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Abstract

The increased rate of Total Hip Replacement (THR) for relieving hip pain and improving the
quality of life has been accompanied by a rise in associated post-operative complications, which
are evaluated and monitored mainly through clinical assessment of the X-ray images. The cur-
rent clinical practice depends on the manual identification of important regions and the analysis
of different features in arthroplasty X-ray images which can lead to subjectivity, prone to human
error and delay diagnosis. Deep Learning (DL) based techniques showed outstanding outcomes
across various image analysis tasks. However, the success of these networks is subjected to the
availability of a very large, accurately annotated and well-balanced dataset - a constraint that

is considered a main challenge for many medical image analysis tasks including THR.

This thesis focuses on automating the analysis of THR X-ray images to aid in the diagnosis and
treatment planning of various THR complications. THR X-ray images including post-operation
images and after Peri-Prosthetic Femur Fracture (PFF) images of a wide range of implants and
various positioning and orientations, are collected to this end. Different Convolutional Neural
Network (CNN) architectures are explored for PFF classification to observe how these networks
perform in the presence of class imbalance and a limited number of data and with complex image
patterns, either using full X-ray images or Region of Interest (ROI) images. This demonstrates
that typical CNN-based methods succeeded in detecting PFF with DenseNet achieving an F1
score of 95%, while exhibiting low performance in the classification of PFF types, achieving an
F1 score of 54% with GoogleNet, Resnet and DenseNet. This lower performance is attributed
to the increased complexity of the task and the imbalanced distribution of the classes. To this

end, the incorporation of THR medical knowledge with DL model is investigated.

The segmentation of the femoral implant component and the detection of important landmarks

are formulated as simultaneous tasks within multi-task CNN that combines segmentation maps



of implant with the regression of shape parameters derived from the Statistical Shape Model
(SSM). Compared to the state-of-the-art, this integrated approach improves the estimation of
the implant shape by 6% dice score, making the segmentation realistic and allowing automatic

detection of the important landmarks which can help in detecting many THR complications.

For PFF diagnosis, the incorporation of the clinical process of interpreting THR X-ray images
with CNN is developed. For this purpose, the process of clinical interpretation of PFF X-ray
images is defined and the method is designed accordingly. Four feature extraction components
are trained to construct features from distinctive regions of the X-ray image that are defined
automatically. The extracted features are fused to classify the X-ray image into a specific
fracture type. The developed approach improved PFF diagnosis by approximately 8% AUC

score compared to state-of-the-art methods, signifying notable clinical advancement.

Finally, the virtual pre-operative planning of bone fracture reduction surgery is explored which
is important to reduce surgery time and minimize potential risks. The main obstacle toward
the planning task is to define the matching between fragments. Therefore, 3D puzzle-solving
method is formulated by introducing a new fragment representation and feature extraction
method that improves the matching between fragments. The initial evaluation of the method

demonstrates promising performance for the virtual reassembly of broken objects.
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Chapter 1

Introduction

In 1991 it was suggested that Total Hip Replacement (THR) might be the operation of the
century that can provide excellent pain relief and improve the quality of life for patients with
hip pain or severe arthritis (Learmonth et al. 2007). With a growing elderly population, the
rates of THRs are increasing, with approximately 90,000 procedures per year in the UK (United
Kingdom National Joint Registry 2020), accompanied by an unavoidable rise in associated post-
operative complications such as implant loosening, infection, dislocation or bone fracture. The
main method to monitor recovery, assess THR complications and plan for further treatment
relies on a clinical assessment of the patient, prior operation notes on the joint implant and a

surgical approach taken and evaluating the hip X-ray images.

Medical image analysis has advanced significantly in recent years, transforming the way of
interpreting, processing and utilizing medical images. These advancements can be categorized
into three major areas: Computer Aided Detection (CADe), Computer Aided Diagnosis (CADx)
and Computer Aided Planning (CAP). Each of these areas targets specific problems and is
essential for improving treatment outcomes. CADe focuses on the identification and localization
of specific abnormalities within an image, such as defining if there is a fracture in the X-ray image
or not. CADx includes not only the detection of abnormalities but also the characterization
and classification of different types of abnormality which provides a comprehensive evaluation of
the patient’s condition, such as defining the specific type of the fracture from the X-ray image.
CAP formulates treatment strategies and surgical plans using imaging data which can improve

treatment delivery and minimize risks.



Chapter 1.

The current assessment of THR X-ray images depends on the expertise of clinical specialists
to analyse intricate details in the image which can lead to outcome variability, human errors,
and potential delay in diagnosis. In addition, the shortage of experienced clinical specialists
and the rising demand for THR, treatments further complicate the issue. For instance, Marshall
et al. 2017 indicated that 90% of Peri-prosthetic Femur Fracture (PFF) radiograph reports in
the emergency department do not include all relevant radiographic features, which can delay
diagnosis and treatment. Proposing a THR CADx tool aims to minimize these challenges
by providing an automated approach to image analysis, enhancing accuracy and efficiency in
diagnosing THR-related complications. In addition, it can reduce the potential for human error
and subjectivity, contribute to the earlier detection of diseases and ultimately improve patient
outcomes. While there is limited empirical research on detecting THR complications compared
to the huge development in other medical domains, the existing studies often face challenges in
terms of reliability and generality due to the dataset problems including the imbalanced class
distribution, limited size dataset and the quality of used images (Patel et al. 2021; Borjali, A. F.
Chen, Muratoglu, et al. |2019; Khosravi et al. [2022; Rouzrokh, Ramazanian, et al. 2021)). The
scope of these studies is restricted to the detection of only one type of condition and does not
provide insights into the severity and classification of that condition. This further limits the

existing research.

Another critical stage in orthopaedic surgery is pre-operative planning, particularly in fracture
reduction operations. It includes a detailed analysis and planning before the surgery, aiming
to achieve optimal outcomes and minimize complications. The development of 3D object mod-
elling and processing techniques has enhanced computer-assisted fracture preoperative planning.
However, finding the matching between broken bone fragments is still challenging due to the
following reasons: the matchable properties between fragments are located surrounding the
fractured area only as opposed to a full or partial matching problem where there are notable
overlapping patterns. Also, missing parts of fragments will significantly complicate the prob-
lem. Developing a 3D fragment reassembly tool can enhance the fracture reduction pre-operative

planning which ultimately improves the treatment outcomes.

Therefore, this thesis investigates the effectiveness of CADx systems for the diagnosis of THR
complications such as PFF. Additionally, the exploration of how the integration of medical

knowledge into Deep Learning (DL) impacts the enhancement of accuracy and consistency in
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THR image analysis and to what extent this integration can overcome dataset limitations is
undertaken. Moreover, an investigation is conducted on how computer-based methods can be

employed to assist in the pre-operative planning of fracture reduction surgery.

1.1 Research Aim and Objectives

The primary aim of this thesis is to formulate an automatic and robust framework for THR
X-ray image diagnosis, to enable the analysis of intricate information and other features of
interest and assist in treatment planning. Guided by the above aim, the following objectives

are defined :

1. Assess the typical Convolutional Neural Networks (CNNs) architecture performance on

THR X-ray image analysis task with dataset limitation and challenges.

2. Identify the important landmarks in the implant component and automate the detection

of these landmarks and the segmentation of the implant.

3. Develop a framework for the diagnosis PFF from X-ray images, addressing current data

limitations and associated challenges.

4. Design a framework for fracture reassembly to assist in the pre-operation planning for

fracture reduction

1.2 Outlines and Contributions

The work presented in this thesis develops diagnostic methods for THR-related complications
from X-ray images. Developed methods are focused on the PFF diagnosis due to the absence of
an automated method in this domain and the complexity of the task compared to the detection
task only. DL-based methods are designed for automated detection and diagnosis of PFF and
for defining important landmarks in THR X-ray images. In particular, this thesis creates new
methods that integrate medical knowledge and DL model that improve diagnostic and image

analysis even in the presence of dataset limitations and THR X-ray image challenges.

This thesis consists of this introductory chapter followed by a chapter reviewing the background
and the state-of-the-art in DL classification and segmentation tasks within the field of medical

image analysis. Four research chapters reporting all the results of this thesis are followed by a
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final chapter which presents the conclusion and the future directions.

e Chapter 2 is a background and literature review that provides a medical background of
THR and explains its associated complications and the variations among THR patients
as well as a state-of-the-art image classification and segmentation, particularly for THR.
Finally, the limitations and challenges of these techniques, including those in the dataset,

are defined.

e Chapter 3 reports a method developed using CNN to detect, localize and identify the
PFF classification from X-ray images. A large dataset of post-operative THR X-ray
images and after the PFF X-ray images have been collected and annotated. Also, this
chapter discusses the existing work on bone fracture detection and diagnostic methods.
The results of different CNN architectures for the three tasks, detection, localization
and diagnosis based on clinical standards were compared. These architectures have been
further evaluated for situations that involve limited data availability and imbalanced class
distribution. The challenges and the variation of PFF X-rays compared to the other bone

fractures are also demonstrated in this chapter.

e Chapter 4 provides results of an integrated approach that enables the segmentation of
implant components and the detection of the landmarks of interest. In addition, the
landmarks of the Gruen zone are defined and the shape of the implant is represented
correspondingly. This can aid the identification of many THR complications that are
computed according to these landmarks. In more detail, this chapter discusses the exist-
ing methods in implant segmentation and the existing approaches in integrating medical
knowledge with DL models in various medical domains. The anatomical knowledge and
the landmarks of interest are explained as well as the developed method for implant seg-
mentation and Gruen landmarks detection. This chapter demonstrated that combining
segmentation with landmarks detection improves the results of landmarks detection and

segmentation of the implant even with the dataset size limitation.

e Chapter 5 reports results of a novel medical knowledge DL network for PFF diagnosis
that enables the extraction and fusion of features from the most discriminated regions
that a clinical specialist focused on when interpreting PFF X-ray images. This approach
improves the PFF diagnosis performance compared with the available CNNs. In more

detail, this chapter discusses the existing work on fracture detection and diagnosis explains
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and defines the clinical process of reading the PFF X-ray images. The developed method
combines multiple features from the X-ray images and simulates the clinical diagnosis.
The reported results demonstrated improvement in PFF diagnosis compared with the

state-of-the-art methods.

e Chapter 6 develops a method for reassembly of the broken 3D objects for the purpose of
aiding the pre-operative planning for fracture reduction operation. The main contributions
of this chapter are the proposal of a reassembly method that combines the intact facet
features with the fractured facet boundary to minimize the potential matching between
fragments, the introduction of a new representation of the fragment that represents the
fragment features and simplifies the search for possible matching, the proposed new feature
that improves the segmentation and classification of the fragment facets significantly. In
more detail, the existing approaches for reassembling fractured objects in different domains
are presented, such as bone fracture reduction and broken artefacts. Then, the steps of
the developed reassembly method including the segmentation of the fragment surface into
intact and fractured facets, the generation of fragment topology and descriptors and the
matching process are explained. Also the evaluation process and discussion of the results

of each step are presented.

e Chapter 7 concludes this thesis by summarising and discussing the main findings and

outlining the plan for future work.

1.3 Publications

The work conducted during this PhD project has led to the following publications:

1. A. Alzaid, A. Wignall, S. Dogramadzi, H. Pandit, S. Q. Xie, “Automatic detection and
classification of peri-prosthetic femur fracture,” International Journal of Computer As-

sisted Radiology and Surgery, vol. 17, pp. 649-660, 2022.

2. Alzaid, A., Lineham, B., Dogramadzi, S., Pandit, H., Frangi, A.F. and Xie, S.Q., 2023.
Simultaneous Hip Implant Segmentation and Gruen Landmarks Detection. IEEE Journal

of Biomedical and Health Informatics.

3. A. Alzaid, S. Dogramadzi, H. Pandit, S. Q. Xie, Medical Knowledge-based Learning for

Peri-Prosthetic Fracture Diagnosis. Accepted at 29th IEEE International Conference on
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Mechatronics and Machine Vision in Practice. Achieved John Billigsley best conference

paper award on Computer Vision

4. Alzaid, A., and Dogramadzi, S. (2019). Reassembly of fractured object using fragment
topology. IET Conference Proceedings, 2019, p. 18 (98 -105), DOI: 10.1049/cp.2019.0256.



Chapter 2

Background

2.1 Total Hip Replacement

Femur is the largest bone in the body and is partitioned into three
main parts: proximal, shaft and distal. Figure shows the normal
femur anatomy. The proximal femur is composed of a head, neck, and
greater and lesser trochanters. The head is articulated with the pelvic
bone acetabulum to form the hip joint. All the body load during daily
activities is transferred through the acetabula onto the femoral heads.
Both greater and lesser trochanter are attachment sites for muscles
that allow movement of the hip joint. The femur shaft has a cylindri-
cal shape which differs significantly between individuals. The shaft
anterior is smooth and lacks distinctive features. However, the oppo-
site side is rougher and consists of Linea aspera that is raised linearly

along the long access of the femur and split to form the medial and

Femur

Head
Neck )
Greater trochanter /
Lesser trochanter I
Shaft — |
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lateral condyle

Figure 2.1: Femur bone
anatomy.

lateral supracondylar lines. The Distal femur is the widest part of the bone. It is characterized

by the lateral and medial condyles that connect with both the tibia and patella to compose the

knee joint.

THR is a surgical operation that replaces the hip joint with a prosthetic implant. This includes

replacing the acetabulum and femoral head. Generally, THR is conducted to mitigate arthritis

pain or to treat extreme joint damage after a hip fracture. This will improve the quality of life

for patients. Figure shows the component of THR. The damaged femur head is removed
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Figure 2.2: The component of THR (Foran and Fischer 2020)

and the femoral stem is fitted in the centre of the femur. The THR surgery can be carried out
on young people who suffer from severe arthritis pain or complex hip fracture complications,
but it is mainly performed among people aged 60 years and above (OECD 2019). Over the past
decade, the number of THR has increased rapidly, around 30% between 2007 and 2017 (OECD
. According to the United Kingdom National Joint Registry approximately 90,000

THR operations are performed per year in the UK.

Although THR results in excellent pain relief for patients and improves their quality of life,
it is associated with many risks such as infections, bone fractures, implant loosening and im-
plant subsidence (United Kingdom National Joint Registry . Routine follow-up visits and
early detection could minimise the effect of these complications. The main assessment method
for postoperative THR. is through medical images. While MRI, CT, and sonography are com-
monly used for joint imaging, the postoperative radiograph remains useful in evaluating hip
arthroplasty due to its effective cost, readily available, free from metal artefacts and enables

longitudinal comparison (Vanrusselt et al. 2015)).

The hip prosthesis can significantly vary among patients due to many factors. For instance,
there are two surgical options for femoral stems: cemented and cementless stems. On cemented
stems, the prosthesis is fitted in position securely using special bone cement, while on cementless
stems, the implant is fitted into the proximal femur and the surrounding bone grows into the
prosthesis to form a solid attachment and on the upper part of the stem a ball, metal or ceramic,
is placed which replaces the damaged femur head. Also, the acetabulum bone is removed and
replaced with a metal socket and a spacer is inserted between the ball and the socket. Other hip
prosthesis variation factors include design variations, material choices, manufacturers, patient-

specific considerations and geographic and demographic factors. These variations increase the
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complexity of THR X-ray image analysis.

2.2 Medical Image Analysis

Since the invention of X-ray images in 1895, medical imaging has become essential in diagnosing
lots of diseases. It provides information about the patient’s medical condition and indications
of the causes of the symptoms and diseases. The development of medical image technology led
to an increase in the number of producing, which radiologists must interpret. The effectiveness
of image interpretation by skilled medical professionals is impacted by the limited number
of available experts, as well as the challenges posed by their exhaustion and the reliance on
approximate estimation procedures. Consequently, the importance of medical image analysis
tools extends across various areas of medicine including the detection and diagnosis of disease.
Medical image analysis has overcome traditional diagnostic limits by collecting quantitative

data and visualising anatomical characteristics that might be undetectable to the human eye.

Two key tasks of medical image analysis will be explored: image classification and image seg-
mentation. These methods are essential for CADe and CADx tools supporting the translation
of unprocessed image data into useful information that assists clinical specialists in making
decisions, treatment planning and research advancement. Image classification includes the cat-
egorization of medical images into predefined classes, allowing the identification of specific con-
ditions, abnormalities, or characteristics. This technique is significant in medical diagnosis by
aiding clinicians in making accurate and timely decisions. Image segmentation involves the
division of an image into meaningful regions or structures that facilitate the localization of

anatomical structures or regions of interest within an image.

2.2.1 Image Classification

Image classification involves training algorithms to classify images into predefined classes based
on the visual content. These algorithms learn to recognise different patterns and features that
distinguish one class from another using machine learning techniques which enable the algorithm
to identify the labels of new images. Let I denote an image consisting of pixels and let l1, lo, ...., [
denote class labels. For each pixel x, a feature vector V including values f(X;) is extracted
using:

V= (f(Xo0), f(X1), ... (X)) (2.1)
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Where n is the number of pixels. A label [; is assigned to the image based on V. The process
of image classification includes the partitioning of dataset into training, validation and testing
sets. The training set is used for model training, a validation set is used for parameter tuning,

and a test set for evaluating the model’s performance.

Image classification methods can be categorized into two groups: classical methods and DL-
based methods. The classical methods involve standard machine learning techniques such as
Support Vector Machine (SVM) and K-Nearest Neighbors (K-NN) which commonly require
hand-engineered features and class labels to classify images. This can limit their ability to
recognise complicated patterns in medical images. The emergence of DL has improved image
classification and CADx significantly by learning hierarchical features from raw data automati-
cally. A gradual transmission from typical methods of computer vision to DL based techniques
has recently been observed. Beginning in 2012, DL showed great success in several computer
vision tasks involving the classification, detection and matching of images. After that, treating

more complicated tasks, such as medical image analysis, was only a matter of time.

The foundation of DL for image analysis is the CNN. There are many CNN architectures applied
for medical image classification. The widely utilized architectures are AlexNet (Krizhevsky et al.
2012, VGG (Simonyan and Zisserman 2015), GoogleNet (Szegedy et al. 2015) , ResNet (K. He
et al. 2016) and DenseNet (G. Huang et al. 2017). The following paragraphs provide a general

overview of the CNN architecture.

A CNN takes an image as input and assigns importance (learnable weights and biases) to
different elements/objects in the image enabling the distinction between images. Classic CNNs
consist of three main components: convolutional layers, pooling layers (or subsampling layers),
and fully-connected layers (FC) that are stacked to form the architecture. Advanced architecture
could involve more layers such as batch normalisation and dropout layers. The input and output

of each layer are sets of arrays called feature maps.

The convolutional layer is the key element of CNN which captures local patterns and complex
features by sliding filters (kernels) across the input image. The parameters of each layer involve
kernel size, stride size and padding that are applied to the side of input feature maps. These

parameters are responsible for determining the weight of the learnable convolutional kernels.

The kernel is applied to small localised regions of the input image or the feature map of the

10
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(a) Convolutional operation (b) Max pool operation
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Figure 2.3: (a) an example of the convolutional operation. (b) an example of pooling operation
using max pool.

previous layer and is moved in both horizontal and vertical directions. The moving of the kernel
from the top left or bottom right corners is termed the stride. When a large stride is used, the
lesser filter will be applied, which produces a smaller output size, and vice versa. Figure
(a) presents the convolutional operation. The output values of the convolutional operation pass
through an appropriate activation function such as Rectified Linear Unit (ReLU) and sigmoid,

to capture complex patterns and relationships within data.

The pooling layers followed the convolutional layers. It performs a down-sampling opera-
tion resulting in an equal number of feature maps that are given as input to the next layer.
Also, pooling makes the representation invariant to small translations and rotations. The most
common pooling function are Max pooling, which returns the maximum value of the receptive
field, and Average pooling, which return the average of a local neighbourhood. This layer is
also identified by kernel size, stride size and padding. Figure (b) shows the pooling layer

function.

Fully connected layers (FC) are added on the top of convolutional and pooling layers. It
takes as input the output of all units of the previous layer. The first FC layer usually transforms
the output of the last convolutional or pooling layer to a vector of predefined length. Then,
this vector can either be an input to a classifier or be considered as a feature vector to solve a

different task.

11
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Dropout layer is a regularization technique used to prevent overfitting. In the training phase,
dropout randomly deactivates some neurons which helps the network to learn more diverse and

representative features.

Batch normalization layer is used to stabilize and accelerate the training process by nor-
malizing the outputs of a layer through re-centring and re-scaling. This helps to avoid the
vanishing or inflating gradient problem, making learning more steady and efficient. Another
advantage of a batch normalization layer is the use of a larger learning rate without a vanishing
gradient problem. In addition, the impact of regularizing enhances the network generalization

and minimizes overfitting.

CNNs have made significant contributions to medical image classification including the detection
and diagnosis of abnormalities. These have been investigated and effectively applied for a
variety of medical image interpretation applications like detecting and diagnosing lung cancer
and respiratory diseases such as pneumonia, tuberculosis and COVID-19 (Meedeniya et al. 2022,
Calli et al. 2021)), heart diseases (Vesal et al. 2020}), Breast tumours (Yan et al. 2020), Brain
diseases (Dhiman et al. [2022). The growth of these medical applications is facilitated by the
availability of dataset such as chestX-rayl4d (X. Wang et al. 2017), COVID-19 Radiography
Dataset (Chowdhury et al. 2020) and MIT-BIH Arrhythmia database (Goldberger et al. 2000).
On the other hand, numerous medical image domains have limited investigations compared to
those applications such as bone diseases and dental X-ray images. This is mainly due to the

limitation of the available dataset.

The techniques introduced for CNN-based medical image classification are varied and can be
categorized based on their architectural approach. These include the utilization of pre-existing
CNN models, leveraging transfer learning (Maghdid et al. |2021)), employing ensemble models

(Q. Liu et al. |2020) and employing a hybrid approach (Dhiman et al. 2022)) etc.

Despite the huge improvement in medical image classification with the emergence of CNN

approach, many challenges still exist in this field. Section discusses these challenges.

2.2.2 Image Segmentation

Image segmentation is the process of partitioning an image into distinguished, meaningful seg-
ments that help to identify important objects or structures and extract useful information from

an image. Many hand-engineered feature-based algorithms are utilized for image segmentation.

12
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Figure 2.4: U-Net architecture (Ronneberger et al. |2015))

These techniques vary from simple thresholding or region-based methods to more advanced
methods such as Atlas-based methods and Statistical Shape Model (SSM) (Gan et al. 2021)).
However, the development of DL methods, particularly CNNs, has influenced the advancement
of image segmentation significantly even with complex data such as medical images (Tajbakhsh

et al. |2020). It provided state-of-the-art results in many image segmentation tasks.

The typical form of using CNNs for image segmentation is the same as the classification of
each pixel in the image. This is known as semantic segmentation where each pixel is associated
with a label or category. U-Net (Ronneberger et al. is one of the common segmentation
architectures due to its effectiveness in medical image segmentation. U-Net features allow
the merging of low-level and high-level features while keeping both detailed information and

contextual knowledge.

U-Net Architecture U-Net is a CNN-based architecture that is designed specifically for im-
age segmentation tasks. U-Net name is derived from its structure which is a unique U-shape
structure. Figure 2.4] illustrates the U-Net architecture. It consisted of two main parts encoder
path (left side) and decoder path (right side). The encoder side is similar to the convolutional

network architecture, consisting of two convolutions each followed by ReLU and 2 x 2 max

13
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pooling with stride 2 for downsampling. For each downsampling step, the number of feature
channels is doubled. Each step on the decoder side involves an up-sampling of the feature map
followed by 2x2 convolution which splits the number of feature channels by two, a connection
with the corresponding cropped feature map from the encoder side, and two 3x3 convolutions
each followed by ReLU. The final layer consists of 1x1 convolution which maps each 64 features

vector to a predefined number of classes.

CNNs have made significant advancements to medical image segmentation by improving accu-
racy, minimizing manual intervention and applicability to various modalities. These have been
investigated and effectively adapted for several medical image segmentation domains like brain
tumor segmentation (Naser and Deen 2020), breast tumors (Ranjbarzadeh et al. 2022), organs

segmentation such as livers (Kavur et al. 2020) and pancreas (Zheyuan Zhang et al. |[2023)).

2.2.3 Challenges and limitations of DL in medical images

Medical image analysis has been transformed by DL, yet it still has a number of challenges and

limitations. The following points discuss and summarise some of these issues:

1. Data limitation: CNN models require large and well-annotated datasets for successful
training. In the medical image domain, collecting and labelling data can be expensive
and time-consuming. Many approaches have been used to automate the labelling process
such as the use of natural language processing for label extraction from images. However,
the use of expert radiologist labels is recommended for accurate assessment (Calli et al.
2021). Using a limited dataset can lead to overfitting and reduced generalization. Several
techniques can be used to overcome dataset limitations such as augmentation and transfer
learning, however, a well-trained model still requires a large and well-labelled dataset
(Kwong and Mazaheri |2021). For instance, some augmentation methods such as rotations

and flips maintain the information of the data.

2. Class imbalance: is a common property of medical datasets, where some diseases or
conditions are more common than others. This imbalance can lead to learning bias,
causing predictions to favour the overrepresented class. This can also impact the metrics
used for assessing the model like accuracy. Different methods can be used to overcome
the class imbalance. These methods can be applied on the data level, on the model level

or on both (J. M. Johnson and Khoshgoftaar [2019)), however, the effectiveness of these

14
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methods depends on many factors including dataset size, level of imbalance, quality of

features and the applied method.

3. Computational cost: DL training and running can be highly computational, posing
memory constraints, particularly when dealing with large feature space training data such
as high dimensional or high-resolution images. Implementing DL in clinical settings with

limited resources can be challenging.

4. Interpretability: In the medical image domain, interpretability and explainability are
essential to visually validating the proposed tool. Many studies use methods like CAM or
saliency maps (Bolei Zhou et al.|2016) to show the area of interest. These heatmaps might
help in showing conditions that appear as localized patterns, however, a comprehensive
evaluation of their accuracy is commonly lacking. On the other hand, many conditions
are difficult to visualize through these methods due to difficulties in explaining these

conditions.

In spite of these challenges, DL approaches continue to improve the medical image analysis

field. Future research aims to overcome and minimize these limitations.

2.3 Medical Image Analysis in THR

Numerous computer-based methods have been introduced in the literature to aid the detection

and diagnosis of THR complications. This section provides an overview of these methods.

The essential step for analysing THR X-ray images is the segmentation of the implant. Many
image segmentation techniques have been developed to segment the implant from the X-ray im-
age. Oprea and Vertan 2007 evaluated several classical adaptive region segmentation techniques,
using either adaptive histogram thresholding or an extended feature space (Fuzzy C-mean clus-
tering). In the fuzzy C-mean clustering they assumed that the image consisted of a combination
of three classes (prosthesis, bone and soft tissue). However, the grey-level-based methods are
unstable due to the high impact of radiometric distortion in X-ray images. Similarly, L. Florea
and Vertan [2009| attempted to find the optimal thresholding value by applying the Expectation
Maximization algorithm to segment the X-ray images into three classes. Then, they applied a
Canny Edge algorithm (CE) to detect and separate the prosthesis from the bone. Downing et al.

1997 segmented the hip prosthesis relying on the fact that a prosthesis is a high-contrast object.

15



2.3. Medical Image Analysis in THR Chapter 2.

Thus, they first applied the CE method to detect edges in the X-ray image. Then, edges were
thresholded and connected to produce close regions that were classified by comparing simple
features such as brightness, perimeter and area of the prosthesis. Femur shaft access was de-
tected using the distal end of the prosthesis and the prosthesis head was detected by extracting
Circular Hough Transform features. Then a template was matched to extract the femur shape.
Finally, the soft tissue, bone, cement and prosthesis are segmented and classified based on the
intensity profile of the X-ray image. Recently, the Active Contours (AC) method has been
used to segment implant in the hip (Al-Zadjali 2017, Jia et al. 2011). The seed point for the
AC method was initialized based on the detected points in the prosthesis cup. Al-Zadjali[2017
utilized the Fast randomized circle detection (Jia et al. |[2011) to detect the centre and radius
of the prosthesis cup, while Stark [2018| applied Hough transforms method to detect circles in
the image to localize the implant in the shoulder. Then a region-growing method was used to
segment the implant. The hand-crafted-based segmentation can provide good results when the
implant components are well-defined in the X-ray images. With the huge improvement of the
DL method, CNN-based techniques have been applied to segment implant in the X-ray image

such as Unet (Patel et al. 2021)).

On the other hand, various methods were proposed to identify complications or risks related to
THR. These methods were based on image processing methods, DL, methods or both. Table
presents an overview of these methods. For implant subsidence detection, Barker and Donnelly
2003| developed a semi-automatic detection method that consists of multiple image processing
steps. First, two landmarks are marked manually in the distal centralizer and in the cancellous
bone proximal. Circular Hough transformation and Sobel edge operator were used to localize the
centre and radius of the femoral head component. The projection of the vertical and horizontal
edge of the implant was computed using the Random transform and the amount of migration
was computed using the derived intersection points. Their method was applied to one type
of implant only and depended on the manual positioning of landmarks. Al-Zadjali 2017 also
proposed an image processing-based method for the detection of femoral component subsidence
and loosening by defining the region of interest based on curvature analysis. Their method
started using the segmented implant which was described earlier in this section. Then, the
extraction of boundary pixels was conducted using image pre-processing steps such as generating
a binary image and edge map from the segmentation and tracing the edge by the Edge link

algorithm. After that, a curvature analysis was utilized to extract the key points on the implant,

16



Chapter 2. 2.3. Medical Image Analysis in THR

which were the points with significantly varying curvature along the boundary. The loosening
and subsidence were detected using pixel gradients at the extracted points. Image processing-
based methods are limited to simple anatomical structures and their effectiveness depends on
image quality. Rouzrokh, Wyles, Kurian, et al. 2022 enhanced these limitations by using CNN
based method for implant subsidence detection. First, a dynamic U-Net model was trained to
segment femur, implant and magnification markers followed by an image processing method to
measure subsidence. The image processing steps computed the standard femur stem distance
on each radiograph to detect the subsidence. It received the output segmentation masks and
computed the coordinates of the tip point of the implant (stem point) and the coordinates for the
most superior point on the greater trochanter (femur point), and calculated the standardized
distance between them based on the angle of the femoral axis and the distance between the
magnification markers. The final step involved calculating stem subsidence by subtracting the
measured standard femur-stem distance between the two images. Their method considered

patients with polished tapered cemented femoral stems only.

For implant dislocation risk detection, Rouzrokh, Ramazanian, et al. [2021] aimed to detect pa-
tients with a high risk of implant dislocation by analyzing postoperative THR X-ray images
with dislocations over 5 years of follow-up. They trained YOLO-V3 to crop the images by
centring on the femoral head and then ResNet18 was trained to classify images with dislocated
risk. However, they obtained a very low positive predictive value of 3.3. Khosravi et al. 2022 en-
hanced the overall detection performance by combining image features with clinical information.
A hybrid network, consisting of EfficientNet-B4 and Swin-B transformer models, was utilized
to extract image features. These features were combined with clinical characteristics such as
demographics, comorbidities, and surgical details. The combined features were used to train an
XGBoost model to identify the risk of dislocation. The results demonstrated that incorporating
clinical information improved the overall detection performance. In addition, Rouzrokh, Wyles,
Philbrick, et al. [2021| proposed a method to detect acetabular component inclination from THR
X-ray images using both Antero-Posterior (AP) and Lateral radiographs. Two U-nets were
trained, one for AP and one for lateral, to segment the acetabular component and the ischial
tuberosities. Multiple image processing steps were deployed to measure the acetabular compo-
nent angles using the resulting segmentation mask. They demonstrated limitations in patient
positioning, including rotations over 45 degrees, cropped images lacking key components, and

hidden ischial tuberosities due to soft tissue overlap or unusual hardware presence. Moreover,
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the lack of control for pelvis positioning before measurements impacted their method’s reliability

and applicability in real-world scenarios with diverse radiographic conditions.

Additionally, several methods were proposed to define the type of implant design using post-
operative THR X-ray images. Many of these methods trained typical CNN-based models such
as DenseNet and Resnet to classify the THR X-ray image to specific kind of implant design
(Karnuta et al. 2021; Borjali, A. F. Chen, Bedair, et al. 2021; Gong et al. 2022). On the other
hand, other methods used the cropped region of the implant as input to train the classification
model. Kang et al. 2020 first trained YOLOv3 to detect the stem component region and then
developed a simple CNN architecture to identify the specific implant type. Patel et al. 2021
trained U-net to segment the implant mask and used the mask to crop implant region. Their
CNN architecture consisted of two components that were jointly connected for final classifica-
tion. The first component utilized the full X-ray image, while the other component focused on
the segmented region of the implant. Each of the previous methods employed a different set
of implant design categories for instance Karnuta et al. 2021] defined 18 implant designs, while

Kang et al. [2020| defined 29 types.

Furthermore, many existing methods focused on detecting implant loosening in THR X-ray
images through training typical CNN models (Borjali, A. F. Chen, Muratoglu, et al. |2019).
Shah et al. 2020 studied the impact of other input variables on the performance of typical
CNN. They trained DenseNet on THR X-ray images that were labelled as ’loose’ or "well-fixed’
based on the operation notes. In addition, historical, demographic, and comorbidity information
were added to create a final model. Their results showed that when combining historical data
and fine-tuning the pre-trained DenseNet, the accuracy was improved significantly. On the other
hand, T. Rahman et al. [2022|leveraged the strengths of different CNN models and classifiers to
improve the overall prediction performance of the detection of Aseptic loosening in THR X-ray
images by developing a stacking ensemble method. First, YOLOv5 was trained to localize and
crop implant regions. DenseNet201, Resnet50, and Resnet18 were used as base learners for the
stacking ensemble and the prediction outputs were used as input to Random Forest, which is a

meta-learner. They collected 206 THR X-ray images and reported a detection accuracy of 96%.

On the other hand, several studies introduced the detection of multiple complications by la-
belling it as implant failure. Loppini et al.[2022|trained DenseNet to identify implant failure from

THR X-ray images including loosening, malpositioning of the implant, polyethylene wearing, or
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peri-prosthetic infection. Muscato et al. [2023| developed a method for detecting implant failure
from postoperative THR X-ray images including loosening, bearing surface wear and osteolysis,
malpositioning and dislocation. Their method started with pre-processing steps to enhance the
X-ray image and segment the image into the acetabulum region and the stem region. These steps
included applying gamma power transformation, sigmoidal function, contrast-limited adaptive
histogram equalization (CLAHE), and low pass filter with 2D Gaussian smoothing kernel. In
addition, the CE algorithm was used to identify the presence of the implant and to segment
the acetabulum region (upper third) and the stem region. Each of the three images; full, ac-
etabulum and stem were utilized as input to three Densenet models to extract image features.
The obtained features were reduced using PCA method and concatenated and fed to the SVM

algorithm for classification.

Reference Purpose Method Dataset
Barker and | subsidence image  processing based | -
Donnelly complication | method
2003
Al-Zadjali subsidence image  processing based | -
2017 and loosen- | method

ing compli-

cations
Rouzrokh, Dislocation YOLO-V3 crop image- | 92,584 radiograph (1490
Ramazanian, | Risk centering on femoral head. | dislocated / 91,094 non-
et al. 2021 Resnet18: classification dislocated)
Khosravi dislocation Swin-B and EfficientNet-B4 | 170,73 radiographs + demo-
et al. 2022 risk for image feature extraction. | graphic data (2% dislocated

XGBOOST classification samples)
Borjali, implant DenseNet201 402 radiograph (130 Acco-
A. F. Chen, | design (9 lade II, 89 Corail, 31 M/L
Muratoglu, designs) Taper, 31 Summit, 26 An-
et al. 2019 thology, 26 Versys, 24 S-
ROM, 24 TSO, 21 THO)
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Reference Purpose Method Dataset
Rouzrokh, dislocation dynamic Unet + Image pro- | 500 radiograph (Polished
Wyles, cessing tapered cemented femoral
Philbrick, stem only)
et al. 2021
T. Rahman | Aseptic loos- | YOLO-v5: crop implant re- | 216 radiograph (112 loose /
et al. 2022 ening gion.  Stacking ensemble: | 94 controlled)
classification

Muscato implant image processing: enhanc- | 1331 radiograph (869 failed
et al. 2023 failur: loos- | ing  and  segmentation. | / 462 non-failed)

ening, dis- | DenseNet102 : feature ex-

location, traction. SVM: classification

bearing sur-

face wear

and  ostelo-

ysis and

malposition-

ing.
Gong et al. | implant ResNet50 710 radiograph (350 Biomet
2022 design (4 Eco Bi-Metric, 210 Depuy

types) Corail, 90 LINK Lubinus SP

II, 60 Zimmer Versys FMT)

Borjali, A. F. | Mechanical DenseNet 236 radiograph (cementless
Chen,  Be- | loosening implant)
dair, et al
2021
Rouzrokh, Acetabular 2 Unet + Image processing | 600 AP pelvic radiograph
Wyles, component steps and 600 Lateral radiograph
Kurian, et al. | Inclination
2022
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Reference Purpose Method Dataset
Kang et al. | implant YOLOv3 +Simple CNN 170 radiograph (The number
2020 model (29 of images in each design var-
types) ied from 2 to 18)
Patel et al. | implant Unet 922 radiograph (The number
2021 model (12 of images in each design var-
types) ied from 42 - 233)
Karnuta implant CNN 1972 AP radiograph (The
et al. 2021 model (18 number of images in each de-
types) sign varied from 20 - 345)
Shah et al. | implant loos- | DenseNet 679 Radiograph and demo-
2020 ening graphic data
Loppini et al. | implant fail- | DenseNet169 1260 Radiographs AP and
2022 ure : loosen- Lateral THR (840 failed /
ing, malposi- 420 non-failed)
tioning,

Table 2.1: Overview of the proposed studies for THR image analysis

2.4 Research Gaps and Limitations

Although the above CNN-based methods provided promising results in the detection of some

THR complications, several factors can impact the reliability and generality of these results

Firstly, the quality of images used to train CNN-based models can affect the performance and

generalization of the model significantly. For instance, Patel et al. [2021] excluded all complex

and noisy images from the dataset when generating the ground truth implant masks that were

generated using a simple image processing method. In addition, T. Rahman et al.|[2022| collected

images from different online resources such as medical articles and radiology websites. These

images are likely to be the most descriptive and representative of the condition under consid-

eration. Well-represented and clear images may not accurately reflect the actual diversity of

the disease presentation and can lead to high-accuracy results as the model learns to recognise

particular patterns instead of detecting complications in more challenging and complex images.
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In contrast, low-quality and noisy images may minimize the model’s ability to learn relevant
features leading to lower accuracy and perhaps restricting its usefulness in real-world clinical
contexts. Therefore, it is critical to utilize a diverse and representative dataset that reflects the

real conditions of the hospital setting.

Secondly, the majority of studies utilized a limited and highly imbalanced dataset, where some
classes representing specific types or conditions have significantly fewer samples than others,
refer to table This might cause a model bias towards the largest classes, resulting in lower
performance in the minor classes. Many studies preserved this imbalance in class distributions,
whereas Patel et al. [2021] applied class weight and Khosravi et al. [2022| applied oversampling
technique, attempting to address this issue. To some extent, these techniques could help reduce
the impact of class imbalance but might lead to overfitting. When assigning weight to a small
class, the model could focus on it and can not generalize well to new data. This is also applicable
to oversampling where generating an exact copy of the small classes leads the model to memorize

the training sample and make it less effective in predicting new data.

Another issue of the reviewed work is the limited scope of the task. All the reviewed work on
THR complications primarily focused on a detection task rather than identifying the specific
type or providing a diagnosis. While detection is a crucial step, providing more detailed in-
formation about the specific complication or diagnosis would enhance the clinical utility and
practical applicability of the developed models. In addition, no work has been investigated to

detect and diagnose PFFs.

In general, the effectiveness of DL-based approaches depends on the availability of large and
well-annotated dataset which is considered a main obstacle in several medical image analysis
tasks including THR application. It is challenging to generate an adequate large dataset that
represents all medical conditions due to the wide range of patients and diseases. In addition, gen-
erating annotated medical image dataset requires the involvement of experts which is considered
time-consuming and of high cost. Another common challenge is the occurrence of a particular
disease which leads to an unequal distribution of classes, resulting in an imbalanced dataset.
As illustrated above, many strategies have been applied to overcome the limited amount of the
dataset and class imbalance. Many studies considered the transfer learning approach to address
the limited dataset size (Rouzrokh, Ramazanian, et al. [2021; Borjali, A. F. Chen, Muratoglu,

et al. [2019; Muscato et al. 2023). In addition, augmentation techniques such as rotation, trans-
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lation, and flipping the images have been applied to increase the dataset size. Applying these
techniques could improve the performance of the DL model in the restricted dataset. Recently,
incorporating domain knowledge into DL demonstrated enhancement in model performance and

robustness under the dataset limitation issue.

In the next chapter, an annotated THR dataset that consists of images of different implant
types with various categories of PFFs and normal THR cases is generated. The performance of
different CNN architectures for detecting, localizing and diagnosing the PFF is demonstrated.
Chapter [4] constructs an SSM that represents the important landmarks in the implant based on
medical protocol. In addition, a hybrid method for the simultaneous detection of the important
landmarks and segmentation of the implant components is developed. The defined landmarks
can aid in the diagnosis of many THR complications. Chapter [5| demonstrated the impact
of incorporating medical knowledge into a DL model for the diagnosis of PFF. The clinical
steps for interpreting THR X-ray images are defined and simulated in CNN-based architecture.
Chapter [0] focuses on the pre-operative planning for fracture reduction operation. An approach
for solving a 3D puzzle problem is developed to reassemble a fractured object into its original

form.

2.5 Summary

In this chapter, a medical overview of THR including femur parts, THR components and THR
complications is presented. The challenges in THR images such as the quality of the X-ray
image and the variations in THR due to many factors are discussed. These factors include
surgical approaches, implant design, material selection etc. In addition, an overview of the
state-of-the-art approaches for medical image classification and segmentation tasks is provided

and the overall challenges in DL models are discussed.

The existing methods for both THR X-ray image analysis and complication detection are re-
viewed. The main limitation of these methods is defined including the quality of images being
utilized, the dataset size, imbalanced class distribution and the limited scope of the undertaken
task. Therefore, this thesis develops diagnostic methods for THR-related complications from
X-ray images, with a focus on PFF diagnosis. It designs DL-based methods for automated
PFF detection and diagnosis, as well as important landmark identification in THR X-ray im-

ages which can facilitate the detection of other THR complications. These methods integrate
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medical knowledge to enhance diagnostic accuracy and address dataset limitations and image

challenges.
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Chapter 3

Deep Learning for Implant Joint

Fractures

3.1 Introduction

The increasing rate of THR operations is associated with an unavoidable rise in post-operative
complications such as PFFs that occur in 4.6% of patients who undergo THR (Abdel et al.
2016)). Following a primary THR, PFFs account for 10.5% of revision hip arthroplasties (United
Kingdom National Joint Registry 2020). It is usually caused by low-energy falls in elderly

patients, but can also be due to implant loosening, osteolysis or stress from an adjacent implant.

The assessment and management of PFFs rely on a clinical assessment of the patient, prior
operation notes on the joint implant and surgical approach taken, and it is guided predominately
by the associated radiographic appearance to assess the fracture characteristics and the implant
status (Ramavath et al.|2020). The management of PFF varies from non-operative treatment to
open reduction and internal fixation (ORIF) to revision of the prosthesis or combination of both
surgical options based on the fracture type (S. Lee et al. 2019). The Vancouver classification
system is a commonly used clinical protocol to characterise these fractures and guide subsequent
surgical management (Capone et al. 2017)). Figure presents the PFFs categories according
to the Vancouver classification which categorizes the fracture into three main categories and 6
sub-categories. It considers three main fracture features: fracture location, implant loosening

and bone quality.
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Type A Type B Type C

Greater or lesser trochanter  Directly adjacent to implant. Well below femoral stem
B1: Well-fixed implant.
B2: Looseimplant and good bone stock.
B3: Looseimplant and good poor stock.

A @ Ay Bl @ B2 @ B3 g": 5 c

Figure 3.1: The classification of PFFs according to VCS (Schwarzkopf et al. 2013)

The current assessment of PFFs depends on manual examination of the X-ray images. In fact,
it has been found that 90% of PFF radiology reports do not include all relevant radiographic
features. This may lead to a delay in diagnosis and incorrect treatment strategy and, ultimately
delay the surgery (Marshall et al. 2017). Automating the detection and diagnosis of PFF can

minimize these problems, lead to better treatment planning and improve patient outcomes.

The huge development of machine learning techniques has had a major impact on improving
the detection and diagnosis of different diseases such as Lung nodule detection in the chest
(Halder et al.2020), mass detection and classification into benign or malignant (Houssein et al.
2021). A collection of research and methods on CADx in medical images can be found in (Gao
et al. [2019; Debelee et al. 2020). Compared to this development, techniques for automatically

diagnosing bone fractures are scarce (Joshi and Singh 2020)).

The previous efforts in Computer-aided bone fracture diagnosis tools varied from the detection
of the fracture appearance in the X-ray image to the identification of the fracture type. The
majority of work focused on the detection of fractures in specific anatomical regions and excluded
the fracture cases with a prosthesis (Tanzi et al. 2020)). On the other hand, a few existing fracture

diagnosis techniques proposed the classification of the fracture type.

The existing methods for automatic image analysis of bone fractures are based either on hand-
crafted features or on learning relevant image features. The early work on fracture detection
and classification focused on a typical machine learning framework that generally consisted of
pre-processing, feature extraction and classification steps. For the pre-processing step, many

low-level pixel-processing methods such as noise reduction and segmentation were used to obtain
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the region of interest (ROI). Using ROI, various features can be extracted for the classification
of bone fractures. The feature types can be texture analysis (J. C. He et al. 2007; Hmeidi
et al. [2013; Chai et al. |2011), a combination of texture and shape features (Umadevi and
Geethalakshmi [2012) or digital geometry of the extracted fracture points (Bandyopadhyay et
al. |2016|). For the classification step, the fusion of multiple classifications resulted in improved
fracture prediction (Umadevi and Geethalakshmi 2012; Mahendran and Santhosh Baboo 2011))

when compared to using a single classification approach (Chai et al. 2011]).

The hand-crafted feature-based approaches require prior knowledge of the specific feature to be
extracted which affects their generalization ability. In addition, most of these methods relied
on a prior segmentation of the bone, a process that typically lacks accuracy in extracting bone
contours. Modelling and representing a bone fracture is complex due to a large number of

parameters involved but it could be learned from a large set of relevant image data.

The recent developments of DL techniques have overcome some limitations of traditional feature-
based approaches. CNNs have demonstrated the ability to detect fractures by performing the
binary classification task (fracture or normal) in different anatomical regions, such as hip (Cheng
et al. 2019), pelvis (Y. Wang et al. [2019), wrist (Lindsey et al. 2018)), spine (H. R. Roth et al.
2016)) and ankle (Kitamura et al. 2019)). Some approaches leveraged a pre-trained CNN model,
specifically trained on ImageNet (Y. Wang et al. 2019; D. H. Kim and MacKinnon 2018; Olczak
et al.|2017) or trained on a similar dataset such as bone X-ray images (Cheng et al. 2019; Lindsey
et al.|2018) in order to improve the accuracy of the classification and overcome the limitation in
dataset size. Moreover, it is illustrated in several studies that cropping the ROI and feeding it to
the network increases the classification accuracy (Y. Wang et al. 2019; Jiménez-Sanchez, Kazi,
Albarqouni, C. Kirchhoff, et al. 2020). Combining hospital process variables such as hospital
department, scanner model, and patient demographic information such as age, gender, body
mass etc., can further improve fracture prediction outcome when compared to using just X-ray

images of the fracture (Badgeley et al. [2019).

All the above studies focused on a specific part of the fractured bone e.g. proximal femur
(Jiménez-Sanchez, Kazi, Albarqouni, C. Kirchhoff, et al. [2020), and do not consider more
diagnostically complex fractures close to joint implants. Figure illustrates the challenges
of detecting, localizing and classifying the PFF from X-ray images. In addition to the poor

quality of X-ray images due to noise and low contrast, there is a wide range of fracture types
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Type A Type B Type C

Figure 3.2: Illustration of the quality of X-ray images, fracture line appearance and the high
variability in PFFs x-ray images; image view, implant type and captured bone part.

with different visual patterns at different anatomic locations. Furthermore, there is variability
in the X-ray images in terms of capturing different parts of the bone for the same fracture type.
In contrast to the hip or other aforementioned fractures, which are located at a specific position
for example the femoral neck, PFFs can be located anywhere on the femur around or below the
implant. This increases the complexity of image pattern analysis and makes the extraction of
a ROI based only on the bone anatomy more difficult. Furthermore, the variety of prosthesis

types increased the image variations significantly.

This chapter considers in-depth evaluation of different DL approaches and reports results for the
detection of the presence of the fracture (binary classification ’fracture, normal’), classification
of the fracture according to the Vancouver system and localization of the fracture to tackle the
diagnosis of PFF's and assist orthopaedic surgeons in fracture management that can ultimately
enhance patient outcomes. For this purpose, a large dataset of PFF images and the annotations

of the fracture classes and bounding boxes have been generated for this research.

3.2 Method

In this chapter, a CADx tool based on CNN was developed and different model architectures
were systematically explored. In this direction, two approaches were examined: PFF classifica-
tion (section and PFF detection, which combined both the classification and localization
(section . Figure presents a general overview of these approaches.
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PFF classification PFF Detection

Detecting the Identifying the Detecting the
presence of the type of fracture if presence of the
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Figure 3.3: PFF classification approaches. The examined classification networks are AlexNet,

GoogleNet, ResNet, DenseNet, VGG, ViT and Swin Transformer. The object detection net-
works are FasterRCNN and RetinaNet.
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3.2.1 PFF Classification

Given a set of X-ray images I € RT*W  the goal was to train a classification model f(-) in order
to specify a class label y € C for each image (I;). Two sets of class labels were considered - C' C
{fracture, normal} for detecting the presence of a fracture and C C {Type A, Type B1, Type
B2, Type B3, Type C, normal} for categorization of the fracture. The classification model can
be defined as:

y = [(L;wy) (3.1)

Where I is the X-ray image and wy are the model parameters. The function f is approximated

using a CNN optimized to minimize the cross-entropy loss function:

eclass = - Z yj,cl()g(yj,c)- (32)
jeC

Visualization of PFFs

The Class Activation Map (CAM) method is used to visualize the fracture region, which gen-
erates a weighted activation map for each image (Bolei Zhou et al. |2016)). This identified a
region that a classification model is focused on. The CAM method depends mainly on the
global average pooling layers which are added after the last convolutional layer of the network
to create the spatial average of the feature map of each image unit. Given an image, let fi(x,y)
denote the activation of unit k in the last convolutional layer at a spatial location (x,y). Then,
the result of average pooling for unit k is Zu,w fr(z,y) and the class activation map for class ¢

for a spatial element is defined as:

k

Thus, the class score Sc = >, Mc(x,y). The Mc(z,y) shows the importance of the activation

at (z,y) resulting in the image classification to a class c.

To highlight salient features in the X-ray image that discriminated abnormality, the CAM was

up-scaled to the image dimension and overlayed the image.
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3.2.2 PFF Detection Approach

The PFF detection approach classified and localized the PFF's using image labels and vertices
of a fracture bounding box in a fully supervised fashion. The following sections describe two

object detection models: Faster RCNN (Ren et al. |[2017) and RetinaNet (Lin et al. 2017)).

Faster RCNN

Faster R-CNN is a two-stage object detection model: Region Proposal Network (RPN) and
Fast R-CNN. Both stages share the same backbone network, which outputs the feature map of

the input X-ray image.

RPN is a Fully Convolutional Network (FCN) responsible for generating region proposals with
various scales and aspect ratios which are used by Fast R-CNN for fracture detection. The RPN
applies the concept of attention to tell the (Fast R-CNN) where to look. First, a sliding window
with a size n x n is passed through the feature maps to generate K anchors with a different size
and aspect ratio for each location. For each pixel, the network checks whether these K anchors
contain an object (fracture) or not. Therefore, for each anchor, a feature vector is extracted
and fed to two fully connected layers. The first one is a binary classifier that computes the
objective score i.e if the area includes an object (fracture) or not. The second one returns the

bounding box as region proposals.

Fast R-CNN: The feature maps from the backbone network and the resulted region proposals
are fed to the ROI pooling layer. The ROI pooling layer splits each region proposal into grid
cells and applies a max pooling operator to each cell to return a single value. The output feature
vector is defined by all values from all these cells. The feature vector is then passed to the fully
connected layer which is divided into two sub-networks: the softmax layer that predicts class

scores and the regression layer that predicts the bounding box coordinates.

RetinaNet

RetinaNet is a one-stage object detection model, which consists of three sub-networks: a back-

bone network, a Feature Pyramid Network (FPN), and FCNs.
Backbone network: computes a feature map of the input X-ray image.

FPN: is used to construct a rich multi-scale feature pyramid from a single-scale input image.
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The structure of the pyramid consisted of two pathways: bottom-up and top-down. The first
pathway computes a feature hierarchy by using the feature activation output of each residual
block. The high-level feature maps are considered in the top-down pathway by up-sampling

spatially coarser feature maps from the higher pyramid levels.

FCNs: This sub-network includes two FCNs. The first FCN performs the classification task
(fracture/ no fracture), while the second one performs the bounding box regression (localization

of the fracture).

RetinaNet uses a focal loss function to resolve the class imbalance problem between the back-
ground and foreground in the detection scenario. Thus, the standard cross entropy loss has

been modified to the following:

FL(pt) = —a(1 — pi)10g(pe). (3.4)

P if y=1
where p; =

1 —p if otherwise

7 is a tuning focusing parameter (v > 0)

3.2.3 Dataset Collection and Preparation

The dataset of PFF images was collected at multiple trauma centres in the United Kingdom.
Overall, 607 anonymised patient data were collected with a total of 2544 X-ray images. To estab-
lish a ground truth classification and detection for the images, two clinical experts participated

in image annotations and provided class labels and fracture bounding boxes.

For each patient, either a lateral or an anterior-posterior (AP) image or both was collected.
The images included either a partial region of the femur, the full femur or the pelvis with both
femurs. The last type of image was split into two, containing one femur each. The images
were of various scales, orientations and implant types. Images for each patient included an
X-ray after THR surgery (representing the normal cases) and an X-ray containing the fracture.
The images were annotated to Fracture and Normal. Part of the fractured image samples were
annotated by fracture type (Type A, Type Bl, Type B2, Type B3, Type C). The fracture

images were further annotated by a bounding box around the fracture i.e. the coordinates of
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the minimum and maximum corners of the rectangle. Microsoft Visual Object Tagging Tool

(VOTT) was utilized for image annotations.

PFF classification: For the classification task, both binary classification (fracture vs normal)
and multi-classification (Type A, Type Bl, Type B2, Type B3, Type C and normal) were
considered. For binary classification, 1272 images with a fracture and 1272 images without a

fracture (normal) were used.

In the multi-classification task, the number of normal images was very high when compared
to the other types, therefore, random images were selected from normal image samples. The
dataset consisted of 70 normal, 48 Type A, 80 Type B1, 87 Type B2, 37 Type B3 and 67 Type
C images. For both tasks, the dataset was divided into two parts: training and validation, with

the ratio 75% : 25%, respectively.

PFF detection: The same dataset of fracture images in the binary classification experiment
was used in PFF detection and split into the training and validation sets. The boundary box of
the fracture region was represented as the coordinates of the upper left and lower right corners

of the rectangle. Two classes were considered i.e. fracture and background (normal).

3.3 Experiments

3.3.1 Model Architectures and Implementation Details

All the models were trained on a Windows machine equipped with 8 GB RAM, Intel(R)
Core(TM) CPU @ 3.00 GHz and GeForce RTX 2080 graphics card.

PFF classification: For classification tasks, seven CNN architectures were compared: AlexNet
(Krizhevsky et al.2012)), GoogleNet (Szegedy et al.[2015), ResNet50 (J. C. He et al.[2007), VGG
(Simonyan and Zisserman 2015, DenseNet121 (G. Huang et al. 2017), Swin Transformer (Z. Liu
et al.|2021) and ViT (Dosovitskiy et al. 2020)). All of these models were pre-trained on ImageNet.
FEach network was trained on X-ray images down-sampled from the original size to 224 x 224
px, except AlexNet model which was trained using 256 x 256 px image size. The classes
included ‘normal’ and ’fracture’ for the binary classification and 'normal’ and the categories
of the Vancouver system for multi-class classification. Data augmentation techniques such as
flipping, rotation and scaling were used. An experiment utilizing copy-paste augmentation was

conducted to augment the dataset; however, it did not lead to an improvement in the results.
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The CAM was used on top of each model to visualize the fracture region.

Stochastic Gradient Descent (SGD) was used for optimization. All the models were trained
until convergence (100 epoch). The batch size was 8, momentum 0.9 and the learning rate was

set to 1 x1072.

PFF detection: Both models were trained and validated using different image resolutions. For
the backbone network, ResNet50 was used in both object detection models and the optimization
was performed using SGD. All the models were trained until convergence (100 epoch). The
batch size was 2, Momentum was 0.9. The default anchor configuration and non-maximum
suppression with Intersection Over Union (IOU) 0.7 was used. The learning rate was set to 1
%1072 on Faster R-CNN and 5 x10~2 on RetinaNet. For the focal loss function, the default

value for v as provided in PyTorch was used.

3.3.2 Evaluation Settings

To evaluate the classification results, standard metrics derived from Confusion Metrics were
applied including accuracy, precision, recall (sensitivity), specificity and F1 score. The balanced
accuracy is used for evaluating the multiclass classification due to the imbalance distribution of
the classes. The binary classification accuracy determines how many observations, both positive

and negative, were correctly classified, it is defined as:

TP+TN

- (3.5)

Accuracy =

where T'P is the number of true positives, TN is the number of true negatives and N is the
total number of samples. The precision measures the proportion of predicted positives that

were actually correct, it is defined as:

TP,

Precision = m

(3.6)

where TP, is the number of true positives in class k and F'P; is the number of false positives
in class k. The recall measures the proportion of actual positive samples that were identified

correctly, it is defined as:
TP,

Recall = m

(3.7)
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where F'IN;, is the number of false negatives in class k. F1l-score computes the harmonic mean

of precision and recall to summarise the overall performance of the classifier. It is defined as:

Flscore — 2 x Precision X Recall (3.9)

Precisison + Recall

Specificity measures the proportion of predicted negative samples that were actually correct, it

is defined as:
TN,

TNy + FPy (3:9)

Speci ficity =
Where TNy, is the number of true negatives in class k.

The balanced accuracy is the mean of sensitivity (recall) and specificity which is defined as:

Sensitivity + Speci ficity
2

Balancedgccuracy = (3.10)

In addition, the part of the X-ray image that contributes more to the prediction was visualized as
explained in section for a qualitative analysis of the clinical applicability of the classification

model.

For the object detection task, the localization accuracy is measured which considered the tested
image as correct if both predicted classes and the bounding box were correct. The correct
bounding box was defined using the IOU measure which computes the overlap area between
the ground truth box and the predicted box over the area of the union of them. The predicted
bounding box was considered correct when IOU > 0.5. In addition, the precision, recall and
Average Precision (AP) are reported. The precision is defined as in Equation where TP
is the number of correct detection made by the model i.e. IOU > 0.5. FP is the number of
incorrect detection made by the model i.e. IOU < 0.5. The recall is defined as in Equation
[3.7 where TP is the number of correct detection made by the model i.e. IOU > 0.5 and FN is
the number of missing detection of objects. Average Precision is defined as the area under the

precision-recall curve.

35



3.4. Results Chapter 3.

100%
O
B
7
il
ETh

0

oa o O O o &

a0
200

1

E-

Precisison Recall Flscore Specificity Accuracy

W AlexMNet W GoogleMNet mBVGEGE Resnet W Densenet BVIT B SwinT

Figure 3.4: Comparison of the performance of Fracture/ no fracture classification. Swin Trans-
former and ViT models exhibited lower metric values compared to others. Minor performance
variations were observed among the remaining models, with consistent results across metrics.
DenseNet outperformed the others.

3.4 Results

3.4.1 PFF classification

Two main classification experiments of PFFs were evaluated - binary classification to distin-
guish between fracture and normal X-ray images and classification according to Vancouver

classification system.

Figure presented the accuracy, precision, sensitivity (recall), specificity and F1 score for
each evaluated model of the binary classification task. Notably, the Swin Transformer and ViT
models showed lower values across these metrics compared to the other models. Comparing Swin
Transformer and ViT, ViT achieved better performance in detecting fracture samples with a
Recall of 88%, F1 score of 80% and accuracy of 78%. On the other hand, when comparing
the remaining models, minor performance variations were observed, with consistent results
across the evaluated metrics. In terms of Precision, Densenet121 achieved 92%, while VGG and
Resnet showed slightly lower precision with 1 % and 2% differences, respectively. On the other
hand, AlexNet and GoogleNet were 4% lower compared to Densenet121. In regards to correctly
identifying fracture samples, all the remaining models provided outstanding outcomes, with
Densenet, VGG and GoogleNet achieved a recall of 97% and Resnet achieved 96%, whereas

AlexNet achieved 91%. Densnet showed the highest F1 score of 95%, closely followed by VGG,
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Fracture classification using original image
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Fracture classification using ROI
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Figure 3.5: Balanced Accuracy, precision, recall, F1-score and specificity of PFF's classification
using original image and using ROI.

Resnet and GoogleNet with a 1%, 2% and 3% difference, respectively, while AlexNet provided
the lower F1 score of 89%. Similarly, for accuracy, Densenet achieved the highest accuracy

result of 94% indicating its outstanding performance among all the models in detecting PFF.

For classification based on Vancouver types (multi-class classification task), Figure demon-
strated the balanced accuracy, precision, sensitivity (recall), specificity and F1 score for each
model. Additionally, the figure showed the results of using the full image as input and using
the cropped ROI i.e. femur region, to assess the impact of using ROI on the classification
performance. The figure clearly demonstrated a decline in performance compared to binary

classification as the task complexity increased, particularly observed in the Fl-score and Ac-
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Figure 3.6: Comparison of classification models for normal and each fracture types. The per-
formance of the models varied across different classes, showing the best in classifying Normal
images while demonstrating low performance in identifying B3 fractures.

curacy, which decreased by 40% and 10% respectively. It is also observed that incorporating
ROI images resulted in similar performance as that of the full image, which contrasted to the
findings of other fracture classification methods such as in Jiménez-Sénchez, Kazi, Albarqouni,
C. Kirchhoff, et al. method, where ROI significantly improved the classification results.
Among the evaluated models using the full X-ray image, both GoogleNet and Resnet models
achieved the highest scores across multiple metrics with a balanced accuracy of 73%, recall and
F1 score of 54% and specificity of 91%. However, DenseNet, AlexNet and VGG demonstrated
slight variations in performance. DenseNet resulted in a similar F1-score and 1% lower in the
balanced accuracy and recall metrics. VGG achieved 71%, 52% and 51% while Alexnet achieved
70%, 50% and 55% in balanced accuracy, recall and F1 score, respectively. On the other hand,
the Swin Transformer and ViT models illustrated the lowest values across all metrics compared
to the other models with F1 score of 47% for both models and balanced accuracy of 69% for

ViT-32 and 68% for Swin transformer.

Figure [3.0] displayed the comparison of F1 score for each class using the evaluated models.
The bar chart showed variations in F1 scores among different classes, indicating the models’
performance was not consistent for all classes. The normal class achieved the highest values,
ranging from 71% to 97%, highlighting the ability of models to correctly identify normal cases.

Following, Class C provided the second-highest F1 score within the range of 50% to 71%,
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Figure 3.7: Examples of using CAM method for ResNet50. (a) visualization of correct clas-
sification. (b) visualization of incorrect classification. The heat map colour ranges from blue
(minimum) to red (maximum).

illustrating its relatively good performance in classification compared to other classes. Class
A and B3 provided the lower F1 score among the majority of the assessed models, with the
highest score reaching only 50%. This highlights the difficulty of distinguishing these types of
fractures. On the other hand, classes B1 and B2 showed slightly better performance in type

identification.

Among the assessed models, ResNet demonstrated one of the best classification results. There-
fore, the region that the Resnet model focused on to predict a class type is highlighted in Figure
Part (a) of the figure showed the correct class visualization, it is observed that the fracture
region of the image contributed most to the ResNet decision for prediction. On the other hand,
part (b) showed incorrect predictions and the model was unable to focus on the fracture regions

in these images.

3.4.2 PFF Detection

This section demonstrated the results of two state-of-the-art object detection models Faster R-
CNN and RetinaNet for localizing fractures in X-ray images. Table presented the precision,
Recall and accuracy obtained by the two detection models. As illustrated in the table, Faster R-
CNN outperformed the other model, indicating its outstanding performance. The recall results

highlighted that both models were able to detect the majority of fractures in images. However,
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the precision results demonstrated a significant difference between the two models, with Faster
R-CNN achieving 80% correct detections compared to only 31% for RetinaNet. Additionally,
the localization accuracy of Faster R-CNN, which reached 78%, outperformed the RetinaNet

model.

Furthermore, Figure[3.9|analysed the performance of the two models by considering the precision-
recall curve. It is evident that Fast R-CNN provided the best performance with an Average
Precision value of 76 compared to RetinaNet which achieved a very low Average Precision of

17.

Figure |3.10] presented examples of the predicted fracture locations using Faster R-CNN, Reti-
naNet and boundary boxes inferred from CAM, alongside the ground truth boundary boxes for
comparison. The figure illustrated that RetinaNet provided incorrect boxes in normal images.
On the other hand, Faster RCNN demonstrated better localization accuracy, with its detected

fracture boundaries being closer to the ground truth, indicating its ability in fracture detection.

3.5 Discussions

PFF is becoming increasingly common as a complication of THR, causing the need for revision
hip arthroplasty. The diagnosis and treatment planning for PFF are complicated and depend
mainly on the clinical interpretations of femur X-ray images. This requires experienced radi-
ologists who are familiar with the clinical protocol used to evaluate such fractures, however,
the majority of PFF radiology reports lack important radiographic details, leading to delayed

diagnosis and ultimately impacts on the overall treatment(Marshall et al. 2017).
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Figure 3.10: The detection of fracture results using Faster RCNN (blue), RetinaNet (red) and
boundary box computed from CAM (yellow). The ground truth boundary box (green), when
there is no fracture (normal cases) no green box.
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In the medical domain, DL models have demonstrated successful outcomes with the aid of dif-
ferent disease diagnoses such as detecting Pneumonia and lung cancer in chest X-ray images.
DL models have also shown promising results in detecting bone fractures, such as wrist, hip,
and ankle fractures, from X-ray images, whereas the research on fracture diagnosis remains rela-
tively limited compared to other diagnostic applications. Additionally, many fracture detection
research excluded fracture cases with a prosthesis. To tackle this limitation, the presented work
aims to assess the effectiveness of DL models in the detection and diagnosis of PFF and gen-
erates a dataset to support the research in this field. Different DL models were examined for
multiple tasks including fracture detection, fracture diagnosis and fracture localization. The
typical DL models provided outstanding performance in the detection of fracture (the binary
classification task), in contrast to the diagnosis of the fracture type (the multi-classification

task), which showed a significant decrease in the overall performance.

In the binary classification task, DenseNet121 achieved the best performance among the assessed
models with an accuracy of 95%, demonstrating its effectiveness in detecting PFF. GoogleNet,
VGG and Resnet also showed competitive results, with accuracies ranging between 92% to
94%. On the other hand, Swin Transformer and ViT provided the lowest detection results.
The comparatively lower performance of Swin Transformer and ViT can be possibly caused
by the challenge of working with a small dataset. Large datasets are generally necessary for
transformer-based models, such as Swin and ViT, to efficiently learn complex patterns and
representations. The small amount of the dataset may have restricted these models’ ability to

generalise well in this situation.

As no existing automated methods for PFF detection were found in the literature, the achieved
result can be considered the state of the art. In comparison to Miao et al. 2019 method
for detecting fractures in the femur without the presence of implants, the achieved results

outperformed their stated accuracy of fracture detection which was 91%.

In the multi-classification task, Googlenet and Resnet provided the highest results among the
assessed models with an accuracy of 86%. An important aspect to consider when evaluating
the diagnosis method is how well the model correctly identifies the fracture type. This can be
effectively demonstrated by the F1 score, especially in an imbalanced dataset. Notably, the
performance of all models showed a significant decline in the F1 score compared to the binary

classification task, with a decrease ranging from 29% to 43%. This could be related to the
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increased level of complexity, where patterns in binary classification are more distinguishable
compared to patterns required to discriminate the Vancouver system classes. Such complexity
is reflected in the performance analysis of the models among the defined classes, refer to Figure
Notably, normal images can be classified more accurately than other fracture types. Also,
fracture type C has better distinguishability compared to fractures types A, B1, B2, and B3.
This difference can be due to the location of the fracture. While fracture C is located well below
the implant, fractures B1, B2 and B3 are located in the same regions, leading to increased com-
plexity in distinguishing these types. Furthermore, the dataset used for multiclass classification

was relatively small and imbalanced in comparison to binary classification.

The existing fracture diagnosis approaches suggested that using the ROI resulted in better
classification performance. For instance, Jiménez-Sénchez, Kazi, Albarqouni, C. Kirchhoff, et al.
2020] applied an ROI cropping method to localize the proximal femur region in a pre-processing
step of fracture classification. This allows the variety between the images to be reduced and the
model to learn the shape of the proximal femur. However, in PFFs the fracture can be located
at different regions of the femur. In addition, the analysed X-ray images contained different
regions of the femur which further increased the image variation. Therefore, the classification
of PFF's using a femur region as an ROI had a similar accuracy as when the full image was used

as shown in Figure [3.5

The presented work also demonstrated the result of the classification model by visualizing the
region that the model paid more attention to in the classification of the fracture using CAM
method. The CAM method provides only an approximate localization of the fracture because
it tends to concentrate on the most discriminated region of the fracture. A bounding box
of the fracture is extracted using the heatmaps computed from the CAM method by firstly
thresholding the heatmap image. Then, a list of contours is defined using Suzuki et al. 1985
method. The largest rectangle is selected by defining all the up-right bounding rectangles from

the contours list.

A weakly supervised object detection approach, such as the CAM-based method, utilized image-
level labels only to classify and localize fractures in the images. On the other hand, the fully
supervised object detection approaches used both image labels and fracture region annotations
in the training phase. Therefore, the performance gap between the two approaches is still large

(Shao et al. 2021). The localization of PFF fractures in X-ray images can be difficult to narrow

43



3.6. Summary Chapter 3.

to the boundary box so the box may include multiple anatomical regions. This increases the
ambiguity of the bounding box. However, the Faster R-CNN provided promising results for
PFF localization (Figure (3.10)).

3.6 Summary

There are increasing cases of PFFs in the elderly population, associated with the increase in
rates of THR. An accurate clinical diagnosis for this type of fracture is essential for taking a
correct treatment approach and, subsequently, for the overall clinical patient outcome. Unlike
existing techniques developed for fracture detection, this work concentrates on a framework
for automated diagnostics of fractures in the proximity of joint implants (hip). An in-depth
evaluation of different CNN models for fracture detection, diagnosis based on medical standards
and fracture localization. To this end, a large dataset has been collected and annotated with

fracture labels and a bounding box.

The results demonstrated that DenseNet is able to detect PFFs with an F1 score of 95%. On
the other hand, the classification of the fracture type showed lower performance with an F1
score of 54% achieved by GoogleNet, Resnet and DenseNet. The results also illustrated that
using the ROI region achieved similar classification performance compared to using the full
image. This is contrasted with the existing approaches for fracture diagnosis such as proximal
femur fracture in (Jiménez-Sanchez, Kazi, Albarqouni, C. Kirchhoff, et al. |2020) where using
ROI reduced the variety between the images and improved the performance of the model. The
CAM method provided an approximate visualization of the fracture region. However, Faster
RCNN predicted a narrower bounding box of the fracture region with a localization accuracy

of 74.5%.

In conclusion, the development of a CADe tool for PFF using CNN-based models like DenseNet
or ResNet provided effective and outstanding performance. However, as the task complexity
increased, particularly in diagnosing different fracture types, these typical CNN models faced
challenges, especially with dataset size limitations and class imbalance challenges. Nevertheless,

these models did show promising results for the development of such a tool.
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Chapter 4

Simultaneous Detection of Gruen

Landmarks and Segmentation of

Implant

4.1 Introduction

THR follow-up radiographs are used in routine prosthetic joint eval-
uation and monitoring to identify any potential complications. These
include loosening, infection, and other short and long-term problems
related to the region surrounding the implant. For instance, Aseptic
loosening, which is the most common cause for THR revision (United
Kingdom National Joint Registry [2020) is detected by visually as-
sessing the radio-lucencies 'gaps’ around the implant and determin-
ing the implant’s positional variations in relation to the bone. The
widely used clinical protocol for assessing the implant status is the
Gruen zone system, which divides the interface between the bone and
implant into seven zones (see Figure (a)). In clinical practice,
these landmarks and the surrounding boundary of the implant are

defined by clinicians, often time-consuming and prone to human error

Figure 4.1: Femoral
component zones

(GRUEN et al. [1979)).

processes that could lead to inconsistencies in outcomes between various clinical specialists.

Automating the identification of these landmarks and segmenting the implant can minimize
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these problems and ultimately lead to more efficient and reliable diagnoses, better treatment

planning, and, ultimately improved patient outcomes.

In several research studies (Barker and Donnelly 2003, Al-Zadjali 2017) and medical imaging
and analysis-assisted tools in orthopaedics such as Ortho View and ELBRA, manual selection
of anatomical landmarks or implant boundaries are used for subsequent analysis. There is
currently no existing work on automated identification of the Gruen landmarks. On the other
hand, several studies attempted to automate the segmentation of hip implant. The early work
on implant segmentation considered the analysis of images based on hand-crafted features such
as histogram thresholding (Oprea and Vertan 2007, L. Florea, C. Florea, et al. 2011)), Active
Contour method initialized by using the Fast randomized circle detection method (Al-Zadjali
2017)), and the region growing method initialized by applying the Hough transforms (Stark
2018)). These methods are not generalized well towards THR radiographs and could provide
good results only when the implant components are clearly presented in the X-ray images.
Moving from traditional-based methods to DL-based methods, Patel et al. [2021| applied U-Net
to segment hip implants as an initial step for classification of the type of implant. Even though
CNN showed state-of-the-art results in many medical segmentation tasks, these networks map
the global shape structure and can not define the local regional properties. In addition, these
networks could produce unrealistic segmentations i.e. gaps or missing parts in the segmented
implant, especially when the training dataset is limited, which is considered a major challenge
in many medical imaging research. Similarly, the Gruen landmarks might not have simple
distinguishable features to be learned by a CNN. It is defined based on the shape and geometry
of the implant and its surrounding bone. CNN exceeds at learning hierarchical representations
of the visual features but may have difficulty capturing precise geometric features and shapes,

particularly if the training dataset is small.

Increasing the dataset size would improve the performance of CNN-based methods, however, it
is difficult and time-consuming to annotate a large number of THR X-ray images. In addition,
the quality, complexity and variety of THR images may limit the effectiveness of synthesizing
new data (Skandarani et al. 2023|). Therefore, this chapter introduces a hybrid approach that
leverages the shape knowledge of hip implants for simultaneous segmentation and detection
of Gruen landmarks in the implant. Although several studies in the medical image analysis

domain incorporate shape knowledge into DL such as segmentation of left ventricle (Medley
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et al. |2019), brain boundary (Nguyen et al. [2022) and skin lesions (Mirikharaji and Hamarneh
2018), this is the first work that uses such an approach for implant shape segmentation and

landmark localization.

There are many currently adopted approaches in the medical image domain that introduced
the integration of shape knowledge with CNN. These approaches can be divided into five main
categories: (1) post-processing by shape model, (2) prior knowledge, (3) multiple CNNs and
shape models, (4) learning hidden representations of shape and (5) shape prior as regularization

in the objective function.

In the first category, the shape model was used as a post-processing step to refine the CNN
segmentation. Xing et al. |2015| introduced a method for nuclei segmentation that initialized
the segmentation with a CNN-based model which generated probability maps of the image.
Followed by a selection-based sparse shape model and a local deformable model to perform the
final segmentation. Medley et al.|2019 proposed a modified Active Shape Model (ASM) to refine
the segmentation of the left ventricle. Since the main limitation of ASM is the searching for
landmarks which potentially results in high outliers, the authors took advantage of CNN which
maximized the quality of features extraction from images. Then, the Expectation-Maximization
was used to minimize the effect of outliers during the ASM optimization. Rather than using
segmentation maps for initializing the shape model, Tabrizi et al. 2018 predicted the bounding
boxes as initializations, and then produced the final segmentation using the weighted fuzzy
ASM. A similar approach was introduced in Y. Li et al. 2017 for myocardial segmentation,
however, they applied random forest to build probability maps from the detected bounding

box. Then, SSM was utilized for the final segmentation.

In the second category, shape knowledge was applied to generate the initial segmentation.
Nguyen et al. 2022| divided images into different groups that have similar shapes and structures
of brain boundaries. Then, prior ASM for each group was used to generate coarse segmentation
that was followed by a CNN and post-processing methods such as Conditional Random Field
and Gaussian processes to refine the segmented contours. Zotti et al. |2018| extended the U-net
architecture by incorporating multi-resolution input and integrating a shape prior as a template
for cardiac MRI segmentation. A shape priors encoded the probability of a voxel being part of
a specific class. The shape prior was used in segmentation and in predicting the centre location

of the object.
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The approaches in the third category attempted to extract more information from data and
provided more accurate outcomes by involving multiple CNNs and shape models. Ambellan
et al. 2019 proposed a pipeline that consisted of multiple CNNs and SSMs to segment knee
bone and cartilage from MRI images. The pipeline started with 2D U-Net to generate initial
segmentation masks which were then regularized by SSMs. Then, 3D U-Net was employed to
extract smaller MRI subvolumes. To enhance the results, another SSM was used as a post-
processing step. In the end, a third U-Net was used to segment the cartilage. Similarly, Brusini
et al. [2020| proposed three steps pipeline for segmentation of the hippocampus from brain MRI.
It comnsisted of U-Net, SSMs and a second U-Net. However, they utilized three orthogonal
U-Nets and averaged their prediction to extract the final segmentation. J. Duan et al. 2019
developed a segmentation method for cardiac images that combined a multi-task DL approach
with an atlas as a prior shape. Their method trained FCN for both segmentation and landmarks
detection. The landmarks were used to initialize the atlas by selecting the most corresponding

one which was used to refine the segmentation.

The fourth approach is based on the hidden representation of the shape. Larrazabal et al.
2019 proposed denoising autoencoders (DAE) as a post-processing step for lung segmentation.
The DAE was trained using the segmentation masks and utilized the learned representations of
the anatomical shape and topological structures to impose the shape constraints on the initial
segmentation. Another approach (Painchaud et al. 2020|) developed a constraint variational
autoencoder (cVAE) for learning the latent representation of cardiac shapes. Then, the post-
processing VAE encoder was used to generate a shape vector from the initial segmentation
which was constrained by the latent shape space to correct the shape and passed to the VAE
decoder to generate the final segmentation. C. Chen et al. [2019| proposed a Shape-aware Multi-
view AutoEncoder (Shape MAE) for learning the anatomical shape priors of cardiac. Then, a
multi-view U-Net was used to perform the segmentation by integrating the learned anatomical

priors into the feature maps of the segmentation.

The last category includes the approaches that combined the shape priors as regularization
terms in the loss function of the segmentation network. There are two ways for defining this
loss; either by using the landmarks distance (C. Qin et al. 2022, Schock et al. |2020) or based
on the shape parameters (Karimi et al. 2018| Tilborghs et al. 2020)). For instance, C. Qin et al.

2022| developed two parallel networks for prostate segmentation. The first one was an inception-
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based network to predict the SSM parameters that can be converted to prostate contour. A
normalized distant map was then computed as an output of this branch. The second branch was
a Residual U-Net that generated the probability maps from the input image. The two outputs
were combined to generate the final segmentation. Karimi et al. 2018| proposed a CNN-based
regression model for predicting the centre of the prostate and the shape parameters of the shape
model. A stage-wise training process was adopted which trained the network for predicting the
centre location first, then, added the shape model parameters and rotation vector to the network.
A similar approach was introduced for left ventricle segmentation which performed a regression
of shape and pose parameters (Tilborghs et al. 2020)), however, they integrated the regression
of distance maps as a third output to perform the semantic segmentation. (Mirikharaji and
Hamarneh 2018) encoded a star shape prior as a new loss term in an FCN to enhance the
segmentation of skin lesions. To guarantee a global structure in segmentation outcomes, the
non-star shape segments were penalized in FCN prediction maps. Schock et al. [2020| presented
a CNN architecture for 3D shape regression which fed with initial segmentation of knee bone
and cartilage. The 3D shape model regression was used to predict the PCA parameters and the
global transformation parameters that generated the landmark locations. A local segmentation

network was used for segmenting the cartilage to produce the final results.

This chapter proposes a multi-task CNN to perform a binary segmentation map of the implant,
detect the implant tip point and regress SSM parameters to compute the shape of the implant
and infer the Gruen landmarks. The SSM is employed to build a landmark-based shape model
from a training dataset and fit this model to a new image using the shape coefficients and
pose parameters. The advantages of SSM are combined for both imposing shape constraints
and describing the important landmarks in the implant. In addition, the benefits of CNN to
extract complex features from images are preserved. Compared with category five approaches,
the shape parameters of an SSM are regressed which helps to identify the important landmarks

in the implant. This enables further computation and extraction of surrounding regions.

In contrast to other methods, shape prediction is improved by jointly detecting the implant
tip point and performing semantic segmentation. In addition, a final alignment of the shape
is calculated by applying the ICP algorithm. Compared with category four approaches, the
proposed architecture is designed as an encoder-decoder CNN where the features in the en-

coder part have shape-related information. Therefore, these feature maps are shared by both
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Figure 4.2: (a) Modified definition of Gruen zones. (b) Shape landmarks description.

branches; regression of pose and shape parameters and semantic segmentation. This automates
the identification of the Gruen landmarks by constructing the implant shape from the predicted

parameters.

The novel contributions of this chapter are: (1) an integrated approach is proposed that allows
the segmentation of the implant and automatic detection of the landmarks of interest in the
implant. (2) define Gruen zone landmarks and represent the shape of the implant femoral
component accordingly. (3) An annotated THR images dataset has been generated to show

defined implant landmarks which will be publicly available to enhance the research in this field.

4.2 Anatomical Knowledge

The clinical assessment of the THR postoperative radiographs includes examining the changes
in the appearance of implant components and bone. Experienced clinicians depend greatly on
their knowledge of the anatomical priors such as the shape and position of the implant and
bone for assessing radiograph images. This chapter includes this knowledge in a DL model
to segment the implant and detect the important landmarks of the femoral component of the

implant.

The main focus of this work is on analysing the femoral component of the implant. The most
widely used medical system for evaluating the status of the femoral stem is the Gruen system
(GRUEN et al. , which divides the femoral component into seven zones in AP radiograph as
displayed in Figure [£.1] Shape landmarks representing the shape of the femoral component and
the Gruen zones are introduced. Figure (a) shows the definition of Gruen landmarks. Extra

landmarks were added to accurately represent the shape of femoral components as presented in
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Figure (b).

4.3 Shape Model

THR radiograph images significantly vary in appearance depending on the condition of the
patient and the complications after THR surgery. SSM is a geometric model that describes the
object shape and its variations (Cootes et al.|1995). A model is generated from a training image
set that is annotated by a human expert and built from the analysis of the shape variations. The
interpretation of a new image requires identifying the parameters that best match the model to

the image.

An accurate SSM requires correspondence mapping between shape landmarks. These landmarks
are defined using the Gruen zones. The localization of these zones simplifies the analysis of the
surrounding region of the implant which, consequently, approximates the shape of the implant
and localizes the important landmarks. Figure (b) shows a comprehensive description of
the defined landmarks. Besides Gruen zone landmarks, additional landmarks within each zone

were added to accurately represent the shape of the implant.

After defining the shape landmarks, as a set of N connected landmarks z = (z1,...zN, Y1, ...yN),
the SSM can be constructed using the following steps. First, the mean shape was computed
by aligning all the training S shapes together using Generalized Procrustes Analysis (GPA).
GPA is an iterative method started by selecting a random shape from the training set as a
mean shape, and all shapes were aligned to it. Then, the mean shape was re-estimated, and
the alignment was repeated. The process ended when the estimated mean shape was equal to

the previous one. The resulting aligned shape is defined as:

x te scos) —ssinf T
= + (4.1)
Y ty ssinf  scosf Y

Where (t;,t,), 0 and s are the pose parameters (translation, rotation and scaling). The average

shape can be estimated by:
S
_ 1 /
=g E x; (4.2)
i=1

Where x; denotes the aligned shape vector, S is the number of samples and ¢ € {1,2,..5}. This
process is presented in Fig. The S samples of the training set are shown in Figure (a)
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Figure 4.3: GPA steps: (a) Samples of training shapes. (b) Aligned shapes. (c) Mean shape

whereas the aligned shapes x; are shown in Figure (B) and the mean shape z is presented
in Figure [1.3(C).

Then, the Principal Component Analysis (PCA) was applied to obtain shape variations. Given
a set of shape vectors {x;}, the mean shape was computed by using (4.2]), and the covariance

of the data was computed by:
C=o—> (zi—2)(x;— )" (4.3)

The eigenvectors P = {p1, p2,...p:} and corresponding eigenvalues \; of C represent the direc-
tions of variation in the data about the mean. The first M largest eigenvalues were chosen such

that:
M
Z)\i > foVr (4.4)

i=1
where f, defines the proportion of the total variation Vp. Assuming that the shape follows a

Gaussian probability distribution, the shape can be approximated using:

r~7T+ Pb (4.5)

where P contains the first m eigenvectors and b is a m dimensional vector given by:
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b=Pl(z—2) (4.6)

4.4 Dataset Pre-processing

All images were resized to 224 x 224 px and were normalized by dividing by the largest pixel
value (255). Pose parameters (6 and s) and b-coefficients were normalized by min-max feature
scaling to values between 0 and 1. The tip point position is used to generate a heat-map image
of size 224 x 224. Each pixel location in the heatmap stores a value representing the probability
of that location being a tip point. This is done by creating a Gaussian kernel with o = 5 centred

at the tip point location.

Online data augmentation was used to increase the dataset size. This was computed by first
applying random transformations to the shape parameters as the following: the shape coef-
ficients b were modified by adding a random uniform value by,y = b 4 a where a e[ -2, 2],
random shape rotation 6 6[ — 60, 60} and translation by a random value between [ — 10, 10].
Then, the images were transformed according to the computed augmented shape using the Thin
Plate Spline Transformation method (Bookstein [1989). The masks and heatmaps were created

respectively. In addition, brightness variation [— 0.2, 0.2} was applied for augmentation.

4.5 Gruen Net

The proposed Gruen network architecture for detecting Gruen landmarks and performing im-
plant segmentation is presented in Figure [£.4] The input to the network is the X-ray image and
it has four outputs: (1) shape parameters b,,. (2) pose parameters 6 and scale s. (3) implant
tip point (cz,cy). (4) segmentation maps. The proposed architecture consists of two branches;
the green branch, which is responsible for learning b,,,0 and s, and the yellow branch which
learns the binary segmentation map and the tip point heatmap. The grey layers are shared
by all tasks. Semantic segmentation and tip point prediction share the same features that are
conducted by an encoder-decoder to infer the probability label map. The encoder part includes
three residual blocks that consist of two convolution layers with a kernel size of 3 x 3. Each
convolution layer is followed by batch normalization and ReLu activation function. The encoder

is followed by the bridge part which consists of one residual block. The decoder part uses both
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the features map from the bridge and the skip connections from different encoder blocks to
learn the binary classification of each pixel for both segmentation and tip point localization
tasks. Finally, the task-specific layers which include convolution and ReLu layers followed by a
sigmoid function are added to the network architecture. The regression of the SSM parameters
branch starts from the bridge block. It shares three convolution layers and has specific two
convolution layers and a Linear layer. Each convolution is followed by batch normalization and

ReLu layers.

The network was trained using a weighted sum of multiple loss functions (Ly, Lg s, Lsh, Le, x,
and Lgeg). These weights were empirically defined. The shape parameters loss (L) is defined
as the Mean Squared Error (MSE) between the ground truth shape parameters (b; tue) and the

predicted one (b preq):
N

Lb = N Z(bi,true - bz’,p'red)2 (47)
i=1

The pose parameters loss (Lg ) are defined as the sum of MSE loss between the ground truth

(0 true, Sitrue ) and predicted orientation and scale (0; pred; Sipred):

N N
1
Le,s = N(Z(Qi,true - Hi,pred)2 + Z(Si,true - 5i7pred)2) (4-8)

=1 =1

The heatmap regression is employed to detect the tip point. For each image, a heatmap image
is formed using a Gaussian filter that is centred at the tip point location. The heatmap loss

(Lpm) is defined using the Cross-Entropy loss function as:
Lym = himrye - 10g hinpreq + (1 — himgrye) - 1og(1 — hmipreq) (4.9)

where hmyyye is the ground truth label and hmy,.q is the predicted probability of the point

being tip point.

The implant shape is computed using the shape parameters (b;,0;, s;, and ¢z, ¢c,) as described
in section The shape loss (Lgp) is calculated by the MSE between the predicted shape

sh; preq)) and the ground truth shape (sh; ¢rue)):
7p b

N
Lo = 1/NY (shitrue — shiprea)” (4.10)
=1
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The binary segmentation loss is defined using the Cross-Entropy loss function:

Lseg = Ytrue * log Ypred + (1 - ytrue) : 10g<1 - ypred) (411)

where yirqe is the ground truth label and y,,¢q is the predicted probability.

4.6 Experimental Settings

Multiple experiments have been carried out to validate the proposed method and the effect of
each parameter. In addition, different loss functions and hyper-parameters have been explored
to obtain the best results. For simplicity, BSM is referred to as the segmentation resulting from
the binary segmentation map and SP is referred to as the segmentation constructed from the

prediction of shape coefficients, pose parameters and tip points detection.

The purpose of the first experiment is to assess the performance of each task separately; (1)
The prediction of a BSM of the image for semantic segmentation. (2) the prediction of the
SP for segmentation and landmarks localization. The BSM was achieved by training the main
branch of the proposed model (Figure the grey and yellow parts for segmentation task only),
while the SP predictions were learned by training the grey and green part and yellow part for

heatmap prediction. The effect of the data augmentation was also investigated on both tasks.

The second experiment is to evaluate the performance when combining both semantic segmenta-
tion and shape and pose parameters prediction in the learning process. This experiment studies
the effect of adding shape loss (Lgp) that is computed from the shape and pose parameters. The
last experiment will study the impact of employing the ICP method to align the segmentation

map with the predicted landmarks.

4.6.1 Dataset

To increase the variability of X-ray images, two different hip implant datasets were utilized to
construct, train and validate the proposed method: Orthonet dataset (Patel et al. [2021) and
in-house dataset. Orthonet dataset is a publicly available dataset that was originally collected
for the classification of the implant model type in knee and hip arthroplasty. It consisted of
1191 unilateral hip X-ray images with 8 different models of implant. Part of this dataset (198

images) was intended for implant segmentation. So, it includes the original X-ray images and
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Dataset Type #images
Depuy-Synthes Corail
- 29
(with collar)
Depuy-Synthes Corail (no 20
collar)
JRI Orthopaedics Furlong 29
Evolution (with collar)
JRI Orthopaedics Furlong 27
Evolution (no collar)
Orthonet
Smith & Nephew 30
Anthology
Smith & Nephew
Polarstem (no collar) 29
Stryker Accolade Il 30
Stryker Exeter 30
Fracture Type B1 30
In-house Fracture Type B2 30
Fracture Type B3 29

Table 4.1: Distribution of the dataset.
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the implant mask images. The images have various sizes and all the images represent the normal
status of the implant. More details about this dataset and the generation of the implant masks
can be found in (Patel et al. 2021). The in-house dataset was generated for automated PFF
diagnosis. It consisted of X-ray images after the THR, which is considered normal cases, and

X-ray images with various types of fractures. More details about this dataset can be found in

B.23

Due to difficulties of manual annotation of the ground truth, this work has included part of both
dataset. A total number of 330 images were used for training and validation of the proposed
method. From Orthonet data, approximately, 30 images were randomly selected from each
implant model. The remaining images were selected from the in-house data. The choice of in-
house images was based on the fracture type. The fracture types B1, B2 and B3 occur within the
implant region. Therefore, the images were randomly selected from these types (approximately

30 images per type). Table demonstrates the distribution of the dataset.

Ground truth segmentations of implant femoral component and the SSM landmarks were an-
notated by a clinical expert using the Microsoft VOTT tool. The landmarks were annotated as
described in Figure (b). Landmarks (2, 4, 6, 8, 10, 12, 14) are the Gruen zone landmarks,
while the other points are added to define the implant boundary precisely. The implant masks

were generated by filling the area of the defined shape.

4.6.2 Implementation Details

The femoral stem is represented by N = 15 landmarks and (6,t,,t,,s) are computed as ex-
plained in Section The shape model has M = 15 modes of shape variation which explains
98% of shape variation. Figure [4.5[ shows examples of the shape variations related to the first

15 eigenmodes of the implant.

The dataset was divided into two parts: training and validation, with the ratio 75% : 25%,
respectively. Different augmentation methods have been applied to the dataset to minimize the

effect of the small dataset size. Refer to section .4] for more details.

The network was trained on a Windows machine equipped with 8 GB RAM, Intel(R) Core(TM)
CPU @ 3.00 GHz and GeForce RTX 2080 graphics card. It is trained over 200 epoch with

AdamW optimizer, learning rate 1 x 1074, weight decay 5~* and batch size = 8.
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4.6.3 Evaluation Settings

Multiple evaluation metrics were used to validate the proposed method. As explained earlier,
the accuracy of the femoral stem segmentation for both outcomes; BSM and SP are evaluated.

Dice coefficient and Hausdorff distance (HD) were used to evaluate the segmentation results.

Additionally, the performance of the predicted shape coefficients, pose parameters and tip point
prediction were evaluated. For the pose parameters evaluation, the absolute error was utilized
where the orientation error is defined as 00 = |0preq — Otrue| and the scale error is defined as
08 = |Spred — Strue|- The Euclidean distance was used to validate the tip point prediction. In
addition, the impact of each parameter on the construction of the shape landmarks is analysed

by taking into account the ground truth of all parameters except the studied one.

The shape landmarks were assessed using the Normalized Root Mean Square Error (NRMSE).
NRMSE measures the average distance between the predicted and the ground truth landmarks

normalized by the distance between two adjacent ground truth landmarks (x;—1,x;41)

N
1 P 282 P qt)2
N < t ot 2 t_ ot )2
i=1 \/(xz‘—l Tip1)? + Wis = Yig)
Where N is the number of the landmarks, (2%, y”) is the predicted landmark and (z},y!) is the
corresponding ground truth landmark. Furthermore, the Cumulative Error Distribution (CED)
was utilized to assess the detection of the landmarks. CED plots the cumulative NRMSE against

the proportion of images with an NRMSE of less than or equal to a particular value.

The performance of using augmentation, adding shape loss and applying the ICP algorithm was

validated by Dice coefficient, Hausdorff and NRMSE.

4.7 Results

This chapter integrated implant shape into a DL model to segment the implant and detect the
Gruen landmarks. To demonstrate the effectiveness of this method, ablation experiments on

the THR dataset were performed.

The results in Table presented the validity of the proposed method. The upper rows in the
table showed the segmentation results computed from the BSM component, while the bottom

rows showed the segmentation results computed from the predicted shape and pose parameters
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Experiment Dice (%) HD (px)
U-Net 74 £ 13.3 16 £ 234
BSM 78 £ 23.3 20 £ 23.6
BSM + A 79 £ 24 12 £ 179
BSM + SP + A 777 £ 22.7 10 £ 14
SBSM + A + Ly, 80 + 22 8.8 &+ 10.7
SPrxy 22.04 +24.11 34.7 £ 13
SPrm 56.7 £ 16.8 26 £ 30.6
SP + A 57.4 £ 17.7 24.8 £ 234
SP + BSM + A 62 + 15.7 20 £ 15.7
SP + BSM + A + ICP 66.7 £ 17.7 17.5 £ 17.6
SP + BSM + A + Ly, 62 + 15.2 204+ 9
SP + BSM + A + Ly, + ICP | 69.7 £ 16.7 16.8 4+ 9.8

Table 4.2: Dice and HD results for Segmentation computed from BSM (Upper row) and segmen-
tation computed from the constructed implant shape SP (Bottom row) in the ablation studies.
The best results are highlighted.

SP. For simplicity, A represents data augmentation, Ly, represents the shape loss.

For the BSM, the proposed model provided better segmentation results compared to U-net
with a dice score of 78%. The performance was further improved when introducing the data
augmentation with a dice score of 79% and HD of 12 px. The segmentation did not improve
when joining the shape parameters prediction component in the training, however, introducing
L, resulted in the best segmentation performance with a dice score of 80% and HD of 8.8
px. Figure illustrated examples of the binary segmentation results compared to the ground
truth segmentation in different experimental settings. Also, the dice score was presented for
each image. The predicted segmentation appeared disconnected when utilizing the BSM only,
while the shape tends to be connected when joining the regression of the shape parameters,

specifically when adding Lgj,.

The bottom rows of Table demonstrated the segmentation results computed from SP task.
Two experiments were carried out to compute the implant shape. The first experiment re-
gressed the translation, rotation, scale and shape parameters to compute the implant shape.
For simplicity, this experiment is denoted as SPrxy. The second experiment differs from the
first one by the computation of the translation parameter which was computed based on the
position of the implant tip point. The tip point was predicted using the heatmap regression.
This experiment is denoted as SP,s. The regression of shape and pose parameters only that
included the regression of the translation parameters (SPrxy) produced poor segmentation

results with a dice score of 22%. The performance was enhanced significantly, by approximately
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34%, when utilizing the tip point to calculate the translation parameter (SPgps). The perfor-
mance is further improved by adding data augmentation, with a dice score = 57.4%. When
joining the BSM, the segmentation performance was improved in both metrics, Dice = 62% and
HD = 20 px. On the other hand, the results have not changed when introducing the shape loss.
Applying the ICP algorithm to align the predicted shape to the BSM results produced better
shape segmentation with dice = 69.7% and HD = 16.8 px. Figure [4.7] showed some examples
in different experiments for the segmentation using the predicted shape. Additionally, a dice
score is reported for each example. The shape results were improved with each change to the
training method. Furthermore, it is illustrated in the images that when aligning the shape to

the BSM the shape outcome is enhanced.

Table [4.3] listed a further validation of the predicted shape experiments by reporting the pose
parameters (6 and s) errors, the implant tip point detection error and the constructed shape
landmarks error. Regression of pose and shape parameters (SPrxy ) provided the best rotation
and scale outcomes with Af = 4.48° and As = 0.13. The same scale error was produced
when the BSM was combined with the training and the shape loss was added. However, the
error difference among experiments for both orientation and scale parameters was slightly low,
0.3° — 1.6° and 0.1 — 0.2 scale value, demonstrating that these parameters did not benefit from
combined semantic segmentation to some extent. The translation error was measured using
the distance between the predicted implant tip point and the ground truth point. The results
demonstrated that the translation parameter has improved significantly with each modification
to the training method and provided the best result when the BSM joined the training and the
Ly, was applied. The regression of translation parameters in the first experiment produced a
large error. Introducing the tip point heatmap prediction to compute the translation parameters
has improved the results from 88 px to 5.11 px. Similarly, the shape landmarks have improved
in each alteration and the best outcome has resulted from the last experiment (SP + BSM + A
+ L), with distance error = 0.55 px. The shape landmarks have been considerably enhanced
by aligning the constructed shape to the predicted segmentation, which has reduced the error

by 0.22 px.

In addition, the impact of the error in each shape component i.e. translation, rotation, scale and
B-coefficient on the final reconstruction of the shape landmarks was studied. To this end, shape

landmarks were constructed by fixing the values of all shape parameters to the ground-truth
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Experiment 0(°) scale Tip point (px) Landmarks (px) ICP (px)
SPrxy 4.48 + 3.24 0.13 £ 0.09 88.07 £ 19.73 1.54 £ 0.98 -

SP 1 ar 5.80 £ 4.45 0.16 £ 0.12 5.11 £ 31.31 0.80 £ 1.44 -

SP + A 6.09 £+ 4.34 0.14 £ 0.10 3.46 £ 23.09 0.71 £1.13 -

SP + BSM + A 4.78 + 4.32 0.14 + 0.10 2.17 + 8.28 0.57 + 0.42 0.36 + 0.27
SP + BSM + A + Lgp | 5.41 £ 4.23 0.13 + 0.10 1.29 + 0.94 0.55 + 0.30 0.33 4+ 0.20

Table 4.3: Mean and standard deviation for orientation error, scale error, tip point Euclidean
distance, the NRMSE for the shape landmarks and after applying ICP method. The best results

are highlighted.

Method Dice (%) HD (px)
UNet 74.0 &+ 13.3 16.0 = 23.4
Res-Unet 72.3 £ 12.0 17.5 + 25.3
UNet ++ 70.3 + 13.1 33.0 £ 42.0
Attention UNet 69.0 &+ 16.0 44.2 4+ 48.1
R2UNet 48.2 £ 17.7 34.0 £ 25.9
CE-Net 55.5 + 5.50 135 £+ 24.1
U2Net 57.1 £ 9.32 124 £+ 20.6
Our method 80.0 + 22.0 | 8.80 + 10.7

Table 4.4: Quantitative results for implant segmentation on the used dataset. Best results are
in bold

values except the parameter under investigation which involved the predicted value. Figure
presented the NRMSE between the ground truth landmarks and the computed shape. The
figure indicated that the landmarks error resulting from the error in the translation parameter
has improved significantly in each modification. In addition, the B-coefficient error indicated
a slight enhancement to the landmarks error. On the other hand, scale and translation errors

have a major impact on the landmark error compared to the other parameters.

Furthermore, the performance of landmarks detection is summarised using the CED curves. It
can be seen in Figure that in both experiments i.e. using the simultaneous training method
with data augmentation and by adding shape loss the localization of the landmarks, 80% of the
images were below 0.5 NRMSE. On the other hand, ~ 40% of images were below 0.5 NRMSE
using the prediction of shape parameters only (SPya+A and SPya+A +Lgp). In addition,
the maximum error produced by the simultaneous training method was lower than in other

experiments.

4.7.1 Experimental Comparison on Test Dataset

To validate the advantages of the proposed method, state-of-the-art networks for both med-

ical image segmentation and landmarks detection were considered as a comparison strategy.
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Method NMRSE (px)
UNet 3.21 + 1.02
VGG16 3.06 £ 1.35
DenseNet121 2.78 £ 1.07
ResNet50 2.90 + 1.14
SwinNet 3.00 £ 1.28
The proposed method | 0.33 + 0.20

Table 4.5: Quantitative results for Gruen landmarks detection on the used dataset. The best
results are in bold

Seven state-of-the-art networks were utilized to compare the segmentation results: U-Net (Ron-
neberger et al. 2015)), Res-Unet (Zhengxin Zhang et al. 2018), U-Net++, (Z. Zhou et al. 2018),
Attention Unet (Oktay et al.|2018]), R2Unet (Alom et al.[2018]), CE-Net (Gu et al.|[2019)), U2-net
(X. Qin et al. |2020). Table listed the results of the implant segmentation using different
segmentation networks. It is observed that with a small-size dataset, the complex models might
be more prone to overfitting, introduce complexity and cannot generalise from limited training
samples.U-Net tends to be a better solution because it has a relatively smaller number of param-
eters compared to other variants. However, employing shape priors has significantly improved

the results to 80% dice score.

Regarding the Gruen landmarks detection, the proposed method was compared with various
CNN-based networks: U-Net, ResNet50 (K. He et al. 2016), VGG16 (Simonyan and Zisserman
2015), DenseNet121 (G. Huang et al. [2017)) and SwinNet (Z. Liu et al. [2021)) for predicting
the landmarks as direct regression of the points or as heatmap regression. Table listed the
NRMSE of each tested model. Among the models compared, DensNet performed the best,
achieving a 2.9 px NMRSE. However, the developed model achieved a significantly improved

landmark detection with a distance error of only 0.33 px NMRSE.

4.8 Discussions

A recent survey demonstrated that combining DL with medical knowledge has a huge impact
on the outcomes of several medical image analysis tasks, including segmentation and diagnosis
(Xie et al.[2021)). Therefore, this strategy is adopted for implant joint images domain aiming to
automate the segmentation of the implant and detection of the Gruen landmarks. Despite the
challenges imposed by a limited dataset, incorporating implant shape knowledge into the CNN

shows precise and valid implant segmentation and Gruen landmarks detection.
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In this chapter, the implant shape is defined using the Gruen landmarks definition and a DL
method is presented to predict the shape and pose parameters of the implant femoral compo-
nent and perform semantic segmentation. Compared to typical semantic segmentation where
each pixel is binary classified, this approach predicts the shape and pose parameters which link
to landmarks representation that can be used in many diagnostic tasks. Diagnosing implant
complications depends mainly on the position in relation to the implant. Therefore, the shape
landmarks are defined based on Gruen zones, to combine the advantages of both the segmen-
tation and the detection of important landmarks. This is the first algorithm that can detect
locations of the important landmarks and segment the femoral component. This has been suc-
cessfully demonstrated through the comparison of the segmentation and landmarks detection
results with the state-of-the-art segmentation models and landmarks detection models. The
landmarks localisation results could be considered state-of-the-art results. The dataset used in

this work will be publicly available to enhance the research on this domain.

The results of the proposed approach indicated that the regression of the shape and pose pa-
rameters is a more challenging process compared to semantic segmentation. The shape and pose
parameters regression is performed by training on and predicting a small number of uncorrelated
values (19 values) per image using a limited-size dataset, whereas the semantic segmentation
is predicted based on a large number of correlated values per image. Replacing the translation
parameter regression with translation computed from the prediction of the tip point position
has substantially enhanced the shape outcomes. The shape-based data augmentation is used to
increase the size of the training dataset. Although orientation prediction did not benefit from
the data augmentation, the prediction of the other parameters has improved which impacts

positively on the computation of the position of the landmarks.

Combining the training of semantic segmentation with the shape and pose parameters regression
has enhanced the outcomes of the segmentation using the constructed shape (see Tabl. The
shared layers between the two tasks enable the learning of more relevant geometric features. It
is hypothesised that the introduction of the shape loss will impact the segmentation output of
both tasks. It has enhanced the semantic segmentation performance which also makes indirect
benefit to the segmentation based on the shape construction by aligning the resulting shape to

the semantic segmentation outcome.

This chapter focused on the segmentation and landmark detection of the implant femoral com-
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ponents, however, this method can be extended to other implant joints.

4.9 Summary

In this chapter, a new CNN approach is proposed for jointly segmenting the implant femoral
component and predicting the Gruen landmarks. These can assist in the analysis of THR
radiographs and in the detection and diagnosis of many THR complications including PFF
and implant loosening. To this end, the Gruen landmarks were defined and used to represent
the shape of the implant femoral component accordingly. SSM is constructed to describe the
implant component shape based on the defined landmarks. A new hybrid CNN network has
been developed that simultaneously segments the implant component and regresses the pose
and shape parameters of SSM. Thus, the implant landmarks’ positions are computed from the
predicted shape and pose parameters. For this purpose, an annotated THR image dataset has

been generated and will be available to enhance the research field.

Several experiments have been carried out to show the effectiveness of the developed approach.
These experiments demonstrated that combining semantic segmentation has enhanced the over-
all outcomes of implant segmentation and the shape landmarks localisation. In terms of seg-
mentation results, the developed approach achieved an overall dice score of 80%, with an HD
of 8.8 px. This outperformed the state-of-the-art results achieved using UNet, which had a
dice score of 74% and an HD of 16 px. Similarly, for the landmarks localization, the developed
approach achieved an NMRSE of 0.33 px surpassing the state-of-the-art results achieved using
DenseNet, which had an NMRSE of 2.78 px.
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Figure 4.4: The proposed GruenNet architecture has four outputs: shape parameters b, pose
parametrs (6,s), tip point location and segmentation maps. Gray part represents the layers
shared by all tasks, the Green part represents shape and pose parameters prediction branch and
Yellow represents the decoder part for both binary segmentation maps and tip point detection.
CBN refer to Conv, Batch Normalization and ReLU.
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Figure 4.5: 15 modes of shape variations. Green represents the mean model. Yellow represents
the deformed shape by —34/); and blue represents the deformed shape by 3v/\;
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Figure 4.6: Comparison of segmentation computed from BSM in ablation studies. The red is
the predicted segmentation and the green is the ground truth. The dice score is presented in
each image
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Figure 4.7: Comparison of segmentation computed from SP in ablation studies. The green is
the ground truth, the pink is the computed shape and the blue is the shape after applying the
ICP algorithm. The dice score is presented in each image.
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Chapter 5

Incoperation of domain knowledge

for Fracture Diagnosis

5.1 Introduction

This chapter aims to develop a CADx tool that automatically identifies PFF's and classifies them
based on a clinical classification standard. Besides using such a CADx tool for the classification

of the fracture, it can help in efficiently planning the most suitable treatment.

In recent years medical image analysis techniques have significantly improved which has im-
pacted the development of CADx tools for different diseases such as pneumonia detection on
chest X-rays (Rajpurkar, Irvin, Zhu, et al. 2017), Alzheimer’s disease detection from neuroimag-
ing (Ebrahimighahnavieh et al. 2020) and breast cancer in different image modality (Debelee
et al. [2020). The research on bone fractures, when compared to the huge advancements in
other medical image domains, is relatively limited. The majority of studies have focused on
the detection of the fracture rather than diagnosis i.e. identifying the type of fracture. Several
studies have formulated the detection of fracture as a binary classification problem. Earlier
work has utilized handcrafted features for the classification such as texture analysis (Chai et al.
2011), a combination of texture and shape features (Umadevi and Geethalakshmi 2012), or
digital geometry of the extracted fracture points (Bandyopadhyay et al. 2016). Recently, many
studies utilized a typical CNN-based model to detect fractures. For instance, Urakawa et al.
2019, D. H. Kim and MacKinnon 2018/ and Rajpurkar, Irvin, Bagul, et al. [2017 trained VGG16,

Inception v3 and DenseNet to detect fracture in the proximal femur, wrist and upper extremity,
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respectively. Some of these methods used a class activation map to visualize the fracture area

(Rajpurkar, Irvin, Bagul, et al. 2017, Varma et al. 2019, V. Gupta et al. 2020).

On the other hand, many studies utilized object detection models to detect and localize the
fracture by defining the boundary of the fracture region. Typical object detection models
such as Faster R-CNN and modified U-Net have been trained to localize fracture in distal
radius X-ray images (Yahalomi et al. [2019) and in wrist X-ray images (Lindsey et al. 2018),
respectively. Another work leverages anatomical symmetry cues to build a Siamsea network
to detect fractures in pelvic X-ray (H. Chen et al. 2020)). First, they applied graph-based
landmark detection to identify important landmarks in the pelvic and regressed the line of
bilateral symmetry, to flip the image accordingly. The ROI is extracted using specific points.
The Siamsea network takes the ROI and flipped ROI as input to produce the fracture probability

map.

While some research has been carried out on fracture detection, there have been few investi-
gations into fracture diagnosis. Traditional geometric analysis methods have been investigated
for feature extraction and classification. For instance, (Bayram and Cakirotlu [2016)) classified
diaphyseal femur fractures by first extracting the bone region using the Niblack thresholding
method (Niblack [1985). Then, they extracted features, such as area, convex area and angu-
larity, to distinguish between bone and noise segments using SVM. The final classification of
the fracture is conducted by feeding multiple features, such as the number of fragments, frac-
tured ends (beginning and end points of fracture region) and fracture region (fracture line),
into the SVM classifier. Recently, deep learning techniques have been widely used to develop
a model that can learn from data rather than relying on traditional geometric features. Sev-
eral diagnosis methods trained traditional CNN-based model to classify fracture on image that
was manually cropped into a specific bone part such as the proximal femur (Tanzi et al. 2020,
Jiménez-Sanchez, Kazi, Albarqouni, S. Kirchhoff, et al. 2018| Lotfy et al. 2019) and proximal
humerus (Chung et al. 2018). Other work automated the localization of ROI as pre-processing
step using an object detection-based model and then trained the classification model to clas-
sify the fracture (Krogue et al. 2019, Jiménez-Sanchez, Kazi, Albarqouni, C. Kirchhoff, et al.
2020). Another work utilized an object detection-based model to localise and classify fractures
automatically. S.-J. Yoon et al. [2020] trained a Faster R-CNN model to localize and classify

Intertrochanteric femur fracture on the X-ray image. However, these attempts focused on a
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particular and small part of the fractured bone e.g. proximal femur by cropping this region
manually or automatically, which decreased the visual patterns and improved learning. Unlike
these fractures, PFF can appear anywhere along the femur, which increased the visual patterns

and made learning the bone structure more complex.

Although typical CNN-based models have shown remarkable performance in various image
classification tasks, their effectiveness often relies on a substantial dataset size to fulfilled that
advanced stage. The main obstacle toward fracture diagnostic tools is the availability of labelled
dataset. Several efforts have been made to solve this problem by utilizing pre-trained models on
natural datasets such as ImageNet, and then fine-tune them on specific fracture classification
tasks. However, the majority of the published work concentrated on a specific part of the
fractured bone e.g. proximal femur or proximal humerus, which reduced the image patterns
and led to better learning. Another method used to deal with the lack of data is augmentation
techniques where the number of images is increased by creating new images from the original
dataset via applying some alterations such as rotation, flips, translations, adding noise etc.
Using such techniques might not add new information to the DL model and it could inherit any
problem in the original dataset such as bias which is a common issue in medical image data.
Recently, adding external information beyond the provided dataset has shown a promising

solution to data scarcity issues and increased the performance of the DL model.

In clinical practice, medical doctors made the diagnosis based on their knowledge and experi-
ence. The knowledge of medical doctors includes many factors such as the prior knowledge of
diagnosis standards and anatomical structure, the way they read the medical image, and the
areas they pay more attention to etc. Also, the experience they gained over the years and their
practice has impacted the diagnosis accuracy. There is a growing number of medical image
diagnosis techniques attempted to add such knowledge into DL model and it showed enhanced
performance of diagnosis accuracy such as in Glaucoma Diagnosis (L. Li et al. 2019), thoracic
disease diagnosis in chest X-ray (K. Wang et al. 2020) and breast mass classification (X. Li
et al. 2020). In fracture diagnosis, there have been few empirical investigations into incorpo-
rating medical knowledge into DL. Jiménez-Sédnchez, Mateus, et al. 2019 adopted the training
patterns of medical students in the training process of the DL model using curriculum learning.
As students start with simple tasks and then needed to achieve more complex tasks, the authors

assigned a degree of difficulty to each training sample of proximal femur fracture X-ray images.
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They demonstrated that when started training the model on ’easy’ examples and gradually
moving to the ’hard’ ones the model can perform better despite having fewer data. Luo et al.
n.d.| utilized the same approach for the classification of elbow fracture but they proposed a
multiview deep curriculum learning rather than a single one. Considering domain knowledge
such as the training patterns provide high-level information that is generally used among dif-
ferent diseases. However, low-level information such as features that the clinician commonly
analyzed to define the fracture type could be more effective knowledge for incorporating with
the DL model to diagnose the fracture. Therefore this chapter includes this information in DL

to diagnose PFF and studies the impact of combining such knowledge.

This chapter proposes a knowledge-guided framework that consists of four main feature extrac-
tion components and a joint fusion learning component. In clinical practice, PFFs are commonly
detected by first examining the femur X-ray images to define the possibility of fracture appear-
ance. Thus, femur X-ray images can be used to train a network to extract the general features
of the fracture. It is important to note that the precise identification and localization of discrim-
inative regions greatly enhance region-based feature learning and enable the model to capture
and extract relevant information for recognition tasks. Prior medical knowledge can support
and enhance this issue. For instance, fracture is usually determined by assessing the bone region
surrounding the implant stem. In fact, the fracture’s main classification criteria is the anatom-
ical location of the fracture relative to the implant stem. Also, the commonly used protocol to
assess the implant and surrounding bone features is to analyse specific zones surrounding the
implant known as Gruen zones. Thus, the Gruen landmarks are automatically detected and the
zones of interest are cropped. This enables analysis of zone features and fracture features with
the knowledge of the location. The proposed framework combines information on pathological
features in different regions to provide rich knowledge about the sample. It simulates the visual

attention of a clinical specialist and the extensive analysis when making a diagnosis.

The contribution of this work is: (1) the challenge of PFF diagnosis is addressed by developing a
novel DL network that leverages clinical knowledge to guide the extraction and fusion of features
from the most distinctive regions of femur X-ray images. This approach enables to extraction of
comprehensive deep feature knowledge from the images, resulting in a more robust and effective
solution. (2) the proposed framework has improved the PFF diagnosis with a higher mean

F1 score compared to the state-of-the-art model suggesting its ability to accurately identify
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Figure 5.1: (a) fracture classification according to Vancouver system (Schwarzkopf et al. 2013).
(b) Femoral component zones according to Banaszkiewicz 2014

positive instances and effectively reduce the false positives or false negatives. (3) define the

clinical process of reading the PFF X-ray images and simulated the diagnosis accordingly.

5.2 Medical Domain Knowledge

In fact, identifying the way that clinical experts use for interpret the X-ray images, such as
the areas in the image and features of the fracture that they concentrate on, is a challenging
task. Therefore, the proposed method uses medical knowledge that was gained from multiple

resources:

1. Different medical articles and the commonly utilized standards for categorizing PFF's

were studied deeply (GRUEN et al.|1979,ENGH et al.|1990,Ebramzadeh et al. 2003, T. J.
McBride and Prakash [2011,Maggs et al. |2021,Powell-Bowns et al. |2021) ).

2. Observed and participated in the data annotation phase.
3. Discussion of the diagnosis process with multiple clinical specialists.

The commonly used protocol for defining PFF type is the Vancouver classification system. This
system defined three main types of fractures (Type A, Type B and Type C) and 6 sub-types
(Type AL, Type AG, Type B1, Type B2, Type B3 and Type C) based on three characteristics
in the femur X-ray images: (1) the location of the fracture along the implant. (2) stability of
the implant. (3) surrounding bone quality. Figure (a) illustrates these characteristics. The

location of the fracture is an important characteristic which defines the main types of fractures.
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Type A includes fractures in the trochanteric area. It involves two sub-categories: Type AG,
a fracture within the greater trochanter area, and Type AL, a fracture in the lower trochanter
area. Type B includes fractures around the stem. It is divided into three sub-categories: Type
B1 when the implant is stable, Type B2 when the implant is loose and Type B3 where the
implant is loose and has inadequate bone quality. Type C fractures include any fracture located
well below the implant. The common protocol to examine implant loosening is to assess the
Gruen zones. GRUEN et al.|[1979|evaluated the femoral component interface by defining 7 zones
in Antero-Posterior (AP) radiograph of the femoral stem (see Figure (b)). The appearance
of each zone is evaluated by searching for radio-lucencies lines i.e. gaps between the implant

and bone and determining the implant’s positional variations in relation to the bone.

From these observations, this section defines the clinical process of reading the PFF X-ray image

as the following steps:

1. Browse the femur region: the clinical specialist started by screening the X-ray image to

recognize the global visual features and identify the appearance of the fracture.

2. Define the location of the fracture in relation to the implant i.e. in the trochanteric area,

around or below the stem.

3. Concentrate on the implant loosening: the clinical specialist focused on each Gruen zone

to assess the loosening.
4. Examine the bone stock surrounding the implant.

5. Consider all factors to make a decision.

5.3 Method

The proposed knowledge-guided network of PFF diagnosis consisted of three main steps: (1)
Extracted global features from the whole X-ray images. (2) Detected the Gruen zone landmarks
and cropped each zone. (3) Constructed two zone branches and trained each one on a different

task. Note that all the zones are cropped automatically.

The overview of the proposed method is shown in Figure The process of clinical interpre-
tation of PFF X-ray images involved analyzing the global appearance of the femur and implant

i.e. whether there is a fracture or not. Then, gradually focused on other factors i.e. location
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Figure 5.2: The framework of the proposed method. It consisted of three feature branches
(GlobalNet, ZoneNet) and landmark detection branch (Gruen Net) and one fusion branch (Fu-
sion classifier). The input to GlobalNet and GruenNet is the full femur image. The input of
the ZoneNet is the cropped zones. The input to the fusion classifier is the feature extracted
from GlobalNet (F1), the feature extracted from ZoneFNet F and the feature extracted from
ZoneNet F3.
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of the fracture, loosening and bone quality. First, GlobalNet is trained on Femur X-ray images
to learn the global visual features of the fracture. Then, guided by prior medical knowledge
of the Gruen zones and the important landmarks in the implant, GruenNet is utilized, which
was proposed in [4] to detect the Gruen zone landmarks. These landmarks were used to au-
tomatically crop the zones of interest (Gruen zones). To concentrate on the other factors i.e.
location of the fracture, loosening and bone quality, two sub-models are trained on the ex-
tracted zones images. First, ZoneF-Net was trained to analyse the features of the fracture in
each zone. Second, Zone-Net was trained to define the zone labels such as Zonel, Zone2 etc.
The extracted features from these two sub-models are concatenated which provided knowledge
of the location of the fracture and analysed the fracture characteristics. Finally, the fusionNet
concatenated the extracted features from the GlobalNet, ZoneF-Net and Zone-net for a final

PFF-type classification.

5.3.1 GlobalNet Branch

The GlobalNet branch analysed the global fracture features. The input to the GlobalNet branch
was the whole femur X-ray images. A pre-trained ResNet50 (K. He et al. [2016) is utilized as
the backbone of this branch. It consisted of 50 learnable layers involving four down-sampling
blocks and skip connections between residual blocks. Followed by a global average pooling and
Fully Connected (FC) layers for binary classification of the fracture. A sigmoid function was

used to normalize the output of FC to [O, 1] which is defined as:

o(z) + Gl = (5.1)

14+ exp—2z

where o(z) is the probability of the input belonging to { fracture,normal}. In addition, binary

cross entropy loss is used which is defined as:

Lo =vy-logo(z)+ (1 —y)-log(l —o(x)) (5.2)

where y is the ground truth label and o(z) is the predicted probability.
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5.3.2 GruenNet Branch

GruenNet branch detected the Gruen zone landmarks that were used to extract the zone regions.
The input to GruenNet was the whole X-ray image and the output was the implant shape
landmarks and the segmentation of the implant. The network architecture was designed as
encoder-decoder CNN as shown in Figure It consisted of two parts: the part that learned
the shape prediction and the one that learned the segmentation maps. In the shape prediction
part, the advantage of shape-prior knowledge of hip implant is considered for representing the
implant landmarks using SSM. The shape landmarks were defined using the mean shape, the
shape and pose parameters {b, 0, s} (refer to section for more details). The shape prediction
part learned the regression of shape and pose parameters, while the second part learned the
binary segmentation map and the tip point heatmap. The two-parts share the encoder. The
final step was the alignment of the computed shape which was calculated by applying the ICP
algorithm. More details about the network architecture can be found in section [4.5] The shape
landmarks consisted of 15 points to represent the implant more precisely (refer to Figure
The Gruen zones were represented by 7 landmarks (2,4,6,8,10,12,15). For each zone, the top-left
and bottom-right corner coordinates of the bounding box are computed and then the region is

cropped.

5.3.3 ZoneF-Net Branch

ZoneF-Net branch captured the local features of the fracture in the zone region. Since the
clinical specialist analysed the fracture features with the knowledge of the location, the input
to ZoneF-Net is the Gruen zones that are located and cropped in the proposed GruenNet.
The same CNN structure of the GlobalNet is utilized. The predicted probability is denoted as

o(x)zF and the loss function as Lzp.

5.3.4 Zone-Net Branch

In fact, the clinical specialist used the anatomical prior knowledge of the zones. Therefore,
Zone-Net is proposed to capture the anatomical structure of each zone. The input to this
branch was the same as the input to ZoneF-Net i.e. the zones images. The same structure
of the GlobalNet was used but with a different FC layer size which was 7 neurons’ FC. The
predicted probability of the zone name is represented as o(z)z and the Cross-Entropy loss as

Ly.
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5.3.5 FusionNet

FusionNet branch combined multiple representations from the whole global image to local zone
images for the classification of the fracture. Let Fgy, Fzp and Fy be the features extracted
from the average pooling layers in GlobalNet, ZoneF-Net and Zone-Net, respectively. For each
zone z; in image I , Fzp, and F, are concatenated where ¢ = 1,2..,7 and Fg;. Then, the

concatenated layer was followed by a 6-dimensional FC layer for the final PFF classification.

5.3.6 Training Strategy

In order to enhance PFF classification, the training strategy involved utilizing the pre-trained
ResNet-50 network initialization obtained from ImageNet for GlobalNet, ZoneF-Net, and ZoneNet.
The proposed GruenNet was used to detect the Gruen landmarks and cropped the Gruen re-
gions which were used as input to Zone-Net and ZoneF-Net for the fine-tuning process. During
the fine-tuning process of one branch, the weights of the other branches remained unchanged.
In order to leverage the discriminative features presented in the original image and the zone
images, the output of the last pooling layer of each network was used as input to the FusionNet.
Let Pg, Pzr and Pz denoted the average pooling layer in GlobalNet, ZoneF-Net and Zone-Net,
respectively. The concatenation of these features was fed to train the FusionNet whereas the

weights of the other models were fixed.

5.4 Experimental Settings

Multiple experiments have been carried out to evaluate the proposed method and the effect
of incorporating domain knowledge in fracture diagnosis. Various loss functions and hyper-
parameters have been investigated to achieve the best outcomes. All experiments were generated
using both the ground truth Gruen landmarks and the predicted landmarks i.e. the Gruen
zones were calculated and cropped using the ground truth landmarks or the predicted ones.
The performance of the classification of the PFF using each classification branch separately
which are GlobalNet and ZoneF-Net is assessed. These experiments were denoted as Gl and
ZF, respectively. To study the impact of adding more information to the performance of the
classification, the components are joined and evaluated gradually. The combination experiments
are denoted as follows: GIZF for combining Global-Net and ZoneF-Net branches, ZFZ for

combining Zone-Net and ZoneF-Net branches and GIZFZ for combining Global-Net, ZoneF-
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Net and Zone-Net branches.

5.4.1 Dataset

An in-house hip implant dataset was used to construct, train and validate the proposed method.
More details about the dataset can be found in[3.2.3] 389 images were used for the training and
validation of the suggested approach. The dataset consisted of 48 images Type A, 80 images
Type B1, 87 images Type B2, 37 images Type B3, 67 images Type C and 70 images Type N.
The X-ray images were of various sizes, orientations and implant types. The images included
either a partial region of the femur or the full femur with the appearance of a partial region of

the pelvic.

The ground truth was generated for each branch depending on each branch’s goal task. For
the fracture classification, two clinical experts contributed to image annotations and provided
class labels. The annotation process was explained earlier in [3.2.3] Considering the detection
of the Gruen landmarks i.e. GruenNet, ground truth masks of implant femoral component and
the SSM landmarks were annotated by a clinical expert using the Microsoft VOTT tool. The
implant shape was represented by 15 landmarks, 7 of these landmarks are the Gruen zones
landmarks which are (2, 4, 6, 8, 10, 12, 14). Further details of the annotation process were
explained in

For both ZoneF-Net and Zone-Net, the input images were the cropped Gruen zones. The images
were generated based on the Gruen landmarks. The top-left and bottom-right corner positions
of the bounding box are computed and cropped the region accordingly. It is observed that few
cases of PFF X-ray images contained part of the femur i.e. the distal part is not included in the
image which represented zone 4. Thus, the missing image i.e. zone 4 is computed by selecting

several zone 4 images from the dataset. This estimates the missing value in some cases.

For ZoneF-Net, the ground truth label for each image was Fracture or Normal. The zone was
considered a Fracture when it consisted of one or more fracture lines, otherwise the image
was considered Normal. The number of images used in this task was 221 whole images which
generated 1547 zone images, 780 of type fracture and 767 of type Normal. Random samples are
excluded in order to balance the distribution of classes. For Zone-Net the whole dataset was
used which generated 2723 images. The images were labelled by the zone name (Zonel, Zone2,

Zone3, Zoned, Zoneb, Zone6, Zone7). The number of images per zone was 389 images. Note
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that the zone images and labels were generated automatically.

For each task, the dataset was divided into two parts: training and validation, with the ratio

75% : 25%, respectively. The validation set is used as a testing set.

5.4.2 Implementation Details

All the models were trained on a Windows machine equipped with 8 GB RAM, Intel(R)
Core(TM) CPU @ 3.00 GHz and GeForce RTX 2080 graphics card and were implemented
on Pytorch. GlobalNet was trained on X-ray images down-sampled from the original size
to 224 x 224px. The classes consisted of normal and fracture. Multiple data augmentation
techniques were applied including flipping, rotation and scaling. The architecture details of
GruenNet can be found in section Both ZoneF-Net and Zone-Net were trained on images
resulting from GruenNet and were resized to 224 x 224px. Data augmentation techniques, such
as rotation and scaling were used. The classes in ZoneF-Net included Fracture and normal,
while classes in ZoneNet consisted of the zones names (Zonel..., Zone7). For optimization,
SGD is used. All the models were trained until convergence (100 epochs). The batch size was

8, momentum 0.9 and the learning rate was set to 1 x 1072,

5.4.3 Evaluation Settings

The performance of the developed method is assessed using multiple confusion metrics, applying
them individually to each class. The reported metrics represent the average performance across
all classes, providing a comprehensive evaluation of the model’s performance across different
categories. The accuracy of the proposed model was computed by dividing correct predictions

by the total number of samples in the dataset. It can be defined as:

TP, + TPy + ..TP,

~ (5.3)

Accuracy =

where T Py, is the number of true positives in class k and N is the total number of samples. Also,
precision was used which measured how many of the predicted positives were actually positive.

It can be defined as :
TP,

-k 5.4
TP, + FP (5-4)

Precision =
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where T P is the number of true positives in class k and F'P; is the number of false positives
in class k. In addition, the Recall metric was computed to measure the percentage of correctly

predicted positives. It is defined as:

TP,

ll=——-"——
Reca TP, L FN,

(5.5)

where F' Ny is the number of false negatives in class k. F1l-score was also used to summarise the
overall performance of the classifier by computing the harmonic mean of precision and recall.

It is defined as:

2 x Precision X Recall
F1— = 5.6
seore Precisison + Recall (5.6)

Additionally, the Specificity metric was applied to measure out of all the predicted negatives

how many are actually negatives. It is defined as:

T Ny,

TNy + FPy (57)

Specificity =

Where TNy, is the number of true negatives in class k.

Area Under the ROC curve (AUC) was also used to evaluate the proposed methods. It repre-
sented the probability that the model ranked a randomly chosen positive sample more highly
than a randomly chosen negative sample. The AUC ranges from 0 to 1, where an AUC of 1
indicated a perfect classifier. In addition, the Precision-Recall curve and AP for each class were
computed. The Precision-Recall curve showed the trade-off between precision and recall for
different classification thresholds, while AP is the area under the Precision-Recall curve. AP

ranges from 0 to 1, where an AP of 1 indicated a perfect classifier.

5.5 Results

To show the efficiency of the proposed method, different ablation experiments were performed
on the THR dataset. In addition, a comparison to the state-of-the-art methods is presented in

this section.

In order to select the best backbone for GlobalNet, ZoneF-Net and Zone-Net, different pre-

trained models have been utilized as a backbone in the proposed architecture. The considered
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Backbone VGG16 DenseNet121 ResNet50 ViT-32
Classes A Bl1 B2 B3 C avg |A Bl B2 B3 C N |avg| A Bl B2 B3 C N |avg| A Bl B2 B3 C N |avg

86
50
63

94
88
91

67
56.8
57.8

43
48
45

44

48
69
56

57.7
55

55

83
42
56

45
50
48

46
62
53

33
33
33

78
63
69

100
100
100

64.2
53.3
59.3

70
58
64

50
40

42
52
47

50
78
61

86
75
80

100
88
94

100
25
40

71
63
67

Precision
Recall
F1-score

Table 5.1: Comparison of utilizing different pre-trained CNN models as a backbone

proposed architecture. The best results are highlighted.

of the

Methon Accuracy (%) | Precision (%) | Recall (%) | Specificity (%) | F1 score(%)
ResNet50-W 94 87 96 96 90.5
ResNet50-Z 78 78 78.5 78.5 78.5
ResNet50-ZN 98.7 96 95.6 99.4 95.4

Table 5.2: ResNet50-W: the results of fracture identification using the original X-ray images.
ResNet50-Z: the results of fracture identification in each zone image. ResNet50-ZN: The
results of the classification of the zone (zonel, zone2. . .zoneT).

models were VGG16, DenseNet121, ResNet50 and ViT-32. The aim of the proposed architecture
is to improve the discrimination of each fracture type. Therefore, the performance of each model
was evaluated using the Precision, Recall, and F1-score metrics. Table reported the results of
utilizing different backbone models. VGG16 and DenseNet121 showed lower precision compared
to ResNet50 and ViT-32, with ViT-32 outperforming ResNet50 by a slight margin, achieving a
precision score of 67%. However, ResNet50 achieved higher average recall and Fl-score of 65%
for both metrics, indicating its ability to distinguish positive samples correctly and provide a
greater harmony between recall and precision. Therefore, ResNet50 was selected as a backbone

for the proposed framework.

To analyse the performance of each branch, i.e., the feature extraction sub-networks GlobalNet,
ZoneF-Net and Zone-Net were examined. Table presented the results of each network. For
simplicity, ResNet50-W referred to binary classification for the whole X-ray images in Global-
Net, ResNetb0-ZF referred to binary classification for the cropped zone images in ZoneF-Net
and ResNet-ZN referred to the classification of the zone image to which zone it belonged,
i.e., {Zonel,...,Zone7}. The table demonstrated that detecting fractures in the original image
provided an accuracy of 94%, outperforming the detection of fracture in each region by ap-
proximately 16% in overall performance. This might affect the quality of the features extracted
in ZoneF-Net. The zone classification model (ResNet50-ZN) demonstrated a high accuracy of
98.7% and achieved balanced performance with a precision and recall of ~ 96% and F1 score
of 95.4%, highlighting its effectiveness in accurately classifying the zone while minimizing false

positives and false negatives.

To assess the effectiveness of the proposed framework, Table showed the outcomes of each
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Method Accuracy(%) | Precision (%) | Recall (%) | Specificity (%) | F1 score (%)
GL (baseline) 85.7 56.7 53.5 91.3 53.5
ZF 87.5 64.2 62.8 92.2 62.7
ZFZN 87.2 64.3 62.5 91.8 62.3
GLZF 87.2 62 61.7 91.8 61.7
GLZFZ (GT) 88 66.3 65.2 92.3 65.2
GLZFZ (pred) 85.2 58.5 57.3 91.2 57

Table 5.3: The results of the fracture diagnosis using each component separately as well as
adding components to the framework in the ablation study. The best results were highlighted.

component, GL and ZF separately, in fracture diagnosis, as well as the impact of combining
multiple components; ZFZ, GLZF and GLZFZ. The table also reported the results using the
ground truth zones (GT) and using the predicted zones (pred) for demonstrating the impact
of zone prediction error. It is apparent from the table that there is a slight difference in the
accuracy among the models, with GLZFZ achieving the highest accuracy of 88%, followed closely
by ZF, ZFZN and GLZF, which all had similar accuracies ranging from 87.2% to 87.5%, while
GL had relatively lower accuracy of 86.7%. Considering the ability to accurately detect positive
cases of a particular type of fracture, GL showed a lower recall score of 56.3%. The performance
increased by utilizing the zones images with a recall score of ~ 63% for both ZF and ZFZN, while
it slightly decreased when combining GL and ZF and reached its highest score when combining
all components GLZFZ, with value of 65.2%. Among the evaluated experiments, combining
GlobalNet, ZoneF-Net and Zone-Net, GLZFZ, showed the highest performance when using
the GT zones images with an accuracy of 88%. It achieved a precision of 66%, a recall of
65%, Fl-score of 65%, and a specificity of 92%, highlighting its better ability to classify and
distinguish the fracture samples accurately. The results also demonstrated that the fracture
diagnosis performance was influenced by the Gruen zones detection error, leading to a decrease
of 2.8% in the overall performance. However, it still showed better Precision, Recall and F1-score

compared to the baseline model.

In addition, Figure [5.3| showed the impact of zone prediction error in the classification accuracy
by presenting the results of each fracture type using different resolutions of the detected zones
compared to the GT zones. For all classes except Fracture type B2, the classification results
of predicted zones (thl,..., th4) consistently showed lower accuracy compared to GT zones,
indicating a decrease in classification performance caused by zone prediction error. Normal
images consistently achieved high accuracy across all resolutions, ranging from 92% to 96%. The

classification accuracy of Fracture types A, B1, B2 and Normal varied slightly across different
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Figure 5.3: The classification accuracy of each fracture type obtained by the proposed method
using the zone ground truth (GT) and different resolutions of the predicted zone thl, ..., th4.

Method Accuracy(%) | Precision(%) | Recall(%) | Fl-score(%) | Specificity(%) | AUC(%)
VGG-16 84.7 59 52.3 51.2 90.3 81.5
Densenet121 85.2 56.2 52.7 53.8 90.8 79.8
Resnet50 85.7 56.7 53.5 53.3 91.3 84
ViT-16 80.7 43.5 39.3 40 88 68.5
ViT-32 84.3 51.7 47.7 46.7 90.3 78.5
SwinT 82.7 49.2 46 46.8 89.5 74.5
GLZFZ (GT) 88 66.3 65.2 65.2 92.3 89.8
GLZFZ (pred) 85.2 58.5 57.3 57 91.2 86.3

Table 5.4: Comparison of the classification results between the proposed method and the state-
of-the-art classification networks

zone resolutions. In contrast, Fracture types B3 and C showed high variations in performance
among different resolutions with the highest classification accuracy obtained by thl with 87%

and 89% for Type B3 and C, respectively.

To validate the advantages of the proposed method, Table [5.4] presented a comprehensive sum-
mary of the performance outcomes of various state-of-the-art image classification networks,
including ResNet50 (K. He et al. [2016)), Densenet121 (G. Huang et al. [2017), VGG16 (Si-
monyan and Zisserman , Vision Transformer 16 and 32 (Dosovitskiy et al. and
Swin-Transformer (Z. Liu et al. . Accuracy, precision, recall, F1-score, specificity, and AUC
for each model were considered as assessment criteria when comparing the proposed framework
to these models. The proposed method achieved an accuracy of 88% using GT zones, outper-
forming all the other methods. Utilising predicted zones, it outperformed VGG-16, ViT-16,

ViT-32, and SwinT with 85.2 % and demonstrated comparable accuracy with Resnet50 and
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Densenet121. In terms of precision, the proposed method showed a significant improvement
compared to other methods with a 66.3% precision score when using GT zones which indicated
its ability to better identify positive cases. In addition, utilizing predicted zones a value of
58.5% is achieved, surpassing all models except for VGG-16 with a similar precision of 59%.
The recall scores ranged from 39.3%, achieved by ViT-16 to 53.5% achieved by Resnet50, with
the proposed method showing a higher recall of 57.3% using predicted zones and 65.2% using
GT zones. Similarly, the proposed method reported better Fl-score for both using GT and
predicted zones with 65.2% and 57%, respectively. The Fl-score for the other models varied
from 40%, achieved by ViT-16, to 53.8%, achieved by Densenet121. Furthermore, the AUC
of the proposed method was 89.8% using the GT zones and 86.3% using the predicted zoned,
demonstrating its efficiency in distinguishing between various classes. Notably, ViT-16 pre-
sented the lowest AUC among the models, followed by SwinT, ViT-32, Densenet50, VGG-16
and Resnet50, with AUC scores of 68.5%, 74.5%, 78.5%, 79.8%, 81.5% and 84%, respectively.

To further analyse the performance of the proposed framework compared to the state-of-the-
art models, Figure presented the precision-recall curve and AP for each model, each class
separately. Our method was outstanding with the highest precision and recall values for normal
case images, as indicated by the precision-recall curve and the AP of 100, establishing its superior
capability in accurately identifying Normal images. The other methods also presented a notable
performance in identifying Normal cases compared to other classes with an AP ranging from
0.8 using ViT-32 to 0.99 using Densenet121. Among all fracture types, Type C fractures were
the most accurately identified by all models, noting that the proposed method outperformed
Resnet50, the best-performed model, by an AP score of 9 using predicted zones and an AP
score of 14 using GT zones. In fracture type A, the proposed method also showed significant
improvement in identifying this type compared to all the other models with AP of 66 and 69 for
using GT and predicted zones, respectively. The other models tended to misidentify the images
of type A fractures with AP varied from 23, achieved by ViT-16 to 45 achieved by Densenet121.
Similarly, for fracture Type B2, the proposed method delivered the best outcomes among the
other state-of-the-art models with an AP of 59 using either GT or predicted zones. In terms
of fracture types Bl and B3, the precision-recall curve figure showed a gradual decrease in
precision indicating the lower ability to identify correct classes, however, the proposed method

achieved the best AP of using GT zones for defining class B1.
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Figure 5.4: Comparision of Precision-Recall curve and AP for each class.
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These results showed that the proposed method outperforms various state-of-the-art models

and highlighted its potential for effective PFF diagnosis.

5.6 Discussion

PFFs significantly contribute to the need for revision hip arthroplasty, particularly in the elderly
population, where an exponential increase in THR rates is observed. The management and
treatment planning for PFFs depend mainly on the type of fracture. The diagnosis of PFF
depends on the manual assessment of X-ray images by a radiologist. However, 90% of PFF
radiology reports omitted important radiographic details, which delays diagnosis (Marshall et
al. 2017)). This chapter automates the detection of PFFs and the classification of their types
which substantially can assist in fractures management and treatment planning. The process of
interpreting X-ray images of THR is outlined by incorporating the clinical protocol for defining
PFF's types and highlighting the specific regions of interest that clinical specialists usually focus
on. This process is simulated and a DL-based method is developed to extract multiple features

and fused them to accurately diagnose fractures in THR, images.

Despite the challenges of a limited and imbalanced dataset, the proposed framework outper-
formed several state-of-the-art networks. These findings demonstrated the enhancement in the
diagnosis results using this approach and its potential for accurately diagnosing PFFs. In ad-
dition, it offered promising prospects for improving the effectiveness and reliability of PFF

diagnosis.

Compared to typical classification models that extracted features from the whole X-ray im-
age only, the developed method introduced new information by combining multiple features
extracted from both the whole X-ray images and specific regions of interest, the Gruen zones.
This addition of features increases the complexity of the method compared to traditional models;
however, it leads to a significant improvement in performance. Specifically, when incorporating
GT zones, an enhancement of approximately 10% in precision, 12% in recall, and 11% in the F1
score was observed. Similarly, when utilizing predicted zones, improvements of approximately

2% in precision, 4% in recall, and 3% in the F1 score were achieved.

When considering each feature extraction component within the presented framework, the

Global-Net and Zone-Net exhibited high performance in binary classification and zone name
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Figure 5.5: Examples of GT zones and predicted zones of each X-ray image.

classification, respectively. However, the ZoneF-net provided lower results in the binary classifi-
cation of Gruen zones, possibly due to errors in the detected zones. Nevertheless, when combin-
ing the features from each zone, ZoneF-net demonstrated better classification performance than
the baseline GL. Combining features from Global-Net with ZoneF-net or combining Zone-net
with ZoneF-net did not have a significant impact on the results. However, when all components

were combined, there was a notable improvement in the classification of PFF.

The localization error in Gruen landmarks can lead to the exclusion of some parts of the bone or
fracture region, ultimately impacting the overall classification performance. Figure [5.5] showed
examples of the GT zones and the predicted ones for each X-ray image. Even though the
predicted zones in Figure (a) do not accurately match GT zones, it captured the majority
of the fracture properties which led to correct classification results. On the other hand, in the
case of the X-ray image presented in Figure (b), the incorrect classification may be related

to the missing important fracture properties, such as features in zone 4.

The goal of the proposed method is to enhance the detection of the fracture and the discrim-
ination performance for each class. In clinical practice, identifying subtle or hairline fractures

poses a challenge. However, our model demonstrates proficiency in this task, achieving an
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accuracy of 94%. It is important to note that the testing data consisted of various types of
fractures, ranging from clearly visible fractures to tiny hairline fractures. In addition to iden-
tifying fractures, discriminating between fracture classes presents a unique set of challenges in
clinical scenarios specifically distinguishing between type B fractures i.e. B1, B2 and B3. When
considering the model performance of each class individually, it is observed that normal images
achieved the highest discrimination results, followed by fracture types C and A. This difference
in performance could be attributed to the distinct locations of each type. Fracture type A can
appear in Zone 1, 2, or 7, while type C commonly appears in Zone 4. On the other hand, types
B1, B2, and B3 can be found in the same zones, namely Zone 2, 3, 5, and 6. Discriminating
between B types may present a greater challenge compared to distinguishing between types A
and C. However, the developed model provided promising results in distinguishing these types
achieving an AP score of 49%, 59% and 46% for classifying fracture type B1, B2 and B3, respec-
tively. While these scores indicate a notable performance, it is essential to contextualize them
within the challenges of clinical practice, recognizing the complexity of precisely categorizing
fracture types. Continuous refinement and validation, incorporating factors like bone density

data, might be valuable for enhancing the model’s classification capabilities in clinical practice.

The developed model achieved promising results in the diagnosis task, effectively addressing the
limitation posed by the small dataset. However, it is worth noting that the performance could
potentially benefit from further improvements with the utilization of a larger-scale dataset for
both training and validation tasks. Additionally, the current model focuses on the diagnosis of
one fracture type per X-ray image, and its capability to provide multiple types simultaneously

may require additional refinement.

5.7 Summary

This chapter presented a novel CNN approach for PFF diagnosis, tackling challenges related
to dataset limitations, including size constraints. It defined the clinical process for diagnosing
PFFs X-ray images, emphasizing the regions that clinical specialists focus on. The approach
incorporates clinical expertise to guide feature extraction and fusion from the most distinctive

regions within THR X-ray images, all within a multi-task CNN architecture.

Several experiments have been carried out to show the effectiveness of the developed approach.

These experiments demonstrated that combining clinical knowledge has enhanced the overall
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outcomes of fracture classification. Results show that the developed method is accurate with
an overall 89.8% AUC. This outperformed the state-of-the-art results achieved using ResNet,

which had an AUC score of 81.5%.
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Chapter 6

Reassembly of Fractured Object

Using Fragment Topology

6.1 Introduction

With the current development of 3D modelling techniques, the acquisition and processing of 3D
objects have significantly improved. This also has influenced the reassembly of broken objects
that has direct applications in various scientific domains, such as computer-assisted surgery,
digital heritage archiving, forensic evidence analysis and archaeological reconstruction. For
instance, CAP for bone fracture reduction procedures is used to assist orthopaedic surgeons in
planning for fracture surgery to identify the correct matching of the bone fragments, especially
in complex fracture cases. On various domains of reassembling 3D objects, the problem is
defined as the automatic process of identifying the fractured part of an object, searching for
corresponding fragments from the fractured object set and finally matching these parts in a
virtual representation to form the original object. However, matching between broken fragments
can not be compared to matching in general 3D object processing. When the object breaks,
new surfaces are generated which are commonly called fractured regions and the surfaces that
were not affected by the fracture are called intact regions. Figure presents these regions.
The challenges in matching broken object lie in the patterns between correlated fragments that
are matchable surrounding the fractured region only, while in general or partial 3D matching
the overlap patterns are more notable. In addition, the erosion and missing some parts of the

fragment will introduce significant complexity to the problem.
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Figure 6.1: Examples of intact and fractured facets for different fragments.

The existing approaches for reassembling fractured objects can be divided into three main
categories; reassembling based on fragment regions matching, reassembling using a template as

guidance to reconstruct the object and methods that depend on expert support.

The region-based matching approaches commonly utilised the local surface properties to find
similarities between adjacent fragments. Some approaches relied on the intact regions only to
match fragments. For instance, Sagiroglu and Ercil used inpainting and texture synthesis
methods to predict the pixel values in the band surrounding the fragment border. The texture
features and confidence values were derived to compute an affinity measure of correlated pieces.
The alignment of parts and assembly was determined by maximizing the affinity measure. FFT
shift theory was utilized to find the alignment between pieces for the puzzle reconstruction.
Indeed, intact-based matching approaches commonly assume that only the intact surfaces are
acquired when scanning the puzzle pieces. However, such scan and clear segmentation between
the intact and fracture regions might be difficult, especially when fragments are small. Other
approaches considered the fracture regions to reconstruct the object. For thin shell objects such
as a pot or fresco fragments, the fracture region is often treated as a boundary curve of the
fragment and the problem is reduced to 2D puzzle solving (Kong and Kimia Gama Leitao
and Stolfi Amigoni et al. ; J. C. McBride and Kimia Dellepiane et al. .
Kong and Kimia sampled the contour based on a polygonal non-uniform approximation in
different scales and stored a curvature value for each point. Matching was accomplished based
on a coarse-scale representation of curves, then refined using the elastic curve approach. The
same approach was utilised by Gama Leitao and Stolfi but used a uniform sampling of

the contour of the fragment. Then, a dynamic programming sequence matching algorithm was
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applied to compare the curvature-encoded fragment contour at different scales of resolution. The
correspondence between two outlines was defined as a collection of pairs of samples that allow
many-to-one mapping between curve points. To discard the incorrect pairs, coarse fragment
fracture curve representations were used. The results were refined using a geometrically smaller
sampling stem until a final set of pairs was identified. Another method for 2D curve matching
was introduced to address the problem of unconstrained curve matching which was considered to
be computationally expensive. Many approaches constrained the matching by detecting critical
features, such as corners, and using them to guide the search. For instance, J. C. McBride and
Kimia 2003| examined the matches that begin at fragment corners only and then used curve-
matching with normalised energy to determine how far the match extends. The multi-scale was
also used to reduce the cost of matching operations. The corner points were extracted by locating
the extreme curvature for all contours. Using these points, the matching of the sub-segments
was performed on four scales. The coarse representation of contour i.e. the corner points
and the matching was performed using elastic curve matching as described in (Sebastian et al.
2003)). The second and third representations were acquired by re-sampling the sub-segment at
even intervals of arc-length across the original contours. On the second level of representation,
a group of the endpoints was determined, knowing the start point from a previous level, by
balancing similarity and extent of the matching to get locally optimal sub-contours. The third
level used the open curve matching method to obtain a more accurate measure of similarity.
The fourth level represented the original set of points from the fragment’s contour. On this
level, the least squares method was performed to obtain the optimal registration. Finally, the

pairwise affinity was measured by applying the following cost metric:

Ototal = Alcdistance + )\2 \/ Clength + )\3 V Odiagnostic (61)

where Cyjstance is the average distance between corresponding points, Ciepgin, measures the
confidence that the match is correct based on the arc length and the Cgiqgnostic measures the

complexity of the common boundary.

For general 3D fragments reassembly, the pioneered work was introduced by Papaioannou and

Evaggelia-Aggeliki Karabassi |2003| where the fragments were initially segmented into intact and
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fractured patches and the pairwise matching was performed using the curvature difference met-
ric. In another work, the authors combined both the surface and curve matching strategies
(Papaioannou and Evaggelia-Aggeliki Karabassi [2003). The fractured surfaces were extracted
and classified into external and internal surfaces based on whether one or more intact sur-
faces were adjacent to them or not. This determined which matching type can be applied to
each fractured facet. For the internal case, unconstrained surface matching was applied (Pa-
paioannou, Karabassi, et al. 2002), where two fragments patches were roughly aligned based on
corresponding region normals and their relative pose was optimised according to the curvature
difference. For the external fractured facet case, a boundary-constrained method was applied.
Two boundary lines were compared using a signature based on discrete curvature and torsion
as described in (Ugoluk and Toroslu (1999). The Euclidean distance of the local boundary fea-
ture was utilised to measure the matching. For the final alignment, a closed-form solution that
operates on consecutive triads of corresponding boundary points was used. A set of N-2 trans-
formations was obtained and the one that minimised the average distance between the two entire
point sets was stored. Another approach for solving the free-form 3D puzzle problem computed
multi-scale integral invariants for the surfaces to segment the fragment surface and define the
matching between fragments (Q.-X. Huang et al. 2006)). First, the fragments were segmented
into a set of facets using the defined surface sharpness descriptor and classified into original
and fractured facets using the computed surface roughness descriptor. Then, pairwise matching
between fragments was defined using features clustered for each fractured facet. Coarse align-
ments were performed for all pairwise matching using the Forward Search Method to define
the initial alignment. The results were further improved using ICP algorithm. Although this
method showed proper assembly for the presented cases, it is notably complicated and involves
numerous specialized algorithms for segmentation, classification, multi-scale feature extraction,
pairwise matching, registration and collision detection. This complexity poses challenges for
implementing and adopting the system. In addition, small fragments might not produce an

accurate matching due to difficulties in the segmentation of these fragments.

Rather than relying on feature computation to define the matching score between surfaces,
Mavridis et al. 2015| introduced a three-level coarse-to-fine search strategy that was based on

the residual distance between fragments.

Approaches of the second category of the fragment reassembly reconstructed the fragments by
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finding their best match to a template model using the intact surface information. Fiirnstahl et
al. 2012 used a reference of a healthy bone template for humerus fracture to aid fracture reduc-
tion surgery. The initial matching of the fragments to a contralateral bone model was performed
by identifying candidate points, which represented the outer surface of the bone. These points
were defined based on the local normal vectors. The final alignment between fracture surfaces
was obtained using the ICP method. However, the fracture lines were obtained manually in this
approach. Yin et al. |2011| proposed a two-step framework for assembling skull fragments. The
first step matched each fragment to a template skull and roughly reassembled the object using
the ICP-like template integrated with the slippage features and spin-image descriptor. The
second stage refined the assembled fragments by analysing the break curves. Similarly, Yu et al.
2012] developed a method that matched skull fragments to a template but by using heat kernels
and the RANSAC algorithm for matching, refinement and assembly calculation. K. Zhang et al.
2015b| developed a reassembling method that combined both matching of adjacent fragments’
surfaces and guidance from a template. A model with similar geometry to the original object
was used as a template. A partial matching between fragments and a template is determined
by comparing feature points. The Signature of Histograms of Orientations was utilised as a
point descriptor (Tombari et al. 2010). The matching was refined using the Random sample
consensus (RANSAC) method (Fischler and Bolles [1981)). For pairwise matching of fractured
regions, a curve matching strategy was used, which might not be sufficient for thick fractured
objects. These methods mainly depended on the availability of the template model and could

not construct a general model.

In the interactive expert-based approaches, user involvement for manual guidance is essential for
reassembly methods. P.-Y. Lee et al.|2014|introduced a method that required a manual selection
of several pair points on the fracture surface outlines of the two adjacent fragments to compute
the alignment. A coordinate transformation algorithm (Lai and K.-J. Chen 2007) was used for
the alignment of the fragments. Beibei Zhou et al. 2009 and Willis et al. [2007| developed an
interactive system that enabled the user to specify the initial matching between the fragments.
The system initially segments each bone fragment into intact and fractured surfaces based on the
analysis of the bone density. After the selection of correspondences between fractured regions,
the modified ICP algorithm was applied to perform the final alignment. Mellado et al. 2010
proposed a real-time interaction loop system that enabled the user to approximate the initial

position and orientation between two fragments and continuously correct and validate the pose
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using the Kd-tree and ICP algorithm.

Many objects break into a large number of pieces which necessitates extensive efforts for their
reassembly. As a result, user intervention in this complex process could prove to be both time-
consuming and susceptible to errors. On the other hand, previous work for automating the
reassembly process attempted either to match the fragments to a template model or to define
relations between fragments using fragment geometries. These approaches focus on different
regions of the fragment model i.e. intact and fractured regions. The template-based approaches
used the intact regions of the model to locate the fragments in a template model. However, the
optimal template model of the broken object is not always available. On the other hand, the
process of assembling a fractured object using its fractured regions relied on the existence of
salient features on the broken side. However, defining these salient properties can be challenging,
and might not be generated when the object is broken. Comnsequently, this leads to a large
number of potential matching fragments and substantially increases the complexity of finding

the correct correspondence pairs.

This chapter aims to tackle the above problems by introducing a new representation of frag-
ments. This representation is inspired by the manual assembly of broken objects. When an
expert attempts to reconstruct the original broken object, his main focus is on the fractured
boundary of each fragmented piece. Additionally, the surrounding intact area of the fractured
boundary might provide further clues about the corresponding fragment. From these observa-
tions, a fragment representation is defined by decomposing the fragment’s surface into intact
and fractured facets. Each facet is represented with a graph node and two nodes are linked with
an edge if they are spatially adjacent. This representation is referred to as a fragment topol-
ogy , see Figure (b). This topology simplifies searching for potential matching fragments
using both fractured facets and their adjacent intact properties. In addition, the orientation of
the matching fragment is easy to identify using the adjacent intact facets information of each
node i.e. matching fractured boundary and intact boundary. To extract fragment topology, the
fragment is segmented into intact and fractured facet using a new defined surface feature which
improves the facet segmentation. Then, an iterative matching and representation of fragments
are used to find the optimal matching pairs and form the original object. The contributions
of this work are: (1) this chapter proposes an integrated approach that combines the intact

facet properties with the fractured boundary curves to assemble fractured object and minimize
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Figure 6.2: The general workflow of the proposed method. (a) segmentation of fragment surface
into intact and fractured facets.(b) Creation of fragment topology and descriptors. (c¢) Matching
between graph nodes to find possible matches (d) Iterative Matching and representation of
fragments.

the potential matching. (2) a fragment topology is introduced which represents the fragment
features and simplifies the search for possible matching, further enhancing the reassembly pro-
cess. (3) a new feature is proposed in this work that improves the facet segmentation and

classification process significantly.

6.2 Assembly Approach

This work introduces a novel, fully automatic method for reassembling fractured objects. The
fragment topology is proposed for representing the fragment’s surface based on its part arrange-

ment. This topology is used to guide the search for possible matching fragments.

Given a set of fragments F;, optimal matches are identified to reconstruct the original shape of
the object. The reconstruction of the broken object has four main steps as illustrated in Figure

0.2)
1. Segmentation of fragment surfaces into intact and fracture facets (Section [6.2.1)).
2. A graph representation of the fragments (Section [6.2.2)).

3. Extraction of boundary curve features and other properties to measure the pairwise match-

ing between fragments (Section |6.2.3)).

4. Tterative assembly of the object by matching the selected corresponding pairs and updating
the representation with the combined fragments (Section [6.2.4]).
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6.2.1 Fragment segmentation

The initial step in matching fragments is the analysis of the fragments’ surfaces and extraction
of regions of interest. When the object breaks, new surfaces are generated that form a fractured
region. Therefore a fragment’s surface can be categorised as intact and fractured. Each of these
regions provides different characteristics that can support finding correct matching between
the fragments. The intact regions identify the continuity of patterns and geometries between
fragment surfaces, especially on the boundary areas close to fractured regions. On the other

hand, the fractured regions define complementarity mating between pieces.

The segmentation process was performed to divide each fragment surface into distinct regions
to avoid the wrong matches and reduce the computational effort. The primary goal in this step
is to extract segments for designing a topology. Each segment should include either the intact

or fractured surface but not both.

The proposed workflow started with an initial segmentation phase using the Region Growing
approach (Mehnert and Jackway [1997) with specific criteria. This step is followed by a merging

phase that includes the classification of regions into fractured and intact.

Region Growing

Given a 3D mesh of a fragment, it starts by selecting a random face from the surface as a seed
element and grows into a region by iteratively adding neighbours based on specific conditions.
Let S be the seed element of the current segment and L be all unassigned neighbouring faces.
The compatibility score D, is calculated based on the angle between the normalized average
normal of the seed element and its 1-ring neighbouring face (ns) and the normal vector of the

examined face (ng,):

Dy, = cos ! (ng.ny,) . (6.2)
The local average normal ng is:
Dkes, T
s = fT (6.3)

where ny, is the k" face normal within 1-ring neighbouring of seed element S,..

The above method worked well on a planer surface but resulted in multiple segmentation on a
fractured surface due to the presence of highly irregular surfaces (see Figure|6.3|(a)). Therefore,

a post-processing step is required to improve the segmentation accuracy.
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Figure 6.3: Segmentation step (a) Region growing (over-segmentation problem) (b) Merging
criterion (segment area) (d) Merging criterion (segment type + compatibility score)

Region Merging

The region-growing step provided an initial rough segmentation of a surface. In this phase, the
segments were categorized based on two criteria: the surface area of the segment and the type
of surface (fractured or intact). Rather than merging the segments and then classifying them as

in the existing approaches (Q.-X. Huang et al. 2006; Mavridis et al. |[2015; Thomas et al. 2011)),

the type of segment was exploited to perform the merging.

The first merging criterion iteratively combined all small segments i.e. the segment where the
area is less than a threshold, to adjacent large segments based on a minimum compatibility

score. The compatibility score was determined as follows:
Sj, = min (cos™ ! (ng,.ng,)) (6.4)

where ng, is the average normal vector for the large adjacent region and ng, is the average
normal vector for the small region. Figure (b) demonstrated an example of applying the

first merging step.

The second merging criterion considered merging segments of the same type and within the
compatibility score, Equation . Broken objects vary in terms of the intact surface. Frag-
ments with planar intact surfaces are easy to classify, as opposed to, fragments with highly
curved intact surfaces or detailed patterns. Therefore, a new feature was defined to distinguish
between intact and fractured facets. The ratio of surface curvature for each segment was defined

and compared to the average curvature of the fragment surface. For each fragment, the average
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of maximum curvature (€) is calculated as:

_ ZkeP Cmal"k

(6.5)
Ip|

€

Where Cj4z,, is the maximum curvature for point £ in the fragment and ‘ p‘ is the number of
points on the fragment. € is used to define the ratio of maximum curvature in each segment as:

_ |G >

R, = 7 (6.6)

where Cj, is the maximum curvature of points P on segment s;. The resulting segment ratios
(Rs) were clustered into two groups using the k-mean algorithm. Clusters with a larger centroid

value represent fractured segments.

6.2.2 Fragment Representation

This work introduced a fragment topology to simplify fragment surface representation and guide
the search for optimal pair matching. The matching fragment will have a similar topology in
terms of intact and fractured facets. The seek is to filter the wrong potential matches by defining
simple properties along the fragment topology and find out how this can reduce the search for

potentially matching fragments.

For each fragment, given the segmented facets from the previous step, a graph G = (V, E) was
defined where each node n; € V is denoting a segmented facet f; associated with a type of
facet (intact or fractured) and the boundary curve of the fractured facet. The extraction and
description of the boundary curve will be illustrated in Section The edge ¢; ; € E between
nodes n; and n; denotes the boundary connecting two facets associated with attributes such as
the arc length of the boundary curve connecting two facets, and the start and end points of the

boundary curve. Figure (b) shows an example of the fragment representation.
6.2.3 Feature Extraction

Boundary Curve of Fractured Facet

As illustrated before, when trying to reassemble the broken object, the focus is on the boundary
of the broken facet. Accordingly, a measure of pairwise similarity was defined based on these

boundaries. Multi-views of a fragment were used to extract 2D boundary curves. The fractured
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Figure 6.4: Examples of extracted 2D boundary curves.

facet was identified in the previous steps. The centroid point of a fracture facet used as a
viewpoint to project the facet boundary into the XY plane. The number of viewpoints is based
on the number of fractured facets. Figure shows an example of the extracted boundary

curves.

Boundary Curve Descriptor

The extracted boundary curve is highly affected by noise and modelling variations. Also, the
matching boundaries might be extracted in different orientations. To mitigate these problems,
boundary curves were described with a robust descriptor that is invariant to scale and rotation.
Fourier descriptors showed efficient descriptions for shapes that include scale, rotational and
translation invariant (Gonzalez Rafael [2008). The boundary points are first converted into

complex numbers to extract the curve signature, as in the following:

S(k) = X (k) + 5V (k) . (6.7)

where X (k) and Y (k) represent z and y coordinates of the curve. Fast-Fourier transform of the

boundary signature provides a Fourier descriptor and is defined as:

K—
a(u) = s(k)e I2muk/ K (6.8)
k=0

—_

where u = 0,1, ..k — 1.
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In order to achieve translational invariance, the DC component of the Fourier descriptors was
set to 0. For scale invariance, all the coefficients of the Fourier descriptor are normalised by the
second coefficient:

a(0) =0, a(u) = —= . (6.9)

Both magnitude and phase values were considered, however, phase values were affected by
rotations and start point variations. For this reason, the topology representation of fractured

facets was used to define rotations and starting points of the boundary curve.

6.2.4 Matching

For reconstructing the final object the following steps were followed:
e defining the whole-to-whole matching between the fragments.
e combining the matching fragments group as one fragment.
e recomputing the new representation of the combined fragments.

e iteration of the matching and representation until the final assembly. of the fragments is

found.

Pairwise Matching

The process of finding potential match fragments list was simplified by integrating simple prop-
erties based on the defined representation. The typical way of searching for the potential match-
ing fragment is based on finding similarities between extracted feature points, which results in
a large set of wrong potential matching points. This is typically followed with a refinement
step such as using the RANSAC algorithm (Son et al. 2018]). On the other hand, this work
introduced searching for potential matching fragments using several factors: The topology of
the fragment, for example, a number of intact and fractured neighbours and the arc length of
the boundary curve connecting intact and fractured facets, the area of the fractured facet and
boundary of fractured facets. The above geometrical properties are used to reduce the potential

matching pairs.

In order to identify exact matching pairs, a similarity score between possible pairs was defined

as the Euclidean distance of their Fourier descriptors of the boundary curve.
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Dataset Model name Type # fragments | Vertex range
Vienna Brick stone 6 70k - 111k
Cake mortar 11 57k -151k
Sculpture clay 7 95k - 198k
PRESIOUS Nidaros Crypt Tombstone stone 5 110-150
Nidaros Cathedral Column Base stone 5 40k - 70k
Bone Model Femur Foam cortical shell 2 57k - 64k

Table 6.1: Fractured objects used to evaluate the facet extraction methodology

Group Matching

Based on the fragment topology similarity and the defined similarity score, the best matches
between fragments were selected and the assembly graph was initiated. All fragments were
encoded with their extracted best matches in a reassembly graph G = (V, E). Each node n; € V,
denotes a fragment F; and each edge between the nodes n; and n; denotes the correspondences
between the fragments. Each connected component in the graph was considered as a whole
fragment. So its new representation and pairwise matching were recalculated and the reassembly

graph was updated until all graph nodes were connected.

6.3 Results and Discussions

To validate the proposed method and the effectiveness of each step, first, the facet extraction
step is validated and then the fragment assembly. The evaluation settings and the results of

each experiment are demonstrated in the following sections.

6.3.1 Facet Extraction

The proposed facet extraction method was assessed on four kinds of fractured objects; stone,
mortar, clay and foam cortical shell. Table [6.I] showed an overview of the 3D models used
to evaluate the proposed facet extraction method. The objects used in this experiment were
broken into different numbers of fragments and various sizes and shapes. Also, some fragments
were exposed to weathering and erosion which changed surface properties. The bone models

were generated from CT scans.

The input to this method is a digital model of broken fragments. The tested number of vertices
for each fragment was between 40k to 151k and the total number of tested fragments was 36
fragments. Figure|6.5|illustrated some examples of the segmentation phases for each of the used

three datasets.
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Brick (139k faces) Cake (303k faces) : Dora (100k faces) i Bone (113k faces)

Region
Growing |

Region
Merging
(area)

15 segments | 14 segments 12 segments

Region
Merging
(class)

8 segments 8 segments: 7 segments | 7 segments

Figure 6.5: Result of facet extraction in each step for different datasets (see Table )

The evaluation of the facet extraction step examined the performance of the segmentation of
facets and the classification of each facet as either intact or fractured. For the segmentation, the
manual segmentation of the fragment surface was used as ground truth. The Dice Coefficient
(DC) was used as an evaluation metric for the segmentation. It computed the spatial overlap
between two sets of segmentation i.e. the ground truth and the resulting segmentation. The
DC score ranged between 0 (not similar) and 1 (similar) and is defined as follows:

. 2x||RiNRY||
DC(Ri, Ri) = g

== EAU (6.10)
IR+ (1R ||

Where R/, and Rff are the automatic and manual segmentations, respectively, and 4; is the index

of the closest segment from the ground truth segment (S;) to R’ which defined as:
it :argmaxk(HRéﬂR;H) . (6.11)

The DC between two segmentation the result segmentation (S,) and the ground truth segmen-

tation (Sy) is computed as follow:

k . .
- 1 DC(R,, R
DC(Sa,Sg) _ Zz—l k( a g) )

(6.12)

104



Chapter 6. 6.3. Results and Discussions

Recall

== = e =]
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fragl frag2 frag3 fragd fragh

B Local Bending Energy M Normalized Sphere Volume B Ratio of curvature

Figure 6.6: The Recall value for Local Bending Energy (Q.-X. Huang et al. 2006)), Normalized
Sphere Volume (Mavridis et al. 2015) and the Ratio of curvature.

To evaluate the efficiency of the facet classification model, the overall accuracy was measured
as the ratio between correctly predicted facet type and the total number of facets. The results
were further assessed using Recall to measure the rate of fractured facets that were classified

correctly and is defined as:
EREA|

Recall =
[ExAl

(6.13)

Where S} represents the facets that are classified as fractured and Sg is the ground truth of

fractured facets.

Results - Figure [6.5] showed the results of the facet extraction steps for different types of
fragments. The first row presented the Region Growing algorithm results with (D; = 5°).
It performed well on the flattened surface, whereas provided over-segmentation in the curved
regions, which resulted in a 0.01 DC score. Using merging by area only has enhanced the
segmentation results to a 0.66 DC score. However, when both merging criteria were applied i.e.
the area and the class, the segmentation was improved and provided a 0.87 DC score (for area
threshold < 2% and D; = 5° ). Choosing a good threshold was a difficult problem, therefore it

was selected empirically.

The introduced feature for classifying fractured facets achieved an 82% overall classification
accuracy. Notably, 97% of the fractured facets were correctly classified, demonstrating the
effectiveness of the proposed features in accurately identifying these critical regions. Figure
presented the Recall value for extracting fractured facets utilizing the ratio of curvature
compared to existing state-of-the-art method techniques. Q.-X. Huang et al. computed
the local bending energy for each point to classify the segmented region and Mavridis et al.

2015| utilized the normalized sphere volume as a classification factor. The Nidaros Cathedral
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dataset was used to compare the results. Even though Q.-X. Huang et al. |2006| illustrated
enhanced performance in frag2 and fragh, using ratio of curvature improved the fracture facet
classification significantly with a recall value of 100% in frag2, frag3, frag4 and fragh. It is also
important to note that both Q.-X. Huang et al. 2006/ and Mavridis et al. 2015/ methods required
expert intervention to adjust multiple parameters for segmenting and classifying the fractured
facet, the proposed approach achieved better outcomes without user intervention. Additionally,
the proposed method was assessed on various types of object materials and datasets, while

Mavridis et al. 2015 method appeared to be effective for specific fractured objects.

6.3.2 Fragments Assembly

Evaluating the reassembly of the broken object method is restricted by the lack of the original
model. Therefore, the proposed method was validated using both simulated and real models.
For the simulated models, different 3D models were created and shattered into different config-
urations. The creation of the simulated 3D models was made using Autodesk Maya software.
Refer to Figure (a) as an example. First, a shatter effect was applied to a 3D model. Then,
random translations and rotations were applied to each fragment to simulate the occurrence
of a fracture. In addition, the approach was evaluated using real broken objects provided in

Q.-X. Huang et al. 2006, Figure (b) presented a brick fractured example.

To assess the reassembly result in comparison to the original model, it was necessary to exclude
the fractured regions. This task required accurate segmentation, which presented challenges
and was prone to errors. Instead, the evaluation was performed by comparing the assembly of
the original fragments with the resulting assembly. For the simulated dataset, the ground truth
was generated by breaking the object and preserving the connected fragments. Subsequently,
random transformations were applied to simulate the shatter effects. Figure (a) showed
the different stages for generating the simulated dataset. For the real fractured object, manual

aligned fragments were utilized as the ground truth for evaluation.

The accuracy of the reassembly is computed using the error measure (E,.r) which defined as

the root mean square error between the reference and reassembled pieces.

N
N (F, — F,.)2
Eref _= \/le( ]\7,]- 7,) . (614)
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O

Original Object

Fragments

L

(b)

Fragments reassembly

(a)

Figure 6.7: (a) Example of the simulated dataset. (b) Brick fractured model (Q.-X. Huang

et al. 2006)).

Where F;,, F,, are the it" point on the reference and aligned model respectively and N is the

number of the points.

Results - The proposed method was ran on desktop with 3.60 GHz Core i7 CPU and 16 GB
RAM. Table[6.2]showed the run-time of the reassembly method. The total computation required
14 seconds for 6 fragments object and might increase depending on the number of fragments.
In the reassembly process, the most time-consuming step was the search for potential matching
fragments. For brick fragments, the K. Zhang et al. method required 2 seconds to set the
potential matches and Son et al. required about 16 seconds. In contrast to these methods,
the proposed method found matching fragments of a brick model within 0.7 seconds. This was
decreased by introducing the topology of the fragment, which restricted the number of possible

matching combinations.

Figure and showed the reconstruction of fragmented object 1 and object 2. These
objects were shattered into different configurations and composed of fragments that have a
partial relationship to each other. The proposed method can identify the initial matching

pieces correctly and reconstruct the final shape effectively. The pairwise alignment between the

107



6.3. Results and Discussions Chapter 6.

Model | #V | #F | tyep (S) | tpm (8) | tmm (8)
objl 80k 3 1.34 0.1055 0.01
obj2 108k | 4 2.3 0.32 0.07
brick | 534k | 6 13 0.7 0.13

Table 6.2: Performance of the proposed method: (model name, number of vertices of all frag-
ments, number of fragments and time in seconds for representation process of all fragments
(trep), create potential matching (¢,,,) and multi-piece matching(t,,m))

Matching fragments

First iteration Second iteration

@)

Pairwise Alignment

o

(c)

Eref: 0.036 mm
ta:0.023 sec

Figure 6.8: Objectl model: (a) Multi-piece reconstruction of the fragments. (b) iterations to
reconstruct the original object. (c) Pairwise alignment, the resulting reference error (E,.r) and
the alignment time ().

fragments was measured based on the matched fractured boundary using the ICP method and
provided efficient and accurate alignment with average error E,.y = 0.047 mm. Figure (c)

and (c) showed examples of the pairwise alignment between two fragments.

In addition, the proposed method was tested on a real model (brick model) which was fractured
into six fragments. The broken brick model was affected by erosion and each fragment can be
matched with one or more of the other fragments. Figure (a) illustrated the multi-piece
matching construction between the brick fragments. The introduced topology representation

can achieve 0.19 mm matching accuracy after two iterations, see Figure (b).

The previous reassembly methods, Q.-X. Huang et al.|[2006|and Son et al. 2018, proposed a com-
plex descriptor of fractured facet that required a large number of discriminating points in order
to accurately describe the facet. In both these methods, the potential pairwise matching process

resulted in incorrect matches that required further refinement steps to reduce the possibility of
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Matching fragments

First iteration Second iteration  Third iteration

@ 0O

(b)
Pairwise Alignment
Eref: 0.059 mm

ta: 0. 016 sec

>~
(c)
Figure 6.9: Object2 model: (a) Multi-piece reconstruction of the fragments. (b) iterations to

reconstruct the original object. (c) Pairwise alignment, the resulting reference error (E,.r) and
the alignment time ().

wrong matches, leading to the increased complexity of the algorithm and the matching time.
The proposed fragment topology combined the fractured region boundary and its relation to
adjacent intact facets to define matching fragments. This simplified the searching for matching

fragment and provide promising results.

6.4 Summary

This chapter developed a new approach for solving 3D puzzle problems directly applicable in
many fields including computer-assisted surgery and archaeological reconstruction. The devel-
oped approach combined intact facet properties with the fractured boundary curves to assemble
the fracture and minimize the potential matching. A novel representation called ’fragment topol-
ogy’ is introduced which captures features of fractured facets and their relationships to intact
facets. In addition, a new feature ’ratio of curvature’ is proposed for segmenting and classifying

fragment facets.

Several experiments have been conducted to validate the effectiveness of the developed approach.
These experiments demonstrated that using fragment topology has simplified the search for
potential matches and enhanced the reassembly process. Unlike the existing approaches such as

Q.-X. Huang et al. 2006/ and Son et al. 2018, this approach avoids the complexity and increased
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Matching fragments

First iteration Second iteration

£

Eref: 0.15 mm
ta:0.019 sec

Eref: 0.24 mm
ta: 0. 016 sec

(c)

Figure 6.10: Brick model: (a) Multi-piece reconstruction of the fragments. (b) iterations to
reconstruct the original object. (c) Pairwise alignment, the resulting reference error (E,.y) and
the alignment time(t,).

computational cost associated with the use of numerous specialized algorithms in each step.
Instead, this is achieved through the proposed fragment topology that represents a fragment as
graph and constrains matching fragments using simple features like adjacent fracture types and

fractured facet areas.

The experiments also showed that using the ratio of curvature has improved the facet clas-
sification and segmentation results significantly. The proposed feature provided an accurate
classification of fractured facets by identifying 97% correctly in the test dataset. Using Nidaros
Cathedral dataset for comparison, this work achieved 98.6% recall score. This outperformed
the state-of-the-art results achieved using Q.-X. Huang et al. and Mayvridis et al.

which had a recall score of 56% and 50%, respectively.

110



Chapter 7

Conclusion

7.1 Summary of Main Outcomes

The focus of this thesis is on the design of the framework for automatic and reliable THR X-ray
image diagnosis, enabling the analysis of intricate information and other features of interest
and assisting in treatment planning. Many objectives were outlined in this context. These

objectives were addressed as follows:

e Generation of THR dataset was achieved by collecting a large THR dataset from multiple
trauma centres in the United Kingdom and a published dataset (Patel et al. 2021)). The
generated dataset involved a wide range of implant designs, post-THR X-ray images and
different kinds of PFF fracture X-ray images. In addition the images were of different
orientations and various positioning of the hip that could include the whole femur or partial
part of the femur. The images were annotated by two clinicians for fracture labelling and

one clinician for defining the fracture region boundary and Gruen landmarks positions.

(Chapter [3] and Chapter [4)).

e Automatic detection of implant landmarks of interest and the segmentation of the implant
were addressed by integrating the prior shape knowledge with DL model. First, the shape
of the implant component is represented by applying SSM based on the Gruen zone
landmarks. Then, a hybrid approach for simultaneous regression of SSM parameters
and segmentation maps of the implant component is developed. The final landmarks

were computed by aligning the shape with the segmentation maps. It was found that
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the incorporation of shape knowledge enhanced the results of both segmentation and

landmarks detection. (Chapter [4).

e Developing a framework for diagnosing PFF images that addresses current data limitations
and associated challenges was achieved by incorporating the clinical diagnosis process
into DL. The clinical process of reading PFF X-ray images is defined first, and then
these steps are utilized to design a knowledge-guided framework for PFF diagnosis. The
framework consisted of four main feature extraction components and a joint fusion learning
component that extracted the most distinctive regions of femur X-ray image enabling us
to acquire comprehensive deep feature knowledge from the images and resulting in a
more robust and effective solution. It was found that integrating clinical interpretation
knowledge has improved the PFF diagnosis with a higher mean F1 score compared to the

state-of-the-art model. (Chapter [5).

e Design a framework for the reassembly of the fracture object to assist in the pre-operation
planning for fracture reduction was initially addressed by introducing a framework that
combined intact and fractured facets boundary to reduce the possible matching between
fragments. In addition, a new representation was introduced to represent a fragment and
its associated features which were used to simplify the search for possible matching. The
segmentation and classification of the fragment facets were improved by the proposed

feature, a ratio of curvature. (Chapter [6).

7.2 Contribution to the Knowledge

The current practical methods for diagnosing and planning treatments for THR complications
rely on interventions from clinical experts. However, this intervention can result in outcome
variability, human errors, and potential diagnostic delays, especially in situations where there is
a shortage of experienced clinical specialists and with a growing demand for THR treatments.
This thesis developed approaches for automating and improving the diagnosis and planning of
THR complications. This section emphasises the significance of the proposed approaches in
advancing knowledge of the medical image analysis domain particularly in THR X-ray images.

The scientific contributions of this thesis can be summarized in the following:

e Developed a DIL-based method for automatically detecting, diagnosing, and localizing
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PFF in THR X-ray images using CNN-based models like DenseNet and ResNet. To this
end, a large database of THR images with PFF cases was generated associated with the
annotations of fracture class labels and boundary boxes of the fracture region. In-depth
assessments of numerous CNN-based architectures demonstrated that DenseNet achieved
the best PFF detection performance, with F1 score of 95%. Challenges were identified
in classifying fracture types, with typical CNN models achieving a lower F1 score of
54% as the task complexity increased. The fracture region localization methods were also
assessed, with the CAM method providing an approximate visualization and Faster RCNN
achieving a localization accuracy of 74.5%. Using the ROI as a pre-processing step for
classification provided similar performance to using the entire image, a contrast to other
fracture classification methods designed for specific anatomical regions like the proximal
femur. This highlighted the challenges and pattern variations presented in PFF X-ray
images. A journal article has been published to demonstrate this work (Alzaid, Wignall,

et al. [2022).

e A novel CNN approach is introduced for segmenting the implant femoral component and
predicting the Gruen landmarks, essential for THR radiograph analysis and detecting
complications such as PFF and implant loosening. The Gruen landmarks are precisely
defined to represent the implant’s femoral shape, forming the basis for an SSM. A hybrid
CNN network is developed to perform simultaneous implant component segmentation and
SSM parameter regression, allowing for accurate implant landmark localization. An an-
notated THR image dataset is created for future research. Extensive experiments showed
the approach’s effectiveness with segmentation results of 80% dice score and HD of 8.8
px, outperforming the state-of-the-art result of 74% dice score and HD of 16 px. Likewise,
landmark localization achieved a remarkable NMRSE of 0.33 pixels, surpassing results
obtained with DenseNet 2.78 px. These contributions enhanced THR image analysis and
provided valuable knowledge for clinical applications. A journal article has been submit-
ted to demonstrate this work and currently is under review process (Alzaid, Lineham,

et al. 2023).

e A new CNN model was developed for diagnosing PFFs, addressing dataset limitations
and highlighting clinically significant regions. This involved observing and defining a

clinical diagnosis process and automating the localization and cropping of Gruen zones
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using detected landmarks. A multi-task CNN architecture was designed according to
these clinical processes, enhancing the extraction of discriminative features in THR X-
ray images to improve PFF diagnosis. Experimental results demonstrated the approach’s
effectiveness, achieving an overall AUC of 89.8%, surpassing the state-of-the-art AUC
score of 84% that is achieved using ResNet. This work is accepted as a full paper in the

29th IEEE International Conference on Mechatronics and Machine Vision In Practice.

e A new approach to solving 3D puzzle problems is introduced, with broad applications in-
cluding computer-assisted surgery and archaeological reconstruction. The approach com-
bined the fragment intact facet properties with fractured boundary curves, employing a
new ’fragment topology’ representation to capture fractured facet features and their re-
lationships with intact facets. Additionally, a 'ratio of curvature’ feature was proposed
for fragment facet segmentation and classification. Experiments demonstrated that the
use of fragment topology simplified potential match searches and improved the reassembly
process, avoiding the complexity and increased computational cost associated with the use
of numerous specialized algorithms in each step in the previous methods. The ’ratio of
curvature’ feature significantly improved facet classification and segmentation, achieving
98.6% recall score when tested on Nidaros Cathedral dataset which outperformed state-of-
the-art methods (Mavridis et al.|[2015/and Q.-X. Huang et al. [2006)) which scored 56% and
50% of recall. This work has been presented as a full paper at ICPRS-19 and published

in IET Conference Proceedings (Alzaid and Dogramadzi 2019).

7.3 Future Directions

Although the proposed methods are intended for THR image analysis, these methods can be

extended in many directions.

While the current research focused on the development and evaluation of the automated model
for segmentation of implant, detection of the Gruen landmarks and diagnosis of PFF, a com-
parative study involving a diverse group of human experts, including radiologists, surgeons,
medical students, and other clinical specialists, is indeed a valuable pathway for future re-
search. Conducting such a comparative study could provide a comprehensive understanding of
the performance of the developed system across different levels of clinical expertise and show

its strengths and limitations. This could help in assessing the model’s clinical relevance and
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understanding where it excels or faces challenges. Additionally, such a study could contribute
to the validation of the model in a clinical context, ensuring that it aligns with human expertise

and can be effectively integrated into the existing diagnostic workflow.

The developed method for the identification of Gruen landmarks and segmentation of the im-
plant component can be extended to compute and analyse many other THR complications such
as implant dislocation, subsidence and implant loosening or defining a wide range of implant
designs. In addition, this method represents a pioneering approach in the domain of detecting
Gruen landmarks, presenting the initial set of results achieved in this domain. As a future direc-
tion, exploring more advanced CNN blocks such as Squeeze-and-Excitation Block, Multi-Head
Attention and Hypercolumn Blocks with the goal of enhancing these outcomes could be consid-
ered. Enhancing the accuracy of landmark detection can significantly contribute to improving
the overall PFF diagnosis process, leading to more precise classification and better treatment

planning for patients.

Furthermore, the PFF diagnosis approach opens the possibility for its extension to other or-
thopaedic implant joints, such as the shoulder, knee, or ankle. The outcomes achieved in
diagnosing PFFs using the developed framework provide a foundation for adapting and apply-
ing this methodology to diverse joint contexts. For instance, similarities between shoulder and
hip implants could be evaluated to determine if the segmentation challenges and requirements
for the two types of implants align closely. Also, the THR dataset can be adapted to train
the segmentation model for shoulder implant and the diagnosis network could be fine-tuned

according to the shoulder implant requirements.

As demonstrated in Chapter [4 and Chapter [5] that the integration of shape prior knowledge
and clinical interpretation medical knowledge into DL model has significantly contributed to
the enhancement of results, effectively addressing challenges arising from dataset limitations.
Exploring various dimensions of medical knowledge such as implant type knowledge, surgical ap-
proaches and follow-up radiographs, could further improve the effectiveness of the THR analysis

approach.

For the reassembling fractured objects method a new representation is defined to minimize the
search for potential matching which consisted of multiple features such as the boundary curve of
the fracture region, the future direction will include the expansion of the fragment representation

to involve additional properties that accurately describe the intact surface. Furthermore, apply
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and evaluate the method to more complex and noisy fragments such as 3D models of fractured

bones.
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