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Chapter 1

Introduction and general outline

With a prevalence of approximately 30%, neck pain is the fourth most common cause of physical 
disability worldwide. In 50% of patients acute neck pain develops into chronic neck pain [1]. The 
most common causes of chronic neck pain are the progressive degenerative changes that affect all 
components of the cervical spine [2].

These degenerative changes gradually induce a decline in the functioning of (parts of) the spine 
and loss of normal structure of the vertebrae, intervertebral discs and surrounding tissue [3]. Sagittal 
misalignment, radiculopathy and myelopathy among others, can all be correlated with cervical 
degeneration [4-6]. The most common degenerative change in the cervical spine, leading to neu-
rological symptoms, is the herniated disc, which can cause a cervical radiculopathy.

Anterior cervical discectomy and fusion (ACDF) is the standard surgical treatment for cervical 
radiculopathy. First described in the 1950s, this procedure enables direct exposure to the disc 
and subsequently to the disc herniation and results in less soft tissue damage than the posterior 
approach [4-6]. During the procedure a discectomy is performed to decompress the neural struc-
tures, followed by insertion of a cage in the intervertebral disc space to maintain foraminal height 
and cervical alignment. Subsequently, the spinal segments will fuse by natural bone ingrowth, 
creating a stable construct.

 ACDF is widely considered, by spine surgeons, a procedure with high clinical success rates. In the 
studies that initially reported on the technique, success rates as high as 80-90% were reported, based 
on the alleviation of arm pain [7-10]. Though the efficacy of the procedure for the alleviation of arm 
pain remains unchallenged, current studies show around 25% of patients report low satisfaction 
at follow-up [11-13]. The discrepancy between the high clinical success rates and the lower pa-
tient-perceived recovery scores can be partially attributed to the greater significance patients assign 
to the reduction of neck disability in their perceived recovery, as opposed to the mere alleviation of 
arm pain [14, 15]. This highlights the necessity of integrating neck disability assessments into the 
evaluation of patient-perceived recovery. Nevertheless, no study yet has been able to identify why 
these patients demonstrate a lower perceived recovery than the other 75% of patients undergoing 
anterior cervical spine surgery. In order to preoperatively predict perceived recovery after surgery, 
the underlying factors driving the difference need first to be identified.

Different underlying pathologies have been hypothesized to play a role in the postoperative 
functional ability of patients undergoing anterior cervical spine surgery. One hypothesis is that 
differences in implanted hardware may cause differences in functional outcome. Theoretically, 
fusion increases the stress-load on the levels adjacent to the index disc, which can cause pain and 
decrease in functionality on the short term and recurrent nerve compression on the long-term 
(adjacent segment disease; ASD). The cervical disc prosthesis was introduced to keep the index 
level mobile and to avoid ASD. A randomized controlled trial from our institution previously 
investigated whether implanting a cervical disc prosthesis (anterior cervical discectomy and ar-
throplasty, ACDA) would provide superior clinical outcome after anterior discectomy [16]. During 
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an anterior discectomy the cervical spinal root is decompressed in order to relieve radicular symp-
toms in the arm. The short-term purpose of a prosthesis, additional to the purpose of maintaining 
height, is to mimic the non-degenerated mechanical properties of the cervical spine segment and 
therefore decrease neck disability postoperatively. ACDA was hypothesized to provide lower Neck 
Disability Index (NDI) scores postoperatively, as compared to anterior cervical discectomy with 
(ACDF) and without a cage (ACD). However, one and two years after surgery the prosthesis did 
not reach the predefined criterium for clinical superiority of a 20-point lower NDI score (on a 100 
point scale) [16]. Although implanting a prosthesis did not provide superior clinical outcome in 
the short term, long-term data could provide different results. Adjacent segment disease is defined 
as new radiculopathy symptoms, corresponding to degenerative radiographic changes on the level 
adjacent to the index surgery. What makes ASD clinically relevant is the need for reoperation [17]. 
However, ASD has long been a radiographic diagnosis, and was typically reported to occur after 
longer follow-up [18]. Therefore it seems relevant to study long-term results in patients undergoing 
anterior discectomy to treat cervical radiculopathy.

Another hypothesis is that mental health influences patient-perceived recovery scores in patients 
undergoing ACDF. In patients suffering from pain and chronic disease, depression and anxiety are 
common psychological conditions. The estimated mean prevalence of major depression in patients 
suffering from pain due to orthopedic and rheumatologic disease is 56% [19]. Additionally, in pa-
tients being treated for pain, clinical outcome is known to be influenced by depressive symptoms; 
reporting an increase in pain episodes, more intense pain, more amplification of pain symptoms, 
and longer duration of pain [20-23]. Moreover, patients that report both anxiety and depressive 
symptoms have a lower self-perceived recovery rate and are more likely to report persistent pain 
[23-26]. In a systematic review on the relation between psychological disorders and spine surgery, 
it was concluded that patients subjected to spine surgery suffer from higher rates of spinal pain, 
postoperative complications and worsened functional outcomes [27]. Specifically, in patients with 
lumbar radiculopathy it was demonstrated that better mental health at baseline was significant-
ly associated with lower disability after surgery [28]. In the cervical spine however, the relation 
between mental health and functional outcome after surgery is less well investigated. One study 
showed statistically significant improvement in postoperative neck pain after one year in patients 
who received concomitant treatment for their anxiety compared those who had not [29]. However, 
longer follow-up on these patients demonstrated that this significant difference did not persist 
24 months after surgery [30]. Another study that described the impact of depression on outcome 
after posterior cervical fusion demonstrated that depressed patients reported less improvement in 
postoperative quality of life [31], which could, however, not be confirmed in a later study [32]. The 
true dimension of the effect of mental health on functional outcome after cervical spine surgery 
thus remains to be unknown. Ultimately, not just the effect size of mental health on functional 
outcome is of interest, but it is particularly interesting to discover how the association can be used 
to effectively counsel patients preoperatively.

1
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Finally, in line with the hypothesized role of ASD, the preoperative degree of  degeneration of the 
cervical spine is hypothesized to influence postoperative functional outcome in patients undergoing 
anterior cervical discectomy. In previous studies on ASD after cervical discectomy physiological, 
age-related occurrence of degeneration at the adjacent levels was not consistently accounted for. 
Hilibrand et al. demonstrated in a large retrospective study on patients that were subjected to 
ACDF that in 25.6% of patients degenerative changes were present at the adjacent level ten years 
after surgery. They concluded that adjacent segment degeneration occurred at a relative constant 
incidence of 2.9% annually [18]. This finding was received with skepticism. The study did not report 
on the baseline degree of degeneration, therefore it could not be ruled out whether the changes 
diagnosed at 10 years follow-up were already present at baseline, or not. Moreover, they reported 
that adjacent segment disease was less in patients that had ACDF at two levels, which is contra-in-
tuitive and actually supports the idea that baseline degeneration is important in the analysis of 
ASD development after ACDF.

With the current pressure on healthcare, the ageing population and the relatively high preva-
lence of spinal degenerative disease, there is an increasing demand on image 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, which leaves room for improvement. Automating parts of the radiological analysis 
using artificial intelligence (AI) could support the medical specialists to provide a more consistent 
outcome, with an increased time efficiency [33].

Artificial intelligence (AI) is a rapidly evolving field in medical research. Over the last decade, it 
has become increasingly popular. Within the field of AI, Machine Learning (ML) algorithms seem 
to have great potential for computer aided diagnostics (CAD), as it is applicable to classification and 
regression problems [34-37]. An ML algorithm ”learns”, which means that the model can improve 
its performance on a specific task, through provided data. After training with high volumes of 
data, this enables the model to analyze unseen data, without explicitly being programmed to do so.

Deep Learning is a subset of ML that mimics the learning process of the human brain, predom-
inantly using a type of algorithm that is structured in layers, called an artificial neural network. 
Neural networks are algorithms that are made up of many simple processing nodes that are connect-
ed to each other. The nodes work together to find patterns in the data and make predictions. When 
the network is active, each node receives a number from the nodes connected to it and multiplies 
it by a weight. It then adds these products together and decides whether to pass the information 
to the next layer. During training, the network’s weights and thresholds are adjusted until it con-
sistently produces accurate predictions. A particular type of neural network is the convolutional 
neural network (CNN). When research focusses on computer vision, use of a CNN is preferred, as 
this type of deep learning model can be used for image analysis and feature extraction. Traditional 
image analysis methods used to involve picking out predefined features of the image and then using 
those features to make a prediction. Different from these traditional methods of predefined feature 
extraction coupled with a classifier as predictor, CNNs use the imaging data to achieve a unified 
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hierarchical representation of the visual information. Simplified, this means that a CNN is able 
to look at the entire image and create a sort of “map” of the important parts. The interconnected 
layers of nodes, or chained convolutional layers, transform the input images as vectors into a high 
dimensional feature space to derive the hierarchical feature representations. This creates a detailed 
representation of the image and is done by breaking down the image into tiny pixels and analyzing 
them one by one. The model then puts all the information together to make a prediction. Essentially, 
it enables the performance of statistical testing on imaging data through translating pixels into series 
of numbers and ultimately performing a form of regression on those number series.

In this thesis both classical statistical methods on clinical data and Machine Learning on medical 
imaging data will be used to answer the questions; ‘what drives differences in perceived functional 
outcome after anterior cervical discectomy for radiculopathy’, and ‘how can AI be harnessed to 
improve the diagnostic and prognostic process’?

Aims and outline of this thesis:
1. Previously published reviews and meta-analyses on the comparison between fusion and pros-

thesis in the treatment of cervical radiculopathy mainly analyze studies including patients with 
a herniated disc resulting in either radiculopathy, myelopathy, or a combination. We consider 
the latter to be ‘mixed patient populations’. Myelopathy, as opposed to radiculopathy, is gen-
erally occurring in patients with more degenerated spines and demonstrate different clinical 
symptoms. Moreover, surgical indications and treatment goals for myelopathy patients are 
fundamentally different from those for radiculopathy patients. Comparing clinical outcome in 
patients exclusively suffering from radiculopathy is therefore a more valid method to compare 
the true clinical effect of the prosthesis to that of fusion surgery. The first aim is therefore to 
assess clinically relevant differences in clinical outcome after cervical arthroplasty (ACDA), as 
compared to fusion (ACDF) after anterior cervical discectomy in patients exclusively suffering 
from radiculopathy, and to evaluate differences with mixed patient populations (Chapter 2).

2. Defining clinically meaningful success criteria from patient-reported outcome measures 
(PROMs) is crucial for clinical audits, research and decision-making. The second aim is to 
define criteria for a successful outcome 3 and 12 months after surgery for cervical degenerative 
radiculopathy on recommended PROMs  (Chapter 3).

3. The third aim is to draw a conclusion on the alleged clinical superiority of ACDA, with im-
proved power, by combining data from two RCTs, performed in two academic hospitals. 
Both trials compare clinical outcomes for ACDA and ACDF, while adding a comparison 
to the less-studied alternative; ACD. This combined study aimed to investigate whether the 
ACDA procedure offers superior clinical results 2 years after surgery, to either ACDF or ACD 
without instrumentation, in the entire group of patients or in a particular subgroup of patients 
(Chapter 4).

4. Depression and anxiety are common mental disorders among patients with chronic pain. It 
is hypothesized that patients suffering from these disorders benefit less from cervical spine 
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surgery than mentally healthy patients. The fourth aim is hence to quantify the effect of mental 
health status on functional outcome after anterior cervical discectomy in a post-hoc analysis 
on RCT data (Chapter 5).

5. As adjacent segment disease is typically reported to occur after longer follow-up, it is essential 
to study long-term results in patients undergoing anterior discectomy to treat cervical radicu-
lopathy. Therefore the fifth aim is to evaluate the long-term clinical outcome in patients with 
cervical radiculopathy due to a herniated disc undergoing ACDA, ACDF or ACD (no cage, 
no plate) measured in PROMs and clinically relevant adjacent segment disease (Chapter 6).

6. Healthcare has enormous potential to take advantage of artificial intelligence (AI) for the 
analysis of big data. Machine Learning, a fundamental driver of current-generation AI, feeds 
on big data to identify underlying patterns to improve its model performance on predefined 
tasks. With an explosion of healthcare data ranging from basic science, clinical, numerical, 
language-based, and imaging data to vast amounts of administrative and economic data, ar-
tificially intelligent computer programs are well positioned to harvest, manage, analyze, and 
interpret this data to optimize healthcare delivery. However, the rise of big data and related 
technologies has led to an increased reliance on computer algorithms and a decline in direct 
human involvement and oversight. This shift raises ethical concerns in healthcare, as the ma-
chine-driven automation of processes, that were previously guided by human intelligence, 
creates new challenges. A sixth aim is to describe a pathway for the ethical application of 
Machine Learning in healthcare (Chapter 7).

7. Automating parts of the radiological image analysis process using Machine Learning could 
provide more accurate and consistent assessment, eliminating interobserver variability with 
an increased time efficiency. Therefore, the seventh aim is to create an overview of the avail-
able Machine Learning methods for automated analysis of cervical spine characteristics on 
radiological imaging (Chapter 8).

8. Identifying patients who will develop ASD remains challenging for clinicians. The eighth aim 
is to develop and validate a deep learning algorithm capable of predicting ASD by using only 
preoperative cervical MRI in patients undergoing single-level anterior cervical diskectomy 
and fusion (ACDF) (Chapter 9).

9. Not all patients benefit from surgical treatment and predicting who will and who will not, 
is difficult. For that reason the final aim of this thesis was to develop and validate a deep 
learning algorithm capable of predicting clinical success one year after surgery for cervical 
disc herniation, solely based on preoperative radiographs, and identify which image features 
are important for the algorithms decision-making (Chapter 10).
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