cost —sint 0 cost 0 0 1

with R, rotating around the x axis, R, around the y axis and R, around the z axis.

Initial point clouds of 3 femora Poor registration
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(a) Different spatial orientation of femora (b) Registration error

Figure 5.1: Result of registration using PCA

After all this, the final result of these algebraic operations can be seen in figure 5.2 where all femora share

the same coordinate system.

Point clouds after PCA Point clouds after PCA
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Figure 5.2: Result of registration using PCA

From figure 5.2, one can observe that the PCA succesfully aligned most femora in the database but, if sin-
gular cases are observed, some changes in geometry lead to poor results in the registration using this method,
reason why the data needed refinement. This is the case of the size of the femoral shaft in the training set ex-
plored in 4.3.2. In figure 5.3, the case of femora FEM01407 and FEM01462 is observed, representative of two
different sized femora with different shaft geometry. Even though PCA is size invariant, the size of the femur

will not impact the principal components, different geometry will as is the case here.
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Figure 5.3: PCA registration of femora FEM01407 and FEM01462 before and after shaft removal

After reducing the shaft and reiterating the PCA algorithm, by observing figure 5.3, it becomes clear that
the reduced shaft models have a better registration between each other since the principal components of
femur FEM01462 better describe the overall shape of the more important regions, the femoral head and neck.

This illustrates the overall improvement in the whole set, depicted in figure 5.4.
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(a) Femora point clouds with reduced shaft (b) Femora point clouds after new PCA with reduced shaft

Figure 5.4: Shift of some femora in the point cloud as a result of the shaft reduction

One can observe that the reiteration of PCA lead to the adjustment of some of the femora, thus having a
less fuzzy edge all around the model. Furthermore, the region around the top part of the femoral neck and

head seems to be better defined as well.
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5.1.2 ICP registration

With the coarse registration finished, it is time to discuss the result of the ICP algorithm, responsible for
the fine point to point matching of all models in the database. The ICP algorithm demands that one data
set needs to be used as a reference, as explained in 4.3.3. To better decide what femur should be used as
reference, all femora in the database were used in experiments in order to chose based on the mean value
root mean square error (RMSE) between the reference femur and the remaining femora in the database.The

result is shown in 5.5.

0,058 ICP mean RMSE based on reference femur
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5 10 15 20 25 30 35
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Figure 5.5: Mean RMSE of each femur if used as reference

From figure 5.5, it is safe to say that the femur with the lowest root mean square error is femur 9, FEM01388
from table A.1, with RMSE = 0.0387 mm with a standard deviation of 0.0086 mm, so this will be used as the
reference femur for the ICP algorithm. The low root mean square error value may be related to the overall
good quality of the database femora as far as point distribution along their surface goes. The final result after
applying the iterative closest point algorithm is presented in figure 5.14 from different viewpoints.

Based on the mean RMSE of every femur with the reference one and the geometry presented in figure 5.14,
one can say that the ICP algorithm was able to correctly register every femur in the database and successfully

generating a good data set to obtain the mean shape of a femur.
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Figure 5.6: Resulting point clouds from ICP registration

5.1.3 Mean Shape model

To obtain the mean shape model of the femur it is necessary to calculate the average value of every point
in every femur in the database. This is only possible if the order of the points in the matrices of each femur is
the same, this is, two points describing the same location in the femur should be placed. This is achieved by
using the remapping algorithm explained in 4.4.

From figure 5.7, it is possible to observe that the maximum number of points from FEM01388 that is lower
than the minimum allowed occurs for a grid step of either 1.95 or 2.00. Calculating, results in a downsampling
to 3172 and 3148 points, respectively. So, the downsampling of femur FEM01388 was performed using a grid
step of 1.95 mm, resulting in a normalized grid step of 0.0344, meaning that in the real size model there is a
point in every 1.95 x 1.95 x 1.95 mm box. This resulted in having the number of points in femur FEM01388
reduced from 3354 to 3172 (figure 5.8).
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Figure 5.7: Evolution of number of points of femur FEM01388 based on grid step value
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Figure 5.8: Posterior view of femur FEM01543 point cloud before (a) and after downsampling (b)

From figure 5.8, itis not possible to see any difference due the small change in the number of points (5.4%).
With the remapping algorithm presented in 4.4, it is now time to remap the points of all femora to the ones
from femur FEM01388, denormalize the data and apply equation 4.2 to obtain the mean shape of the femur,

presented in figure 5.9.
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Figure 5.9: Obtained mean shape of the femur

5.2 Statistical Shape model

In order to evaluate the statistical shape model of the human femur it is important to look at the modes
of variation obtained through the singular value decomposition on matrix L (show in equation 4.4) in order
to obtain matrices U, with eigenvectors, and D, with the respective eigenvalues A;. The SVD algorithm was
applied with MATLAB® function svd and the aforementioned matrices were obtained.

D is a 9516 x 33 diagonal matrix with the eigenvalues that represent how much the respective eigenmode
influences the model (to note that 4.1 is a single array in the SSM implementation [40], hence 3-3172). To
determine the f most relevant eigenmodes, each eigenvalue was compared to the total sum of all eigenvalues,
or total variance, given by Zle A;. The cumulative variance, Z§=1 Ai, was also analysed to observe for what
value of ¢ this sum would represent 0.9-0.98 of the total variance, represented in the graph in figure 5.10.

From figure 5.10, 90.57% of total variance is achieved with the first 26 eigenvalues and 97.61% is achieved
with 30 eigenvalues. This means that the overall variance in the statistical shape model is captured by at
least 26 eigenmodes. Due to the large number of eigenmodes, the modes of variation for the three largest
eigenmodes are shown in figure 5.11. Each row shows the variation of the eigenmode between ++/2; with

i =1,2,3. The green femora represent the positive value and the magenta ones represent the negative. By

41



Cumulative variance of eigenvalues

% of total variance
0.2 cumulative variance
— — —r=09
0.1 — — —r=098
0 | I L I I I
5 10 15 20 25 30

Eigenvalue

Figure 5.10: Individual and cumulative variance of eigenvalues

observation, it is possible to observe how each eigenmode influences the model’s geometry in different ways,
such as enlarging or shrinking the entire model (first mode), stretching it (second mode) or enlarging spe-
cific areas (third mode). Similar behaviour is found for the remaining 23 modes of variation, although the

representation of each mode reduces along the eigenmodes.

The large number of eigenmodes that is needed to represent 90% of the variation in the model may have
multiple reasons. Firstly, as a bone, the human femur’s geometry is naturally varying. Even though most
healthy femora have a similar shape, no two femora are the same so, from the database femora, it is extremely
unlikely to observe a pattern of variance that could be represented by a small (less than 10) modes. From [49],
for an osteoporotic study, a 2D statistical shape model of the proximal femur was obtained from 506 different
people and 95% of the variation in the model was explained by 13 modes. In our case, this is even worsened

by the fact that the used models are three dimensional, increasing the complexity of the geometry.

Secondly, from [40], "the power of a statistical model rises and falls with the quantity of available training
data", meaning that broadening the database used to obtain the SSM model will inherently produce better
results, such as reducing the number of eigenmodes necessary to represent the variation in the model and
capture less prominent patterns in the data. The small size of training sets is one of the biggest challenges,
mainly due the necessity of optimization when it comes to automatic segmentation algorithms since manual

segmentation is specially difficult for three dimensional SSMs.

It is also important to discuss how the point density of each shape in the database affects the overall SSM.
One of the biggest drawbacks of Point Distribution models is the necessity of establishing point correspon-
dences between all shapes in the training set. For a 3D statistical shape model this is extremely difficult to
rectify if the point density describing the shape is not sufficient. Even the algorithm proposed in this thesis
in 4.4 is suboptimal since it will take an already downsampled femur (that has an already altered geometry)

as reference and downsample the other femora around it.
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Figure 5.11: First 3 modes of variation of the SSM of the femur in posterior coronal (left column) and axial
views (right column)
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5.3 Pathological Model and FAI Identification

Identifying a cam type FAI lesion on a patient will start with the acquisition of the pathological femur 3D
model. As explained in 4.5, the pathological model was obtained by manual segmentation from 24 radial MRI
slices distanced by 7.5° each. This means that one of the challenges will be the fact that the pathological model
and the statistical shape model were obtained in different ways. Since the mean shape was acquired based
on finite element representations of proximal femora and the pathological femur was obtained by manual
segmentation of radial MRI slices, inaccuracies will be introduced into the analysis, since the point distribu-
tion between models will differ. Furthermore, the existence of the artifact in every MRI radial slice may have
caused minimal flaws in the segmentation of the pathological femur, thus influencing the geometry. As it was
explained in 5.2, the way the landmarks are spread accross the surface of the femora heavily influences the
quality of the results. This becomes clear when observing the point clouds of both models (figures 4.9a and
5.8b). It is then imperative to find the number of points, N, per radial MRI slice that will minimize the point
registration error. For this, the ICP algorithm will be used to calculate the root mean square error after the
PCA pre-aligns the data. The result of the RMSE depending on the number of points per slice is presented in
figure 5.12.

18 RMSE based on the number of points per slice

1.68

1.66 I I I I I I I I I
100 105 110 115 120 125 130 135 140 145 150

N

Figure 5.12: Root mean square error variation based on the number of points per radial MRI slice

It is now clear that the optimal number of points per MRI slice is 130 points. The pathological femur
also had its shaft reduced in order to improve the PCA pre-alignment, so all points below z = —65 mm were
removed prior to data centering. The results of the PCA and ICP algorithms are presented in figures 5.13 and
5.14, respectively. The transformation performed by ICP is given by matrix R and vector T, responsible for

the rotation and translation.

0.9961 —0.0332 0.0811
R=10.0079 09556 0.2945|, T =|10.3736 2.5606 —1.4209] (5.2)
—0.0873 —0.2927 0.9522
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From figure 5.13, it is possible to observe that the PCA algorithm successfully pre-aligned both femora.
From the ICP result, in figure 5.14, itis possible to observe regions where both models overlap, and differences
in geometry between models can be perceived. From observation, it is possible to clearly distinct the areas
where the FAI model (green) has greater volume than the mean shape femur. In figure 5.14a and 5.14c it
is possible to distinguish the malformation characteristic of cam type FAI, situated in the anterior/superior
region of the femoral head-neck junction.

Regarding the root mean square error obtained for the ICP algorithm, it was considered optimal given the
discrepancies in the data related to different point distribution but it is still quite larger that the one obtain
during ICP registration for the database femora (0.0387 mm). This is an evidence of how the changes in the
point distribution along the model can harm a point to point registration algorithm.

For the mathematical identification of the cam type FAI lesion in the proximal femur it is necessary to
compare the pathological femur to the healthy one. Since this comparison would be based on the euclidean
distance between points in both models, the points from the mean shape femur were remapped (using 4.4)
into the same order as in the pathological model. Remapping the mean shape into the pathological model
guarantees that the cam type lesion information is not lost since all points in this femur will have a corre-

spondence to the points in the mean shape. The result of the downsampling is show in figure 5.15.
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Figure 5.15: Reduction of the mean shape femur to
the most relevant areas for the presented FAI femur

It is possible to observe that most of the shaft disappeared from the mean shape femur. This remapping
also allows to reduce the number of outliers in order to prepare the data for the identification of the region to
be operated.

To mathematically define the area to operate having the statistical model the algorithm purposed in 4.6
was implemented. The mean value of the euclidean distance between the models was 2.1388 mm with a
standard deviation of 2.6442 mm. This shows how sparse the data is and how it is not clustered around the
mean. This is another evidence of how the point distribution of the pathological femur does not perfectly fit
with the mean shape point density. Due this, the remapping algorithm will not correctly create correspon-

dences between points on both models and leave so, some points will be correctly matched while others are
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connected to "left over" points, as exemplified in figure 5.16, where points 1 and 2 are correctly matched to

points 4 and 5 but point 6 got matched to point 3 that is at a greater distance.

000
4. .5

‘O
Figure 5.16: Exemplification of how the remapping
algorithm is susceptible to changes in point distribution

To improve the results, point 1 of the algorithm presented in 4.6 was repeated and, by eliminating outliers
again, the mean decreased to 1.7623 mm and the standard deviation to 1.1676 mm. For the scale of the mod-
els, this mean value is not optimal since 1-2 mm in the medical field can be decisive but further elimination
of points in the same way would start damaging the geometry of points on the cam type lesion.

In order to define the area of the FAI malformation it was intended to create a surface around the area
to be surgically removed. Analytically defining this region proved to be challenging given the impairment
caused by the suboptimal point to point matching between the models. The high variation explained by
the standard deviation made quite difficult to define an optimal strategy based on the mean value for the
distances between models. Even though, visually seems that the models registration was quite successful,
the distances do not translate such apparent success. The definition of the region to be removed was then
computed by manually selecting clusters of points using MATLAB® function dbscan (X, R, minPts) that
clusters data based on a given minimum of points inside a circle of radius R. As explained in 4.6, it is necessary
to find the points of the pathological femur that are at greater distance, x,,, from the mean shape as well as the
points that are at a distance close to zero, X, in order to obtain a surface that covers the FAI malformation
but has a smooth transition into the normal shaped femur.

Intuitively, it would be expected to find the FAI region by searching the points in the pathological model
that are distanced atleast the mean value from the statistical femur. In reality, due the large mean value found
(1.7623 mm), the threshold was defined at 90% of the mean value to find the largest number of points in the
FAl region. To find x,y, all points at a distance greater than 90% of the mean were obtained, and from these
points, the clusters were generated for R = 4 mm and minPts = 8. For x,, all points at a distance smaller
than 60% of the mean were selected and clusters were generated for R = 4 mm and minPts = 4. The points
and clusters are shown in 5.17.

From the points in these clusters, it was possible to generate a mesh that visually exhibits the region to
be surgically removed. Given the manual aspect on the cluster selection it would be needed professional
feedback regarding if the area is correctly defined. This region is shown in figure 5.18. Based on the selection
of the area with the cam type lesion it was possible to obtain the correspondent points in the statistical femur.

These points will define the surface and the shape of the pathological femur after surgery. The final top and
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bottom surfaces delimiting the region to remove are shown in figure 5.19.
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Figure 5.17: Some views of the points at a distance greater than x,,, ((a) and (b)) and below x;,,, ((c) and (d))
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Figure 5.18: Some views of the detected region to be removed from the FAI femur
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Figure 5.19: Some views of the top and bottom limits of the region to remove from the FAI femur
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Chapter 6

Conclusions

The main goal of this thesis was to obtain a 3D SSM of the proximal femur and compare it to a pathological
femur in order to identify cam type FAI lesions to be implemented in a developing medical visualization
software, Curan.

One of the challenges faced during the development of this thesis was the complexity of the Curan soft-
ware, for someone with low experience with a full C++ based software, such as myself, specially the underly-
ing architecture. However, given the time put into learning C++ and the cooperation with the project team,
it felt natural to implement the FAI Preoperative Planning window and a manual segmentation algorithm in
which the user can define the contour in an image coming from a DICOM file series.

Another problem faced was that previous work conducted in the SRL regarding Statistical Shape Models,
featured a single 2D SSM from a slice aligned with the coronal plane. This is an oversimplistic approach since
the cam type lesions occur over a three dimensional surface along the femoral head and neck, reason why
this thesis aimed to obtain a 3D SSM in order to more extensively identify this pathology.

The VPHOP database proved to be a valuable resource since it provided a 3D mesh of 33 different proxi-
mal femora. The methods used to obtain the 3D SSM of the proximal femur proved to be a reliable approach
for the intended goal. Unfortunately, one of the drawbacks mentioned before, is the fact that Point Distribu-
tion Models, such as the one used in this paper, as specially hard to work with, specially on a 3D approach,
given the necessity of a point to point mapping between the points of the multiple femora. Regardless, it was
possible to obtain a 3D SSM of the proximal femur and study its modes of variation.

The model of the pathological femur proved to be one of the biggest limitations in present work due to
how is was generated. Performing the segmentation of the FAI patient’s femur on an radial MRI sequence
leaves the points in each slice to be distanced from each other by an angle of 7.5°. This means that in the
region where the pathology occurs has an inferior point density when compared to the one near the axis of
revolution. This difference caused the comparison to the SSM in a pure analytical way to be difficult since
both models could not be reliably mapped so that the point to point correspondence would be satisfactory.

In conclusion, while not having optimal results, the present work serves as a baseline for the implementa-
tion of a 3D SSM on a medical visualization software. It also became clear how important the quality of data

is when working with medical data, but also how difficult it is to find it. All in all, in order to provide a more
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reliable identification of a condition, such as cam type FAI, by using a 3D SSM seems promising but further

research is needed.

6.1 Future Work

Regarding the 3D Statistical Shape Model of the proximal femora and its modes of variation, it is possible
to expect a decrease in the number of eigenvectors necessary to describe the shape variation in the model
if more femora are used in the training set. Although the VPHOP database has good models of the human
femur, it is possible that the shape variation of the SSM can achieve better results if more data is available.
Also, it would be beneficial to have femur data of younger people, since the likelihood of pathologies, such as
FAI, develop in younger patients is considerable.

One of the major drawbacks for the present work, as previously mentioned, was the fact that the patho-
logical femur data was obtained using a different protocol when compared to the the mesh models present
in the VPHOP database. In order to correct this it would be important to explore the implementation of 3D
point interpolation on the FAI femur data in order to fill in the gaps between each slice. Other possible option
is to obtain a training set composed of healthy femora obtained from radial MRI sequences. Even though this
could improve the point correspondence with the FAI femur, it would not only be a time consuming task to
segment enough femora to build a database, it would also be quite difficult to obtain such medical imaging
of healthy femora. Furthermore, it has to be considered exploring other shape correspondence algorithms
since it has made clear that point to point correspondence seems to be a suboptimal algorithm for complex
shapes such as 3D models.

In conclusion, it is important to improve the data quality of the femur models, specially the point density

in order to obtain better results.
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Total number

Number of

Percentage of

ICP rmse if used

Nr  FemurID Side of nodes nodes after initial number as reference [mm]
shaft reduction  of nodes (%)
1 FEMO01098 | Right 3754 3179 84.68 0.0478
2 FEMO01239 Left 3748 3252 86.77 0.0429
3 FEMO01246 Left 3748 3192 85.17 0.0424
4 FEMO01281 Left 4011 3488 86.96 0.0528
5 FEMO01286 | Right 3943 3534 89.63 0.0461
6 FEMO01335 Left 3748 3294 87.89 0.0447
7 FEMO01341 | Right 3634 3268 89.93 0.0502
8 FEMO01386 | Right 3751 3411 90.94 0.0579
9 FEMO01388 | Right 3963 3354 84.63 0.0387
10 | FEM01390 | Right 3401 3292 96.80 0.0527
11 | FEM01407 | Right 3553 3329 93.70 0.0437
12 | FEMO01456 Left 3911 3257 83.28 0.0405
13 | FEM01457 | Right 3969 3371 84.93 0.0411
14 | FEMO01458 Left 3962 3382 85.36 0.0460
15 | FEM01459 | Right 3994 3331 83.40 0.0399
16 | FEM01460 Left 3962 3393 85.64 0.0569
17 | FEM01461 | Right 3938 3319 84.28 0.0416
18 | FEM01462 | Right 3825 3172 82.93 0.0448
19 | FEMO01543 Left 3938 3312 84.10 0.0464
20 | FEMO01544 Left 3861 3190 82.62 0.0470
21 | FEM01545 | Right 4116 3547 86.18 0.0442
22 | FEMO01546 Left 4116 3548 86.20 0.0455
23 | FEM01547 | Right 3855 3278 85.03 0.0397
24 | FEMO01548 Left 3855 3270 84.82 0.0405
25 | FEM01549 | Right 3823 3236 84.65 0.0430
26 | FEM01550 Left 3823 3243 84.83 0.0427
27 | FEM01551 | Right 3889 3264 83.93 0.0405
28 | FEM01552 Left 3889 3294 84.70 0.0423
29 | FEMO01553 | Right 3952 3278 82.94 0.0409
30 | FEMO01554 Left 3952 3279 82.97 0.0428
31 | FEM01565 | Right 4070 3445 84.64 0.0518
32 | FEM01566 | Right 4070 3454 84.86 0.0482
33 | FEM01567 | Right 4070 3409 83.76 0.0499

Table A.1: Information from each femur in the database
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