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Abstract

Objective: The aim of this research is to build a machine learning model in order to predict the
success of invasive surgical treatment on a degenerated cervical spine, based on the baseline X-ray
images. The purpose of the results of this research is an application in computer-aided diagnostics
and treatment planning in the eld of neurosurgery.

Background:  Spinal degeneration can be described as the gradual loss of spinal structure and a
decreased functioning of the spine over time. Before the diagnosis of spine degeneration can be made,
a sagittal X-ray analysis of the spine is very important. With the current ageing population and

the relatively high prevalence of neck pain and spinal complaints of approximately 30%, there is a
great demand on MRI and X-ray analysis in healthcare. Machine learning techniques, and especially
convolutional neural networks, seem promising for the application of X-ray image analysis.

Methodology:  This research was preceded by a literature study about cervical degeneration and the
implementation of ML in spine research. Of the available machine learning techniques, arti cial neural
networks show the best classi cation accuracy when it comes to image classi cation. Convolutional
Neural Networks (CNNSs) in particular are applicable for the computer vision classi cation task of this
study. That is why, in consultation with the neurosurgery department of the Leiden University Medical
Center (LUMC), it was decided to focus on the development of a Convolutional Neural Network (CNN)
to perform the binary classi cation task.

Results: The nal con guration of the convolutional neural network (CNN) consists of four convo-
lutional layers with ReLU activation function and a maximal pooling function. Batch normalization
was applied after the rst convolutional layer of the model in order to create a more stable training
environment. The false positive rate (FPR) is 19% on average and 15% during the best performing
run. The ROC curve shows an AUC during the best performing run of 0.91 and 0.86 on average,
whereby 1.0 would be a perfect classi er.

Conclusion: It can be concluded that this classi cation task could be performed by a convolutional

neural network (CNN), adapted to the speci c classi cation task. The lowest achieved false positive

rate of the model was 15%, which shows a major improvement compared to the current clinical
situation at the department of neurosurgery in the Leiden University Medical Center, where about

25% of invasive spinal surgical operations, involving cervical degeneration, are of no benet to the
patient.
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Chapter 1

Introduction

With a prevalence of approximately 30%, neck pain is in the fourth place of most common causes of
physical disability world wide [1]. Neck pain can be categorized as neuropatic or nociceptive, caused
by neurological abnormalities or mechanical damage of the cervical spine, respectively [1]. In most
cases, acute neck pain is resolved without invasive treatment, as it is caused by accidental mechanical
damage of the spine or surrounding tissue. However, in nearly 50% of patients su ering from neck
pain, the pain returns or develops a chronic nature, whereby medicinal therapy or invasive treatment
is needed [1]. In this chronic situation, there may be cervical degeneration, which has a progressive
character and thereby increases over time. This spinal degeneration is often multi-causal and can be
de ned as reduced functioning of (parts of) the spine over time and a gradual loss of normal structure
of the vertebrae, intervertebral discs and surrounding tissue [2]. Patients with neck pain caused by
cervical degeneration often also experience neck sti ness, headache, unilateral or bilateral shoulder
pain and/or pain in the anterior chest area, numbness in the arm or ngers and a general reduced
range of motion of the neck [3]. Cervical degeneration can be correlated to sagittal misalignment,
radiculopathy or myelopathy as well [4, 5, 6].

The procedure to diagnose a patient with 'spinal degeneration' consists of a sagittal X-ray analysis of
the spine, with an additional analysis of the softer tissues within and surrounding the spine. To view

the major structures and tissues of the spine, e.g. the intervertebral discs, nerves, the spinal canal,
vertebral end-plates and the facet joints (zygapophysial joint), among others, magnetic resonance
imaging (MRI) and computed tomography (CT) can be used [2]. This radiological analysis has to be

executed by quali ed radiologists. In this research, only X-ray images are analysed.

From those sagittal X-ray images a radiologist or neurosurgeon could determine the degree of spinal
degeneration, based on radiological features [7]. Spinal degeneration is an important aspect in the
treatment planning, as it determines whether the patient would benet most from surgical or con-
servative treatment, and it in uences the possible outcomes. Nevertheless, nowadays it is still very
di cult for a medical specialist to determine whether the patient should bene t from invasive surgery

or not [5]. The timing of the surgery is an important factor, as most non-invasive improvement should
occur within four to six months [5], and on the contrary, literature shows signi cantly better results

if the surgery is performed within six months from the time when the rst symptoms occurred [8].
Because of this di cult treatment planning aspect, which strongly di ers per individual, there is no
clear consensus regarding invasive surgery.

Because of the risk and the invasiveness of surgery in the cervical spine area, non-operative treatment
and a conservative approach are preferred. This may include physical therapy, manipulation of the
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2 Introduction

vertebral positioning, medication and timely immobilization of the neck [5]. When this approach
is no longer adequate, surgical intervention may be an option. However, the recommended length
of conservative treatment is unclear [5]. The speci ¢ surgical procedure, and whether this surgery
would be feasible, depends on the clinical situation of the patient. Signs or symptoms that induce
early surgical intervention are progressive neurological de ciencies, myelopathy (or associated clinical
signs), fractures, or other signs of cervical instability, bone lesions or severe degeneration [5]. In this
research, data from the NEtherlands Cervical Kinematics (NECK) Trial has been used, provided by
the LUMC [9]. At the moment, based on the percentages in the NECK-trial dataset, the percentage
of unnecessary surgeries, e.g. without improvement for the patient, is approximately 25%. Preventing
these operations from being carried out is of clinical relevance, as this would lead to a reduction in
costs and patients would be spared the risk of surgical complications and recovery time.

With the current pressure on healthcare, the ageing population and the relatively high prevalence
of neck and spinal abnormalities, there is an increasing demand on MRI and X-ray imaging and
analysis [1]. However, radiological analysis is a time consuming task which has to be done carefully, as
diagnostic and treatment decisions are based on the outcomes. In addition, there is an inter-observer
variability of 30 % on average [10], which leaves room for improvement. Automating parts of the
radiological analysis could support the medical specialists to provide a more consistent outcome, with
an increased time e ciency [10].

Arti cial intelligence (Al) is a rapidly improving eld in medical research. Over the last decade, it
has become increasingly popular. Within the eld of Al, machine learning (ML) algorithms seem to
have great potential for computer aided diagnostics (CAD), as it is applicable to classi cation and
regression problems [7]. An ML algorithm learns, which means that the algorithm can improve
through previous experience or provided data. This could give a valid result for data that the ML
algorithm has never seen before, without explicitly programming the model [11]. Because the ML
application in this research focuses on computer vision, a convolutional neural network (CNN) will be
used, as this type of ML model can be used for image analysis and feature extraction [12]. Therefore,
the aim of this research is to build a CNN model in order to predict the success of the invasive surgical
treatment on a degenerated cervical spine, based on the baseline X-ray images. The resulting ML
model algorithm would be a computer-aided diagnostic tool which could aid in the treatment planning
in the eld of neurosurgery. This leads to the following research question: How could a convolutional
neural network algorithm be implemented in order to predict the success of an invasive cervical spine
surgery, based on baseline X-ray images?

To become familiar with the medical terms and de nitions, a short introduction with clinical infor-
mation about the cervical spine and cervical degeneration will be given in Chapter 2. This part is
followed by technical background information of the working principle of the used ML model in Chap-
ter 3. The core of this report will consist of the method (Chapter 4) and results (Chapter 5), including

a performance analysis of the machine learning model. Finally, the discussion, conclusion and some
recommendations regarding future research will be given (Chapter 6 to 8).
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Chapter 2

Clinical Background Information

2-1 Cervical Degeneration

2-1-1 BioMechanical Vertebrae Properties

Anatomical and clinical knowledge of the healthy situation in cervical vertebrae is essential to detect
and analyze cervical degeneration. The cervical part of the spine consists of seven vertebral segments,
denoted as C1 (cranial) to C7 (caudal) in Figure 2-1. Important anatomical components of the cervical
spine can be seen in Figure 2-1 as well. Because of the lack of a numerical scale on radiological images,
normative language is used to describe vertebral dimensions in this research. The cervical part of the
human spine can be divided in two parts: the upper part, consisting of vertebrae C1 (Atlas) and C2
(Axis), and the lower part consisting of C3 to C7. As can be seen in Figure 2-1, those two parts di er
strongly in shape. Therefore, the upper and lower part are often described and analyzed di erently or

in di erent process steps [13].

A healthy vertebra consists of a spongious bony core with a more dense bone outer layer, the cortex
of the vertebra. This cortex can be seen on an X-ray image as a radiopaque edge of the vertebra
[13]. Because of the increased axial forces, the thickness of the cortex slightly increases from C3 to
C7, even as the anterior-posterior diameter and the height of the vertebrae [13]. If we focus on the

surfaces, most of the vertebral body is concave. However, the superior and inferior surfaces of the
cervical vertebrae tend to be saddle-shaped [13].

Due to the gradual and progressive nature of cervical degeneration, it takes some time to go from the
asymptomatic onset of the process to the severe stage. During the process of cervical degeneration,
changes in the intervertebral discs and the vertebral endplates occur. In the end, the intervertebral
discs can seriously deform or even tear, causing a bulging disc or even a hernia [15].

During the degeneration process, forces and stresses on the vertebrae change. In addition, the forces are
distributed unevenly across the surface of the vertebra as the mechanical properties of the tissue shift
from a healthy state to degenerate tissue [15]. Due to a reduced damping capacity of degenerated discs,
vertebrae are subject to wear and tear, especially at the corners of the vertebral bodies. Thereby, the
degeneration process leads to remodelling and restructuring of the vertebral bodies to withstand the
changing forces and spinal compression. For example, the anterior-posterior diameter of the vertebrae
increases and the height of the vertebral bodies decreases [15]. In this remodelling process, osteophytes
(bone outgrowth) can develop. Most of the osteophyte remain asymptomatic and occur in 20-30% of
the population [13].
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4 Clinical Background Information

Figure 2-1: Visualization of the anatomical structures of the cervical spine segments in lateral
view [14].

2-1-2 BioMechanical Disc Properties

Healthy spinal discs consist of a rm, protective outer layer of tough collagen type I, the annulus
brosis, and a more viscous inner part, the nucleus pulposus (Figure 2-2) [16] [17]. The nucleus
pulposus consists of an irregular network with collagen type Il and elastine bres, which contains
proteoglygan aggregates to attract water molecules by osmotic pressure [18]. Because of the osmotic
pressure in the discs, the main component of the intervertebral discs is water. The water provides the
sti ness of the discs at a moment of impact or during long term compressive loading of the spine [18].
During compressive loading, some water is forced out of the discs due to the hydrostatic pressure,
whereby the aggrecan concentration increases and the swelling potential of the disc grows. As a result,
the disc is able to resist further compression [18]. In this way, the two layers work together as a
shock and compression resistant mechanism in daily movements, and thereby protect the vertebral
bones from wear and tear. A systematic visualization, together with the dimensions of a healthy
intervertebral disc can be seen in Figure 2-3. However, the sizes may vary slightly by gender, age
and individual anatomy. The vertebral endplate is located between each disc and vertebra, which
contributes to the ow of nutrients into the discs [17], and is also visible in Figure 2-3.

Over the years, the mechanical properties of the intervertebral discs decrease over time by hydration
loss [17]. This is caused by biochemical modi cation of aggrecan, which results in the loss of proteogly-
can and glycosaminoglycans. This process induces the decrease of osmotic pressure of the disc matrix,
and thereby increases the dehydratation of the tissue [16]. The ability of the disc to bear spinal com-
pression and dampen outer impact forces is altered, causing small damages in the tissue. The outer
annulus brosis could develop small tears, whereby the inner, more vulnerable nucleus pulposus moves
closer to the edge of the disc. As a result, the disc height decreases and the disc may bulge outwards
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2-1 Cervical Degeneration 5

Figure 2-2: Abstract visualization of the intervertebral disc, with the compression force of the
spine depicted with Epine and the tensile stress with[18]:

Figure 2-3: Abstract visualization, with a quarter cut-out, of the intervertebral disc. The dimen-
sions of the intervertebral disc are 4 cm wide and 7 to 10 mm thick, as depicted in the illustration

[19].

[17]. The most common types of tear on the annulus brosis can be seen in Figure 2-4. Over time,
tears will develop even more on the outer layer of the disc, which causes more hydration loss, and so
on. It is the start of the vicious circle of the degeneration process, as the intevertebral discs are not
able to repair and restore the tissue damage [17]. In addition, the intervertebral end plate becomes
sti er and more brittle. Those structural changes of the tissue counteract the di usion of nutrients

to the discs, which could reinforce the degenerative process of the discs even more [17]. The result of
this process can be seen on the right hand side of Figure 2-5. The following aspects can be seen in
degenerative discs, in di erent stages of the degenerative process [15]:

1. Reduced height of the intervertebral disc
2. Increased sti ness of the disc: more brittle structure
3. Bulging
(&) Symmetric
(b) Asymmetric
4. Herniation
5. Inconsistent signal intensity (Sl), dependent on water content and calci cation of the disc

Recent studies have shown several important aspects of the composition of degenerated cervical discs,
which could relate cervical degeneration to the developed neck pain [3]. The rst aspect is an increased
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6 Clinical Background Information

Figure 2-4: The three major categories of intervertebral disc tear in transverse (left) and saggital
(right) plane: (A) Delamination or circumferential clefts, (B) Radial cleft, and (C) Peripheral
lesion on the edge of the disc. Disrupted disc tissue is black in color and the nucleus pulposus is
grey in color [18].

level of in ammatory cytokines, secreted by the a ected discs [3]. Those in ammatory cytokines induce

an upregulation of nerve growth factor (NGF), mRNA expression and thereby the secretion of NGF
proteins in the disc cells [3]. Second, diseased cervical discs contain ingrowth of a large number of free
nerve endings, in contrast to healthy intervertebral discs [3]. The third characteristic is the innervation
pattern of the C5-C6 discs, which are innervated by the dorsal root ganglia neurons (DRG neurons)
[3]. This innervation pattern could be a major aspect in the various pain complaints, because the
major part of innervating nerve bres are a erent sensory. Those nerve bres are related to pain
perception [3]. All those aspects together are remarkable, because in a healthy situation cervical discs
are a-neural and contain a minimal concentration of cytokines [3].

Eventually, the degeneration process could lead to a complete tear in the outer annulus brosis. This

is called a herniated disc (Fig. 2-6) [16]. The inner nucleus pulposis contains the in ammatory
cytokines, caused by the degeneration process, which might cause severe pain when a ecting the free
nerve endings in the annulus brosis [17]. Moreover, a cervical foraminal stenosis could occur, in which
the nucleus pulposis presses against the nearest nerve. A cervical stenosis might appear as well, in
which the spinal cord is compressed [17]. Both stenoses are very painful and should be prevented at
all times.

2-1-3 Zygapophysial Joints (Facet Joints)
Healthy Zygapophysial Joint

At every level in the spine (cervical, thoracic and lumbar) there are facet joints, also called zy-
gapophysial joints, on the posterior side and between two vertebrae [20]. Those joints in uence the
mechanical performance and e ect on the total behaviour of the spine. The zygapophysial joint is
bilateral. The joint is positioned symmetrically with respect to the mid-saggital plane, and it is lo-
cated on the motion segment, which is posterolateral relative to the spinal cord center. Moreover,
it is a typical diarthrodial type of joint, consisting of bones, soft tissue (cartilage and ligaments), a
synovial uid, and an articular cavity between the joint surfaces. The cartilage surface provides a low
friction force during motion of a healthy spine. A visualization of a healthy zygapophysial joint and
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2-1 Cervical Degeneration 7

Figure 2-5: Spine and intervertebral disc anatomy in sagittal and cross-sectional views of healthy
and degenerate discs [16].

its components can be seen in Figure 2-7. The joint is a key player in the functioning of the spine, as
it guides and constrains the motion of the vertebrae, while it facilitates the force transmission through
the spine as well during a loading cycle [20]. Hereby, the zygapophysial joint contributes to the overall
stability of the spine, which is de ned as the ability to maintain its alignment, and thereby protects
the neural structures, during loading [20].

A ected Zygapophysial Joint

The cervical degeneration not only a ects the vertebrae and discs, but can a ect the zygapophysial
joint as well. Similar to the abovementioned degeneration process, it is a progressive condition in
the joint. During the degenerative process, both structural and cellular changes occur, whereby the
mechanical properties of the joint are decreased. The mechanical properties of the intervertebral discs
and the zygapophysial joint are strongly correlated, whereby degeneration of the joint will a ect the
mechanical properties and motion behaviour of the whole cervical spine segment [20]. It works the
other way around as well, as disc degeneration can in uence the overall degenerative cascades of the
spine. The detection of intervertebral disc degeneration and zygapophysial joint degeneration has been
reported both independently and combined [20]. There remains debate about the sequence of these
events and which part, the joint or disc, is the rst a ected structure. However, literature has shown
that degeneration of zygapophysial joints is generally preceded by degeneration of adjacent discs [20].
Although it cannot be concluded that degeneration of intervertebral discs and zygapophysial joints is
always correlated, it can be assumed that those degenerative patterns are related when they co-exist
in a spine.
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8 Clinical Background Information

Figure 2-6: Intervertebral disc anatomy of a herniated disc in cross-sectional view [16].

Figure 2-7: Lateral view of a cervical vertebra with the denoted general anatomy, including the
zygapophysial joint and the orientation of the joint relative to its angle with the axial plangZ0]

2-2 Invasive Surgical Treatment

The surgical procedure which is analysed in this research is anterior cervical discectomy (ACD). The
ACD procedure consists of removing the a ected disc. This procedure is performed from the front, the

anterior side of the body. There are several categories of ACD, depending on the vertebrae stabilisation
method:

Anterior Cervical Discectomy and Fusion (ACDF)

Anterior Cervical Discectomy with Arthroplasty (ACDA)

(merely) Anterior Cervical Discectomy (ACD)
Anterior cervical discectomy (ACD) is also called anterior decompression, as the aim of the treatment
is to decompress the associated nerve root. The ACD procedure involves of intervertebral disc removal
from the anterior side of the neck. After the disc removal, an allograft is placed to restore the height
of the intervertebral space, followed by stabilisation of the vertebrae by a syntheses plate. After the

recovery process, the vertebrae should be fused and the pain will slowly subside after surgery. An
illustration of the surgical procedure of ACDF can be seen in Figure 2-8.

Another factor involved in the consideration for surgical treatment is the potential risks to the patients
undergoing ACD surgery. As with any surgical procedure, there are risks and possible complications for
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