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Abstract

The cervical spine is composed of seven vertebrae from C1 to C7 with a lordotic curve (C-shaped
curve) and joints between vertebrae for spine mobility. A computed tomography (CT) is
commonly used by experts and physicians in imaging diagnosis to give information about the
cervical spine and vertebrae in the neck. Diseases such as spinal stenosis (narrowing of the spinal
canal), herniated discs, tumors, and fractures in the cervical spine can be diagnosed by CT scans.
Quickly detecting the presence, and location of cervical spine fractures in CT scans helps
physicians prevent neurologic deterioration and paralysis after trauma. Throughout this thesis, a
U-Net model was trained for semantic segmentation on approximately 2019 study instances with
provided CT images, while only 87 of them have been segmented by spine radiology specialists.
After that, a combination of 2D CNN and bidirectional GRU deep learning models was used for
the detection of fractures in each vertebra, as a classification task.

The objectives of this research are to develop two deep-learning models for detecting and
localizing cervical spine fractures and evaluate the ongoing research activities on semantic
segmentation and classification in the medical field. This research aims to use a semantic
segmentation algorithm in deep learning by using U-Net architecture to estimate the location of
each cervical vertebra, as well as propose a deep convolutional neural network (DCNN) with a
bidirectional GRU memory (Bi-GRU) layer for the automated detection of cervical spine
fractures in CT images. This approach was trained and tested on a dataset provided by RSNA
(a team of the American Society of Neuroradiology and Spine Radiology).

Furthermore, the critical factors, such as preprocessing techniques and specialized loss functions

il



were explored that must be taken into consideration when segmenting 3D medical images.
Whether used as a standalone framework for segmentation and classification tasks or as an
integrated backbone for medical image processing, this architecture is flexible enough to
accommodate other models. The proposed approach yields results that are comparable to those
of existing techniques, but it can be improved by using larger image sizes and more advanced
GPU workstations that will reduce the overall processing time.

Future research will be using other pretrained networks as an encoder and increasing image sizes
to examin the performance improvmet of the architecture which needed more advanced
computational resources and also integrate the current architecture into a simulated crash

scenarios to use in various applications such as producing protecive sport equipments.
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Chapter 1

Introduction

This chapter introduces the problem studied, its significance, and the objectives of this research.
In this chapter, a brief overview of the damage to the spinal area will be introduced. Then, the
application of Al in the medical industry will be discussed. Then, the objective of this

dissertation to detect the fracture in the cervical spine will be briefly presented in section 1.2.

1.1 problem statement and motivations

Motor vehicle accidents, sports-related injuries, and falling mostly result in damages to the
spinal area, particularly, the upper cervical spine. For high-risk patients such as those with
fractures or displacements seen on their plain radiographs, CT scans are taken to detect the
location of fractures. It is vital to quickly diagnose and treat fractures to prevent neurologic
deterioration and paralysis after trauma.

Artificial intelligence (Al) is being used in the healthcare industry in various areas such as cancer
detection and analyzing MRI or X-ray images. Also, Convolutional Neural Network (CNN) [5],
one type of deep learning algorithm, is particularly used in analyzing medical images. Image
segmentation can be used to show the exact location of tumors or vertebrae in the human body.
Previous studies in the segmentation of the cervical spine used models to detect the location of

the spine and then find the boundary of each vertebra by deforming a 2D contour. Different



machine learning approaches, such as Hough-based and U-Net architectures, are used with
strong performances on semantic segmentation problems. U-Net is widely used in medical image
segmentation, and it has been applied in many areas such as brain, liver, and cell segmentation.
There are several different variations of the U-Net architecture that have been developed for
specific tasks and applications.

This project develops a deterministic and automated model for the detection of cervical spine
fractures, through the development, training, validation, and testing of a two-stage model. The
first stage involves a semantic segmentation task, and the second stage involves a CNN model.
The models use the patient’s CT scans provided in the Digital Imaging and Communications in
Medicine (DICOM) and Neuroimaging Informatics Technology Initiative (NIFTI) formats and
then observe their performance metrics, such as dice coefficient, sensitivity, specificity, and
accuracy [21].

It is expected the results of this research have a positive impact on the quick detection of
cervical spine fractures before complications of undiagnosed injuries. Ultimately, it is expected
that the deep learning models developed in this project will become useful models for research
labs, clinical environments, and industries to correctly estimate the location of fractures in the

cervical spine.

1.2 Objectives

The general objective of this research is to develop a system that can automatically and
accurately identify disruptions or breaks in the bones of the cervical spine using medical
imaging. In addition to the suitability of the proposed architecture as a standalone model, it can

be used in an integrated framework to enhance robustness.



1.3 Outline of this Thesis

This dissertation is organized as follows. Chapter 2 presents background information about
cervical spine anatomy and different types of injuries and disorders. Then, the recent studies to
detect the disruptions in the cervical spine medical images and the application of Al will be
discussed in Chapter 3. Chapter 4 highlights the analysis of the dataset and the requirements of
training both segmentation and classification models. Both Chapter 5 and Chapter 6 present our
proposed deep learning models. Finally, Chapter 7 summarizes the contributions of this research,

provides the conclusions, and highlights future works to this thesis.



Chapter 2

Theory and Background Materials

This chapter first provides basic information on related topics to the main study of this
dissertation in section 2.1. Then, diagnostic techniques of cervical spine fracture and image
segmentation will be discussed that have been explored prior to the rise of deep learning for
cervical spine fracture detection. Section 2.4 presents three significant deep-learning

architectures that were the inspiration for this research: U-Net, CNN, and Bi-GRU.

2.1 Cervical spine anatomy

The cervical spine is the uppermost portion of the spine that runs from the base of the skull to
the top of the thoracic spine. It is composed of seven vertebrae and is responsible for supporting
the weight of the head, protecting the spinal cord, and allowing for a wide range of motion,
including head and neck rotation, flexion, and extension. Understanding the anatomy of the
cervical spine is important for medical professionals, researchers, and anyone who wants to
maintain optimal neck health [12].

The cervical spine consists of seven vertebrae labeled C1 to C7. The first vertebra is an atlas
with a ring-shaped bone that begins at the base of the skull. The primary movements of the
atlas are flexion and extension, with a normal range of approximately 15° to 20° of flexion to

hyperextension at the atlanto-occipital joint [62].



Figure 2.1: the anatomy of skull and cervical spine from greatbigcanvas [27]

The second vertebrae also called the axis, allows the atlas to pivot against it for the side-to-side
‘no’ rotation of the head. One of its prominent characteristics is the dens, a bony protuberance
that extends superiorly from the body of C2. The dens act as a pivot point and form a critical
articulation with the atlas, allowing for rotational movement of the head and neck. The typical
range of rotation for the atlas on the axis is approximately 50° in each direction [62].

C3 to C7 vertebrae are structurally similar, but each possesses distinct features that contribute
to their specific functions within the cervical spine. These vertebrae share common anatomical
elements, including vertebral bodies, vertebral arches, spinous processes, transverse processes,
and facet joints.

The cervical spine’s overall flexion or extension is not necessarily reflected in the movement of
individual vertebrae, and each vertebra contributes to motion differently. This distinct motion
pattern is relevant for understanding injury mechanisms in the cervical spine [6]. The main
structure of the cervical spine is shown in Figure 2.2.

Each cervical vertebra consists of a vertebral body, vertebral arch, and spinous process (Figure

2.3). The vertebral body is the anterior component of a cervical vertebra. It serves as the



Atlas (first cervical vertebra)

Axis (second cervical vertebra)

Spinous process

Transverse process

Vertebral body

Figure 2.2: the structure of the cervical spine, the uppermost portion of the spine from Muscu-
loskeletal [61]

weight-bearing structure, responsible for providing stability and absorbing forces exerted on the
spine. The vertebral bodies are connected through intervertebral discs, which act as cushions
and allow for mobility. These cylindrical structures have a thick outer shell of compact bone,
while the inner core consists of cancellous bone, giving them strength and resilience[19].

The cervical spine also includes intervertebral discs, which are located between adjacent
vertebrae. They are essential components of the cervical spine, providing flexibility, shock
absorption, and spinal alignment. During daily activities, the discs absorb and distribute the
forces applied to the spine, reducing stress on the vertebrae and preventing damage to the spinal
structures. Also, intervertebral discs allow for controlled movement between adjacent vertebrae,
enabling the neck to bend, rotate, and flex in various directions. The discs contribute to
maintaining the natural curvature and alignment of the cervical spine, ensuring optimal posture

and balance [67].



The atlas (C1) and axis (C2) vertebrae viewed from the superior perspective

Posterior
supatiar tubercle

body

Figure 2.3: A superior view of one typical vertebra from Peter et al. [9]

Spinal Cord

Mucleus
Pulposus

Annulus Fibrosus

Figure 2.4: intervertebral view from the American Academy of Orthopaedic Surgeons [14]
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Figure 2.5: Spinal Ligaments from Health Central [65]

The proper functioning of the cervical spine is attributed to a network of ligaments that connect
the vertebrae and provide structural integrity. Here, This research will be delved into the most

important cervical spine ligaments, their functions, and their importance in maintaining spinal

stability (Fig 2.5).



2.2 Cervical spine injuries and disorders

Injuries to the cervical spine can result from trauma, repetitive stress, or degenerative changes.
These injuries can cause significant pain and discomfort and can lead to long-term disability. A
cervical spinal cord injury is damage to the spinal cord in the neck region, which can result in a
range of physical and neurological symptoms depending on the location and severity of the
injury. The spinal cord is a long, thin bundle of nerve fibers that runs from the brain down
through the spinal column and is responsible for transmitting signals between the brain and the

rest of the body (Fig 2.6).

Frachused
wartebral body

Figure 2.6: Spinal Cord injury from INSYNC PHISIO [52]

Whiplash is a common injury of the cervical spine that occurs when the neck is forced to move
rapidly back and forth. This can happen in car accidents, sports injuries, or falls. Whiplash can
cause damage to the muscles, ligaments, and nerves of the cervical spine, resulting in pain,
stiffness, and limited range of motion. Symptoms of whiplash include neck pain, headache,
dizziness, and fatigue. Treatment options for whiplash include rest, ice, heat, and
over-the-counter pain medication. Physical therapy may also be recommended to strengthen the
neck muscles and improve the range of motion. In severe cases, surgery may be necessary to

repair damaged tissues [63].



Cervical sprains and strains are injuries to the muscles and ligaments of the cervical spine.
These injuries can occur due to sudden trauma, repetitive stress, or poor posture. Symptoms of
cervical sprains and strains include neck pain, stiffness, and limited range of motion [4].

Cervical radiculopathy is a condition in which the nerve roots that exit the cervical spine become
compressed or irritated, causing pain, weakness, or numbness in the arms. This condition can be
caused by a herniated disc, degenerative changes, or spinal stenosis. Treatment options for
cervical radiculopathy include rest, over-the-counter pain medication, and physical therapy. In
severe cases, surgery may be necessary to decompress the nerve roots and relieve pressure [42].

A cervical herniated disc is a common spinal condition that occurs when the outer layer of a
spinal disc in the neck ruptures or tears, causing the inner gel-like material to leak out. This can
lead to compression or irritation of the nerves in the neck, causing pain, weakness, and other
symptoms. A cervical herniated disc can occur due to age-related wear and tear on the spinal
discs or due to trauma or injury to the neck. Factors that increase the risk of developing a
cervical herniated disc include aging, repetitive stress, poor posture, and genetics [53].

To conclude, injuries to the cervical spine can cause significant pain and discomfort and can lead
to long-term disability. It’s important to seek prompt medical attention if you experience any
symptoms of cervical spine injury. Treatment options vary depending on the type and severity of

the injury and may include rest, medication, physical therapy, or surgery.
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2.3 Cervical Spine fracture detection

Cervical spine fractures are significant injuries that can have severe consequences if not
diagnosed and managed promptly. They are commonly associated with traumatic events such as
motor vehicle accidents, falls, and sports injuries. Timely detection and accurate diagnosis of
cervical spine fractures are crucial to ensure appropriate treatment and prevent potential
complications. In recent years, advances in medical imaging technology and innovative
diagnostic techniques have greatly enhanced the detection of these fractures. This section

explores the previous approaches and emerging technologies in cervical spine fracture detection.

2.3.1 Diagnostic Techniques:

Traditionally, the evaluation of suspected cervical spine fractures involved a combination of
physical examination, plain radiographs, and computed tomography (CT) scans. Physical
examination, including the assessment of range of motion and the presence of neurologic deficits,
provides valuable initial information. However, it is not always reliable in identifying subtle
fractures or injuries in unconscious or uncooperative patients. Radiography, CT, dual-energy CT
(DECT), Magnetic resonance imaging (MRI), and Ultrasonography are some medical imaging

procedures that are used in cervical spine fracture detection.

Radiography is the most commonly used method for detecting cervical spine fractures. The
technique involves taking X-ray images of the cervical spine to identify any fractures or
dislocations. Radiography is a non-invasive and relatively inexpensive method that can
provide accurate results in most cases. However, it has some limitations, such as difficulty

in visualizing soft tissue injuries and limited sensitivity in detecting subtle fractures [45].

computed tomography (CT) is another commonly used method for detecting cervical spine
fractures. CT scans use X-rays to create cross-sectional images of the cervical spine,

allowing for detailed visualization of bone and soft tissue structures. CT is more sensitive

11



than radiography in detecting subtle fractures and can also identify soft tissue injuries.

However, it exposes patients to higher levels of radiation than radiography [38].

dual-energy CT (DECT) is an advanced form of CT scanning that involves acquiring images
at two different energy spectra simultaneously or near-simultaneously. DECT uses different
peak energies for the low-energy and high-energy spectra, typically 80-100 kVp and
140-150 kVp, respectively. Dual-source DECT systems consist of two source-detector
combinations, while single-source DECT with rapid kVp switching utilizes a single
source-detector combination with fast switching between high and low tube voltages.
These technologies enable spectral tissue characterization and provide improved soft-tissue

contrast for various clinical applications [50].

Magnetic resonance imaging (MRI) is a non-invasive method that uses strong magnetic
fields and radio waves to create detailed images of the cervical spine. MRI is particularly
useful in detecting soft tissue injuries, such as ligamentous and disc injuries, which may not
be visible on radiography or CT. However, it is less sensitive in detecting bony injuries and

may not be suitable for patients with metal implants or claustrophobia [34].

Ultrasonography is a non-invasive imaging technique that uses high-frequency sound waves to
create images of the cervical spine. Ultrasonography is particularly useful in detecting
injuries to the spinal cord and nerve roots. However, it has limited sensitivity in detecting

bony injuries and may not be suitable for patients with obesity or bowel gas [64].

In conclusion, each method has its advantages and limitations, and the choice of approach
depends on the patient’s clinical presentation and the suspected mechanism of injury. A
combination of imaging and clinical evaluation is often necessary to make an accurate diagnosis

and provide appropriate treatment.
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2.3.2 Image segmentation

With the advancements in medical imaging technology, radiologists have access to
high-resolution three-dimensional images of the cervical spine. However, manual interpretation
of these images can be time-consuming and prone to human error. In recent years, image
segmentation techniques have emerged as a valuable tool to aid in the accurate and efficient
detection of cervical spine fractures.

Image segmentation is the process of partitioning an image into multiple regions, each of which
corresponds to a different object or part of an object. There are various techniques for image

segmentation, including thresholding, clustering, and contour detection[8].

Thresholding is one of the simplest and most commonly used methods for image segmentation.
It involves selecting a threshold value and partitioning the image into two regions: one with
pixel values below the threshold and the other with pixel values above the threshold. This
method works well when the objects to be segmented have a distinct difference in intensity

compared to the background[57]. Here are some commonly used thresholding methods:

Global thresholding involves selecting a single threshold value that applies uniformly
across the entire image. This technique assumes that there is a distinct intensity value
that can effectively separate the foreground and background. Common global
thresholding algorithms include the popular Otsu’s method [47], which automatically

determines an optimal threshold by minimizing the intra-class variance.

Adaptive Thresholding In scenarios where lighting conditions or image properties vary
across different regions, adaptive thresholding techniques are employed. These
methods compute a local threshold value for each pixel based on its neighborhood.
Adaptive thresholding accounts for variations in illumination, contrast, and noise
levels, making it suitable for handling non-uniform backgrounds or unevenly

illuminated images [54].

Clustering is a technique that involves grouping similar pixels in an image into clusters based

13



on their color or intensity values. Cluster analysis can be used to segment images based on
the similarity of their pixel values, which can be useful for segmenting objects with

complex boundaries or for separating foreground and background pixels in an image[8].

Contour detection involves identifying the boundaries of objects in an image by detecting the
edges or contours of the objects. Contour detection is often used in combination with other
segmentation techniques, such as thresholding or clustering, to improve the accuracy and

reliability of the segmentation|8].

Traditional image processing techniques such as thresholding, edge detection, and contour
tracing are applied to the image to identify the edge of the spine and separate it from the
surrounding tissue. However, these methods can be sensitive to variations in image quality and

can be difficult to train[10].
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2.4 Deep Learning and its architectures

This section, the main concepts of deep learning and its three noteworthy models that inspired

the deep learning models developed in Chapters 3, 4, and 5 are discussed in greater detail.

2.4.1 Deep learning

Deep learning is a subset of machine learning that focuses on the development and application of
artificial neural networks to model and understand complex patterns and relationships in data
by using multiple layers of interconnected nodes, or artificial neurons, inspired by the structure
of the human brain. These networks can be trained using supervised and unsupervised learning
methods [15], depending on the available data and the specific application. Deep learning has
shown remarkable success in a wide range of tasks, including image and speech recognition,
natural language processing, and decision-making [16].

Training a deep neural network involves the following steps:

e Data collection, data preprocessing, and feature engineering
The first step in training a deep neural network is to prepare the data. High-quality and
representative data is crucial for the success of a deep learning model. By leveraging
exploratory data analysis (EDA), we can obtain vital insights including identifying trends
in time and data, removing data outliers, creating the correlation matrix, and uncovering

patterns related to the target.

e Assign Appropriate Model
The next step is to design the architecture of the neural network. Assigning an appropriate
model depends on the nature of the problem being solved (classification, Regression, Image
recognition, natural language processing problems and etc), the type of data being used
(numerical or categorical data), and it involves deciding on the number of layers and

neurons in each layer, the activation functions and etc.

e Define Loss Function

15



The loss function is used to measure the difference between the predicted output and the
actual output of the network for a given input. The goal of the loss function is to provide a
measure of how well the model is performing and to guide the optimization process during
training. The choice of loss function depends on the nature of the problem being solved
and the type of output being predicted. Some common loss functions include mean squared

error, cross-entropy, and binary cross-entropy loss functions.

Define Optimizer

During the training process, the optimizer adjusts the weights and biases of the model
based on the gradients of the loss function. The gradients provide information about the
direction in which the parameters should be updated to reduce the loss. The optimizer uses
this information to adjust the model’s parameters in a way that reduces the loss function,
and thus improves the performance of the model. There are various types of optimizers
available, each with their own strengths and weaknesses. Some of the most commonly used

optimizers include stochastic gradient descent (SGD), Adam, RMSprop, and Adagrad [16].

Model Training
During training, the neural network updates the weights and biases of the neurons in each
layer to minimize the loss function. The process of model training can be an iterative

process, where the model is fine-tuned until it reaches a satisfactory level of performance.

Validation

Once the model is trained, it is validated through a separate set of data that the network
has not seen before. This helps to determine if the model is overfitting or underfitting the
training data[23].

Overfitting occurs when the model performs well on the training data but performs poorly
on unseen data, which means it has not learned to generalize well. There are several
techniques to address overfitting such as regularization, early stopping,s and data

augmentation[40].
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On the other hand, underfitting can occur when the model may not perform well on either
the training data or the new data. To address underfitting, it is necessary to increase the
model’s complexity or the number of training data to help the model to learn the

underlying patterns in the data more effectively.

Tuning the model
If the model is not performing well, it may be necessary to tune the model by adjusting the
hyperparameters (learning rate, the number of hidden layers, activation function, batch

size and etc) and other parameters used in the model architecture.

Deploying the model
Once the model has been trained and evaluated, it can be deployed for use in real-world

applications.
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Data augmentation is a technique used in machine learning and computer vision to increase the
diversity and quantity of training data by applying various transformations or modifications to
the existing dataset. The goal of data augmentation is to improve the performance,
generalization, and robustness of machine learning models.

The process involves creating new artificial training examples by applying a set of predefined
transformations or modifications to the original data samples. These transformations are
designed to simulate realistic variations in real-world data and introduce different perspectives or
views of the same underlying information. By augmenting the dataset with these modified
examples, the model becomes exposed to a wider range of variations and can learn more robust
and generalized patterns.

Data augmentation techniques can be applied to various types of data, including images, text,
audio, and more. Common data augmentation techniques for image data include resizing,
cropping, rotation, flipping, adding noise, adjusting brightness/contrast, and changing color
channels. For text data, techniques like random word replacement, shuffling, and synonym
replacement can be used. Audio data can be augmented by adding noise, changing pitch, or
applying time stretching, among others.

The key advantages of data augmentation are:

e Increased dataset size
By generating new examples, data augmentation effectively increases the size of the

training dataset, allowing models to learn from a larger and more diverse set of samples.

e Improved generalization
Data augmentation introduces variations and perturbations in the data, which helps
models to generalize better to unseen or real-world scenarios. It reduces overfitting by

exposing the model to different perspectives of the same data.

e Robustness to variations

By simulating realistic variations in the data, data augmentation helps models become
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more robust to changes in lighting conditions, scale, rotation, and other factors that might

be encountered during inference.

Data augmentation is widely used in deep learning and is particularly effective when the
available training data is limited. It has become a standard practice to apply data augmentation
alongside other techniques like regularization and dropout to enhance model performance and

address common challenges in machine learning tasks.
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2.4.2 Semantic segmentation and U-Net

Semantic segmentation is a fundamental task in computer vision that aims to assign meaningful
labels to every pixel in an image. Unlike image classification, which predicts a single label for the
entire image, semantic segmentation goes a step further by providing a detailed understanding of
the visual content at a pixel level. It plays a crucial role in various applications, including
autonomous driving, robotics, and medical imaging.

Semantic segmentation and Instance segmentation are applications of image segmentation.
Instance segmentation goes further by classifying each pixel in addition to identifying each
object in the image, whereas semantic segmentation does pixels-wise classification based on
object category [59].

U-Net is a convolutional neural architecture designed for semantic segmentation in biomedical
images and it was first introduced in a paper by Ronneberger et al. in 2015[46]. Three areas of
particular concern in the field of medical imaging segmentation have been addressed by this
network. First, there is a lack of big datasets in this area. The U-Net architecture has been very
popular due to its high performance and ability to work well with small amounts of data. The
traditional feed-forwarding CNN with fully connected layers needs a large number of parameters
to learn, therefore requires considerable large datasets. Replacing the fully connected layer with
up convolutional layer on the decoder side, U-Net architecture has much fewer learnable
parameters than a fully connected layer. The second issue is to precisely capture local details,
handle varying image sizes, and leverage skip connections for feature fusion. Last but not least,
the noteworthy problem of objects of the same class overlap with each other has been alleviated
by using a weighted loss to separate background labels between touching segments.

U-Net is characterized by its “U” shape, with a contracting path to capture context and a
symmetric expanding path that enables precise localization. The contracting path is referred to
as the encoder, consists of a series of convolutional, max-pooling, and rectified linear unit
(ReLU) layers for feature extraction, while the expanding path referred to as the decoder,

involves convolution,and concatenation layers, and ReLLU activation function to up-sampling the
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Figure 2.7:  Architecture of U-Net based on the paper by Ronneberger et.al[46]

extracted feature maps. It also introduces skip connections that connect the contracting path
with the corresponding expanding path at various resolutions. These skip connections allow the
model to preserve and combine features from different scales. By directly concatenating feature
maps from different levels, U-Net can exploit fine-grained details from early layers while
incorporating high-level context from later layers. This aids in precise localization and improves
segmentation accuracy, especially for small objects or fine structures. Figure 2.9 represents the
structure of U-Net architecture.

The medical images and their corresponding segmentation maps are given to the U-Net to train
the model. Ronneberger et al. [46] discussed several key aspects of training the U-Net model in

their article. The authors emphasized the importance of weight initialization in controlling the
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learning process. They recommended initializing the weights for each feature map in the U-Net
architecture to have unit variance. They suggested drawing the initial weights from a Gaussian
distribution to achieve this. Also, they utilized a combination of a pixel-wise softmax function
and a cross-entropy loss function for the final segmentation output. This combination helps
optimize the model’s performance in segmenting the input images accurately. As well as, due to
the limited size of medical image datasets, the authors highlighted the significance of data
augmentation techniques such as shifting, rotating, and adding noise to improve the
generalization and robustness of the model.

As a result, this thesis leverages the semantic segmentation-based deep learning U-Net

framework.
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2.4.3 CNN with Bidirectional GRU layer

One possible approach for developing a fracture detection model in the cervical spine is to use a
CNN. A CNN is a deep learning model to extract features from an input image and then uses
those features to classify the image into different categories.

The CNN can be designed with multiple layers that perform different operations, such as
convolution, pooling, and fully connected layers. The convolutional layers are responsible for
detecting features in the input images with a single map for the grayscale image or a three map
for a color image, while the pooling layers are used for classification tasks [16]. The convolutional
layer applies a set of learnable filters to the input data, which are used to extract features from
the input. The filters are usually 3x3 or 5x5 in size and applied in a sliding window fashion.
The filters are convolved with the input data to create a set of feature maps to represent the
presence of certain fractures in the input images. Fully connected layers then use the extracted
features to make a final prediction to classify the input image.

The addition of a Bidirectional GRU layer allows the model to take into account not only the
current input but also the previous and future inputs in the sequence.

GRU stands for ”Gated Recurrent Unit”, a type of recurrent neural network (RNN) architecture,
which consists of repeated blocks of several convolutional layers with skip connections between
them followed by a pooling layer that reduces the dimensions of the output. GRU was introduced
by Kyunghyun Cho et al. in 2014 [37]. GRUs are similar to traditional RNNs but have a more
complex structure that allows them to capture long-term dependencies in sequential data more
effectively. The key feature of GRUs is their use of gating mechanisms to control the flow of
information within the network. Specifically, GRUs have two gates: a reset and an update gate.
The reset gate determines how much of the previous state should be forgotten, while the update
gate determines how much of the current input should be used to update the current state. By
dynamically updating and resetting the hidden state in this way, GRUs can selectively retain or
discard information from previous time steps. The structure of GRU is shown in figure 2.10.

A Bidirectional GRU (Bi-GRU) [17], similar to the GRU model, consists of two GRU layers that
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process the input sequence in a positive time series and a reverse time series. The output of each
GRU layer is concatenated to form the final output of the network. The forward or positive layer
processes the input sequence from beginning to end, while the backward layer processes it from
end to beginning. This allows the network to capture information from both past and future
contexts at the same time. Figure 2.11 represents forward status and backward status in

BI-GRU structure. In this research, a Bi-GRU is used.
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Chapter 3

Literature review

This chapter reviews different techniques that have been explored previously to detect cervical

spine fractures in medical images.

3.1 Previous approaches

Early studies on segmenting the cervical spine in medical images used the Active Shape Model
(ASM), a statistical method to model and track the shape and appearance of an object in an
image, in order to search through digitized spine X-rays to identify specific vertebra within the
images [39].

To assess the performance of ASM on the X-ray images, the research focused on one boundary
area (C2/C3) and one complete vertebra (C3) and used a leave-one-out cross-validation
technique. This involved selecting a single image from the dataset and using ASM to locate the
C2/C3 boundary or the C3 vertebra in that image while testing the model on all the other
images in the dataset. This was repeated for each image in the dataset, and the results were
compared with manually determined ground truth values.

Nevertheless, ASM has only segmented the cervical spine C1 to C3, where the boundaries of the
bones are clear, and the stacking effect of bones is not present. A mean point-to-point error of

0.2-0.3mm was achieved on 10000 X-rays images within this approach. Also, the performance of
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the ASM algorithm could be improved by refining the shape model and grayscale model and by
incorporating additional information such as the orientation of the spine in the image. Figure 3.1

displays a good convergence for C1/C2 with the ASM method.

Figure 3.1: A converged shape overlays a truth boundary for C2/C3 vertebrae with the ASM
model

Previous studies in the automatic localization of vertebrae were related to machine learning
frameworks such as Hough transform-based and Random forest-based approaches on x-ray
images and CT scans[26][55]. Within the random forest system, contextual information is
incorporated with a supervised non-linear regression forest algorithm|[1] to provide a fast
estimation of vertebrae centers. Then, in the second stage, a joint model is used to provide a
refined localization as well as vertebrae identification. It was shown that a localization error of
less than 20mm with an overall success rate of 81% was achieved in the random forest method
for vertebra identification in 200 CT scans[26]. The Hough forest framework included
data-driven patch creation methods introduced to locate the vertebrae position, size, and

orientation in 90 cervical x-ray images. This approach allowed the author to obtain an accuracy
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of 92.4% accuracy with an average mean error of 2.0lmm for the spine detection task[55].
However, there are certain features such as the c-shape and stacked appearance of the cervical
spines that make it difficult to distinguish between them. In recent studies[36][60], there has
been a shift toward using more advanced techniques such as deep learning and CNNs to
automatically identify ad segment the cervical spine in medical images.

U-Net, a deep learning architecture for fast and precise segmentation of images, can achieve high
accuracy and robustness in segmenting cervical vertebrae in CT and MRI images[46]. A
web-based automatic spine segmentation based on the U-Net architecture was developed by Kim
et al [36]. A flask server framework was implemented for providing accessibility over the web in
Python. This approach obtained a dice coefficient of 90.4% for the cervical spine segmentation
task.

The below table compared the results of the mentioned research methods to successfully identify

the location of the cervical spine in different medical images.

Reference Method Medical Tm- Cost Function | Cost value Appl} ed | Metric
ages metric value
Cloud-based - architec- ViT 2019 CT cross-entropy close to 0.01 | accuracy | 98%
ture[18]
Retrospective analysis
on an FDA-approved | CNN 12000 CT K coefficient 0.70-0.82 accuracy | 92%
CNN by Aidoc|[60]
Web-based antomatic | ;o | g4y o1 Dice - Coelfi- | g9 45t accuracy | 91.64%
spine segmentation[36] cient
Automatic localization .
in arbitrary field-of- Random 200 CT Localization Less  than accuracy | 81%
. Forest error 6mm
view[26]
Patch-based corner de- | Hough Average mean
tection[55] Forest 90 X-rays orror 2.0lmm accuracy | 92.4%
Use of Shape models to .
search digitalized spine | ASM 10000 X- M(—?an polnt-to- 0.2-0.3mm | - -
rays point error
x-rays [39]

Table 3.1: Comparison between the different methods in the detection of cervical spine fractures.

On the other hand, CNN can help extract relevant features from the segmented images to detect
the fracture in each vertebra and greatly improve the classification effect[66].

Small et al. [60] proposed a retrospective analysis of the predictions of an FDA-approved CNN
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developed by Aidoc for the presence or absence of cervical spine fractures on CT. The framework
consists of a region proposal stage with a 3D fully convolutional deep neural network and a
false-positive reduction stage. They compared their model with the radiologist’s results and
found out that their CNN model’s accuracy was 92% compared to 95% for radiologists. The
missing fractures for both methods were related to fractured anterior osteophytes, transverse
processes, and spinous processes. However, their results were based on a dataset with a high
fracture prevalence, which will need to be implemented in a low fracture prevalence dataset in
routine clinical practice.[60]

By leveraging cloud technologies in the medical industry, we will be able to use the development
of scalable tools, improve existing models, and facilitate the creation of medical datasets[18].
Pawel Chlad et al. [18] proposed a cloud-based system for training and evaluating of vision
transformer architecture for damage detection in vertebral CT scans. This article discusses the

Vision Transformer (ViT), which is a recent architecture in the fields of computer vision [3].
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ViT is based on the transformer architecture and utilizes the mechanism of attention to focus on
important parts of the input sequence. Unlike older architectures, attention in ViT is calculated
per input rather than being statically encoded in the model itself.

The computational complexity of attention calculation is quadratic, which makes it
computationally expensive. To address this, ViT uses an analysis space reduction technique by
dividing the image into patches of equal size. These patches are flattened and turned into
vectors, which are then encoded into a representation suitable for the transformer-encoder layer.
Each encoding layer has the same fixed dimensionality, and the output of this projection is called
patch embedding[18].

An encoder block in ViT consists of multi-head attention, add and norm, a feed-forward layer,
and another add and norm layer. The multi-head attention calculates the importance of different
parts of the input sequence using the scaled dot product attention function. Multiple attention
layers operate in parallel, allowing the model to focus on different parts of the input sequence or
image.

After passing through the multi-head attention layer, the input is added to the output,
normalized, and passed to the feed-forward layer for projecting the input sequence into latent
space. The parallel nature of the transformer and ViT architectures enables efficient evaluation
on hardware accelerators. ViT reduces the inductive bias compared to convolutional neural
networks (CNNs) and relies on learning spatial relationships during training (Figure 3.2).

In summary, the Vision Transformer architecture involves dividing an input image into patches,
projecting them into latent space, adding positional encoding, passing through encoder blocks,
and using an MLP head for producing the final prediction result. However, it emphasizes the
importance of finding a balance between factors such as model size, bandwidth, latency, and
data availability.

In conclusion, the above studies have sought to improve the accuracy of the provided models for
medical image diagnosis to ensure that the patients are rapidly diagnosed before neurologic

deterioration and paralysis after trauma. The present research explored U-Net and CNN for
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detecting vertebra fractures.
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Chapter 4

Modelling and DataSet

This chapter provides all materials and methods used in this research. This chapter starts by
introducing and analyzing the used dataset for this research. U-Net architecture, as a semantic
segmentation model, will be discussed in section 4.2.1. A brief overview of the fracture detection

model will be introduced in section 4.2.2.

4.1 Exploratory Data Analysis

4.1.1 Dataset analysis

Approximately 3000 CT scans of 2019 patients were collected by the American Society of
Neuroradiology (ASNR) and American Society of Spine Radiology (ASSR) from 12 locations
across six continents [22]. Spine radiology specialists from the ASNR and ASSR provided image
annotations to indicate the presence, vertebral level, and location of any cervical spine fractures.
The objective is to predict the probability of fracture for each of the seven cervical vertebrae
denoted by C1, C2, C3, C4, C5, C6, and C7 as well as an overall probability of any fractures in
the cervical spine.

Each CT scan consists of 100 to 800 slices of different thicknesses. Also, 47.60% of the given CT

scans have fractures and 52.40% are normal images. Analyzing the data to know the prevalence
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of vertebrae fracture in each bone shows that the amounts vary from about 3.6% in C3 (lowest
proportion of fractures) to about 19.5% in C7 (highest proportion). Figure 4.1 represents the
overall percentage of the injured and intact cervical spine as well as the proportion of fractures

in each vertebra of this study.

The frequency of fractures in the studied instances
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Figure 4.1: The frequency of fractures in the cervical spine and each vertebra

As mentioned, 961 out of the 2019 studied instances (47.60%) had fractures in their related CT
scans. However, only 235 of the broken instances (24.45%) were annotated with bounding boxes
and classified according to the cervical spine classification. Therefore, it is essential to apply a
deep learning architecture that is suitable for medical imaging, where data availability can be
limited.

On the other hand to improve the accuracy and robustness of the model, transforming the input
images in various ways such as spatial transformations[29], and spatial-temporal
transformations|28| can be used. Spatial transformations refer to a set of techniques that modify
the input data by applying geometric transformations such as rotations, translations, scaling,
and flips to the images in order to augment the data and improve the performance of a machine

learning model. This has been done in this research by randomly applying the flipping spatial
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transformations and grid distortion to the images and adding these transformed images to the

training set.

4.1.2 Image Format

Throughout this research, DICOM and NIFTI, the most popular medical image formats were
used for storing and segmenting the images. Medical Images are visual representations of the
body or specific parts of the body that are used for diagnosis and therapeutic purposes. The key

properties of medical images are:

e Dimensionality

The number of features or variables that are used to represent an image.

e Pixel Depth

The number of bits required to encode each pixel is known as pixel depth.

e Photometric Interpretation

It represents how the pixel data should be interpreted.

e Metadata

It is used to annotate and exploit image-related information for research purposes.

e Pixel Data

It is an array of values to store the pixels of an image[56].

The CT scans in this research store up to 2 bytes per pixel in their grayscale DICOM files. They
are 3-dimensional volumes, where the third dimension is spatial to show different locations of
scans.

DICOM is a standard for handling, storing, printing, and transmitting information in medical
imaging. It was initiated by the National Electrical Manufacturers Association (NEMA) in the
1980s to address the need for a standard in medical images, such as X-rays, CT scans, and MRIs

to handle and share them between different devices and systems[11]. DICOM organizes
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information into a dataset that contains metadata to provide information about the patient’s
name and identification, the date the image was taken, and the image data itself. Images in this
research have resolutions of less than 1 mm deep and have an average of 512 pixels as width and

512 as height. An example of reading the metadata from a sample DICOM file is shown in

Figure 4.2.
Dataset.file_mets -----------------0o -
(e@e2, 8801) File Meta Information Version 0B: b''\x@0\x01"'
(P@02, BOL2) Media Storage SOP Class UID UT: CT Image Storage
(9@02, 8083) Media Storage SOP Instance UID UIL: 1.2.826.0.1.36880843.1363.1.1
(@@e2, 881@) Transfer Syntax UID UI: Explicit VR Little Endian
(@02, 8012) Implementation Class UID Ur: 1.2.48.6.13.1.1.1
(e@e2, 80813) Implementation Version Name SH: 'PYDICOM 2.3.8'
(@@es, ©818) SOP Instance UID UIL: 1.2.826.0.1.36880843.1363.1.1
(e@@8, 80823) Content Date DA: '28228727'
(e@es, 8833) Content Time TM: '183924.353116"
(P@1@, 9010) Patient's Mame PM: '1363"
(010, 90828) Patient ID LO: "1363°
(@18, 0850) Slice Thickness Ds: '1.4'
(@20, @00d) Study Instance UID UT: 1.2.826.0.1.36806843.1363
(9928, 008Pe) Series Instance UID UI: 1.2.826.0.1.3680643.1363.1
(@20, 80813) Instance Number TG S
(@920, @032) Image Position (Patient) DS: [-149.2080078125, -350.2080078125, 54]
(@20, ©0837) Image Orientation (Patient) Ds: [1, @, @&, B8, 1, @]
(9828, ©0882) Samples per Pixel Us: A
(9928, 00804) Photometric Interpretation CS: "MOMNOCHROMEZ'
(8028, ©01@) Rows Us: 512
(@828, @811) Columns us: 512
(8028, ©030) Pixel Spacing DS: [0.583984375, ©.583984375]
(@928, @10@) Bits Allocated us: 16
(8028, ©101) Bits Stored Us: 12
(@928, @102) High Bit us: 11
(@28, ©103) Pixel Representation us: @
(@28, 1050) Window Center DS: [458, 48]
(@928, 1051) Window Width DS: [1508, 35@]
(@28, 1852) Rescale Intercept DS: '-1824.08'
(9828, 1853) Rescale Slope Ds: '1.4'
(7fe@, 9010) Pixel Data OW: Array of 524288 elements

Figure 4.2: The metadata, extracted from a DICOM file related to one patient.
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On the other hand, spine radiology specialists performed manual segmentations to provide
vertebra masks in the NIFTT format. NIFTI stands for ”Neuroimaging Informatics Technology
Initiative” and was developed by the National Institute of Health (NIH). Figure 4.3 represents
three planes in the anatomical space of a human used to describe the different anatomical
structures and movements. The sagittal plane divides the body into left and right halves, while
the coronal plane divides the body into front and back halves and the axial plane divides the
body into top and bottom halves. These three planes are important for understanding the
different anatomical structures and movements of the human body. They are used in medical
and scientific fields to describe and analyze various conditions, injuries, and diseases.

Figure 4.3 was extracted from the provided DICOM slices of one patient in this research. The
key issue is that NIFTI files (which combine all DICOM files related to each study) consist of
segmentation in the sagittal plane, whereas the DICOM files are in the axial plane. Therefore, a

3D semantic segmentation model was created for this research.

Figure 4.3: From left to right, the first one is the axial view, the middle one is the coronal view
(anterior or posterior), and the last one is the sagittal view (side) of the anatomical space of a
human.

Figure (4.4), extracted from the provided dataset, shows the process of vertebra segmentation
and fracture detection. The given CT scans were in the size of 512 x 512 pixels. Therefore, a
process of resizing images to the lower size of 128 x 128 pixels was implemented in the
dataloader. The process of segmentation consisted of selecting the area that the radiologist

identifies as the cervical vertebra (colored yellow in figure 4.4) and the remaining portion of the

image considered as the background (colored purple in figure 4.4). Finally, a red bounding box is
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used for the fracture area.

Raw image Processed Image 128*128 pixels RGBE mask after label Fracture detection

‘?

Figure 4.4: Steps of image processing, mask acquisition, and fracture detection
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4.2 Model training

4.2.1 3D Semantic Segmentation model

Depending on the medical equipments, medical images can be 2D or 3D. The 2D images need
less memory to store and can train faster on a segmentation model due to less number of learned
parameters. On the other hand, 3D medical images provide spatial coherence with important
information to improve the segmentation model performance [58]. This chapter will provide
important considerations to implement an efficient 3D medical image segmentation model.

The semantic segmentation model was implemented using Python programming language and
the machine learning libraries such as Torch, Monai, and Timm.

The CT scans and their respective segmentation masks were used as the input data for the
model. The architecture was designed to accept input tensors of shape 128 x 128 x 128, where
the third dimension indicates the number of image slices. K_Fold Cross_validation was used to
split the dataset into 5 subsets (k=5), and consider 4 subsets for training the model and one
subset for the validation set to test the model’s performance.

The U-Net architecture [46], a commonly used CNN for the purpose of biomedical image
semantic segmentation, was implemented and this architecture was chosen based on its good
performance on the small amount of data (only 87 of 2019 study instances were segmented by
radiologists), which was reported in its paper[46]. U-Net consists of two pathways, an encoder
and a decoder, for classifying and localizing each object in an image.

The encoder part involves multiple convolution, activation functions, and max-pooling layers to
downsample data for feature extraction. A pre-trained ResNet18d, an 18-layer Residual network,
was used for the encoder section of the U-Net to ease the training of the network and returned
all extracted feature maps from each layer[35]. The ResNet consists of multiple convolutional
layers, ReLU, and 3 x 3 max-pooling layers followed by 4 layers (blocks) with similar behavior.
Each of the layers follows the same pattern and performs 3x3 convolution with a fixed feature

map dimension[64, 128, 256, 512] respectively.
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The decoder part involves upsampling the extracted feature maps with convolution, and
concatenation for localization information. This research used the segmentation library in
PyTorch to automatically construct the decoder section of U-Net based on the number of
encoder channels.

The implemented model, through the encoder and decoder parts, extracted efficiently both the
segmentation and location of cervical vertebrae for each studied CT scan. The following code

shows how the U-Net segmentation model is defined in this research.

class SegmentationModel(nn.module):
def _init_ (self,pre_trained model, pretrained=False):

# A number of downsampling blocks using in the encoder part
self.encoder_depth = 4

# A number of ,ask classification categories for C1-C7
num_classes = 7

#Resnetl8d is used in the encoder part of U-Net
pre_trained model = 'resnetl8d’

#A number of input channels for the model with shape of (w,h,c)
in_channels = 3

#Create an encoder for U-Net architecture
self.encoder = timm.create _model(pre_trained model, pretrained=pretrained, feature_only= True,
in_chans=in_channels, drop_rate=0., drop_path_rate=0.)

# List of numbers of Conv2D filters in decoder blocks
decoder_channels = [256,128,64,32,16]

self.decoder = smp.unet.decoder.UnetDecoder(

encoder_channels = self.encoder.out _channels, decoder_channels=decoder_channels, n_blocks=self.encoder_depth)

# Last block to produce required number of mask channels

sef.segmentation_head = nn.Cpnv2d(in_channels=decoder_channels[self.encoder_depth-1], out_channels=num_classes,

kernel_size=(3,3), stride=(1,1), padding=(1,1))

def forward(self, x):
features = [0] + self.encoder(x)[:self.encoder_depth]
decoder_output = self.decoder(*features)
masks = self.segmentation_head(decoder output)
return masks

Figure 4.5: The pseudo-code of U-Net segmentation model
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The model was trained using a weighted sum of Dice loss and a binary cross-entropy to leverage
the flexibility of Dice loss and the curve smoothing property of cross-entropy[33]. These both

loss functions are defined as:

e Binary Cross Entropy (BCE)
It is a commonly used loss function in binary classification problems, where the goal is to
predict one of two outcomes (fractured or intact vertebra)[41]. It measures the dissimilarity
between the true label and predicted probability distribution over two classes, and can be
defined as:
Lycr(y,9) = —(y x log(9) + (1 —y) x log(1 — 7))

where ¢ is the prediction value by model.

e Dice Loss
It is a loss function commonly used in computer vision tasks and measures the overlap

between the predicted mask and the ground truth[33]. It can be defined as:

Dice Loss = 1 — 2xarea—of—overlap—between—predicted—segmentation—and—ground—truth
7 total—mumber—o f —pixel—in—both—predicted—segmentation—and—ground—truth

The training process consists of training the segmentation model on 87 study instances with
different numbers of CT scans or DICOM files. A process of resizing images to 128*128 pixels
was implemented in the data loader. During the training process, the Dice loss and BCE in
training and validation steps were recorded after each epoch within 5 folds. After the training
process, the prediction process used the model for each data on the validation dataset to
calculate the model performance since the validation dataset had ground truth segmentation
masks.

Segmentation model performance was evaluated against Dice coefficient or F1 score as described

by Shruti Jadon in 2020[33]. It is defined as:

. : ___ 2Xxarea—of—overlap—between—predicted—segmentation—and—ground—truth
Dice Coefficient = total—number—o f —pixel—in—both—predicted— segmentation—and—ground—truth

The dice coefficient is similar to the Intersection-Over-Union (IoU), which is one of the most

commonly used metrics in semantic segmentation tasks[51]. It measures the overlap between the
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predicted segmentation and the ground truth mask. It is defined as:

B TP
 FP+FN+TN

ToU

where TP, FP, and FN indicate the true positive, false positive, and false negative counts,
respectively. The value of Dice coefficient and IoU ranges from 0 to 1, where a value of 1 indicates
a perfect overlap between the predicted and ground truth masks, and a value of 0 indicates no
overlap. A higher ToU value indicates a better performance of the segmentation algorithm.

In order to improve the model’s accuracy and reduce the loss, AdamW was used as an optimizer
in this research [31]. The Adam optimizer was presented by Diederik Kingma and Jimmy Ba [20]
after that, the following AdamW algorithm (Fig 3.6) was used to provide better generalization
performance than Adam with L2 regularization[31].

This algorithm receives a (learning rate),5; and Sy ( coefficients used for computing running
averages of gradient and its square),fy( iterable of the parameter to optimize),f(#)(maximize the
parameter based on the objective),e (term added to the denominator to improve numerical
stability), and A (weight decay coefficient) to render the optimal setting of the learning rate and
improve regularization.

The following algorithm (Figure 4.6) shows the differences between Adam (purple background
color around the text) and AdamW (green background color around the text). The main
difference between AdamW and Adam optimization algorithms is that AdamW incorporates
weight decay regularization (Ad) into the learning rate calculation, whereas Adam does not.
Weight decay regularization is a technique used to prevent overfitting in neural networks by
adding a penalty term to the cost function that encourages the neural network’s weights to
remain small.

Therefore, the AdamW optimizer was used with an initial learning rate of 0.0005 and a decay
rate of 0.01 to minimize the loss function. Also, a cosine annealing scheduler with the following

formula [32], was used to adjust the learning rate based on the number of epochs and improve
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Algorithm 2 Adam with L, regularization and Adam with decoupled weight decay (AdamW)

1: given o = 0.001, 81 = 0.9,8: = 0.999,¢e = 10 *, A€ R
2: initialize time step ¢ < 0, parameter vector 8; ¢ € R", first moment vector m; ¢ < 0, second moment
vector vi—p < 0, schedule multiplier ;-0 € IR

3: repeat

4: t+t+1

5: Vfi(8:—1) < SelectBatch(0;_,) > select batch and return the corresponding gradient
6: g, V[i(0:—1) FAO

T2 my 4+ Pume_q + (1 — Bi)g, t> here and below all operations are element-wise
8 vee B+ (1 ﬁg)gf

9: g < me/(1—BY) & [3; is taken to the power of ¢
10: ¥ v /(1 —B3) > 32 is taken to the power of ¢
11: 1 + SetScheduleMultiplier(t) > can be fixed, decay, or also be used for warm restarts

12: 0 e O i—n (aﬁu/(\,-’ﬁJr €) +A0:_ )
13: until stopping criterion is met
14: return optimized parameters &;

Figure 4.6: AdamW (Adam with decoupled weight decay) algorithm by Loshchilov et. al. Source
from [31]

the optimization process during the training (Fig 4.7).

Nt = 1’ min + %(nimax — 1)’ min) (1 + COS(T%*;HW»

Where 7 min and 75, are learning rate ranges, and Te,, shows the number of performed epochs.

The decrease in the learning rate is shown in Figure 4.7 for this research.

Learning rate schedule

Y 0.0004 4
[
on
£
£ 0.0002 A
m
et
0.0000 +— T T T T T T T
0 2 4 6 8 10 12 14
Epoch

Figure 4.7: A cosine annealing scheduler to adjust learning rate for semantic segmentation model
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4.2.2 Fracture detection model

After training the 3D semantic segmentation model to precisely predict the location of the
vertebra in the cervical spine, it should be generalized to all the study instances to accurately
predict the location of vertebrae in the cervical spine for new study instances that were not
included in the training set. By achieving good generalization, the model can be used with
confidence to accurately identify and locate fractures in the cervical spine.

In addition, it should be considered that the original view of cervical spine CT scans includes not
only the cervical spine but also additional information on other bone parts. Therefore, there is a
need to crop the images to the Region of Interest (ROI) to remove the unnecessary parts (Fig
4.8). To accomplish this, YOLOv5 was used to detect vertebrae in the CT scan slices to remove
the irrelevant information[24]. YOLOV5 is an object detection algorithm developed by
Ultralytics and an evolution of the popular YOLO (You Only Look Once) series of real-time

object detection models.

—» Classification

Segmentation Cropping
—_— —_—

Figure 4.8: The required steps to detect fractures of the cervical spine

In order to crop the cervical spine CT scan slices, the bounding boxes around the vertebrae were
detected after generalizing the segmentation model to all the studies and finally the region of
interest was cropped for later stage. Also, there is an overlap between cropped voxels of cervical
spine CT scans refers to the amount of redundant information that exists between adjacent

cropped sections of the scan that may skew the results of the model. This overlap can be
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minimized by carefully selecting the size and location of each cropped section and by ensuring
that there is sufficient spacing between adjacent sections. Therefore, the cropped voxels were
resized to the fixed size of 256 x 256 to obtain more accurate results.

Picture 4.9, extracted from the result of the cropping step, shows one slice of a single vertebra
and its predicted mask from the segmentation model. We can see that the center part of the
vertebrae in the image does not belong to the vertebrae specified by this crop and this is the

reason that this part does not appear in the predicted mask.

Figure 4.9: From left to right, the first one is the cropped image of one vertebra of the cervical
spine related to study instance UID '1.2.826.0.1.3680043.1363" and the second image is its predicted
mask by the proposed segmentation mask

Figure 4.10 shows the architecture of the proposed model for the classification problem or
fracture detection. It has two steps, which are giving the input slice images to a CNN to extract
features of each slice and then using a Bi-GRU layer to predict the value of target. This
architecture will predict the probability of a fracture occurring in each cervical vertebra (C1-C7)
and then use the sum of them to determine an overall fracture probability for the entire cervical
spine. This approach provides a more comprehensive assessment of the risk of cervical spine
fractures since it considers the likelihood of multiple vertebrae being affected.

The input to this architecture will be the results of image cropping, seven cervical vertebrae
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CT scan slices 2D CNN Bi - GRU
Figure 4.10: CNN + Bi-GRU model architecture to detect fracture in the cervical spine

images for each study instance with a fracture label. Also, for each study instance, the different
number of CT scans provided in this dataset and therefore the number of image slices can vary
depending on the specific imaging protocol used by the radiology department or imaging center.
As a result, for each vertebra, 15 slices were extracted evenly to form the model’s input.
Therefore, we can represent each image with a vector x, and the corresponding image-level label
V-

X = (X1, Xo9,..., XN)

Y =(Y,Y2,....YN)

where y, = 1 means the image contains one fracture and y, = 0 is the opposite.

Similar to the proposed segmentation model, the U-Net architecture was implemented for the
classification task and a pre-trained network named EfficientNetv2 was used for the encoder
section of the U-Net to ease the training of the network. EfficientNet is a powerful CNN
architecture that uses compound coefficients to scale up models in order to be simple and
effective. It is also fine-tuned for maximum accuracy but penalized for heavy computational
networks. The model also includes batch normalization and ReLLU activation functions to
improve the efficiency of the training process.

The following pseudo-code shows how the classification model was defined in this research to
precisely predict the fracture probability for each vertebra in the given cervical spine CT scan.
For training, an AdamW optimizer and a Cosine Annealing scheduler with an initial learning

rate of 0.00005 have been used within 5 cross-validation folds of 12 training epochs. Random
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import torch.nn as nn
import timm

class fractureDetectionModel(nn.module):
def _ init_ (self,backbone, pretrained=False):
super(fractureDetectionModel,self)._init_ ()

# EfficientNetv2 is used as a pre-trained network for the encoder part
pre_trained model = 'efficientnetv2’

input_channels = 3

# The output dimension should be one
output_dim = 1

self.encoder = timm.create_model(pre_trained model, in_chans = input_channels,
num_classes=output_dim, feature_only=False, pretrained=pretrained)

# The number of expected features in the input
input_size = self.encoder.head.fc.in_features

# The number of features in the hidden state
hidden_size=256

# The number of recurrent layers. Setting num_layers=2 would mean stacking two GRUs together to form a stacked GRU,
# with the second GRU taking in outputs of the first GRU and computing the final results.
num_layers = 2

self.gru = nn.GRU(input_size, hidden_size, num_layers=num_layers, batch_first=True, bidirectional=True)

self.head = nn.Sequential(
nn.Linear(512, 256), nn.BatchNormld(256), nn.Dropout(®.3), nn.LeakyRelLU(©.1), nn.Linear(256, output_dim))

def forward(self, x):
batch_size = x.shape[0]
x = x.view(batch_size * 15 * 7,3,256,256)
ext_feature = self.encoder(x)
ext feature = ext_feature.view(batch_size, 15 * 7, -1)
gru_out, _ = self.gru(ext_feature)
return self.head(gru_out)

Figure 4.11: The defined model for the classification stage
resized crop, horizontal flip, and shift scale rotation (50 degrees) have been used as the data
augmentation methods. The proposed classification model was trained, evaluated, and tested

using a 5-fold cross-validation method. dropout regularization and early stopping methods were

applied to prevent overfitting.
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Chapter 5

3D Segmentation model

This chapter includes the implementation of a segmentation model to detect the location of the
cervical spine in the provided dataset of CT scans. The U-Net architecture was selected to
perform segmentation based on the literature review. Fine-tuning of hyperparameters is
performed to achieve a reasonable performance to identify vertebra in CT scans. In this chapter,
we will compare, evaluate, and discuss the performance of the proposed 3D segmentation model

for vertebra detection on CT scans through a 5-fold cross-validation.

5.1 3D U-Net implementation and hyperparameter

tunning

The base implementation of the proposed segmentation model was based on the U-Net
architecture which the model’s implementation was shown in figure 4.5. Most portions of this
model involved loading data, doing augmentation, training the model, and an evaluation stage
for the model’s performance on unseen data.

The figure below shows the architecture of the proposed 3D segmentation model. The model
receives 3D CT scans as an input with the shape [batch-size, color-channel, depth, height,

width], then the Resnet18d network is used as an encoder to extract the main features which
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includes multiple convolutional layers, 3 x 3 max-pooling layers followed by 4 layers. The
decoder part receives the extracted features and concatenates them for localization information.
The segmentation head as a last bock takes input from the decoder and applies a 2D convolution
with a 3 x 3 kernel, a stride of (1, 1), and padding of (1,1). The output of this convolutional
layer will be in the shape of [batch-size, output-dimension, depth, height, width|, which
output-dimension corresponds to the number of classes for the segmentation task. The model
was trained using a weighted sum of Dice loss and a binary cross-entropy (BCE). This section

will explain the details of this architecture.

label: [BS,7,128,128,128]

I

output: [BS, 7.128,128,128]

input: [BS, 3, 128,128,128]

Figure 5.1: the main architecture of the proposed 3D segmentation model

The initial segmentation model took a long time to choose the best combination of a pre-trained
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network for the encoder part and the appropriate decoder for the segmentation task because
changing the model requires writing a lot of code. The combination of MONAI [44] and
segmenation models pytorch [49], open-source PyTorch frameworks for deep learning in
healthcare imaging, was used to improve the process of model training. These libraries
streamline the development of deep learning models by offering a set of pre-built components
and functions, enabling researchers to focus on their specific research rather than spending time
on boilerplate codes.

Therefore, implementing a 3D U-Net model based on MONALI for transforming input medical
images and segmenation models pytorch for the decoder section of U-Net allows us to
quickly use different transforms and fine-tune the proposed model to improve the performance of
the image segmentation mode.

Using cross-fold validation, 5 folds were generated from the dataset, for each fold, 69 samples as
a training set and 18 samples as a validation set were formed (each sample included more than
150 slices of the taken CT scans), and then the score was computed at each CV iteration.

Data augmentation was used to increase the quantity of data and different techniques like
Random flipping, affine transformation, and grid distortion were applied in Monai with the 50%
chance of applying the flip along the width and height dimension in 3D medical images. The
affine transformation includes random translation along each spatial dimension within a
dynamically calculated range. The transformation is performed with a 70% probability and uses
zero padding to fill the areas outside the transformed image region. These techniques were
chosen based on the provided balanced dataset and improvement of the model’s performance and
generalization.

The hyperparameters such as batch size and optimized epochs were tested and assigned to
improve the accuracy of the proposed model. A single 3D CT scan in the provided dataset was
512 x 512 x 512 pixels. Even with the adequate memory resources to process these raw images,
the training time was incredibly long for a batch size of 1 without any flexibility to develop the

deep learning architecture. Therefore, after resizing the images to 128 x 128 x 128 pixels,
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different batch sizes including 3 and 4 were tested and finally batch size of 4 was utilized to get a
satisfactory result.

During the initial implementation, the value for learning rate was considered 0.01 to control the
weights at the end of each batch for which we could not get a satisfactory result. Pytorch has a
learning rate scheduler inside the optimizer function that decreases the learning rate during the
stochastic gradient descent optimization (SGD) algorithm. Therefore, an initial learning rate of
0.0005 was considered with the CosineAnnealinglL.R scheduler to automatically adjust the
learning rate during training based on its predefined schedules. This scheduler reduced the
learning rate from 0.0005 to 0.000001 over time, allowing the model to converge more effectively.
Additionally, in order to prevent overfittiong, dropout as a regularization technique was used
where during training a fraction of neurons in a layer are randomly set to zero with a defined
probability rate. So, the drop_rate parameter in the timm library, an open-source PyTorch-based
library, which was used for the encoder section of the proposed U-Net model, was set to 0.01 to
reduce the risk of overfitting the training data.

The loss function plays a critical role in the training of the segmentation model and it can
significantly affect the performance of the model. The model was trained using a weighted sum
of Dice loss and a binary cross-entropy to leverage the flexibility of Dice loss and the curve
smoothing property of cross-entropy. The BCEWithLogitsLoss function on PyTorch combines
with the defined dice loss function (explained in section 3.2.1) to calculate the dice score for

training the segmentation model.

5.2 Experimental Results

Therefore, the first results were collected during the training process over two days by
monitoring the dice coefficient losses and F1 scores of training and validation of each fold.
Training for each fold was performed for 420 iterations which took about 8 hours on eight RTX
A6000 GPU with 48GB memory.
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The conclusion revealed a strong segmentation performance for cervical spine regions. Overall,
the proposed model achieved an F1 accuracy, a training loss, and a validation loss of around
0.9628, 0.0570, and 0.0288 respectively. Since the dataset was ideally balanced, accuracy was the
only metric that mattered. More details on inference performance are listed in Table 1 and
visualized in Figure 5.2.

In order to evaluate the model, average evaluation metrics were calculated for each k-fold
cross-validation (Table 5.1 and Figure 5.2) to see how well the model can predict the unseen
images. These test datasets have been achieved after splitting the main dataset into three sets,
training, testing, and validation.

Learning curves provide a mathematical representation of the training process during the
repetition tasks. Training and validation losses are two common minimizing metrics that are
used to indicate the model performance and a value near to 0.0 shows a perfect training model.
On the other hand, accuracy as a maximizing metric is used in the lurving curves meaning that
a better score indicates how well the model is learning.

Therefore, Figure 5.2 depicts learning curves of training loss, validation loss, and accuracy versus
epoch to compare five folds. In these plots, the shape and dynamics of the learning curves are a
way to observe likely underfitting and overfitting in the proposed model. It is obvious that a
decreasing trend for the training and validation losses and an increasing trend for accuracy can
be seen in these three plots.

we can see that underfitting occurs in the fourth fold and the model could not obtain a
sufficiently low validation loss for which the accuracy did not increase anymore. The reason for
underfitting in the fourth fold may be that the input data after splitting the dataset for this fold
are not a good representative of the whole dataset. Therefore, the fifth fold showed the best
performance on almost all evaluation metrics on the data set, while the forth fold
cross-validation was worst on the given data set as a result of occurring underfitting, particularly
in terms of average validation loss.

No overfitting was observed for the other folds through validation monitoring and as the learning
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rate decreased the training and validation losses decreased markedly. It is predictable that the
accuracy could not significantly increase if training were continued.
Also, Table 5.1 indicates that the third fold achieved better results than the fourth fold mainly

because the training dataset for the third fold provided sufficient information to learn the

problem.
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Figure 5.2: Learning curves of five folds
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Proposed Semantic Segmentation Model
K-fold CV | Learning_rate | Average Train_Loss | Average Validation_Loss F1 score
k=1 0.000001 -0.0005 0.0585 -0.3384 0.0311 -0.074 0.8141 -0.96
k=2 0.000001 -0.0005 0.0496 - 0.3006 0.0381 - 0.0727 0.8546 - 0.9466
k=3 0.000001 -0.0005 0.0585-0.3215 0.0257 - 0.0692 0.8443 - 0.9622
k=4 0.000001 -0.0005 0.04-0.3268 0.0654 - 0.0883 0.8016 - 0.9039
k=5 0.000001 -0.0005 0.057 - 0.2964 0.0287 -0.0723 0.7926 - 0.9632

Table 5.1:  Achieved results showing the lower and upper bound of the learning rate, average
training loss, average validation loss, and F1 score on cervical spine segmentation for each k-fold
cross-validation of the studied data set

To show the model performance, we obtained the predicted segmentation mask from the
proposed 3D segmentation model with the visualization of the ground truth of the related CT
scans. While the masks shown in Figures 5.3 and 4.4 focus on the bone section of the provided
CT scans of the cervical vertebrae, they can easily prove that the proposed model correctly

distinguished the vertebrae from the provided image.
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Figure 5.3 shows one sample of cervical spine CT scans related to C1 to C7 vertebrae with
corresponding ground-truth masks and predicted masks from the proposed segmentation model
trained on 128 x 128 x 128 image size in the Sagittal plane. The heatmap was generated by the
last layer of ResNet18d of the segmentation model. The vertebra regions are in yellow in both
ground truth and predicted masks, where the yellow region shows the relevant region. The figure
represents the proposed model can correctly do segmentation to detect the location of vertebra
in the given CT scan.

Patient ID:1.2.826.0.1.3680043.1363 - Ground Truth

Vertebra: C1 Vertebra: C2 Vertebra: C3 Vertebra: C4 Vertebra: C5 Vertebra: C6 Vertebra: C7

-

Patient 1D:1.2.826.0.1.3680043.1363 - Predicted

Vertebra: C1 Vertebra: C2 Vertebra: C3 Vertebra: C4 Vertebra: C5 Vertebra: C6 Vertebra: C7

- e
-

Figure 5.3: Examples of cervical spine CT scans and the predicted segmentation mask from the
proposed semantic segmentation model on the validation dataset - sagittal plane
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Patient ID: 1.2.826.0.1.3680043.10633

Figure 5.4: predicted segmentation mask for four selected images from the test set in axial view

Figure 5.4 shows our preliminary results of this proposed segmentation model on the cervical
spine dataset. While the right figures show the bone section of one vertebra, the left figures

depict the CT scans perfectly overlaid with the predicted masks from the U-Net architecture.
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5.3 Discussion

One of the biggest challenges for this thesis was the memory constraints. The training images
and their corresponding segmentation images in the dataset are around 300GB which needs
considerable hard disk capacity, and it needs even more memory to store the cropped CT scan
slices. The use of the cloud allows for storing and training of much bigger datasets and would
not burden researchers and medical clinics with additional resources to run deep learning
models. Also, the strategy of resizing the input size to 128 x 128 x 128, before proceeding to
the U-Net segmentation model is more memory efficient and highly advantageous when most 3D
models suffer from memory capacity.

Another challenge was training the segmentation and classification models on this big dataset
and the need to send the training models and the training dataset to GPU to accelerate
operations. Therefore, at first Cedar, a heterogeneous cluster at Simon Fraser University [13],
accessible by Compute Canada was used to train the deep learning models. The preliminary
results were obtained by training the proposed segmentation model after 20 hours and it only
trained for two epochs, after which have achieved 0.81 F1 score. However, unless mini batches
were used in the data loader of Torch, an open-source deep learning framework, the process of
loading images to GPU was slow and inefficient.

The exploitation of the m7248 datacenter [25], located in Sweden, solved this low speed issue
with an interesting observation which was the proposed model trained for around 50 epochs over
one hour. Therefore, the m7248 datacenter was used as the computational resource for this
research. This data center is comprised of 8 x RTX A6000 graphics processing units with 48 GB
GDDR6 of memory each and 16 x AMD EPYC 7252 8-core central processing units with 128
GB of memory.

Most of the previous approaches achieved a high level of accuracy (81-98%) in the detection of
cervical spine fractures shown in table 2.1. During the time of writing this thesis a study of
evaluating vision transformers (ViT) for detecting cervical spine fractures has been conducted

with an accuracy of 98% [18].
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However, the performance of the proposed segmentation model was similar to the Convolutional
Neural Networks (CNNs) and web-based automatic spine segmentation [36] shown in the
previous studies. The achievement of the proposed segmentation mode is significant in the
medical industry because the high performance of the U-Net segmentation model performed well
in terms of extracted metrics. The encoder and decoder of U-Net enable the extraction of rich
features, reducing the time and resources needed to train a model with good performance.
Additionally, using a pre-trained network for the encoder section of U-Net is clearly an effective
strategy to help the proposed model learn the location of the cervical spine.

It is evident how difficult this segmentation problem is regarding the big size of the training
dataset compared to the other datasets used in the previous approaches. However, the
visualization in Figure 5.3 suggests that if the model was trained long enough or even deeper
pretrained networks were used which needed more computational resources, it would identify the
adjacent vertebrae in a single CT scan. Therefore, these improvements could be made to this
model to have better performance. For future work, it is more likely to achieve greater accuracy
by using more powerful data centers to train the proposed segmentation model.

Also, there are some improvements that could be made to this model such as using different loss
functions or different architecture for the encoder and decoder of U-Net in order to get better
performance. Due to time and cost limitations, we were unable to perform evaluation metrics on
the effects of different loss functions for this dataset which will be the baseline for future works.

All of these improvements will be considered in our future research and endeavors.
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Chapter 6

Classification model

Once the proposed segmentation model was trained and optimized, it was used to predict the 3D
mask for all training images to detect the vertebrae. Then, YOLOv5 was used to crop the
regions of interest (ROI) from the cervical spine CT scans. Finally, cropped images with their
predicted masks are sent to the classification model to produce fracture probabilities for each
vertebra at the cervical spine. This chapter will provide the details related to the required steps
to use Ultralytics YOLOvS, the implementation of the proposed classification model, and the
results obtained from that model.

This chapter starts by implementing the Yolovb as an object detection model, and then the
result of the predicted bounding box around the vertebra on the three test data. Section 6.2
presents the processing of training data, implementation of data augmentation, and finally the
proposed CNN and GRU classification model. Experimental results and evaluation metrics will

be discussed in section 6.3.

6.1 Yolovb implementation

In order to crop the vertebra from the cervical spine CT scans dataset, there is a need to have
the coordinates of bounding boxes around the vertebra for all 2019 study instances. The

provided dataset includes the coordinates of the bounding boxes around of each vertebra for only
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235 study instances. Therefore, Ultralytics YOLOv5 [24] was used to create bounding boxes
around the images for which simple text-based files were created to contain the annotations for

each image in the dataset. The setup for using Ultralytics YOLOvV5 involves the following steps:

e The annotated dataset was converted into the YOLO format, which consists of text files
for each image, where each line represents an object in the image with its class label and
normalized bounding box coordinates. Each row should have the class index, X_coordinate,
Y _coordinate, width and height of the bounding box. As we only have one class (vertebra)

a sample .txt file contains [0 0.478515625 0.46484375 0.298828125 0.177734375].

e In Ultralytics YOLOV5, data splitting into training and validation sets are needed to train
the model. The split ratio of 80-20 was considered to split data which provided enough

data for training while ensuring a sufficient amount for validation.

e A YAML file was created to specify the dataset information, including the path to the
training and validation image files, number of classes, and the list of classes. The data
configuration YAML file is used during the training process to locate and load the dataset.
The sample YAML file created for this problem contains:
train: /path/to/train/images
val: /path/to/val/image
nc: 1

names: ['vertebra’l

Finally, the YOLOv5 model was trained on the annotated dataset based on the official YOLOv5
repository’s instructions for setting up the training environment and configuring the model [24].
Cloning the repository and installing the requirements have been done by running the following
scripts in a Python environment:

git clone https://github.com/ultralytics/yolovh

cd yolovh

pip install -r requirements.txt
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The following training script ran to train the model:

python train.py --batch-size 16 --epochs 100 --data /path/to/data.yaml

The model was trained for 20,60 and 100 epochs and finally, it has given a satisfactory result
with the selection of batch size=16 and epochs=100 with an accuracy of 98%. Then, the trained
YOLOvS5 model was used to perform inference on all the study instances to generate bounding
box predictions for the vertebrae. Figure 6.1 depicts three samples of the cervical spine CT scan
and their predicted bounding box around the vertebra with the proposed Yolovh and predicted
segmentation mask. It is evident that the proposed Yolovb is able to perfectly detect the cervical
vertebra from the unseen CT scan.

In conclusion, using YOLOvV5 as an object detection model reduced the high amount of

irrelevant information and would improve the accuracy of the fracture detection model.
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Figure 6.1: Three samples of the predicted bounding box around the vertebra by Yolovb model -
from left to right, the first one is the axial view of one vertebra of the cervical spine, the middle
one is the predicted bounding box around that vertebra by Yolovb and the last one is the predicted
bounding box around that vertebra for the related segmentation mask.
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6.2 classification

6.2.1 Processing the training data

This large, diverse, and publicly available dataset contains cervical spine CT scans of 2019 cases
(961 positive and 1058 negative cases) which corresponds to 711601 images (each case contains
an average of 300 slices). Therefore, 30 slices of each vertebra from a case study were extracted
to be considered as an input to a 2D CNN. The input shape to the CNN was

(batch_size,num slices, image_size, image_size).

Cropping the CT scans based on the bounding box coordinates, resizing them to 224 x 224, and
saving the cropped regions as individual images, produced around 14000 (2019 * 7) samples.
Figure 6.2 represents one slice of a cervical vertebra (left image), and its predicted mask (right

image) after the cropping process with the Pillow library in Python [48].
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Figure 6.2: one sample of the cropped cervical vertebra CT scan with corresponding mask

Since K-fold cross-validation provides a robust estimate of a model’s performance, helps in
detecting overfitting and underfitting issues, and allows for a more thorough evaluation of the
model’s ability to generalize to unseen data, 5-fold cross-validation similar to the segmentation

model was used to split the dataset into training, validation, and test subsets.
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6.2.2 Implementation of data augmentation

For the augmentation procedure as a crucial part of the training process to prevent overfitting,
different augmentation techniques like Resizing, transposing, flipping, and Gaussian blur were
used in this classification model to prevent overfitting. These techniques have been chosen based
on the problem type and the characteristics of the provided dataset. Also, heaver data
augmentation like Grid Distortion and Shift scaling were tested which did not improve the
performance of the model. To apply all these image transformations, albumentation, an
open-source Python library for image augmentation in deep learning was used to enhance the
diversity and quality of the training dataset [2].

Ultimately, a novel data augmentation technique called Mixup was used to improve the accuracy
of the proposed model from 96.12% to 96.74%. The mixup technique improves the generalization
ability of the deep learning model beyond the traditional empirical risk minimization (ERM)
framework [30]. All the augmentation techniques used in the proposed classification model are

shown in Table 6.1.

’ Transforms Setting ‘ Probability
Resizing Image size (224,224) 1
HorizontalFlip Not needed 0.5
VerticalFlip Not needed 0.5
GuassianBlue kernel size (0,3) 1
Transpose Not needed 0.5
Mixup Not needed 1

Table 6.1: Augmentation techniques and their settings used in the proposed classification model

Traditional ERM methods aim to minimize the average loss over the training data. However,
they often struggle with overfitting, especially when the dataset is limited. Mixup addresses this
limitation by generating virtual training samples as convex combinations of pairs of original
samples and their corresponding labels. This process effectively interpolates between input
samples, creating new data points that lie along the line connecting them in the input space.
Mixup takes two randomly chosen examples (xi, yi) and (xj, yj) from the training data. It then

combines them using the following formulas:
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X=Xz + (1= )) x

Y = Ayi+ (1= ) x y;

Here, )\ is a scalar parameter that determines the degree of interpolation and lies between 0 and
1. The resulting virtual example (X, Y) represents a linear combination of the original
examples, incorporating the prior knowledge that linear interpolations of input feature vectors
should correspond to linear interpolations of their associated labels.

One of the key advantages of mixup is its simplicity and ease of implementation. It requires just
a few lines of code and introduces minimal computational overhead compared to traditional data
augmentation techniques. Despite its simplicity, mixup consistently improves the generalization
performance of deep learning models, as demonstrated by experiments on various image

classification tasks.
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6.2.3 CNN + GRU Implementation

The following architecture shows an overall view of the proposed classification model, while the

pseudo-code of the model is described in Figure 4.11.
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Figure 6.3: An overall view of the proposed classification model

The proposed classification model was defined by sending the input images into a 2D
convolutional neural network (CNN) to extract the features from each CT scan and then using a
GRU model to create the fracture label. A pre-trained network in PyTorch was chosen for the

CNN section.
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For selecting the proper backbone for the classification model, ResNet, VGG, and EfficientNet
are the popular pre-trained networks for image classification tasks. Also, more complex tasks or
datasets may benefit from deeper architectures with more layers and non-linearities, allowing the
model to learn intricate features and representations. For problems with limited computational
resources, architectures like Resnet and EfficientNet are designed to be lightweight and suitable
for deployment on resource-constrained architectures.

Resnet18d and EfficientNet-v2 models were implemented using Timm, an open-source PyTorch
library. Initially, ResNet18d was used to learn general features of the cervical spine but it did
not work well for the proposed CNN model as a feature extractor. Ultimately, EfficientNet-v2
[43], a pre-trained image classification model, was used to learn the general features of this large
dataset.

Moreover, a bi-directional GRU model was used to generate the fracture label for each of the
seven cervical vertebrae. The GRU function in the PyTorch library was used to apply a
multi-layer gated recurrent unit (GRU) to an input sequence. The number of GRU layers was
considered two to form a stacked GRU where the second GRU received the output of the first
GRU as an input. The bidirectional parameter in GRU was set to True to get the advantage of
Bi-GRU to capture both past and future context, making it more powerful and better suited for
the classification task. Although bidirectional models are computationally more expensive and
may require more parameters to train, we got a reasonable result by using the m7248 datacenter
[25] to train the proposed model.

The training setup of the proposed model was as follows: AdamW optimizer with a cosine
annealing learning rate, 50 training epochs, batch size of 8, and input size of 224%224.

Finally, the fracture probability for each vertebra was produced by the classification model. The
high probability shows that there is mostly likely damage in the given cervical spine CT scan.
The damage probability for two study instances has been shown in Table 6.2. It can be seen that
the proposed model predicted high fracture probability for C1 and C2 vertebrae related to the

first study instance and detected fracture for vertebra C2 in the second study instance.
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Ptient ID Fracture probability

1.2.826.0.1.3680043.6200_C1 0.8211108
1.2.826.0.1.3680043.6200_C2 0.91041774
1.2.826.0.1.3680043.6200_C3 0.04243563
1.2.826.0.1.3680043.6200_C4 0.01370981
1.2.826.0.1.3680043.6200_C5 0.05007572
1.2.826.0.1.3680043.6200_C6 0.21084881
1.2.826.0.1.3680043.6200-C7 0.25250828
1.2.826.0.1.3680043.27262_C1 0.46066386
1.2.826.0.1.3680043.27262_C2 0.89230376
1.2.826.0.1.3680043.27262_C3 0.0756408
1.2.826.0.1.3680043.27262_C4 0.069127046
1.2.826.0.1.3680043.27262_CH 0.022976296
1.2.826.0.1.3680043.27262_C6 0.01965953
1.2.826.0.1.3680043.27262_C7 0.024886766

Table 6.2: Predicting fracture probability for two study instances
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Figure 6.4 shows four samples of axial cervical spine images from the unseen test dataset,
highlighting the regions where the model focused its attention to predict fracture. The bounding
boxes were created around the fractured region in red. From the figure, we can observe that the

model can perfectly detect the location of the fracture in the cervical spine CT scans.

1D:1.2.826.0.1.3680043.25651, Slice: 119 1D:1.2.826.0.1.3680043.23817, Slice: 156

L

ID:1,2.826.0.1,3680043,12031, Slice; 325 1D:1,2.826.0.1,3680043,11899, Slice: 151

Figure 6.4: detected fractures within a single vertebra by the proposed model
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6.3 Experimental Results

The classification performance of the proposed model in fracture detection of the cervical spine is
presented in Table 6.3. To examine the proposed model’s performance and accuracy, the
confusion matrix has been used to determine if it is good at the prediction step or not. The
accuracy value is 96.74%, the sensitivity value is 78.74% and the specificity value is 98.74%.
These results indicate that the proposed model can be used to make predictions. Table 6.3 shows
further PPV (Positive predictive value), NPV (Negative Predictive value), and AUC (area under

the curve) values.

| Metric | TPR | TNR | PPV | NPV | Acc | AUC |
| result | 78.74 | 98.74 | 87.48 | 97.66 | 96.74 | 88.74 \

Table 6.3: Classification performance results on the dataset with 6299 negative cases and 701
positive cases extracted from the proposed model. TPR: sensitivity, TNR: Specificity, PPV:
Positive predictive value, NPV: Negative Predictive Value, Acc: Accuracy, AUC: Area under
curve. All the values are in percent

The value of 88.74% for the AUC as an important metric to measure the overall performance of
the proposed model is considered a good score although it needs to be improved to have a value
near or upper than 90%. The TPR value shows that 78.74% of the number of samples belonging
to the positive class (fractured) has been classified correctly by the predictive model.

We also observed that the proposed model was unable to correctly detect fractures in some
DICOM images. Figure 6.5 shows three samples of false positive error that the model falsely
predicted as the fractured vertebrae which are actually intact vertebrae. Any significant
differences between the fractures correctly labeled by the proposed model and those they missed
were not found after our analysis.

However, since the type of fracture within each slice of the cervical spine has significant
importance, it will be considered as future work to categorize all the fractures and examine their

effect on the detection of damage and improve the model’s performance.
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Figure 6.5: flase positive errors in the model related to patient IDs "1.2.826.0.1.3680043.24606’,
’1.2.826.0.1.3680043.2243’,71.2.826.0.1.3680043.10005’
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6.4 Discussion

In theory, 3D CNN is the most straightforward method for handling this classification problem.
Different studies showed that 3D models (an entire volume of the image) are more accurate,
represent better performance with limited training data, and are faster to train but require more
computational memory compared to 2.5D (five consecutive slices of the image ) or 2D (one slice
of the image) models [7]. Due to the lack of required GPU memory to train the dataset of this
research, it was preferred to use a 2D cnn to predict the presence of fracture in CT scans.
However, implementing a 3D classification model will be considered as future work for this
research to compare the results with this research.

On the other hand, Our classification model mainly focuses on Convolutional neural networks
(CNN) and Residual neural networks to detect the fracture. CNNs excel at recognizing specific
features like edges, corners, or textures, but they might struggle to understand how these
features interact or contribute to the overall context. Other types of neural networks or
approaches might be needed to address this limitation and consider the positioning of features
with respect to each other.

Transformers rely heavily on attention mechanisms, which is a concept inspired by human
cognitive processes, allowing models to focus on specific parts of input while processing
information. Although we used GRU to address this issue in our problem, as a future work, we
can use Vision Transformers (ViTs) to bring the powerful self-attention mechanism of
Transformers into our classification task.

The EfficientNet-v2 Classification model contains 24 million parameters [43] and requires 5 hours
to train the model on the 8 x RTX A6000 GPU with 48GB memory. The whole pipeline took
around 7 hours to train the proposed classification model. Different cases have been discussed
where the proposed model failed to perform well and we have suggested solutions to overcome
them. The proposed classification model has shown that the detection of fractures in cervical
spine CT scans can be done automatically by using a deep learning model. This model can be

used in the medical industry to help physicians detect fractures in medical images faster, more
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efficiently, and less expensive.
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Chapter 7

Concluding remarks and future works

In this thesis, a new architecture for fracture detection in cervical spine CT images was
successfully implemented to minimize the error of the previous studies. In this study, a two steps
deep learning model was proposed based on U-Net architecture to detect the location of
vertebrae and fracture on 128 x128x128 image sizes with an accuracy of 96.74%, which
demonstrates the capability of deep neural networks to address this challenge. To conclude, this
architecture forms a reliable research and has the ability to be applied to critical industries such
as medical sciences.

This architecture can be classified into 4 steps. The first step is data preprocessing, loading, and
transforming training images in DICOM and NIFTI formats and labeling datasets to training,
validation, and testing datasets. The second step is training and validating a segmentation
U-Net-based model on the provided cervical spine CT scans. The third step is using that model
to predict the segmentation mask for all the study instances and using the Yolovh model to
predict the bounding boxes around all vertebrae to crop them from the DICOM images to
reduce the irrelevant information. In the final step, a combination of CNN and GRU models is
performed to examine the capability of the model to detect fractures in an unseen medical image.
There are a number of challenges to developing a cervical spine fracture detection model for the

provided dataset. One of the primary challenges was the high volume of the training images and
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the necessity to load them in memory to train the deep-learning models. We solved this issue by
using the m7248 datacenter, comprised of 8 x RT'X A6000 GPU with 48 GB GDR6 of memory.
Therefore, our work demonstrates a pipeline of highly effective 3D segmentation and
classification models to detect injury from cervical spine CT scans.

This thesis proposed a deep-learning model to detect the cervical spine fracture in CT scans.

The four main contributions of our work are:

Improved the diversity of the training dataset Using mix-up as a novel data

augmentation technique produced results that are comparable to the original algorithm.

Improved fracture detection model Adding a step of creating a bounding box around each
vertebra to the pipeline, reduced the high amount of irrelevant information, and at the

same time, improved the accuracy of the model.

Proposed a flexible architecture This architecture has the flexibility of any changes to the
encoder section of U-Net architecture to the state-of-the-art pre-trained networks to make
classification over different datasets of C'T scan images to detect fractures. This feature
results in a unique and flexible framework with acceptable accuracy and robust structure

to be applied in highly critical medical applications.

Proposed an integrated cervical spine fracture detection system The above
contributions were applied to construct our final integrated system. Experimental results
show that our proposed architecture produces better results compared to other popular

approaches discussed in the literature review.

In the future, we are planning to use higher input resolution to be trained on the proposed
models which will require more powerful computational resources. Our discussion in Chapter 6
prepared the base and foundation for improving the proposed model by including the fracture
types in our research and analysis. Moreover, using more depther networks such as ResNet-34
has the advantage of getting higher accuracy or better representation learning which also needs

sufficient computational resources to handle the increased model complexity.
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