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Chapter 11

In this thesis, classical statistical methods were applied to clinical data, and Machine Learning
was used on medical imaging data, in an effort to determine the factors that contribute to the
variation in, clinically important, functional outcomes following anterior cervical discectomy for
radiculopathy and to explore how artificial intelligence can be utilized to improve the diagnostic

and prognostic process.

Functional outcome after ACD, ACDF or ACDA
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In a literature study, the alleged clinical superiority of the cervical disc prosthesis could not be
confirmed in patients exclusively suffering from radiculopathy. Additionally, in mixed popula-
tions, consisting of both radiculopathy and myelopathy patients, the reported differences between
prosthesis and fusion were considered to lack clinical relevance. Outcome data from a randomized
controlled trial (RCT) conducted in the LUMC, demonstrated, both two and five years after
surgery, that implanting a cervical disc prothesis after anterior cervical discectomy (ACDA) could
not prevent ASD, and that clinical outcomes after ACDA were not superior to the current gold
standard; anterior cervical discectomy and fusion (ACDF). Moreover, preliminary subgroup anal-
ysis on the two year outcome data could not indicate a certain type of patient that would benefit
more from receiving the prosthesis. However, data from the same RCT showed that five years

after single level ACD without implanting an intervertebral device, clinical outcome was worse
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compared to ACDF and ACDA, which was hypothesized to be caused by delayed fusion. In post-
hoc analysis of the RCT data it was discovered that patients suffering from depression and anxiety
before undergoing anterior cervical discectomy demonstrate significantly more neck disability after
surgery and therefore do not benefit from surgery in the same way other patients do. Additionally,
this study demonstrated that if, during follow-up, symptoms of depression and anxiety improved,
patients’ functional outcome improved as well. An R-shiny application was developed to facilitate
an casier-to-interpret, visual communication to patients of the developed prediction models duringa
preoperative clinic visit. Using these type of applications can aid personalized treatment counselling
and is a promising development for future shared decision-making healthcare.

In a time when our current healthcare systems are straining under burgeoning costs, a promising
innovation is the use of artificial intelligence for the analysis of ‘big data’. In order to benefit from
the availability of big data, the reliance on computer algorithms has increased, while the direct
human involvement and surveillance has declined. This shift raises ethical concerns in healthcare,
as the machine-driven automation of processes, that were previously guided by human intelligence,
creates new challenges. For the ethical application of Machine Learning in healthcare clinicians
should balance the principles of beneficence, non-maleficence, justice and respect for autonomy to
ensure patient safety, reliable diagnoses, and fair treatment.

Automating parts of the radiological image analysis process using Machine Learning could pro-
vide more accurate and consistent assessment, eliminate interobserver variability, and increase
time efficiency. Utilizing Machine Learning in cervical spine analysis enables objectifying pattern
recognition by statistical analysis of images, which surpasses the current reliance on human interpre-
tation of patterns. Additionally, it provides valuable insights for future research, given its capacity
to uncover the particular aspects of the image on which the prediction is based. Upon validation
on larger imaging datasets, these models can ultimately support clinicians in decision-making and

personalized treatment planning, offering promising prospects for the future of spine care.

Neck Disability Index (NDI)

The primary outcome measure used in the studies included in this thesis is the NDI. This decision
was based on the use of NDI as the primary outcome metric in previous research on the cervical
disc prosthesis (Chapter 2). Even though the NDI is widely used as the primary outcome measure
in radiculopathy research, the questionnaire is focusing on neck pain and disability, instead of on
cervical radiculopathy’s primary symptom; arm pain. This gives rise to the question what studies
that utilize NDI are truly evaluating - the efficacy of a surgery for radiculopathy or the effectiveness
of addressing the total set of symptoms related to cervical degeneration, such as neck pain. In either
case, considering the downstream accelerating effect of the surgical intervention on degeneration
of other spinal anatomical features, like the facet joints, the NDI might be an excellent tool to

quantify the neck disability originating from surgery induced cervical degeneration. Continuing
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that line of reasoning, the 25% of radiculopathy patients receiving ACDF that are considered to
not be clinically successful, might just be patients suffering from cervical degeneration, which
manifests as both neck and arm pain. And regardless of the surgery alleviating their arm pain,
their continuously higher disability scores will really reflect their underlying cervical degenerative
changes. In other words: the evaluation of arm pain reflects the surgeon’s perception of success,
while the NDI reflects the patient’s perspective on success.

As research presented in this thesis has shown, NDI demonstrated highest discriminative abil-
ity for distinguishing between success and nonsuccess following neck surgery for radiculopathy,
three months and one year postoperatively. This suggests that not the decrease in arm pain, but
also the improvement in neck disability is what drives patient satisfaction after surgery. The fact
that lower accuracy was found for the numeric rating scale for neck pain strengthens the conclu-
sion that NDI as a PROM entails more than just neck pain. In Chapter 10, the NDI was used to
identify the group of patients that shouldn’t be operated on primarily because of a preoperative
degenerative feature pattern on their imaging that correlates with clinical disability after surgery.
I conclude that the NDI not only reflects cervical radiculopathy outcome, but also the symptoms
accompanying degeneration of other anatomical features of the spine, like the facet joints. Dis-
tinguishing between arm pain, neck pain and neck pain that radiates to the arm, can be difficult
for patients, and to complicate matters further these symptoms can present as a combined clinical
manifestation. Therefore designing tools to aid clinicians in identifying these different groups of
patients, automatically, is important.

Additionally, when using NDI for discriminating between clinical success, it was demonstrated
that percentage change scores have improved discriminative ability, as compared to change scores
that don’t take into account baseline scores. This finding is in line with previous studies conducted
on surgery for lumbar disc herniation and lumbar spinal stenosis [1-3]. Reporting change scores as a
percentage of the baseline scores provides insight into the magnitude of improvement. The cut-off
values for categorizing percentage change scores into the “success” or “no success” group in this thesis
were calculated using the Global Perceived Effect scale (GPE) as an external criterion, as described
in Chapter 3. Since the GPE is a self-reported scale, using it as an anchor could induce bias, as the
answers will inherently be biased by the current health status of the patient. There are more objective
anchors described in literature, however no golden standard currently exists [4, 5]. The possibility
should be considered that the intrinsic strength of measures like ‘quality of life’ or ‘satisfaction’ is
their subjectivity. In contrast, more objective measures, though maybe relevant to clinicians, may
be of lesser importance to patients. Thus, the GPE has been recommended for research on this topic

despite its limitations, mainly because of its good psychometric properties [6-11].

Minimal Clinically Important Difference (MCID)
In interpreting outcomes from patient reported outcome measures (PROMs), a similar, though
different concept than the differentiation between success and nonsuccess, is that of the Minimal

Clinically Important Difference (MCID). The prevailing trend in the current literature is to base
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conclusions on statistical significance of results, which, depending on the outcome measure, does
not necessarily correspond to perceptible changes for patients. The MCID aims to describe the
minimal change on a PROM questionnaire that is actually clinically important. The incorporation
of the MCID in studies that report on PROMs is essential, because a statistically significant dif-
ference in PROMs, though mathematically correct, does not consistently correlate to a noticeable
difference for patients nor clinicians [12-16]. In the studies that were included in this thesis, and
that involved the analyses of NDI as the main outcome measure, results were consistently compared
to the MCID, in order to analyze outcomes in such a way that is meaningful to both clinicians
and patients. Nevertheless, MCID is a topic of ongoing scientific debate. The variable ways of cal-
culating MCID values contribute to the differences between values that are reported in literature.
Two of the most widely used methods for calculating the MCID are the distribution-based and
the anchor-based method, the latter of which was used for the MCID calculated in Chapter 3 [17].

The distribution-based method typically involves calculating a standard deviation or effect size
of the scores, and deriving the MCID based on a certain number of these units, such as halfa stan-
dard deviation or a Cohen’s d effect size of 0.2 or 0.5. In contrast, the anchor-based method uses an
external criterion or reference point, such as a patient’s global rating of change or a clinical expert’s
opinion, to anchor the MCID. This method involves comparing the difference in scores between
two time points or groups on the outcome measure to the change in the anchor. The derived MCID
is based on the minimal change in the outcome measure that corresponds to a meaningful change in
the anchor. In Chapter 3 we used the anchor-based method, using the Global Perceived Effect scale
(GPE) as the external criterion to anchor the MCID. It is possible that using the distribution-based
method, relying on the statistical properties of the outcome measure, would have yielded slightly
different MCID values. Before calculating the MCID from data in the NORspine registry and
publishing on the topic, we determined values for MCID based on different publications, each using
slightly different methods to approximate MCID, resulting in slightly different values [18-23]. At
present, neither the anchor-based, nor the distribution-based method is universally accepted for
MCID calculation, and there are valid arguments both for and against each method. However, I
am thoroughly convinced that the anchor-based method, which enables the direct incorporation
of clinical judgment and patient perspective into the MCID calculation, stands as the superior
approach. The method allows for a more comprehensive and patient-centered calculation of MCID
based on the magnitude of change that corresponds to a noticeable and clinically relevant improve-
ment or deterioration within a specific patient population. This ability to tailor the MCID to the
outcome measure and population of interest, while accounting for unique clinical considerations,

sets it apart from distribution-based methods.

Anxiety and Depression
In Chapter 5 we demonstrated that patients who were suffering from depression or anxiety before
anterior cervical discectomy reported statistically significant and clinically relevant higher disabil-

ity, one and two years after surgery. Additionally, it was demonstrated that if, during follow-up,
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symptoms of depression and anxiety improved, patients’ functional outcome, measured by NDI,
improved as well. These findings raise the question whether decreased mental health status is either
a cause of more disability, or an inherent effect of experiencing pain and disability from cervical
disc disease. Establishing cause and effect is not possible in the current study set-up, nor are there
any studies available in literature that have found a clear causal relationship. Interestingly, there are
observational studies that have assumed the first hypothesis to be true, and therefore studied the
effect of pre-operative pharmaceutical treatment for anxiety and depression, on pain and disability
outcomes postoperatively [24, 25]. These studies demonstrated improved disability and less pain
in the group that received pharmaceutical treatment. In addition to pharmaceutical intervention,
preoperative counseling and cognitive behavioral therapy could be other potentially interesting
strategies to investigate. However, instead of symptom control, future research should focus on
causality and investigate the direction of the effect between mental health and disability scores
after cervical spine surgery, as it may provide additional insights on how to manage patients with
mental illnesses before and after spine surgery.

In order to gain deeper understanding of the association between mental health and neck dis-
ability, it is helpful to consider the ten dimensions of the NDI questionnaire separately. The ten
items encompassed by the NDI include Pain Intensity, Personal Care, Lifting, Reading, Headaches,
Concentration, Work, Driving, Sleeping, and Recreation. Although lifting, reading, and driving
are directly influenced by neck pain, the remaining NDI items are recognized as being heavily influ-
enced by anxiety and depression. Consequently, it is conceivable that pharmacological interventions
and/or cognitive behavioral therapy could potentially ameliorate the symptoms of depression and
anxiety while concurrently improving NDI scores.

Therefore, the previously stated argument comes full circle, underscoring that the NDI serves
as a patient-centered and comprehensive outcome measure, encompassing clinically significant
assessments for cervical spine disease that is patient centered and encompasses the broader aspects
of well-being, rather than focusing solely on the mitigation of arm pain. Therefore, the previously
stated argument comes full circle, underscoring that the NDI serves as a patient-centered and
comprehensive outcome measure, encompassing clinically significant, patient-centered assessments
for cervical spine disease. It encompasses the broader aspects of well-being for these patients, rather
than focusing solely on the mitigation of arm pain.

Another approach to improve outcomes in patients with mental illness is to preoperatively inform
them on the influence of anxiety and depression on neck disability. The previously mentioned
R-shiny application (Chapter 5), offers the opportunity to effectively counsel patients in this area
during their preoperative clinic visit. The application visualizes the predicted disability trajectory
by the model, using a graph that adjusts based on the baseline scores of the individual patient. The
direct implementation of predictive modelling results in this manner, improves preoperative coun-
selling and becomes increasingly important with the rise of shared decision makingin the current

medical world, for which effective communication, of research results among other, is paramount.
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Nevertheless, 25% of variance in the model described in Chapter 5 remains unexplained. To im-
prove the accuracy of predictions and reduce the percentage of unexplained variance, future research
should combine different types of outcome parameters. Additionally, to increase validity, the sample
size of analyzed patients should be increased. The incorporation of radiological imaging data and
histopathological parameters for example, could provide a more complete picture of the patient and
result in higher accuracy in predicting outcomes for individual patients. To include these additional
parameters in the most efficient manner, a fully automated deep learning system that extracts and

subsequently analyses all parameters should be embedded in the electronic medical record.

In Chapter 2 it was discovered that the majority of studies comparing ACDF and ACDA aim to
present results as favorable as possible for the prosthesis, are sponsored by industry and are not
blinded. These factors are highly likely to induce bias in favor of the prosthesis, as the potential
associated with an expensive, novel, and technologically advanced device is expected to exert an
influence on experienced outcome by patients. Nevertheless, in the studies included in this thesis
that evaluated the cervical disc prosthesis, the clinical advantage of the device was consistently
absent one, two and five years after surgery, when compared to the current gold standard; fusion,
with a stand-alone cage, in patients suffering from radiculopathy. Evidently, these studies were
conducted in a double-blind manner.

In research comparing the cage and the prosthesis the distinction between myelopathy and radic-
ulopathy patients should be made. Myelopathy patients are prone to have more severely degenerated
cervical spines and perform different on outcome scales. Based on a comprehensive review of rele-
vant literature presented in Chapter 2, there is suggestive evidence to indicate that the mean NDI
two years post-operatively is lower (better) in the ACDA group including both myelopathy and
radiculopathy patients, than in the ACDA group including only radiculopathy patients. However,
the groups including only patients with radiculopathy were smaller and it is possible that they were
too small to detect a difference. An alternative hypothesis could be that patients with advanced
cervical spine degeneration, particularly those diagnosed with myelopathy, may have developed
a higher pain tolerance and are therefore more inclined to report superior disability scores when
compared to patients presenting solely with radiculopathy. Nevertheless, when comparing the
prosthesis to fusion in either patients exclusively suffering from radiculopathy, or mixed myelopa-
thy and radiculopathy patients, a clinically relevant benefit, in neck disability or neck pain, for the
prosthesis was absent in both groups.

A clinical benefit for the prosthesis was also not found in subgroups of patients based on sex,
age, BMI, baseline disc height and smoking history, in preliminary subgroup analysis included in
Chapter 4. Nevertheless, it should be noted that results from these type of analysis should always
be interpreted with caution as the combined RCT population of the study wasn’t powered for a

subgroup analysis. The minimal differences in clinical outcome metrics found between the different
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surgical techniques for each subgroup, should not be confused with evidence for the absence of a

difference.

In Chapter 4 and 6, the randomized controlled trials investigate a third treatment option without
instrumentation after anterior cervical discectomy (ACD), next to ACDA and ACDF. The ambiv-
alence surrounding ACD is mainly caused by its alleged negative effect on local kyphosis, adjacent
segment disease, recurrent cervical radiculopathy and neck pain on long-term clinical outcome. The
rationale for placing an intervertebral device is that the original height of the removed disc should
be restored, in order to keep the neuroforamen at its original height, prevent recurrent compression
of the nerve root, and avoid segmental kyphosis. Previous research on ACD was not able to find
high quality evidence of higher disability in the ACD group, when compared to ACDF [26-30],
even though increased dissatisfaction rates were found, after longer follow-up with ACD [31]

The influence of foraminal height decrease and inducing segmental kyphosis were further ex-
plored in our research group. With regards to the preservation of foraminal heights, a study from
our research group on the same patient population, as described in Chapter 4 and 6, demonstrated
that mean foraminal height was only slightly decreased in the ACD group, and foraminal height
did not correlate to radicular symptoms nor to general clinical outcome, one year after surgery
[32]. Additionally, ACD is presumed to induce segmental kyphosis of the cervical column, and as
a consequence induce neck pain. When segmental angulation was investigated in the NECK trial,
of the six patients with a kyphotic cervical curvature at baseline, only 1 patient remained kyphotic;
the other 6 patients recovered to a straight or lordotic spine two years and consistently five years
after surgery. One patient that had received ACD recovered to a lordotic spine five years after sur-
gery. The number of patients with a kyphotic spine was deemed too small to make a meaningful
correlation to clinical data.

Consistent with the absence of both, a meaningful decrease in foraminal height, as well as ky-
phosis induction, the one and two year trial results demonstrated that ACD provided similar
clinical results, when compared to ACDA and ACDF. However, clinical outcome after five years
was statistically significantly worse after ACD, compared to ACDA and ACDF. We hypothesize
that the difference in long-term clinical outcome is related to delayed fusion in the ACD group,
in agreement with observations summarized in a previous Cochrane review [26]. If an interver-
tebral device is placed, this leads to immobilization of the vertebra, which stops the induction of
osteophyte growth. However, if the vertebrae are allowed non-physiological movement (as is the
case in ACD), even though it is minimal, this may allow osteophytes to grow, resulting in recur-
rent irritation of the nerve root. This would lead to more reoperations at the index level, which
is indeed the observation in the five years follow-up results of the NECK-trial, where six patients
were reoperated at the index level, of which four from the ACD group. It has to be noted, however,
that the surgical incentive to reoperate is high after ACD, since this technique deviates from the

normal routine ACDF. Interestingly, the number of reoperations at index level was not higher
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in the ACDA group, though the index level remained mobile too in this group. Presumably, the
mobility allowed by the prosthesis was either capable of mimicking physiological movement, or
fusion occurred (heterotopic ossification) and the segment was immobilized anyway.

In the studies included in this thesis anterior cervical discectomy and fusion was performed with
astand-alone PEEK cage without anterior plating. The rationale behind addinga plate is to increase
postoperative stability, to avoid cage subsidence, and to accelerate fusion. However, several studies
have shown that neither fusion rate, nor instability is a significant problem after performinga one
level ACDF without a plate [33-35]. Some studies even report a favorable effect, with lower risk
of postoperative dysphagia and ASD without plating [36]. Moreover, a recent large retrospective
cohort study confirmed that cage subsidence in stand-alone cages after ACDF is minimal [37].
Nevertheless, in the United States cervical plating is considered routine after anterior cervical
discectomy and fusion. This is potentially caused by a combination of the more defensive surgical
practice pattern, and the medical compensation culture that pays more for an ACDF with plates
and screws. Nevertheless, surgical instrumentation after a one level anterior discectomy remains
a topic of scientific debate.

The primary objection to the effectiveness of RCTs in the surgical specialties is that the study
design would be inadequate for addressing most surgical scientific inquiries [38-40]. While it is
acknowledged that surgical outcomes can vary based on techniques and surgical experience, it can
generally be expected that randomization within an RCT would evenly distribute these influen-
tial factors among the different treatment groups. However, in studies with a smaller number of
patients, such as the NECK trial, it can be argued that the benefits of randomization are less evi-
dent, compared to studies with a larger patient population. Another frequently mentioned factor
impacting the generalizability of RCTs for ACDF is the brand and type of implant used. This is
despite the lack of available literature demonstrating statisticaily signiﬁcant differences in clinical
outcomes between different instrumentation types and brands. In the NECK trial three different
types of PEEK cages were compared to the Activ’C prosthesis. By combining the results from
both the NECK and Procon trials in Chapter 4, the number of different implant brands and types
further increased. Using different types and brands of implants makes results more generalizable

to the general population and therefore increases the external validity of our results.

Cervical spine degeneration refers to the natural wear and tear that occurs in the bones, discs, and
joints of the neck over time. As we age, the discs in our spine lose water content and become less flex-
ible, which increases the load on the uncovertebral joints and can lead to the development of bone
spurs (osteophytes). Moreover, the annulus degenerates concomitantly and damage to this annulus,
with or without damage of the endplate, can lead to herniation of the disc. Finally, development of
arthritic disease in the synovial-lined, diarthrodial joints of the spine adds to degenerative changes
in the cervical spine upon aging. These changes can lead to symptoms such as pain, stiffness, and

decreased range of motion in the neck. In some cases, cervical degeneration can also lead to nerve
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compression, which can cause numbness, tingling, and weakness in the arms and hands. Cervical
spine degeneration is a normal part of aging, but it can be accelerated by certain factors such as
genetics, injury, and lifestyle factors such as poor posture, obesity and smoking [41-45].

Surgery is one way to create controlled injury to the spine and surrounding tissue, and though
successful, can therefore be a cause of accelerated degeneration at the levels adjacent to the index sur-
gery. Adjacent segment disease (ASD) is defined as the development of new-onset clinical symptoms
that correspond to degenerative radiographic changes on the spinal segments (vertebrae, discs, and
joints) that are located next to a segment that has been previously surgically treated or stabilized.
This can occur after spinal fusion surgery, where the movement in the treated segment is restricted.
Due to the fused segments, the surrounding segments are forced to compensate, leading to increased
stress and wear and tear on those adjacent segments over time. This can result in the development
of symptoms such as pain, stiffness, and limited range of motion in the neck [46, 47]. Pain can
be caused by a variety of factors, including nerve compression, muscle strain, and inflammation.

The presence, however, of degenerative changes on radiological imaging, such as osteophytes
(bone spurs) or disc herniations, does not always correlate with the presence or severity of symp-
toms [48, 49]. Many people have degenerative changes in their cervical spine that do not cause any
symptoms. This is known as asymptomatic degeneration. Additionally, some individuals may have
relatively mild degenerative changes on imaging but experience significant symptoms, while others
may have severe degenerative changes on imaging but have minimal symptoms. Additionally, other
factors such as the patient’s overall health, age, and the presence of other comorbidities may also
play a role in determining the level of symptoms a patient experiences. Therefore, it is important
to consider more than just the radiological imaging when assessing a patient’s symptoms and de-
termining the appropriate course of treatment.

In research on the cervical spine, authors repeatedly fail to make the distinction between clini-
cally relevant, symptomatic degeneration, and not clinically relevant, asymptomatic degeneration,
which leads to invalid conclusions. One example is in research on surgical technique, in Chapter 2
it was demonstrated that studies claiming superior radiological results in patients that underwent
ACDA, fail to prove there is a correlation between the observed decline in degree of radiological
degeneration, and clinical outcome. Another example, from in the discussion of Chapter 9, is that
highcr percentages of sccondary surgical interventions for ASD were found in studies that used new
radiological degenerative symptoms at the adjacent level, without corresponding clinical symptoms,
as an indication for surgery [50].

A frequently cited annual incidence of ASD after fusion is 2.9% [51]. This is based on radiological
aspects of degeneration, not on clinical symptoms of ASD. In order to evaluate clinically relevant
ASD the number of reoperations for adjacent level radicular complaints can be assessed [52]. The
results from our own study (Chapter 6) suggest that implanting a prosthesis does not prevent adja-
cent level disease, as the number of reoperations was comparable in patients undergoing ACDF to
patients undergoing ACDA [53]. This is assumed to be due to the finding that a prosthesis loses its

full range of mobility in the first year after implanting due to heterotopic ossification (HO) [49],
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which is in agreement with observations from other studies [54, 55]. Furthermore, in addition to
the comparable number of reoperations between treatment groups, the long-term follow-up of
the NECK trial revealed a significantly lower total reoperation rate of only 1.2% for adjacent level
disease. This is in line with other, more recent studies that also report lower reoperation rates for
adjacent level disease than the 2.9% reported by Hilibrand. Moreover, it was found that the annual
reoperation rate for ASD decreased for ACDA and ACDF, with the increase in length of follow-up.
This may be due to the fact that patients included in RCTs have more frequent follow-up visits in
the first years after the intervention. During these visits, patients are actively asked if persisting or
recurrent complaints are present, which lowers the threshold for reoperation. A similar trend was
observed in the 10-years data of a Swedish RCT [56]. Therefore, the percentages for reoperation
may even be lower in a usual care setting.

Previous research has estimated that a significant percentage of patients, current consensus is
around 15%, requires a secondary surgery for adjacent segment discase (ASD) after an initial sin-
gle-level procedure [46, 47, 57]. This suggests that in the United States alone, approximately 20,000
patients may require a second surgical intervention for ASD annually. This has a significant financial
impact with the approximate cost per procedure estimated at $15,000, and minimizing secondary
surgery rates could therefore save hundreds of millions of dollars annually [58]. Nevertheless, studies
on ASD after cervical discectomy have shown that the development of the disease is dependent on
time. The approach used in Chapter 9, which defined the ground truth based on the last available
radiological and clinical follow-up, may not be accurate as a longer follow-up may reveal ASD in
patients that were classified as non-ASD in the study [50]. Revalidating models over time, as the
one developed in Chapter 9, is therefore an essential component of the research in ASD field.
Additionally, studying conservative approaches, as well as the post-operative images is necessary
to assess the effect of surgery in developing ASD.

Chapter 9 has demonstrated how deep learning can be harnessed to study adjacent segment dis-
case. The CNN facilitates statistical testing on the imaging data by translating pixels into numerical
series, enabling an analysis similar to regression to be conducted on these numerical sequences. In
Chapter 10 we further explored the use of a CNN to identify image features for clinical success,
as a way of gaining insight into what radiological features are important for recovery after surgery.
The Grad-CAM heatmaps showed a significant influence of the facet joints, the only synovial-lined,
diarthrodial joints in the spine, on the classification process. An interesting finding that suggests
there might be more information in the cervical lateral radiograph than the human eye of clinicians
has been able to appreciate so far. Currently, in the radiological analysis of cervical spine discase
there is a focus on the intervertebral disc, shape of the vertebra and the cervical alignment, mainly
because clinicians are able to appreciate those features more easily. The focus on the facets is limit-
ed. Results from Chapter 10 suggest future research should investigate the degenerative process of
the facet joints in the cervical vertebrae and its indications as a diagnostic feature. Hence, a more

thorough examination of the facet joint is warranted.
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Nonetheless, this finding is remarkable since facet joints are believed not to be appropriately
visualized on lateral radiographs. While a lateral radiograph of the cervical spine can be used to
diagnose degeneration, to fully assess the integrity of major soft tissue structures of the spine such
as intervertebral discs, nerves, the spinal canal, vertebral end-plates and the facet joints, magnetic
resonance imaging (MRI) is considered the gold standard [59]. Thus, it would be interesting to
repeat this study using MRI data, as it provides a three-dimensional image of the facet. This may
lead to new insights regarding the assessment of degeneration in the cervical spine, as well as alter-
native treatment strategies, and potentially improve predictions. Nevertheless, both radiograph and
MRI data needs to be interpreted by a qualified radiologist. Additionally, obtaining cervical MRI
images is not only more time-consuming but also about 10 times more expensive when compared to
radiographic images. Due to these factors, the decision to focus on radiographic images in Chapter
10 was made. Radiographic images are more accessible in terms of cost and time to acquire, and
analyzing 2D images requires less computational power than 3D images, making the developed

prediction tool more accessible.

Ethical usage

Healthcare has enormous potential to take advantage of big data and artificial intelligence (AI),
the two biggest technological innovations of the 21st century. Al, powered by Machine Learning,
can generate new insights from big data. Machine Learning, a key component of Al uses big data
to enhance its performance and identify patterns to meet specific goals. With an overwhelming
amount of healthcare data, including basic science, clinical, numerical, language-based, imaging,
administrative and economic data, Al-powered programs are well-equipped to handle, analyze, and
make sense of this data to improve healthcare delivery. However, the rise of big data and related
technologies (e.g. Machine Learning, Al and robotics) has led to an increased reliance on com-
puter algorithms and a decline in direct human involvement and oversight. This shift raises ethical
concerns in healthcare, as the machine-driven automation of processes, that were previously guided
by human intelligence, creates new challenges that are discussed in Chapter 7.

To ethically use Al in healthcare it must balance the principles of beneficence, non-maleficence,
justice and respect for autonomy to ensure patient safety, reliable diagnoses, and fair treatment. To
guarantee beneficence and non-maleficence, Al needs to be primarily accurate and reliable. The
data used to train Al algorithms must be carefully curated to avoid biases that could result in harm
or injustice. Additionally, the healthcare provider must maintain patient autonomy by providing
necessary information, regarding the underlying technology, for informed decision making.

A pathway to ethical Al in healthcare should closely adhere to the principles of transparency,
responsibility and reproducibility. Transparency focuses on explainability of the model’s deci-
sion-making process, and is crucial for assessing the risks and benefits involved, as well as identifying

areas of improvement. Responsibility refers to accountability of the model’s decisions. Who should

254



Conclusion and discussion

be held accountable for AI systems is crucial due to their potential for causing harm in the real
world and is a matter of concern as current legal systems only hold humans accountable. This leads
to the question of whether Al systems in healthcare will ever have true independence, or always
be connected by accountability to the clinicians using them. Reproducibility refers to the ability
to reproduce computational results and is critical for integrating Al systems into real-world appli-
cations. The field of Al is facing unique reproducibility challenges and initiatives like the FDA’s
guidelines for clinical decision support software aim to address them, presenting non-binding
guidelines. Ultimately, this type of academic guidelines for publication can ensure reproducibility
by imposing rules and requirements on academic publications. Ideally, studies include an elabo-
rate methods section for transparency, share data and code for reproducibility and clearly state

accountability in its user interface.

Image analysis

With the current pressure on healthcare, the ageing population and the relatively high prevalence
of spinal degeneration, there is an increasing demand on image analysis [41]. However, radiological
analysis is a time consuming task which has to be done carefully, as diagnostic and treatment deci-
sions are based on the outcomes, in addition to being subject to bias by inter-observer variability.
Automating aspects of the radiological analysis process of the degenerative spine using Al could
therefore improve the consistency and efficiency of the process, as well as alleviate pressure on
healthcare providers [60].

Chapter 7 highlights the importance of transparency and reproducibility in Machine Learning
research, and this is reinforced by the findings of Chapter 8. Results in the systematic review
were too heterogeneously reported and therefore pooling the results was not possible. Reporting
outcomes clearly and homogenously is an important requirement to compare performance among
publications. It is imperative that there is a uniform approach to reporting outcomes, with a consis-
tent set of outcome variables utilized for all studies in the domains of segmentation, classification,
or prediction. This will enhance the external validity and reproducibility of the research. Several
guidelines that describe the appropriate reporting process for Machine Learning studies have been
published, but are not all-encompassing [61, 62]. Another essential recommendation is for authors
to share code. The majority of publications included in Chapter 8 failed to share code. Establishing
an academic environment in which code sharing is promoted is essential to keep improving the
work in the image analysis field, and promotes transparency and reproducibility in the process.
The concept of ‘Grand Challenges’ presents a promising initiative to encourage transparency and
reproducibility, while simultaneously eliminating a range of biases. The aim of these public chal-
lenges is to let participants apply their algorithms to the provided Grand Challenge task, using the
public test set of images provided by the challenge organizers [63].

Generating heatmaps that illustrate the output of the model is important for model interpretation
and thus increases transparency. Utilizing Machine Learning in the cervical spine analysis process

enables objectifying pattern recognition by statistical analysis of images, which surpasses the cur-

255



Chapter 11

rent reliance on human interpretation of patterns. Additionally, it provides valuable insights for
future research. As seen in Chapter 10, the repeated focus of the model on the facet joints suggests
there may be more to uncover in the image than previously thought, and the techniques outlined
in Chapter 8, 9 and 10 can therefore be used to identify clinically important radiological image
features for future research. However, it is important to note that the validity and reliability of
heatmaps is still a subject of scientific debate, and model interpretability should never solely rely on
them, but be supported by a comprehensive method section and code sharing [64, 65].

When conducting research with automated image analysis, several considerations must be taken
into account, one of which is image quality. The quality of the images is a crucial factor for the
accuracy of the results, as illustrated by the improved results on rescaled and cropped images in
Chapter 10. In this chapter images converted into the Joint Photographic Experts Group (JPEG)
format were used, for computational reasons. However, it should be noted that the JPEG format
does not preserve meta information, such as voxel spacing, and may also introduce compression
that can affect image quality. Digital Imaging and Communications in Medicine (DICOM) for-
matted images, on the other hand, retain meta data and the original file size, allowing for more
granular data analysis, although this may increase the required computational power to run the
model. It is important to note that converting images to JPEG from DICOM format may reduce
the number of pixels per image, but this does not necessarily result in a decrease in accuracy, Dice
scores, or error scores [66].

In addition to the quality of the images, the number of input images is another important con-
sideration. In Chapter 9, 344 MR images were used, whereas in Chapter 10, only 70 unique radio-
graphs were included, resulting in a smaller test set and, consequently, wider confidence intervals.
The Convolutional Neural Network (CNN) model only evaluates the pixel values in relation to the
neighboring pixels, and thus, even a minor rotation can provide a new viewpoint for the computer,
making it a useful method for data augmentation in studies with limited data. This technique was
implemented in Chapter 10 to augment the training and validation set images. However, some
changes may have been too subtle, resulting in a training dataset that was not substantial enough
to differentiate various features. To address this, it is suggested to train the model developed in
Chapter 10 on a larger dataset, as this would enable higher model complexity and enhance its
predictive power and external validity.

However, as the number of data samples and the scope of data collection expand, the importance
of data protection grows exponentially. Chapter 7 outlines how privacy concerns, in relation to
medical research, focus on how data is stored, processed, and transmitted with the consent of the
owner, while security aims to safeguard sensitive data from breaches, leaks, and other security
threats. The increasing utilization of machine learning algorithms in various tasks has propelled
research in privacy and security regulations. Real-world controversies, such as facial recognition for
authoritarian control, Al models determining sexual orientations without consent, and discrimina-
tory hiring algorithms, have highlighted the potential challenges associated with this technology.

In healthcare, privacy and security of digitized patient data are vital for medical ethics, justice,
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and autonomy, ensuring protection against harm caused by sharing information with individuals,
organizations, or technologies. However, ensuring privacy and security has become challenging as
current standards may not account for all Al capabilities. Existing privacy laws, like the GDPR in
Europe and the HIPA A Privacy Rule in the United States, offer certain protections, but are not
all-encompassing. Privacy and security laws worldwide aim to protect data providers, but potential
threats arising from sharing supposedly secure and privacy-protected databases with powerful Al
tools are often overlooked. Unchecked data sharing can lead to algorithmic biases, discrimination,
and social disparities. Robust privacy and security audit policies, along with retrospective analysis of
algorithms, are needed to mitigate risks and ensure fairness. Additionally, exploringalternative ap-
proaches, such as using generative models like GANSs for record simulation, could provide solutions
that preserve privacy and offer patients the choice to opt out of data sharing. These advancements
in privacy protection models driven by Al-driven generative models offer promising avenues to
reevaluate and refine current legislation.

The challenges for future research in image analysis of the spine are not limited to privacy and
image quality or quantity, but mainly involve the integration of various models into a single, fully
automated pathway. The integration of different models with various input and output parameters
offers a more comprehensive view of the patient and can be expected to increase the accuracy of
predicting outcomes for individual patients. This could involve incorporating not only radiological
and clinical data, but also histological parameters, as recent studies have shown their association
with clinical outcomes in sciatica [67]. Ideally, this would be achieved through a fully automatic
model, embedded in the electronic healthcare record (EHR), where input data is passively collected
without the need for human intervention. The preservation of accessibility is contingent upon the
passive collection of data. Chapters 9 and 10 present algorithms that do not negatively impact acces-
sibility as they are based solely on radiographical data, making them non-invasive, cost-effective, and
casily accessible, thereby eliminating the need for, currently still, time-consuming questionnaires
and costly histological analysis.

The models presented in Chapters 9 and 10 are not intended for immediate clinical use, but
serve as a demonstration of the feasibility of using Convolutional Neural Networks (CNNs) to
identify preoperative radiological image features that are relevant to clinically meaningful out-
comes. Upon validation on larger imaging datasets, these models can ultimately support clinicians
in decision-making and personalized treatment planning, offering promising prospects for the

future of spine care.
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