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Dedicated to my family

The answer my friend is blowin' in the wind
The answer is blowin' in the wind.

Bob Dylan



ABSTRACT

Background; Artificial disc replacement (ADR) is a motion-preserving implant and a
further development of existing surgical implants for the treatment of cervical
radiculopathy. Theoretically, an artificial disc could decrease stress on adjacent segment
and thereby prevent rapid progression of degenerative changes in surrounding segments.
Aims; To compare a cervical ADR to fusion in terms of outcome and the most common
complications associated with the surgical treatment. To evaluate motion and stability of
implanted ADRs with a high accuracy 3DCT method. To develop and validate a
questionnaire for the assessment of dysphagia after anterior cervical spine surgery and, to
evaluate any difference in dysphagia between the treatment groups.

Patients and methods; 153 patients who met inclusion criteria were included and
randomized to either treatment with the Discover artificial disc or fusion with iliac crest
bone graft and plating. Randomization was concealed from both patient and caregivers
until time for reconstruction of the segment. The patients were followed up for two years
and outcome was primarily measured with neck disability index and secondarily with EQ-
5D and VAS. Reoperations and complications were also registered in both groups. A
subgroup of patients was also investigated with a 3DCT technique for evaluation of
motion and stability in the artificial discs. A questionnaire for the assessment of
dysphagia was constructed and validated in a group of 45 patients with manifest
dysphagia. The questionnaire was then used for the evaluation of postoperative dysphagia
after cervical spine surgery.

Results; Data on 137 (91%) patients was available at the follow-up at two years. Nine
patients in the disc replacement group and three in the fusion group underwent revision
surgery for various reasons during the follow-up. Both treatment groups improved
significantly after surgery in all outcome variables. No statistically significant difference
in any outcome variable could be seen when the two treatment groups were compared.
The motion evaluation showed that a majority of the discs were stable and maintained
motion. However, 8% were classified as instable and 5% as ankylotic. Dysphagia was
common the first weeks after surgery, but declined and was on group level back to
baseline one year postoperatively. When the treatment groups were compared, higher
levels of dysphagia were associated with the fusion group.

Conclusion; There was no statistical superiority in any outcome variable in favour of the
artificial disc replacement group. Reoperation rates were higher among patients with disc
replacement and complications associated to surgery more frequent in the fusion group,
but not statistically significant. Dysphagia was common during the first postoperative
period, but back to baseline levels after one year. Long-term dysphagia had a higher
association with the fusion group.
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1 INTRODUCTION

1.1 BACKGROUND

Cervical radiculopathy (CR) is defined as a set of symptoms that can occur when one or
several nerve roots are affected due to compression in the cervical spine. Pain in the
neck combined with radiating pain in one or both arms is the most common reason for
the patients to seek care [1]. The condition was first described by Parkinson (1817),
although he assumed it was a rheumatic affection of the deltoid muscle [2]. Turner and
Oppenheimer published a paper (1936) in which they theorized that the degenerative
changes in the structure of the disc and joints were the explanation of the nerve root
affection. The annual incidence of CR has in a study by Radakrishnan (1994) been
shown to be 83.2/100 000 overall and peaking in the age interval 50-54 years with an
incidence of 202.9/100 000. There was a difference between male and female gender
with an incidence of 107.3 and 63.5/100 000 respectively. The most frequently affected
nerve roots were C7 (46.3%) and C6 (17.6%) and the most common reasons for nerve
root entrapment were spondylosis (68.4%) and disc protrusion (21.9%) [3]. Surgery
may be considered if non-surgical treatment is not satisfactory and if investigation with
magnetic resonance imaging shows findings that correlate to the symptoms. There is no
high level evidence that surgical treatment is better than non-surgical in the long term,
but seems to give a more rapid improvement in the short term [4-7]. The gold standard
surgery technique is anterior cervical decompression and fusion (ACDF), which in a
majority of patients leads to reduction of pain and increased quality of life. The main
purpose with ACDF is to decompress the nerve tissue and to restore the alignment of
the segment in a fixed position [8]. Concerns about how the decreased motion in the
fused level is affecting the adjacent segments has given rise to the concept of motion-
preserving implants with the aim to decrease stress on adjacent segments [9-11]. The
number of different artificial disc replacement (ADR) devices has increased
considerably during the past decade and all major manufactures of spinal implants have
at least one design on the market. The findings of adjacent level problems after
performing ACDF may have accelerated the ADR concepts in hopes of reducing the
problem. However, the development of adjacent segment disease is still a controversy
and there is no clear evidence that motion-preserving implants prevent adjacent
segment disease [12].

1.2 ANATOMICAL AND BIOMECHANICAL ASPECTS OF THE SUBAXIAL
CERVICAL SEGMENTS

Subaxial spine includes the levels C3-C7 and a segment is the functional unit consisting
of two adjacent vertebras and the mobile anatomic structures that link them together.
Motions in the subaxial segments are complex and can be divided into flexion-
extension, lateral bending, and rotation. Except for angulation in flexion-extension,
there is also always a certain degree of translational motion between the vertebras.



These complex and highly functional biomechanics largely depends on coupled
interaction between three main anatomical structures: the disc, the two uncovertebral
joints and the two facet joints of each segment. The vertebras are also linked together
with stabilizing ligaments and joint capsules, which also affects the motion [13, 14].
Movement is controlled by the muscles that surround the cervical spine with a greater
proportion of muscles posterior to the vertebral column. The muscles also have a
balancing and stabilizing effect, important for the posture and alignment of the cervical
spine.

1.3 DEGENERATIVE CHANGES OF SUBAXIAL CERVICAL SEGMENTS

Degeneration of the spine is largely a normal process that is related to aging, with an
uneven distribution, however, between different individuals. The cause of progressing
degenerative changes is unclear and probably dependent on several different factors.
Genetics, hypoxia, growth factors, inflammatory response and pathology in
biomechanics have been proposed as contributing factors for the development of
degenerative disc changes and arthritic changes in the cervical joints [15-17]. The most
common theory is that degeneration begins in the disc due to morphological and
cellular changes leading to decreased content of proteoglycans and water in the nucleus
and reduced strength in the surrounding annulus fibrosus [18, 19]. These morphological
changes are manifested as decreased disc height and altered motion pattern with a
conceivable increased load on the joints [20]. The nerve roots are affected by the
degenerative changes either by a herniation in annulus fibrosus, causing a direct
mechanical pressure of disc content, or that the collapse of the disc space leads to
bulging of the disc and narrowing of the cervical foramina. In later stages of
degeneration, osteophytic outgrowths will develop in proximity of the joints and the
disc space, which can further affect the neural elements.

1.4 SYMPTOMS AND DIAGNOSIS OF CERVICAL RADICULOPATHY

1.4 .1 Clinical manifestations

The main symptom of CR is pain, usually in both neck and upper extremity. Radiating
pain is an important symptom as it indicates that one or several nerve roots are affected.
Other common associated symptoms are sensory disturbance and numbness in the
dermatome supplied by the affected nerve or muscle weakness in the associated
myotome. There are considerable overlaps between the roots after exiting the spinal
column into the cervical plexus, and, therefore, the symptoms may not always have a
clear anatomical distribution [21-23]. A physical examination may also reveal
decreased tendon reflexes, inability to use specific groups of muscles or even atrophy
of muscles in upper extremity.



There are no universally accepted criteria for the diagnosis of cervical radiculopathy,
but in most cases the patients history and the typical clinical findings are sufficient to
make the diagnosis. The typical findings associated to the most common nerve root
affections are listed in table 1.

Disc level | Root | Pain distribution Weakness Sensory loss Reflex loss

C4-Cs C5 Medial scapular border, lateral | Deltoid, supra- and | Lateral upper arm Supinator
upper arm to elbow infraspinatus reflex

C5-C6 Co6 Lateral forearm, thumb and | Biceps, brachioradialis, | Thumb and index finger | Biceps reflex
index finger wrist extensors

C6-C7 C7 Medial scapula, posterior arm, | Triceps, wrist flexors, | Posterior forearm, 3rd | Triceps reflex
dorsum of forearm, 3™ finger finger extensors finger

C7-T1 C8 Shoulder, ulnar side of | Thumb flexors, abductors, | 5™ finger -
forearm 5™ finger. intrinsic hand muscles

Table 1.

In addition to the neurological examination, there are some provocative tests that can be
performed for possible strengthening of the diagnosis. Examples of these are Spurling
test, shoulder abduction test, distraction test and the upper limb tension test. The
sensitivity and specificity for these tests vary in literature [24]. Differential diagnoses
for CR should always be considered and conditions that sometimes will be present with
similar symptoms are peripheral nerve entrapment (e.g. carpal tunnel syndrome),
disorders of the shoulder, ischemic heart disease, infection (e.g. herpes zoster), neuritis
and tumours.

1.4.2 Imaging of the cervical spine

Magnetic resonance imaging (MRI) is the best option for visualizing the typical
degenerative changes in discs and joints that may cause nerve root compression,
regardless of whether the compression is caused by bony osteophytes or disc. MRI is
also appropriate to visualize other spine pathology as tumours, infection and changes
caused by trauma [25]. Computed tomography (CT) alone is of limited value in
assessing compression of nerve roots, but can be very useful in visualizing bone in
cases where bone and soft tissue cannot be clearly differentiated with MRI. Under
certain circumstances, such as when the patient has a pacemaker, it is not possible to
perform a MRI. In such cases, performing a CT with intrathecal administration of
contrast fluid (CT myelography) can be justified. However, because it is an invasive
procedure, it should only be considered when there are no alternatives. Plain x-rays do
not have any significance in the imaging diagnostics but can still be used to evaluate
overall alignment and motion when flexion-extension images is carried out. It should
be pointed out that radiological findings must always be interpreted cautiously since
pathological findings are very frequent in asymptomatic individuals [26].




1.4.3 Complimentary investigations

Difficulties of an accurate diagnosis can occur in cases where there is doubt about the
correlation between the MRI/CT findings and the clinical manifestations. In such cases
it can sometimes be helpful to perform selective nerve blocks with local anaesthesia.
However, the sensitivity and specificity of selective nerve root blocks are not known
and the diagnostic value is debated [27-29]. Nerve-conduction studies can in some
cases be helpful, especially when it is doubtful where the nerve lesion is located. One
example of this is to distinguish between nerve entrapment in the elbow or the cervical
spine [30].

1.5 TREATMENT OF CERVICAL RADICULOPATHY

1.5.1 Non-surgical treatment

Non-surgical therapies are aiming to relieve pain and prevent recurrences. First line
therapy usually includes some kind of analgesics such as non-steroid anti inflammatory
drugs (NSAID), paracetamol or opioids. Other pharmaceuticals used are steroids,
antidepressants, muscle relaxants and neuro-modulating medication. The evidence for
medication in the treatment of CR ranges from low to moderate depending on different
literature. The current recommendations from The International Association for the
Study of Pain (IASP) are that neuropathic pain initially should be treated with neuro-
modulators such as gabapentin, pregabalin, tricyclic antidepressants or serotonin
norepinephrine reuptake inhibitors [31, 32]. Opioids and Tramadol are recommended
as good second-line options and in many patients the side effects will also have an
influence on which drugs are chosen [33]. For other non-surgical treatments such as
physiotherapy, manipulation by chiropractics and transcutaneous electrical nerve
stimulation (TENS), the existing evidence is low [34, 35]. The concept of
immobilisation in a neck collar or physiotherapy compared to non-intervention was
compared in an RCT and showed significantly better results in both intervention
groups, even though the group with no intervention also improved significantly during
the follow-up at 26 weeks [36]. The results might to some extent reflect the natural
history of CR with acute onset, which to a large extent is unknown. Most of the
recommendations for non-surgical treatment are derived from experience or case series
studies and the prevailing consensus is that they should be tried of an initial period of at
least 6-12 weeks.



1.5.2 Surgical treatment

Surgical treatment of CR can be justified if non-surgical treatment is not satisfactory
[37, 38]. If the patient experiences intense, disabling radiating pain that does not show
any tendency to disappear within three months of onset, or if there is a rapid
progression of neurological deficits, it is generally accepted in Sweden today that the
patient consult a spine surgeon to discuss surgical treatment . A condition for this is that
findings corresponding to the symptoms are seen on an MRI or CT. The aims with
surgery are to decompress the affected nerve root and as far as possible restore normal
anatomy. Decompression can be performed with an anterior or posterior approach to
the portion of the foramina where the nerve root is affected. Before the 1950s, the
posterior approach with decompression by removing a portion of the medial facet joint
was the most common way to treat CR surgically [39]. The anterior approach was first
described by Robinson and Smith in 1955 and modified in 1958 [40]. The technique
gained popularity during the 1960s and are today the most common procedure for
decompression of cervical nerve roots. The operation aims at decompressing the neural
elements from the anterior side of the vertebral column and at achieving a bony healing
between the vertebral bodies. To reach the spinal canal, the disc of the affected segment
is removed, and to restore alignment and facilitate bone healing; a bone graft from the
iliac crest is inserted in the disc space.

1.5.3 Anatomical considerations and complications

Several important and sensitive anatomical structures must be taken into account when
performing surgery in the cervical spine. Damage or pressure on these structures in
association with surgery are the most common reasons for unwanted postoperative side
effects. The exposure of the anterior cervical column is commonly performed with a
longitudinal or transverse entrance medial to the sternocleidomastoideus muscle from
the right or the left side. It has by some authors been proposed that the risk for damage
to the recurrent laryngeal nerve is lower with a left sided approach since the nerve has a
less exposed course than on the right side [41-43], but this also has been contradicted
by other authors [44, 45] Damage to the recurrent laryngeal nerve can cause paralysis
of vocal cords with voice disturbances and also prolonged dysphagia [43, 46]. Further
dissection to expose the vertebral column is done by separating the longitudinal
muscles. The carotid artery and vein are identified and retracted laterally, and the
oesophagus, which is retracted medially. Damage to the major vessels or oesophagus
can result in very serious and even life-threatening consequences [47]. For full
exposure of the anterior part of the disc, the longus colli muscle must usually be
released in its medial attachment. More laterally, but in proximity to the muscle, the
sympathetic trunk is located and damage to it can cause Horners syndrome with miosis,
ptosis and sometimes anhidrosis [48]. There is also a risk of damage to the vertebral
artery when the posterior elements and the exiting nerve roots are decompressed [49,
50].



Damages to the medulla and nerve roots are also possible with consequences depending
on the extent of damage. Another complication associated to bleeding is postoperative
hematoma that can cause airway obstruction and be life-threatening [51, 52]. However,
despite all the possible risks with this approach, serious complications are not common
[53, 54].

1.5.4 Artificial disc replacement

Concerns about the development of progressive degeneration in the adjacent segments
of a fusion have led to ideas of motion-preserving devices with the intention to decrease
the stress in adjacent levels. In theory, the concept could decrease the development of
adjacent segment disease (ASD). The idea of motion-sparing devices for the cervical
spine is not new and experiments with different implants and materials have been
conducted since the 1950s. The Swedish surgeon Ulf Fernstrom published the first
report on implanted devices with the intention to maintain motion in a series of patients
in 1960. He implanted metal balls into the disc space in the treatment of CR with the
intention to maintain alignment and motion between the vertebras [55]. The results
were discouraging with subsidence of the implants and failure of continued motion of
the operated segments. The ideas of motion-preservation were rejected and lay fallow
for many years. During the 1980s, there was a new wave of interest in lumbar disc
arthroplasty. Encouraging results from studies with the lumbar Charité prosthesis led to
the development of the cervical Bristol-Cummings prosthesis, which was presented in
1989 [56]. The first outcome study was presented in 1998 and with more encouraging
results than previous experiments. Since then, there has been an explosive development
and marketing of various artificial disc replacements. Several randomized trials have
been conducted as investigation device exemption (IDE) studies for the approval of the
device by the food and drug administration (FDA) in the US [57-62]. A possible bias in
the analysis of these studies can be assumed as a majority of them were designed and
analysed in cooperation with the manufacturers [63, 64]. There are reports on device
related complications as heterotopic bone formation, implant migration and implant
failure, although the numbers seems to be small [65-68]. Designs vary between
different brands and the artificial disc used in this study is a ball-and-socket
construction with unconstrained motion in all directions.

1.6 EVALUATION OF MOTION IN THE CERVICAL SPINE

Most methods for evaluating spinal motion are radiological and focused on measuring
motion between spine segments. Studies to evaluate normal range of motion in the
cervical spine have previously been conducted showing that factors such as age and
pain influence the outcome [69-73]. It is desirable to use a method of high accuracy in
order to obtain reliable results. Radiostereometric analysis (RSA) is performed by
insertion of tantalum markers into the vertebra and requires a special laboratory
equipment setup, but it has been shown to be the most accurate method [74-77].



However, as it is an invasive technique, it is not suitable for routine examination in
clinical practice. An alternative non-invasive method previously validated by Svedmark
et al. shows almost as high accuracy as RSA, but has the advantage of being
performable with an ordinary CT-machine [78, 79]. After that, the motion analysis can
be done with 3D imaging in all three planes (sagittal, coronal and transverse). The
method is not dependent on implanted markers and can even be used in patients that are
not treated surgically where landmarks are chosen in the bone structure. However, the
accuracy in the study by Svedmark was obtained by using landmarks on the same
artificial disc that was used in this study. We therefore assumed that the accuracy is the
same for the evaluation of motion in paper II. See table 2.

Plane Rotation Translation
Degrees mm
Sagittal 0.7 0.4
Coronal 0.4 0.2
Transaxial 0.2 0.5

Table 2.

1.7 POSTOPERATIVE IMPAIRMENT IN SWALLOWING

1.7.1 Normal swallowing

The ability to swallow is dependent on several anatomical structures and a complex
innervation from five cranial nerves and the cervical plexus. Swallowing is controlled
from the brain stem, largely by reflexes initiated by chewing and food or liquid
transport into the oropharynx. Normally, a person swallows about 600 times a day
including 200 times when eating. Swallowing can be divided into three separate phases;
the oral, the pharyngeal and the oesophageal phase [80]. All of the phases are
dependent on normal nerve and muscular function, as well as normal motion in the
cervico-cranial junction and subaxial cervical spine [81]. It also requires an absence of
obstacles along the anatomical structures involved.

1.7.2 Dysphagia

Dysphagia is defined as an experience of discomfort or difficulty swallowing. It is not a
disease-specific diagnosis, rather a diagnosis based on symptoms that can be derived
from a variety of conditions [82]. The most common side effect of anterior cervical



spine surgery is dysphagia to some extent. In most patients the dysphagia is transient
but there are also reports on more longer-lasting problems [83, 84]. The aetiology of
post-operative dysphagia is largely unknown but the short-term dysphagia experienced
by almost all patients the first weeks can probably be explained by swelling and
deviation of anatomical structures due to retraction during surgery. The cause for long-
term problems is more obscure but conceivable reasons are nerve damage, scar tissue
formation around the oesophagus, intrinsic muscular impairment in the oesophageal
wall, bulk of implants and decreased or altered motion of the cervical spine [85-88].

1.7.3 Evaluation of dysphagia

There are several objective methods for evaluating dysphagia, but they are most
commonly used in patients with established or severe problems to determine which
phases and anatomical structures that are impaired. Examples of such methods are
videofluoroscopy and electrodiagnostics. For evaluation of a patients experience of
dysphagia, it is better to use self-evaluation questionnaires [89, 90]. Bazaz et al.
developed a questionnaire for the assessment of dysphagia after spine surgery, which
has been used in several studies [91]. However, the Bazaz scoring system has never
been validated. There are other well-validated questionnaires, mostly developed with
the intention to assess dysphagia in malignant and neurological disease [92, 93].
Common to these tools are that they contain a large numbers of questions as to why
they are cumbersome to use together with other questionnaires. For the studies III and
IV, a shorter questionnaire (DSQ) was developed. We used the MD Anderson
Dysphagia Inventory (MDADI) as a gold standard to compare with [93].



2 AIMS

The overall aim of this thesis was to compare artificial disc replacement against fusion
in treating cervical radiculopathy, both in terms of outcomes and complications.
Objectives with each study were:

I

To compare outcomes between the concept of an artificial disc to gold standard
treatment and to register complications associated with the two treatments during a
follow-up time of two years.

1

To evaluate in vivo motion and stability of the implanted artificial discs with a non-
invasive 3D technique, and also to determine the reliability of this method between
independent observers and independent investigations.

I
To test validity and reliability of the Dysphagia Short Questionnaire (DSQ), and also to
determine levels of dysphagia over time after anterior cervical spine surgery.

v
To determine and explain any differences in self-reported dysphagia between patients
treated with artificial disc replacement and fusion.



3 PATIENTS AND METHODS

3.1 PATIENTS

All patients, except for the patients in the first validation study in paper 11, are from the
same cohort. They were included in the RCT for comparison of treatment with ADR or
ACDF in cervical radiculopathy. Inclusion was carried out after informed consent
during the years 2007-2010. Inclusion and exclusion criteria for the study are listed in

table 3.

Inclusion criteria

Exclusion criteria

Age 25-60 years

Symptoms of radiating arm pain with a
duration of at least 3 months.

Correlating findings on MRI on 1 or 2
cervical levels.

Eligible for both treatments.

Ability to understand and read Swedish
language.

Previous cervical spine surgery

More than 2 cervical levels requiring
treatment

Marked osteoarthritis of the facet joints

Marked radiological signs or symptoms of
myelopathy

Drug abuse, dementia or other obvious
reasons for poor compliance

Cervical malformation or marked cervical
instability

History of whiplash-associated disorder
(WAD) or severe cervical trauma

Pregnancy

Rheumatoid arthritis, known malignancy,
active infection or other systemic disease

Known allergy or hypersensitivity to any
of the constituent materials of the implants
or to NSAIDs.

Table 3. Inclusion and exclusion criteria.

10




3.1.1 StudylI

153 patients were initially included in the study. Two patients allocated to ADR did not
get the intended treatment and were excluded from further analysis. Due to skewness in
the randomization, 81 patients were allocated to the ADR group and 70 to the ACDF
group. At the two-year follow- up, five patients in the ADR group and nine patients in
the ACDF group were lost to follow-up. Among the nine patients lost in the ACDF
group, two died of malignancies during the time of follow-up. Of the remaining 137
patients, nine patients (11%) in the ADR group and three (4%) in the ACDF group
underwent secondary surgery. The basic demographics of the included patients at
baseline are shown in table 4 and baseline data of outcome variables are shown in table
5.

ADR n=81 ACDF n=70 p
Men/Women 40/41 33/37 0.79
Age (years) mean (SD) 46.7  (6.7) 47.0 (6.9 0.81
Smokers n (%) 25 31 21 31) 0.98
Unemployed n (%) 8 (10) 10 (14) 0.37
Weight (kg) mean (SD) 79 (18) 78 (14) 0.69
BMI 26 26
Sick leave n (%)
Full time 31 (38) 25 (36) 0.26
Part time 16 (20) 12 17
Other reason 6 @) 3 (@))]
Not on sick leave 28 (35) 30 (43)
Analgesic medication n (%)
Regularly 34 (42) 36 (628 0.63
Irregularly 34 (42) 25 36)
No analgesics 13 (16) 9 (13)
Neck pain duration n (%)
<3 months 2 3) 1 @) 0.64
3-12 months 15 (2D 19 27
1-2 years 20 (29) 18 (26)
>2 years 40 (57 29 (42)
No neck pain 4 (6) 1 €8
Arm pain duration n (%)
<3 months 3 @) 3 @) 0.62
3-12 months 20 (25 23 (33)
1-2 years 31 (38) 17 24)
>2 years 26 (32) 24 (34)
No arm pain 0 (0) 0 0)
HAD A mean (SD) 7 4.2) 7 4.1) 0.93
HAD D mean (SD) 5 (3.5) 5 (3.7) 0.52

Table 4. Demographics at baseline. “Other reason” for sick leave is defined as not
being able to work as a result of other ill health. “Analgesic medication” includes all
forms of medicaments to ease pain. HAD A is level of anxiety and HAD D level of
depression.
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ADR n=81 ACDF n=70 p-value

NDI 64.6 (16.2) 64 (26-100) 61.4 (14.2) 61.2 (0-92) 0.25
EQ-5D  036(0.32)  0.25(-0.18-0.8) 0.47 (0.30) 0.69 (-0.24-0.8)  0.03
VAS Neck 57.6(26.4) 62 (0-100) 58.2 (23.1) 62 (0-100) 0.97
VAS Arm  57.1 (27.5) 60 (0-100) 56.9 (23.0) 62 (0-97) 0.73

Table 5. ITT-analysis of outcome variables at baseline shown as means (SD) and
median (range).

3.1.2 STUDY I

The patients included were the first 28 consecutive patients from the RCT treated with
ADR. Resources to do the survey on all patients in the study were not available and the
number of patients was based on calculations to perform the ICC between two
observers. For practical reasons, they had to live within the Stockholm area for easier
accessibility to the investigations that were carried out at Lowenstromska Hospital. 16
were women and the mean age was 46.6 (range 37-57). One patient underwent
secondary surgery 13 months after the index operation because of adjacent segment
disease (ASD) and another patient 14 months after the index operation because of a
persistent root canal stenosis at the index level. The patient with symptoms associated
to ASD was treated with ADR at the overlying segment and the patient with root canal
stenosis with a unilateral posterior foraminotomy. Both 1- and 2-level ADR were
included and the distribution of surgically treated levels is shown in table 6.

Levels One-Level ADR (n=18) Two-Level ADR (n=10)
C4-C5 2

Cs-Co 8
Ce-C7 8
Cs-C7 10

Table 6. Shows distribution of surgical levels.

3.1.3  Study Il

3.1.3.1 Validation of the Dysphagia Short Questionnaire (DSQ)
For the validation of the DSQ, 45 patients with known dysphagia were included. They

were contacted by two speech language pathologists at a special clinic (ENT,
Karolinska Hospital) treating patients with dysphagia. 22 were women and their
average age was 64.8 (SD 10.4). Their various diagnoses are listed in table 7.
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DIAGNOSIS No. of patients

Malignancy of the neck region 21

Neurological disease 14

Miscellaneous 4

Xerostomia 2

Unknown 4
Table 7.

3.1.3.2 Evaluation of dysphagia after anterior cervical spine surgery
The patients in this study were all surgically treated for CR with ADR or ACDF at one

or two cervical levels. 111 patients were included and they were all operated with an
anterior approach. 56 were women and average age was 46.9 (SD 6.7).

3.1.4 Study IV

The patients included in this study were all of the patients included in the RCT with
follow-up of DSQ from baseline to two years postoperative, 136 patients in total. 73
were women and the average age was 46.7 (SD 6.7). The distribution between the
groups and surgical levels are shown in table 8.

Levels ADR n (%) ACDF n (%)
C3-C4 0 (0) 1 )
C4-C5 34 1 (2
C5-C6 26 (34) 21 (35)
C6-C7 24 (32) 21 (35)
C7-T1 1 (1) 0 (0)
C4-Cé6 34 2 (3)
C5-C7 19 (25) 14 (23)

N (% of all) 76 (56) 60 (44)

Table 8. Shows distribution of surgical levels in both groups.

3.2 METHODS

3.2.1. Study |

3.2.1.1 Inclusion

The patients were included after meeting inclusion criteria and informed consent.
Inclusion was done at three different spine departments in Sweden; Stockholm Spine
Center, Neuro-Orthopaedic Center in Jonkdping and the Department of Orthopaedics at
Uppsala University Hospital. If the patients did not want to participate in the study,
gold standard surgery with ACDF was offered.
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3.2.1.2 Randomization process
Randomization was conducted on the basis of a computer-generated list of randomly

assembled allocation-numbers. These numbers were transferred to closed envelopes,
which were kept in a locker. When a patient was included in the study, a consecutive
envelope was linked to that patients personal ID-number. The envelope was kept sealed
until it was time for reconstruction of the exposed spine segment and was therefore
opened in the operating theatre.

3.2.1.3 Surgery
Surgery was performed according to the Smith-Robinson approach, which has been

described earlier. In the ACDF group, an iliac crest bone graft was harvested and
inserted in the disc space and thereafter stabilized with an anterior plate of the
surgeon’s preference. In the ADR group, the Discover artificial disc (DePuy Spine,
Ryanham, MA, USA) was implanted. The patients in the ACDF group received
bupivacaine via a catheter at the iliac crest bone donor site on the first postoperative
day and the ADR group was given ketorolac for ten days postoperatively. Otherwise,
the groups were treated similarly with free mobilisation.

3.2.1.4 Clinical outcome measures
Neck Disability Index (NDI) was used as primary outcome variable and was also used

for the power analysis. NDI is a well-established and validated outcome score and has
also been validated and translated into Swedish [94]. It contains ten main items with
multiple-choice questions and is focuses mainly on the evaluation of neck pain and
physical function. Adding up the responses provides a total score that will be between
0-100. Higher values indicate more pain and poorer functional status. The Minimal
Clinically Important Difference (MCID) for NDI has been set to 7.5 points.

EQ-5D, a non-disease specific questionnaire for the evaluation of health related quality
of life (HRQoL), was used as a secondary outcome variable [95]. It contains five
questions regarding mobility, self-care, activities, pain and anxiety/depression. The
responses are summed up in a formula and will give a result ranging from -0.594 up to
one. One represents a very good health status and zero should be interpreted as very
bad or deceased. Negative scores should thereby be interpreted as worse than deceased.

Arm and neck VAS (visual analogue scale) was used for the evaluation of pain at the
different follow-ups. It ranges from 0-100 where 0 is no pain and 100 is the worst

imaginable pain.

These outcome measures are the same that are used in the Swedish Spine Register from
which we also took other data concerning patient demographics.
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3.2.1.5 Data collection and handling
The questionnaires were sent to the patients by mail preoperatively, and after four

weeks, three months, one year, and two years. If no reply was received after two
reminders, the patient was considered as a loss of follow-up. All data was collected in a
database, which was handled by a research nurse. Additional data, such as operating
time, blood loss and complications were also entered in the same database.

3.2.2 Study Il

Two CT scans of each patient was obtained, one in full voluntary flexion and one in
full voluntary extension, providing two separate CT volumes. To achieve this, the
patients were positioned on their left side with support for the head (Fig 1.). For the
nine patients included in the test-retest evaluation, the procedure was repeated with
approximately ten minutes between the investigations. The investigations were carried
out according to a low-dose radiation protocol with an estimated radiation of 0.33
mSv/scan and slices were reconstructed at 0.6 mm increments. The image analysis was
performed using a 3D image fusion tool, which provides landmarked-based fusion of
the two CT volumes. The kinematics analysis measured two motions: 1) movement of
the lower prosthetic component relative to the upper prosthetic component, 2)
movement between any prosthetic component and adjacent vertebra indicating
loosening of the implant. Motion is expressed as rotation and translation in all three

planes. Two independent observers evaluated all the images to enable calculation of
reliability.

‘ y

Figure 1. Shows positioning of the patient during the CT-scan.
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3.2.3 Study lll and IV

3.2.3.1 Development and validation of DSQ
The questionnaire was developed in collaboration with physicians working at the

Department for Ear, Nose and Throat diseases with clinical experience from dysphagia.
The most common symptoms of dysphagia were captured and the severity of these
were weighed and classified with numbers. The questionnaire was translated into
English by a qualified translator and retranslated to Swedish by another translator. The
questionnaire was also tested on ten test patients to ensure that it was understandable
and not too time consuming. The enrolled patients who visited the clinic were asked to
answer three forms: DSQ, MDADI and Bazaz at the first visit (T1). A test-retest of the
DSQ was also performed with a follow-up, with filling in the DSQ a second time (T2).
The EQ-5D for measure of Health Related Quality of Life was also answered at T2.
The DSQ questionnaire is shown in fig. 2.

3.2.3.2 Use of DSQ to evaluate dysphagia after anterior cervical spine surgery
The patients from the main study filled in the DSQ preoperatively, at four weeks, three

months and one year. The questionnaires were sent to and answered by the patients by
mail. Patients with symptoms of severe dysphagia or hoarseness were referred to an
ENT-clinic for examination of the vocal cords and swallowing function.

3.2.3.3 Use of DSQ to compare dysphagia between ADR and ACDF
A larger cohort than in the previous study was evaluated with the DSQ preoperatively,

at four weeks, three months, one and two years. The questionnaires were distributed in
the same way. The ADR and ACDF groups were analysed comparatively

3.3 ETHICAL CONSIDERATIONS

All studies were conducted in conformity with the Helsinki Declaration. All patients
received both written and oral information about the studies and inclusion was only
done after consent. All patients had the right at any time to discontinue participation in
the study. The study protocol was approved by the Regional Ethics Committee in
Stockholm (2006/1266-31/3 and 2007/336-31/3).
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Ability to swallow

I have no difficulty in swallowing 0
Food occasionally gets stuck in my throat if I have not chewed it thoroughly | 1
enough

I find it hard to swallow liquid food 2
I find it hard to swallow solid food 3
I find it hard to swallow saliva 4
Incorrect swallowing

I do not feel that I swallow incorrectly 0
I sometimes feel I'm swallowing incorrectly, though it does not cause me to | 1
cough

I sometimes cough in connection with swallowing 2
I frequently cough in connection with swallowing 3
I always get a fit of coughing when I swallow 4
Lump feeling

I do not have the feeling there is a lump in my throat 0
I sometimes have the feeling there is a lump in my throat 1
I always have the feeling there is a lump in my throat 2
Involuntary loss of weight

I have not lost weight recently 0
I have lost three or four pounds recently 2
I have lost more than five pounds recently 4
Pneumonia

I have not had pneumonia due to swallowing incorrectly 0
I have had the occasional bout of pneumonia due to swallowing incorrectly 2
I have had repeated bouts of pneumonia due to swallowing incorrectly 4

Figure 2. The English version of The Dysphagia Short Questionnaire.
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4 STATISTICAL ANALYSIS

A database was created in Statistica 9.0,10.0 and 12.0. (StatSoft Inc., Tulsa, OK, USA).
This software was used for all calculations and for the creation of diagrams and figures.

A p-value less than 0.05 was considered significant for all analyses except when
Bonferroni correction was used. Data were expressed as mean values (SD) or median
values (range or intervals), as appropriate.

Study I; Sample size calculation was performed with NDI and an estimated loss of
follow-up of 20%. The sample size calculation was based upon a statistical superiority
design. Data in both groups were analysed with descriptive statistics, and comparison
between the groups was performed with independent t-test, Mann-Whitney U and
Fischer exact tests. Analysis of ordinal data within the groups was performed with
Wilcoxon's test and Friedman's anova. For analysis of repeated measurements between
the groups, Kruskal-Wallis anova was used. For some of the variables there were some
occasional missing data and these were replaced with a logistic imputation model to
reduce the risk of skewing the data. Patients without any data at the two-year follow-up
were considered as patients lost to follow-up and were not analysed. All patients who
had secondary surgery were included in an intention to treat (ITT) analysis, and the
same subjects were excluded from the per protocol (PP) analysis. A Bonferroni
correction was used for the level of significance in the subgroup analyses.

Study II; Descriptive statistics were used for the calculation of means, and standard
deviations for the motion levels separately. For comparison of motion between
different levels, Fisher exact test and Student's t-test were used. The Wilson quadratic
method was used for calculation of a 95% C.I. risk-interval. Intra Class Correlation
(ICC) and Cohen's Kappa for different observers and independent investigations were
calculated. The standard error of measurement and repeatability for motions in all three
planes were calculated with a 95 C.I.

Study III; Spearman rank test and Gamma test for non-parametric data were used for
calculations of correlation between the different outcome sores. Cronbach’s alpha was
computed for the test of internal consistency of DSQ and a Bland-Altman diagram with
95 C.I. was constructed. Descriptive statistics were also used, as appropriate.

Study 1V; The two investigated groups were compared with parametric and
nonparametric statistics, as appropriate. The Wilcoxon test for matched pairs was used
for comparison within the groups and Kruskal-Wallis anova was used for comparison
between the groups at different times of follow-up times. The Fisher exact test was
used for comparison between the groups divided into surgical levels. A logistic
regression model was constructed and OR and C.I. were calculated for the variables
“Group” and “Level”.
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5 RESULTS AND DISCUSSION

5.1 STUDYI

Both groups improved in the primary outcome variable between baseline and the two-
year follow-up. Mean NDI values changed from 63.1(SD 15.3) to 39.8 (SD 19.4) in the
ITT analysis and from 63.0 (SD 15.4) to 38.7 (SD 18.7) in the PP analysis. This
change in NDI was statistically significant: p< 0.01, as were the changes in secondary
outcome variables in both ITT and PP analysis: p< 0.01. The results were stable
between follow-ups at one- and two years regarding NDI in both groups (Fig. 3), as
well as in secondary outcome variables.

Neck Disability Index

100 -
90 T
80 -
70
60
50

40

30

20 -

ADR ACDF [0] Pre Op
Group [@) One Year
[g] Two Years

Figure 3. Box shows medians and whiskers range of NDI preoperatively and after one
and two years. Per protocol-analysis.

When the two groups were compared, the mean values and medians in the primary and
secondary outcome variables were similar in both groups at the two-year follow-up
without any statistically significant differences. This was true for both the ITT and the
PP analysis and is shown in table 9 and 10.
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ADR n=76 ACDF n=61 p-value

NDI 39.1(20.2) 35.0 (4-94) 40.1 (18.5) 34 (10-90) 0.77
EQ-5D  0.70 (0.30) 0.79(-0.29—1.0) 0.71 (0.26) 0.76 (-0.17-1.0) 0.92
VAS neck 27.4(27.3) 18.0 (0-100) 28.6 (24.8) 21.0 (0-73) 0.68
VAS arm 20.7 (23.1) 14.0 (0-90) 20.3 (25.7) 9.0 (0-80) 0.26

Table 9. ITT-analysis of outcome variables shown as means (SD) and medians (range)

ADR n=67 ACDF n=58 p-value
NDI 37.4(19.3) 34 (4-94) 40.7 (17.9) 34 (10-90) 0.24
EQ-5D 0.72(0.29) 0.8(-0.29-1.0) 0.71(0.26) 0.76 (-0.17-1.0) 0.50
VAS neck 25.6 (26.6) 16.0 (0-100) 28.7(25.0)  20.5 (0-73) 0.33
VASarm 19.2 (21.8) 13.0(0-84) 20.1 (24.9) 9.0 (0-80) 0.75

Table 10. PP-analysis of outcome variables shown as means (SD) and medians (range)

However, the ADR group had a lower mean EQ-5D-value at baseline and this was
statistically significant in the ITT analysis, p= 0.03, but not in the PP analysis, p=0.09.
Operating time, blood loss and distribution of surgical levels are listed in table 11.

ADR ACDF p-value
Op time min (SD) 122 (43) 141 (38) 0.015
Blood loss ml (SD) 212 (159) 218 (178) 0.81
Levels 1/2 58/23 50/20 0.98

Table 11.

The rates of secondary surgery were higher in the ADR group but not statistically
significant, p= 0.11. Complications and adverse events, as defined in table 12, were
to some extent implant-associated with a higher proportion in the ACDF group,
however, not statistically significant, p= 0.16.
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Partition of the groups into subgroups of 1- and 2-level treatment groups showed
no difference in the ACDF group. The same analysis in the ADR group showed
lower mean NDI levels in the 2-level group compared to the 1-level group, 31.3
(SD 16.7) and 41.4 (SD 19.9) respectively. This difference could be clinically
relevant but was not statistically significant after Bonferroni correction, p= 0.07.
The result is also reflected in EQ-5D with higher mean value in the 2-level group
than in the 1-level group, 0.83 (SD 0.2) and 0.67 (SD 0.27) respectively. This
difference was statistically significant, p= 0.005, and was found both in the ITT
and the PP analysis. It should also be pointed out that no statistical significances
were seen between the 1 and 2-level group regarding any of the outcome
variables at baseline. The treatment groups were compared regarding sick leave
and return to work status during follow-up and the result is presented in table 13.
Both groups decreased their consumption of analgesics significantly after surgery,
but no significant difference between the groups could be seen at any time during

follow-up.

Complication ADR ACDF
Postop hematoma' 1 0
Infection donor site n/a 3
Horner’s syndrome 1 0
Donor site pain’ n/a 5
Dysphagia’ 9 12
Implant failure® 0

C7 palsy 0
Wound infection 0
Non-union’ n/a 1
Dural tear 0 0
Hoarseness® 3 4

N (%) 16 (20) 25 (36)

I Leading to reoperation.

2 VAS 24 at two-year follow-up.

3 DSQ 24 at two-year follow-up.

4 Material insufficiency leading to revision surgery.
5> Leading to reoperation.

6 First postoperative period.

Table 12.
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A comparison between smokers and non-smokers showed unfavourable outcome for
the smokers in several outcome variables and was also reflected in the primary outcome
variable NDI. Non-smokers improved from a baseline mean NDI of 61 (SD 15.3) to
37.3 (SD 16.7) at the two-year follow-up while corresponding values for smokers was
67.6 (SD 15.3) and 45.8 (SD 24.1). The difference in NDI value between smokers and
non-smokers at the two-year follow-up was statistically significant, p = 0.03.

Four weeks Three One Year Two Years
Months

ADR n (%)

Full time 5 (6) 11 (14) 8 (10) 1 (D)

Part time 30 (37) 14 (17) 8 (10) 1 (D)
Working full time 37 (46) 46 (57) 55(71) 69 (91)
Other 9 (11) 9 (11) 7 (9) 5 (6)
Total 81 80 78 76
ACDF n (%)

Full time 6 (9) 9 (14) 9 (14) 1 (2

Part time 31 (44) 15 (23) 7 (11) 0 (0)
Working full time 26 (37) 30 (45) 40 (62) 52 (85)
Other 7 (10) 12 (18) 8 (13) 8 (13)
Total 70 66 64 61
p-value 0.25 0.85 0.39 0.71

Table 13. Shows return-to-work status at different times of follow-up. ITT-analysis.
“Other” means: not working but not on sick leave.

The decisions for reoperation by respective surgeon in both groups were also analysed.
Five patients in the ADR group underwent new surgery within the first year, the reason
being mostly dissatisfaction with continued neck pain. All of these were 1-level ADR
that were converted to fusions at index level. Contributing factors for the decision-
making of the surgeon was in three cases a non-optimal implant-positioning and in two
cases suspected implant instability or loosening. Two patients underwent a posterior
unilateral foraminotomy and the indication for surgery in both cases was arm pain.
Another two patients in the ADR group had new symptoms assessed as adjacent
segment disease; one was converted to fusions at index level and adjacent level and one
had an ADR at adjacent level. Two patients in the ACDF group had secondary surgery
with an additional fusion at adjacent level for the same reason and one patient was
reoperated because of non-union. All patients who underwent secondary surgery were
1-level procedures, both in the ADR and the ACDF group.
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Discussion

Both groups improved significantly after surgery and the interpretation of these data
could be that surgery is very effective in a selected group of patients with cervical
radiculopathy. However, a weakness with this study, as with many other studies
comparing two surgical techniques, is that we do not have a non-surgical control group.
Furthermore, knowledge about the natural history of cervical radiculopathy is limited.
The results from several RCTs comparing ADR and ACDF have in recent years been
published and a majority of these are conducted as IDE-studies, and also with similar
designs [57-59, 61].

This study was not part of an IDE study and there are some differences in the design
compared to the previous RCTs. First, we included both 1- and 2-level pathology since
we believe that this better reflects the mixture of surgery that is usually performed in
this group of patients. Secondly, allocation was blinded to both patient and caregiver
until time for reconstruction of the vertebral column. The reason for this was to
minimize the surgeons’ bias in relation to the type of implant and also to prevent non-
compliance to allocation. Thirdly, iliac crest bone graft and anterior plating was used in
the control group, which was probably the reason for longer operating time in this
group. Previously published data indicate that autologous bone graft provides better
conditions for bony fusion and, to the utmost, we wanted avoid non-union related
complications in the control group [96, 97]. Another difference is that we used a
superiority design in contrast to a majority of previous RCTs, which were performed,
with non-inferiority designs. The objective with a non-inferiority design is to
determine whether the experimental group has an equal or unacceptably worse outcome
than the control group. Non-inferiority trials are generally more complex to interpret
and can also contain some serious pitfalls in their conclusions [98, 99]. The design can
be preferable when the effect size of the active control in comparison to no treatment or
placebo treatment is known. Critics of non-inferiority studies have stated that this
design may contribute to the introduction of new treatments with equivalent or even
inferior effect to existing standard treatment. However, this can sometimes be justified
if the new treatment has lower costs or fewer short- or long-term complications. A few
studies with longer follow-up time have shown higher rates of secondary surgery in the
control group, mostly because of ASD [100]. However, other studies contradict these
results and there is still a lack of conclusive evidence for the theory that ADR is
protective against ASD [101]. Other possible side effects and complications associated
to any of the two treatments have been studied, with ADR showing an advantage, but
the impact of these effects will probably not be enough in itself for the new treatment to
merit recommendation [102].

In this study, a higher rate of reoperations was performed in the ADR group, which also
is somewhat deviant compared to other studies [103, 104]. Even though an analysis of
the outcome after secondary surgery is very uncertain — there are varying times for
follow-up, too - it seems that the five patients reoperated due to neck pain had a less
favourable outcome with very little or no improvement compared to the others who
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were reoperated due to other reasons. This could indicate that this subgroup already at
baseline had several prognostic factors for a non-favourable outcome. A descriptive
analysis of the 12 (8%) patients who underwent secondary surgery revealed a group
with a poorer preoperative status. They reported lower HRQoL (mean EQ-5D 0.32, SD
0.33) and somewhat higher NDI (mean 67.1, SD 16.5) compared to the whole study
population, but surprisingly enough somewhat lower VAS values. Moreover, 5 (42%)
were smokers, 6 (50%) were on full time sick leave because of their neck problems and
an additional 3 (22%) were on sick leave for other reasons than neck related disability.
They also reported longer duration of symptoms before surgery, 9 (75%) with neck
pain and 6 (50%) with arm pain for more than 2 years. A statistical analysis to compare
this group to the others in the study was not performed since sample size was too small,
but when this group was removed from baseline data, there was not any statistically
significant difference in HRQoL between the groups, p= 0.09. The difference is
probably clinically relevant and since the levels in EQ-5D were equal in both
treatment groups after surgery; the average improvement in HRQoL measured
with EQ-5D was greater in the ADR group than in the ACDF group. Patients with
poor prognostic factors at baseline were also present in the ACDF group, but these
patients were, for some reason, not reoperated to the same extent. One possible
explanation is surgeon's bias in the decision-making process; a combination of
uncertainty about a new technology and an opportunity to perform further surgery
might have contributed to the rate of reoperations, at least among those patients with
predominantly neck pain. We assume that a similar patient in the ACDF group was not
offered secondary surgery due to neck pain if the radiographic analysis did not show a
clear non-union or implant failure. A non-optimal implant positioning in the ADR
group could also have been a factor for poor outcome among these patients. But, in that
case, higher improvement values could have been expected after secondary surgery.
Revision surgery was not handled as a complication in this study but should still be
regarded as a failure of the intended treatment. The results revealed when comparing
1- and 2-level subgroups in the ADR group could be explained by a larger proportion
of problems originating from adjacent levels than the index level, initially judged by the
surgeon as not being a reason for surgery.

5.2 STUDYII

The mean time between index surgery and CT scanning was 40 months (range 19-50).
All prostheses could be successfully evaluated both numerically and visually (Fig. 4).
In the sagittal plane, in which the principal movement was performed, mean rotation
was 5.1 degrees (SD 3.8) with a range of 0.2 to 15.8 degrees, and a mean translation of
1.0 mm (SD 1.2) with a range of 0.0-5.5 mm. The rotation and translation in the other
planes were, as expected, small, and motions in all three planes are presented in table
14. There was a statistically significant difference in mean sagittal rotation with less
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motion in level C6-C7 compared to level C5-C6, p< 0.01. No significant difference
could be seen between C4-C5 level and the other levels. Consideration should be taken
regarding the small sample size in this group, which may have affected the result. The
mean rotation in the single level ADR group was 5.7 degrees (SD 4.1). In the two level
ADR group, the mean rotation in the caudal and the apical ADR were mean 3.3 (SD
2.7) and 5.7 (SD 3.9) degrees respectively, p= 0.08.

Figure 4.

Evaluation of the registered volumes showed that in two prostheses (5%) there was a
clear ankylosis with bridging bone around the ADR and no detectable motion. Three
other prostheses had bone masses that bridged the operated segment, but minimal
detectable motion and therefore not classified as ankylotic. One of these was the lower
level of a two-level replacement with ankylotic upper level and two were one-level
replacements. The probability for ankylosis was calculated to be between 1-17% (95%
C.L.). In three (8%) of the devices there was a detectable motion between a component
of the ADR and the bone. There was also an osteolysis in conjunction with the loose
prosthetic component in two of these. The probability of loosening was calculated to be
between 3-21% (95% C.1.). All loose components were detected in the one-level group
and in the apical part of the two-level ADR. Additionally, there was osteolysis in
conjunction with one more apical component without detectable motion between bone
and component. No association between ankylosis or loosening and time to follow up
could be seen. The repeatability between two observers in the sagittal plane was 1.3
degrees and 1.3 mm (95% C.I.) and the ICC was good or very good except for
translation in the coronal plane, which was classed as “fair”. The ICC in the test-retest
showed Kappa coefficients varying between 0.31 and 0.93.
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Motion Mean (SD) Range

Coronal rotation 1.4 (1.5) 0.0- 5.5
Sagittal rotation 5.1(3.8) 02-15.8
Transaxial rotation 1.4 (1.5) 0.0- 6.2
Coronal translation 0.2 (0.2) 0.0- 0.8
Sagittal translation 1.0 (1.2) 0.0- 5.5
Transaxial translation 0.9 (0.8) 0.0- 2.7

Table 14. Shows mean measured motions in all three planes for all levels.

Discussion

Most previous studies on ADR kinematics have been based on 2D radiographic
analyses and focused on segmental motion, either between the components within the
ADR or motion in the adjacent level [105]. Stability of the implants has been evaluated,
but not to the same extent, and there is a lack of knowledge concerning this [106, 107].
Instability of the implants might theoretically lead to loosening and migration and the
consequences of such events could be devastating in the cervical spine. Reports on
instable or migrating ADR devices in the literature are quite rare so far and it might not
be of any major importance. On the other side, most previous prospective studies have
only been presented with two-year data and there is insufficient long-term data for most
of the devices on the market. Experiences from other orthopedic implants shows that
loosening can be a problem in the longer term and that some implants have led to high
frequencies of revision surgery [108-110].The definition of an unstable or loose
prosthesis is unclear since there always might be some micro motions between implants
and bone. We defined loosening as a detectable motion between bone and prosthesis
when comparing the two scans. In one case we found radiographic osteolysis around
the spikes of the apical part of the prosthesis without any detectable motion relative to
adjacent bone. This is an interesting finding for which there may be various theories.
First, there is a possibility that the prosthesis was unstable but that the motion was so
small and therefore not detectable with this method. Second, the provocation was
inadequate so that the prosthetic part did not move in that specific rotation. In that case,
this is a finding of a possible early loosening. However, primary osteolysis is also
possible and raises the question of what comes first, osteolysis or loosening? Primary
osteolysis caused by micro-particles from wear can be discussed, but support for this
cannot be shown in this study. The calculated 95% C.I. for loosening shows a wide
range in this material and should be interpreted with caution since the sample size is
relatively small.

Another potential problem with the ADR technique, besides loosening, is formation of
heterotopic bone. This may cause reduced mobility and even ankylosis. The
frequencies in other studies vary and there does not seem to be a clear correlation to
patient outcome [111, 112]. We did not further analyze or grade the presence of
heterotopic bone but the motion analysis revealed that two prostheses were totally
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ankylotic and three were clearly inhibited in motion due to heterotopic bone formation.
Theoretically, an ADR that lost motion due to bone formation will function in the same
way as a fusion but a new potential problem may occur if the heterotopic bone creates
narrowing for the neural and vascular structures. The technique used in this study has
been used in other studies and for other implants [113, 114]. It provides 3D information
about how the motion is performed in all three planes, which might give a better
understanding for the motion. In addition to give a better understanding for how the
motion is performed, the method used should have a high accuracy and high reliability.
The accuracy for the technique used in this study has previously been evaluated
although not as good as RSA in vitro, it is almost as good as RSA in vivo for the
cervical spine [78]. In this study we added reliability tests, both between observers and
between scans. The ICC’s between observers are good for most motions but only
“fair” for coronal translation [115]. This can be explained by the fact that the range of
motion in most patients does not exceed the accuracy of the measurement in that plane.
For the motion that the patients performed between the two scans, sagittal rotation, the
ICC is very good. This is also the motion with the widest range; the error of the method
is relatively smaller in these measurements.

5.3 STUDY Il

45 patients answered the DSQ, MDADI and the Bazaz questionnaires at T1. DSQ
ranged from 2 to 13 with an average of 6.3 (SD 2.7) and was normally distributed. The
MDADI also showed a normal distribution while the Bazaz score showed a more equal
distribution of the different alternative answers. There was a significant correlation
between the DSQ and the MDADI (r= 0.59, p< 0.01), but no correlation to the Bazaz
score between either the DSQ or the MDADI. There was a weak correlation between
DSQ and EQ-5D (r =-0.27, p< 0 .05) but no correlation between the MDADI and EQ-
5D, r= 0.18. The Bazaz score showed an inverted correlation to EQ-5D with higher
values of HRQoL associated with more dysphagia (r= 0.31, p< 0.05). Five patients did
not participate at T2 and therefore, the test-retest was evaluated on the basis of the 40
patients who attended both visits. The Cronbach’s alpha coefficient was calculated to
0.82, indicating very good agreement between T1 and T2. A Bland-Altman diagram
with a 95% C.I. was constructed for the DSQ and showed a good agreement between
T1 and T2 with no systematic error related to the magnitude of the score (Fig. 5)
Preoperatively the DSQ scores were low with a mean value of 1.4 (SD 1.9). 17 patients
(15%) had a score of four or higher indicating quite severe dysphagia even before
surgery. At four weeks postoperatively, the mean value was 3.2 (SD 2.5) and only 16
(14%) reported a DSQ of zero. 46 (41%) reported a DSQ of 4 or more also indicating a
larger group of patients with more severe problems compared to baseline.
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Figure 5. Bland-Altman diagram with 95% C.I. for the DSQ at T1 and T2.

At three months the mean DSQ levels had decreased to 1.7 (SD 2.0) and at one year
they were back to baseline levels, 1.2 (SD 1.7). Of the 17 patients who scored four or
higher at baseline, 14 improved after surgery with significantly lower DSQ values at
one year. The DSQ levels are shown in a box-plot in figure 6.
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Figure 6. Box-plot of DSQ-values over time. Center equals medians and boxes
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1% to 3 quartiles. Whiskers represent non-outlier range.
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Discussion

It may seem unnecessary to develop a questionnaire for swallowing disorders when
validated forms already exist. However, the existing questionnaires are probably too
extensive to use with a variety of other questionnaires, as in this study. The previously
most frequently used questionnaire, the Bazaz score, has not been validated and the
reliability of that score may therefore be questioned [91]. Nor could we find any
correlation between the Bazaz and the two other questionnaires; this contributes further
to uncertainty about its validity. The reasons for this are not clear, but one conceivable
explanation could be that it contains too few categories, which may result in an
inability to distinguish between patients with different levels of dysphagia. Another
reason for criticizing the Bazaz score is how swallowing problems have been classified;
for example, inability to swallow liquid always scores higher than problems with solid
food. That is not always the case and the reverse situation might be more usual [116-
118]. Generally, problems with swallowing liquid are larger problems when there is a
neurological dysfunction affecting the oral and pharyngeal phase of swallowing, while
problems with swallowing solids may be more affected by obstruction in the
oesophageal phase of swallowing. Another problem is how the term “solid” should be
defined, as there is probably a quite wide range of different food consistencies between
“liquid” and “solid”. Speech language pathologists, who are the profession that often
examine and evaluate this group of patients, use different kind of foods to test the
ability to swallow. Such evaluations may help them to understand which part of
swallowing that is impaired and also how the patient can be helped. The patients who
were assessed after the anterior cervical spine approach did not have nearly as high
levels of dysphagia as the patients included in the first study, which we initially also
hypothesized. That was why we wanted to test the questionnaires on a group of patients
with established dysphagia since validation on a group of patients from the second
study would have resulted in too many patients scoring very low and contributing to
considerable floor effects. The good correlation to “the gold standard” MDADI can be
seen as a support for progressivity; low values are generated in patients with milder
forms of dysphagia and higher values in patients with more severe dysphagia.

In the second part of the study, we found that at least 15% of the patients experienced a
non-negligible dysphagia before surgery. The incidence of dysphagia among a normal
population is not well known and it is unclear if these levels could be expected or if it
should be interpreted as a consequence of cervical spondylosis. One argument for the
latter is that a normal function in cervical spine motion, muscular function and nerve
function is probably important for the swallowing mechanism to some extent. All of
these functions can be affected by changes in cervical spondylosis. Large degenerative
osteophytes may sometimes also develop as a consequence of the spondylosis and in
severe cases result in a swallowing obstruction in the oesophageal phase. This was not
the case in our study population, as this would have rendered exclusion. At the four-
week follow-up the DSQ levels were significantly higher, but still, on average lower
levels compared to the patients in the first part of the study. This indicates that the
patients undergoing cervical spine surgery do not really have the same problem as the
patients with dysphagia caused by malignancies or neurological disease. The dysphagia
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among the patients after spine surgery was also clearly transient with levels almost
back to baseline at three months. In the short term, it seems clear that surgery causes
dysphagia in almost all patients to a certain extent. Some patients may also have more
prolonged dysphagia but on a group level, there was no difference between baseline
and at one year after surgery.

5.4 STUDY IV

Both groups had similar levels of DSQ and similar demographics besides EQ-5D at
baseline. As in study III, both groups showed significantly higher levels of dysphagia at
the four-week follow-up compared to baseline, p< 0.01. There was no statistically
significant difference between the groups until the follow-up at two years when there
were statistically higher levels of dysphagia in the ACDF group, p= 0.04. These
calculations were performed as an ITT analysis; and as twelve patients underwent
secondary surgery during the follow-up period, a PP analysis was also performed. The
PP analysis did not show any statistically significant differences in comparing the
groups during the first year; but as in the ITT analysis, there was a statistical difference
at two years, p= 0.03. To investigate whether higher levels of dysphagia were
associated to treatment group or the number of surgical levels, a logistic regression
model with a 95% C.I. was constructed. The level of dysphagia was dichotomized thus:
a level of four or higher was considered more “severe” and lower levels as “less
severe” dysphagia. OR for Levels (1 vs. 2) and Group (ADR/ACDF) were 0.2 (p=
0.14) and 0.019 (p= 0.02) respectively. A box-plot of mean DSQ for both groups at all
follow-ups is shown in figure 7.
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Figure 7. Box-plot of DSQ-values in both groups over time. Center equals
median and boxes 1% to 3" quartiles. Whiskers show range and dots outliers.
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Discussion

Several different factors may influence postoperative dysphagia and previous studies
have been made, aiming to explain how swallowing is affected by surgery in this area.
Possible causes for short-term dysphagia could be postoperative swelling of soft tissues
and the esophageal wall, even though a correlation in some previous studies has not
been clearly shown. Risk factors for more prolonged dysphagia have also been
proposed in previous studies: multilevel surgery, long DOS, gender (women), bulk of
implants, use of BMP-2, psychiatric disorders, mal-alignment and nerve damage[119-
123]. The question of whether patients undergoing surgery with TDR have less
dysphagia compared to patients undergoing ACDF has previously been studied.
McAfee et al. showed less dysphagia in the ADR group both after-short time follow-up
and after one and two years; 251 patients were included and were evaluated with the
Bazaz score [102]. One possible explanation for the different outcomes, according to
the authors, could be a less traumatic surgical technique in the patients treated with
ADR. Some doubts can be raised as to the results of the study by McAffee et.al since
the evaluation of dysphagia was performed with a non-validated instrument and as to
the fact that 16% of the patients had had previous surgery. In contrast to the study by
McAftee et al., our study design with randomization after decompression but before
reconstruction, minimizes the risk for differences in pressure on esophagus and nerve
damage which both can theoretically have an impact on dysphagia.

We could not see any statistical differences between the treatment groups until two
years after surgery even though the absolute values in the ACDF group were higher at
all times during follow-up. Since both groups were treated similarly during surgery, it
is more likely that dysphagia in a longer term is associated to the effects of the implants
or the number of surgical levels. The logistic regression analysis showed a stronger
association to the type of implant than to the number of surgical levels, and the
significant difference in DSQ at two years was found in both the one- and two-level
group. This finding indicates that the risk for higher levels of dysphagia in the long
term is reduced in the ADR group. Two conceivable factors affecting long-term
dysphagia can be highlighted in this study. First, decreased motion of the cervical
spine, and secondly, bulk of anterior plate fixation. One limitation in this study is that
we cannot determine which one of these two factors contributes most to the
development of long term dysphagia in the ACDF group. It is also conceivable that
altered alignment may contribute to disturbances in the swallowing mechanism in the
ACDF group. However, these factors were not analyzed in this study. Even though we
found a statistically significant difference between the groups at the two-year follow-
up, the differences in DSQ on a group level were unobtrusive. In an attempt to obtain
the MCID for the DSQ, the smallest real difference (SRD) was calculated using the
ICC from study III and the standard error of measurement (SEM). This is a
mathematical method to find the limits for what the smallest clinically relevant
difference could be and should be interpreted cautiously [124]. The MCID is usually
calculated with other methods including testing in a cohort of patients. The calculated
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SRD cannot directly be regarded as the MICD for the DSQ, but can provide an
indication of the approximate value. Taking this into account, the statistically
significant difference on group level cannot uncritically be transferred to, or interpreted
as, a clinically significant difference.
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6 GENERAL DISCUSSION

Clinical randomized trials comparing different surgical treatment options are always
difficult to conduct, as it can be both ethically indefensible and impracticable to
perform them in a blinded fashion. Moreover, to interpret the results accurately,
knowledge about the natural history of the disease or knowledge about placebo
treatment options is also required. To conduct studies comparing surgery to non-
surgery can be even more cumbersome as the design might deter patients from
participating. Such a design also excludes all forms of blinding to treatment. Placebo or
“sham” surgery can be performed in a randomized fashion blinded to patients but the
design is hard to implement for patients seeking care in surgical departments. The
patients in this study were blinded to treatment before surgery, which minimized
dropouts after allocation and thereby also minimized a serious selection bias. If
inclusion criteria were fulfilled it was not difficult to include patients in this study,
which can be attributed to the patients’ generally having a positive attitude to the
concept of an artificial disc, as patients who did not participate were offered treatment
with ACDF. A more positive attitude to one of the treatment options might also result
in a bias. Totally blinded studies comparing ADR to ACDF have not yet been
conducted but would be desirable. When the results from this study are interpreted, it
should be pointed out that the primary treatment effect most likely is a consequence of
the neural decompression and not of the implant. Possible significant differences
between the implants will probably not show before longer-term follow-up, even
though trends in differences in complications and revision surgery could be seen in this
study after two years.

How to measure outcome is also essential, as outcome measures must be validated and
used in other studies for comparison. We choose NDI as primary outcome variable and
EQ-5D and VAS as secondary outcomes. NDI is validated in Swedish and has also
been used in several earlier outcome studies evaluating both surgical and non-surgical
cervical treatments. All of the outcome variables are also used in the Swedish spine
register and comparison to larger groups of patients is therefore possible. The results of
NDI are usually normally distributed and statistically easy to use while the EQ-5D
gives a bimodal distribution, which might cause some pitfalls in the calculations and
interpretation. EQ-5D is widely used for evaluation of quality of life in normal
population subgroups and for comparison between different treatments, but the results
might also be affected by other factors.

Introduction of new techniques are often associated with new side effects and
complications. Conceivable complications from ADR treatment are loosening with
migration, wear of different components and heterotopic bone formation. There are
some reports of migration, but according to existing literature it seems to be quite rare
[125-127]. Wear does not generally seem to be a problem but might become more
evident in the future when longer-term outcomes are available. Several reports on
heterotopic bone formation have been published, but the correlation to patient-reported
outcome 1is still unclear [128]. Progressive bone formation can possibly result in
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decreased range of motion or new neurological impairment due to narrowing of root
canals. The radiological CT technique used in paper II has the advantage of being non-
invasive - in contrast to RSA that requires implantation of tantalum markers - and of
being more accurate than 2D x-ray methods used in other studies. Accuracy is very
important when evaluating very small motions, especially as in the case with the initial
phase of prosthetic loosening. We therefore believe that the 3D CT method will be of
great value not only in scientific work but also in clinical practice in the evaluation of
ADR patients in the future.

Dysphagia as a consequence of the anterior approach to the cervical spine is well
known and has been described and evaluated previously. Bazaz et al. were the first to
publish a prospective study and they concluded that postoperative dysphagia was
common during the first postoperative period and that a fraction of patients still
reported dysphagia one year after surgery. However, no baseline data was collected and
the follow-up was performed by telephone interview, using a non-validated dysphagia
score. Theoretically, dysfunction in the cervical spine due to spondylosis might cause
problems with swallowing even before surgical intervention. The purpose of the studies
in paper III was to evaluate dysphagia with a more reliable tool and also to investigate
the impact of surgery alone. As in other studies, a small fraction of patients with
dysphagia remains even after long-term follow-up. This study shows that this fraction
is not larger nor has higher values of dysphagia than the group of patients reporting
dysphagia before surgery. On the other hand, it does not seem to be the same
individuals in the group reporting late dysphagia as those reporting dysphagia before
surgery; this raises two questions. First, does surgery of cervical spine pathology
decrease dysphagia in some individuals? Secondly, what is the aetiology of long-term
dysphagia in patients undergoing anterior spine surgery? As the patients in the main
study were treated similarly regarding surgical exposure and had a similar distribution
of surgical levels, a possible impact from implant could be evaluated. The bulk of
anterior plating and decreased motion of the cervical spine as a result of fusion could
theoretically contribute to more chronic problems with swallowing. Statistically, there
was no significant difference between the groups until the two-year follow-up and this
can possibly be explained by the fact that early and late dysphagia partly have different
causes. The early phase is probably caused more by the surgical trauma to soft tissue,
while the later phase could be caused by permanent nerve damage, scar tissue, bulk of
implant and decreased or altered motion.

When new treatment alternatives are introduced, it is always important to evaluate the
benefits in comparison to already existing alternatives. Besides direct effects, other
factors, such as costs and complication rates, must also be considered. The idea of ADR
as a technique to prevent ASD could not be confirmed in this study and it is also very
dubious to assert that ACDF is causing ASD, as this might be an effect of ongoing
degeneration of cervical spine segments. Lower frequencies of ASD after ADR have to
some extent been confirmed by studies showing lower revision surgery rates due to
ASD problems [100], but it should be pointed out that reoperation rate is not an
outcome measure, rather a decision by the surgeon who might also be influenced by
different treatment options and requests from the patient, thus not without considerable
risk of bias.
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7 CONCLUSIONS

STUDY 1

No significant superiority in neck disability index or in secondary outcome variables
could be seen in the disc replacement group compared to the control group.
Reoperation rates were higher among patients with disc replacement; however, they
were not clearly associated to implant-related events. A higher proportion of
complications associated to surgery were detected in the ACDF group, mostly
associated to bone harvesting and postoperative dysphagia. The differences in
secondary surgery and complications between the two groups were not statistically
significant. No differences in secondary surgery caused by adjacent segment disease
could be seen between the two treatments after two years. Treatment with artificial disc
replacement did not result in better outcome compared to fusion measured with Neck
Disability Index two years after surgery.

STUDY 11

The majority of the Discover artificial discs continue to be mobile up to 40 months
after implantation, and also to be properly attached. However, 8% of the Discover
discs in this study exhibited clear signs of loosening and 5% were ankylotic. Reliability
between independent observers was high for all motions larger than the expected
measurement error.

STUDY III

The DSQ measures the experience of dysphagia as it correlates well to the MD
Anderson Dysphagia Inventory, used as gold standard for dysphagia measurements.
The DSQ also showed a good reproducibility which is why it can be considered as a
validated tool for measuring dysphagia.

Already at baseline a proportion of patients reported dysphagia. Postoperative
dysphagia after ACSS is very common during the first weeks after surgery, but the
levels of dysphagia are relatively mild and the dysphagia resolves over time. One year
after surgery the levels were back to baseline levels.

STUDY 1V

Long-term postoperative dysphagia could possibly be explained by factors like bulk of
implants and decreased or altered motion of the cervical spine. The results in this study
should be interpreted with caution because of uncertainty in clinically significant
differences between the groups.
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8 FUTURE STUDIES

Artificial disc replacement is still a relatively new technique in the treatment of cervical
radiculopathy. Many studies have shown encouraging results regarding outcome and
lower rates of secondary surgery of ADRs, but long-term follow-ups of larger cohorts
from non-corporate performed studies are desirable. For this study, a five-year follow-
up is planned with the aim to evaluate if there is a difference in ASD between the
treatment groups and, in that case, if this will be reflected in outcome data. There is also
an ongoing evaluation of the radiological material and the main issues are whether the
findings will correlate to any of the outcome variables. As a majority of previous RCTs
comparing ADR to ACDF have shown slightly better results for ADR, it is conceivable
that studies comparing different prosthesis designs will be conducted in the future.
There might be differences in motion pattern, wear and long-term stability, factors that
could all affect the outcome.
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9 SVENSK SAMMANFATTNING

Studie 1

Cervikal radikulopati dr ett tillstdind som kénnetecknas av smirta orsakad av att en eller
flera nervrotter i nacken &r pdverkade. Smértan kan vara mycket intensiv och forlédggs
typiskt till nacke och med utstralning i en eller bada armarna. Forutom smarta finns ofta
andra associerade symptom som kénselrubbningar och muskelsvaghet. Utbredningen
av besvéren beror pa vilken eller vilka nervrotter som &r paverkade. Orsaken till att
nerverna blir paverkade dr degenerativa fordndringar 1 diskar och facettleder som kan
resultera i att utrymmet for nerverna minskar till en sddan grad att de komprimeras.
Vanligtvis dr besvéren intensiva vid debuten och under flera veckor for att sedan
minska och dédrefter helt avklinga. I bdrjan syftar behandlingen till att lindra smértan
och detta kan goras med olika analgetika, tillfallig immobilisering eller forsok med
manuella terapimetoder.  Kirurgisk behandling kan Overvigas om besvdren inte
forbattras under de forsta tre minaderna och dr funktionsnedséttande. Den vanligaste
tekniken &r att dekomprimera de aktuella nervrétterna genom att frildgga kotpelaren
framifran, avldgsna disk och benpdlagringar som inskrinker utrymmet for nerverna.
Forutom att friligga nerverna syftar operationen till att gora segmentet ordrligt med
bibehallen distans mellan kotorna, s.k. steloperation. Resultaten efter steloperation ar
generellt goda med minskade smértor och o©kad livskvalitet. Den fordandrade
biomekaniken i det stelopererade omradet gor att en storre del av rorelse och belastning
istdllet overfors till intilliggande segment som mdjligen kan paskynda utveckling av
degenerativa fordndringar och ge en potentiell risk for nya besvér. Dessa teorier har
gjort att det har skett en utveckling av konstgjorda diskar med syfte att bevara
rorligheten i1 det opererade omradet och ddrmed minska belastningen pa intilliggande
diskar och leder. I studien inkluderades 153 patienter dir 81 patienter randomiserades
till operation med diskprotes och 70 till steloperation. Det var en likartad férdelning av
patienter mellan grupperna avseende basdata samt kon och alder. Det enda som skiljde
grupperna at var att diskprotesgruppen skattade ldgre livskvalitet och denna skillnad var
statistiskt signifikant. Randomiseringen var blindad for bdde kirurg och patient fram till
det tillfille d& implantatet skulle sdttas in. Tva patienter i diskprotesgruppen uteslots
fran vidare analys fore randomisering dd kirurgen under operationen bedémde att de
aktuella nivéerna var for degenererade for att behandla med diskprotes. Nio patienter 1
samma grupp blev reopererade av olika anledningar och fem avbrét studien. Av de
patienter som randomiserades till steloperation blev tre reopererade, tvd avled under
uppfoljningen och nio avbrét studien. Totalt foljdes 137 patienter (91 %) upp efter tva
ar. Badda grupperna foOrbéttrades efter behandlingen och skillnaden var statistiskt
signifikanta i alla utfallsvariabler. Ddremot fanns inga statistiskt signifikanta skillnader
mellan behandlingsgrupperna i ndgon av utfallsvariabler efter tvd ar och vérdena var
jdmna mellan grupperna. Komplikationsfrekvensen var nagot hogre i
steloperationsgruppen men inte statistiskt signifikant.
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Studie 2

For att méta de konstgjorda diskarnas rorlighet krdvs ndgon form av radiologisk teknik.
Noggrannheten i métningen till stor del beror pa vilken teknik som anvénds. I minga av
de tidigare studierna har konventionella rontgenmetoder anvints. De dr enkla att
anvinda men har en relativt mycket sdmre noggrannhet jimfort med t.ex.
rontgenstereofotogammetri analys (RSA) som har den hogsta uppmatta noggrannheten
in vivo. Nackdelen med den senare &r att tantalumkulor méste séttas in i patienten for
att undersokningen ska kunna utforas och att den darfor inte ldmpar sig i klinisk praxis.
I studie 2 har rorelseanalys gjorts med en relativt ny metod som dr baserad pa en
tredimensionell bildanalys och har hdg nogrannhet.. Undersdkningarna gors med
datortomografi och &r icke-invasiv. 28 patienter ur diskprotesgruppen undersoktes med
datortomografi och rorelsemétning, dels mellan de ingdende proteskomponenterna och
dels mellan protes och intilliggande kota. Sammanlagt undersoktes 38 proteser (10
patienter hade tva) och alla undersokningar gick att anvénda i rorelseanalysen. Mellan
de flesta proteskomponenter fanns det rorlighet dven om rorelseomfénget varierade
ganska mycket mellan olika individer och olika nivéer. Tva (5 %) av proteserna var helt
ororliga och tre (8 %) uppvisade tydlig rorlighet mellan protes och ben och klassades
darmed som l6sa.

Studie 3

En vanlig komplikation till frimre friliggning av kotpelaren &r svéljsvarigheter,
dysfagi, som oftast 4r mest markanta forsta veckorna efter operationen for att sedan
forsvinna hos de flesta. Omfattningen av den postoperativa dysfagin har studerats
tidigare men har da utvdrderats med objektiva métmetoder eller icke-validerade
frageformuldr. Orsakerna till postoperativ dysfagi dr inte helt klarlagda men
operationstraumat i sig dr sannolikt en del av forklaringen till besvar med svéljning den
forsta postoperativa perioden. Orsaker till de sena besvéren dr mer oklara men tdnkbara
faktorer skulle kunna vara nervskador, drrbildning, minskad eller dndrad rorlighet 1
kotpelaren samt att stora implantat kan komprimera matstrupen bakifran. For att mer
tillforlitligt sitt kunna vérdera de upplevda svéljbesviren efter operation konstruerades
ett frageformuldr 1 samarbete med ldkare och logopeder pd en 6ron-nésa-hals-klinik.
Detta formulér testades pa en grupp patienter med kind dysfagi och jamfordes mot en
redan validerad och mer omfattande skala. Overensstimmelsen mellan skalorna var
god och den nya anvédndes sedan for att utvdardera dysfagi pd 111 patienter det forsta
aret efter operation. Svéljbesvir var vanligt forsta tiden efter operation och efter fyra
veckor rapporterade 85% av patienterna nadgon grad av sviljproblematik men besviren
var lindriga pd gruppnivd. Ett ar efter operation var vdrdena pa samma laga nivad som
fore operation.

Studie 4

I denna studie anvéndes samma frageformuldr for skattning av dysfagi som i studie 3
for att utvirdera om det fanns skillnader i upplevda sviljproblem mellan de patienter
som behandlats med diskprotes och de som stelopererats. Inga statistiskt signifikanta
skillnader kunde pavisas vid uppfoljningar upp till ett ar. Vid uppfoljning efter tva ar
fanns en statistiskt signifikant skillnad med mer dysfagi i gruppen som genomgétt
steloperation. Hogre vérden av dysfagi var ocksé statistiskt signifikant associerat till
samma grupp.

38



10 ACKNOWLEDGEMENTS

There are so many I would like to thank and who have been important for the
compilation of this thesis. I wish to express my sincere gratitude especially to:

Professor Claes Olerud, my supervisor, who in our journey along the winding paths to
greater knowledge has also become a very good friend. Above all, I appreciate your
ability to encourage me in moments of doubt and get me to gather new strength. It has
also been a pleasure to spend time with you and your fabulous wife, Ase Olerud, in
various situations.

Thomas Henriques, co-supervisor, co-author, colleague and very good friend. You are
always a steady rock to lean on in stormy weather. Thank you for your support and
contributions to this thesis and also for very pleasant gatherings together with you and
Eva Henriques.

Henrik Olivecrona, co-supervisor and co-author, the man who introduced me long ago
to kayaking and later also to the world of three-dimensional imaging and motion
measurements. Thank you.

Hans Berg, my mentor and former colleague during my residency at Danderyd
Hospital. Your scientific way of thinking sparked my interest in research.

Lars Lindgren, former colleague and co-author. Thank you for your great
contributions to this work and for your patience when training me in your surgical and
clinical skills.

Eva Gulle, research nurse during the study period. Without you, this work would not
have been possible. That is the truth and you know it. Thank you.

Tycho Tullberg, head of Stockholm Spine Center. Thank you for being sincerely
supportive in this research and for having started SSC together with former colleague
Bjorn Branth. You both encouraged me to become a spine surgeon. By the way Bjorn,
in the easy chair you gave me, the main part of this thesis has been written. Karin
Waihlstedt, vice head of SSC, for being able to endure a bunch of stubborn surgeons.

All my spine surgeon colleagues at SSC, you are great to work with. Special thanks to:
Per Svedmark, co-author, for helping me out with all three dimensions in the funnel of
computed tomography. Svante Berg, Mr Disc Prosthesis, for valuable comments and
discussions concerning artificial disc replacement. Anders Frost, master of
provocative and philosophical discussions, sometimes leading to new insights.

39



Hikan Lofgren and Ludek Vavruch, co-authors and spine-colleagues, for
contributions of the material and valuable input and discussions on paper L.

Marilyn Noz and Gerald Maguire Jr, co-authors and the real brains behind paper 1I.
Therese Engstrom and Catarina Ingebro for help with the patients and comments in
paper III. Jonathan Mair, for help with translations and language.

All staff at SSC, you have all contributed to this. Special thanks to: Margareta
Ekstrom, for your efforts to schedule my time in a way which made this work possible.
Anna Arvidsson, for sorting out all the images. Anna Hedene, for happy moments
and delicious dinners. Irene Nordin, for giving me some time among all her dogs.
Andreas Séderholm, for help with computers and digital images.

Thomas Carlson and Jonas Leo, without you a great deal of time at medical school
would have been boring. Martin and Malin Holzmann, without you, a great deal of
time in Karlskoga would have been boring. Ann-Sofie Ogier Helleberg and Malin
Ahlgren for memorable summers in Gotland in our early years.

My friends from my years of rock'n'roll: Johnny Sandberg, Mika Jerkeby, Stefan
Kery, Hans Lindgren, Johan Sandstrom, Jens Lindberg, Lars Kjellén, Per
Stavborg, Martin Korpi, Mattias Jersild, Jan Loftén, Anders Svensson, Per
Nilsson, Hans Jacobsson, Tony Jansson, Johan Larsson, Per Holknekt, Kenneth
Nordkvist, Magnus Nanneson, Christer Linnerholm, Henrik Orrje and many
more, too many to mention but, I'm sure you know who you are. I am so glad you were
there, thank you for good times.

My brother and sister, Fredrik Skeppholm and Teresa Skeppholm, for being who
you are. Growing up together with you has probably influenced me more me than
anything else, in a favourable way.

My father Lars-Olov Skeppholm for always having a positive attitude to (almost)
everything I have done, even if it means getting a wrinkled hat.

My mother Ase Skeppholm, for loving support, inspiration and care through life.

My two children, Albin and Erik, you are awesome (!) and the greatest gifts in my life.
I really enjoy hanging out with you and seeing you grow every day. Thanks also to
Gustav who came into my new family as a bonus and as a sort of brother to my

children.

Nina for your love, enormous support and all the great moments we've shared together
during these years. I hope there will be many more.

Financial support was provided by DePuy Spine, Stockholms Léns Landsting and 4S (Swedish Society of
Spinal Surgeons).

40



11 REFERENCES

1. Carette S, Fehlings MG (2005) Clinical practice. Cervical radiculopathy. The New
England journal of medicine 353:392-399. doi: 10.1056/NEJMcp043887

2. Parkinson J (2002) An essay on the shaking palsy. 1817. The Journal of
neuropsychiatry and clinical neurosciences 14:223-236; discussion 222

3. Radhakrishnan K, Litchy WJ, O'Fallon WM, Kurland LT (1994) Epidemiology of
cervical radiculopathy. A population-based study from Rochester, Minnesota, 1976
through 1990. Brain : a journal of neurology 117 ( Pt 2):325-335

4. Engquist M, Lofgren H, Oberg B, Holtz A, Peolsson A, Soderlund A, Vavruch L,
Lind B (2013) Surgery versus nonsurgical treatment of cervical radiculopathy: a
prospective, randomized study comparing surgery plus physiotherapy with
physiotherapy alone with a 2-year follow-up. Spine 38:1715-1722. doi:
10.1097/BRS.0b013e31829f1095

5. Arnasson O, Carlsson CA, Pellettieri L (1987) Surgical and conservative treatment
of cervical spondylotic radiculopathy and myelopathy. Acta neurochirurgica 84:48-53

6. Fouyas IP, Statham PF, Sandercock PA (2002) Cochrane review on the role of
surgery in cervical spondylotic radiculomyelopathy. Spine 27:736-747

7. Persson LC, Lilja A (2001) Pain, coping, emotional state and physical function in
patients with chronic radicular neck pain. A comparison between patients treated with
surgery, physiotherapy or neck collar--a blinded, prospective randomized study.
Disability and rehabilitation 23:325-335

8. Albert TJ, Murrell SE (1999) Surgical management of cervical radiculopathy. The
Journal of the American Academy of Orthopaedic Surgeons 7:368-376

9. Hilibrand AS, Robbins M (2004) Adjacent segment degeneration and adjacent
segment disease: the consequences of spinal fusion? The spine journal : official journal
of the North American Spine Society 4:190S-194S. doi: 10.1016/j.spinee.2004.07.007

10. Hilibrand AS, Carlson GD, Palumbo MA, Jones PK, Bohlman HH (1999)
Radiculopathy and myelopathy at segments adjacent to the site of a previous anterior
cervical arthrodesis. The Journal of bone and joint surgery American volume 81:519-
528

11. Kulkarni V, Rajshekhar V, Raghuram L (2004) Accelerated spondylotic changes

adjacent to the fused segment following central cervical corpectomy: magnetic
resonance imaging study evidence. Journal of neurosurgery 100:2-6

41



12. Carrier CS, Bono CM, Lebl DR (2013) Evidence-based analysis of adjacent
segment degeneration and disease after ACDF: a systematic review. The spine journal :
official journal of the North American Spine Society 13:1370-1378. doi:
10.1016/j.spinee.2013.05.050

13. Panjabi MM, White AA, 3rd, Johnson RM (1975) Cervical spine mechanics as a
function of transection of components. Journal of biomechanics 8:327-336

14. Panjabi MM, White AA, 3rd (1980) Basic biomechanics of the spine. Neurosurgery
7:76-93

15. Neidlinger-Wilke C, Wurtz K, Urban JP, Borm W, Arand M, Ignatius A, Wilke HJ,
Claes LE (2006) Regulation of gene expression in intervertebral disc cells by low and
high hydrostatic pressure. European spine journal : official publication of the European
Spine Society, the European Spinal Deformity Society, and the European Section of the
Cervical Spine Research Society 15 Suppl 3:S372-378. doi: 10.1007/s00586-006-0112-
1

16. Hutton WC, Elmer WA, Bryce LM, Kozlowska EE, Boden SD, Kozlowski M
(2001) Do the intervertebral disc cells respond to different levels of hydrostatic
pressure? Clin Biomech (Bristol, Avon) 16:728-734

17. Hoyland JA, Le Maitre C, Freemont AJ (2008) Investigation of the role of IL-1 and
TNF in matrix degradation in the intervertebral disc. Rheumatology (Oxford) 47:809-
814. doi: 10.1093/rheumatology/ken056

18. Buckwalter JA (1995) Aging and degeneration of the human intervertebral disc.
Spine 20:1307-1314

19. Ding F, Shao ZW, Xiong LM (2013) Cell death in intervertebral disc degeneration.
Apoptosis : an international journal on programmed cell death 18:777-785. doi:
10.1007/s10495-013-0839-1

20. Jaumard NV, Welch WC, Winkelstein BA (2011) Spinal facet joint biomechanics
and mechanotransduction in normal, injury and degenerative conditions. Journal of
biomechanical engineering 133:071010. doi: 10.1115/1.4004493

21. Goldstein B (2002) Anatomic issues related to cervical and lumbosacral
radiculopathy. Physical medicine and rehabilitation clinics of North America 13:423-
437

22. Fujimoto K, Miyagi M, Ishikawa T, Inoue G, Eguchi Y, Kamoda H, Arai G, Suzuki
M, Orita S, Kubota G, Sakuma Y, Oikawa Y, Kuniyoshi K, Ochiai N, Kishida S,
Nakamura J, Aoki Y, Toyone T, Takahashi K, Ohtori S (2012) Sensory and autonomic
innervation of the cervical intervertebral disc in rats: the pathomechanics of chronic
discogenic neck pain. Spine 37:1357-1362. doi: 10.1097/BRS.0b013e31824ba710

23. Tubbs RS, Loukas M, Remy AC, Shoja MM, Salter EG, Oakes WJ (2007) The
vertebral nerve revisited. Clin Anat 20:644-647. doi: 10.1002/ca.20482

42



24. Rubinstein SM, Pool JJ, van Tulder MW, Riphagen, II, de Vet HC (2007) A
systematic review of the diagnostic accuracy of provocative tests of the neck for
diagnosing cervical radiculopathy. European spine journal : official publication of the
European Spine Society, the European Spinal Deformity Society, and the European
Section of the Cervical Spine Research Society 16:307-319. doi: 10.1007/s00586-006-
0225-6

25. Ashkan K, Johnston P, Moore AJ (2002) A comparison of magnetic resonance
imaging and neurophysiological studies in the assessment of cervical radiculopathy.
British journal of neurosurgery 16:146-148

26. Teresi LM, Lufkin RB, Reicher MA, Moffit BJ, Vinuela FV, Wilson GM, Bentson
JR, Hanafee WN (1987) Asymptomatic degenerative disk disease and spondylosis of
the cervical spine: MR imaging. Radiology 164:83-88. doi:
10.1148/radiology.164.1.3588931

27. van Akkerveeken PF (1993) The diagnostic value of nerve root sheath infiltration.
Acta orthopaedica Scandinavica Supplementum 251:61-63

28. Anderberg L, Annertz M, Brandt L, Saveland H (2004) Selective diagnostic
cervical nerve root block--correlation with clinical symptoms and MRI-pathology. Acta
neurochirurgica 146:559-565; discussion 565. doi: 10.1007/s00701-004-0241-4

29. Anderberg L, Annertz M, Rydholm U, Brandt L, Saveland H (2006) Selective
diagnostic nerve root block for the evaluation of radicular pain in the multilevel
degenerated cervical spine. European spine journal : official publication of the
European Spine Society, the European Spinal Deformity Society, and the European
Section of the Cervical Spine Research Society 15:794-801. doi: 10.1007/s00586-005-
0931-5

30. Hakimi K, Spanier D (2013) Electrodiagnosis of cervical radiculopathy. Physical
medicine and rehabilitation clinics of North America 24:1-12. doi:
10.1016/j.pmr.2012.08.012

31. Saarto T, Wiffen PJ (2007) Antidepressants for neuropathic pain. The Cochrane
database of systematic reviews:CD005454. doi: 10.1002/14651858.CD005454.pub2

32. Baron R, Freynhagen R, Tolle TR, Cloutier C, Leon T, Murphy TK, Phillips K
(2010) The efficacy and safety of pregabalin in the treatment of neuropathic pain
associated with chronic lumbosacral radiculopathy. Pain 150:420-427. doi:
10.1016/j.pain.2010.04.013

33. Eisenberg E, McNicol E, Carr DB (2006) Opioids for neuropathic pain. The
Cochrane database of systematic reviews:CD006146. doi:
10.1002/14651858.CD006146

34. Onks CA, Billy G (2013) Evaluation and treatment of cervical radiculopathy.
Primary care 40:837-848, vii-viii. doi: 10.1016/j.pop.2013.08.004

43



35. Murphy DR, Hurwitz EL, Gregory A, Clary R (2006) A nonsurgical approach to
the management of patients with cervical radiculopathy: a prospective observational

cohort study. Journal of manipulative and physiological therapeutics 29:279-287. doi:
10.1016/j.jmpt.2006.03.005

36. Kuijper B, Tans JT, Beelen A, Nollet F, de Visser M (2009) Cervical collar or
physiotherapy versus wait and see policy for recent onset cervical radiculopathy:
randomised trial. BMJ 339:b3883. doi: 10.1136/bmj.b3883

37. Fehlings MG, Arvin B (2009) Surgical management of cervical degenerative
disease: the evidence related to indications, impact, and outcome. Journal of
neurosurgery Spine 11:97-100. doi: 10.3171/2009.5.SPINE09210

38. Nikolaidis I, Fouyas IP, Sandercock PA, Statham PF (2010) Surgery for cervical
radiculopathy or myelopathy. The Cochrane database of systematic
reviews:CD001466. doi: 10.1002/14651858.CD001466.pub3

39. Fehlings MG, Gray RJ (2009) Posterior cervical foraminotomy for the treatment of
cervical radiculopathy. Journal of neurosurgery Spine 10:343-344; author reply 344-
346. doi: 10.3171/2009.1.SPINE08899

40. Smith GW, Robinson RA (1958) The treatment of certain cervical-spine disorders
by anterior removal of the intervertebral disc and interbody fusion. The Journal of bone
and joint surgery American volume 40-A:607-624

41. Miscusi M, Bellitti A, Peschillo S, Polli FM, Missori P, Delfini R (2007) Does
recurrent laryngeal nerve anatomy condition the choice of the side for approaching the
anterior cervical spine? Journal of neurosurgical sciences 51:61-64

42. Ebraheim NA, Lu J, Skie M, Heck BE, Yeasting RA (1997) Vulnerability of the
recurrent laryngeal nerve in the anterior approach to the lower cervical spine. Spine
22:2664-2667

43. Jung A, Schramm J, Lehnerdt K, Herberhold C (2005) Recurrent laryngeal nerve
palsy during anterior cervical spine surgery: a prospective study. Journal of
neurosurgery Spine 2:123-127. doi: 10.3171/spi.2005.2.2.0123

44. Kilburg C, Sullivan HG, Mathiason MA (2006) Effect of approach side during
anterior cervical discectomy and fusion on the incidence of recurrent laryngeal nerve
injury. Journal of neurosurgery Spine 4:273-277. doi: 10.3171/spi.2006.4.4.273

45. Beutler WJ, Sweeney CA, Connolly PJ (2001) Recurrent laryngeal nerve injury
with anterior cervical spine surgery risk with laterality of surgical approach. Spine
26:1337-1342

46. Netterville JL, Koriwchak MJ, Winkle M, Courey MS, Ossoff RH (1996) Vocal

fold paralysis following the anterior approach to the cervical spine. The Annals of
otology, rhinology, and laryngology 105:85-91

44



47. Metcalfe S, Morgan-Hough C (2009) Cervical epidural abscess and vertebral
osteomyelitis following non-traumatic oesophageal rupture: a case report and
discussion. European spine journal : official publication of the European Spine Society,
the European Spinal Deformity Society, and the European Section of the Cervical
Spine Research Society 18 Suppl 2:224-227. doi: 10.1007/s00586-009-0889-9

48. Allen AY, Meyer DR (2009) Neck procedures resulting in Horner syndrome.
Ophthalmic plastic and reconstructive surgery 25:16-18. doi:
10.1097/10P.0b013e318191febf

49. Park HK, Jho HD (2012) The management of vertebral artery injury in anterior
cervical spine operation: a systematic review of published cases. European spine
journal : official publication of the European Spine Society, the European Spinal
Deformity Society, and the European Section of the Cervical Spine Research Society
21:2475-2485. doi: 10.1007/s00586-012-2423-8

50. Peng CW, Chou BT, Bendo JA, Spivak JM (2009) Vertebral artery injury in
cervical spine surgery: anatomical considerations, management, and preventive

measures. The spine journal : official journal of the North American Spine Society
9:70-76. doi: 10.1016/j.spinee.2008.03.006

51. Ozyuvaci E, Akyol O, Erden DV, Vatansever SD, Yilmaz GD, Toprak N (2011)
Upper airway obstruction due to retropharyngeal haematoma after posterior cervical
spine surgery. Anaesthesia and intensive care 39:768-770

52. Thakur NA, McDonnell M, Paller D, Palumbo M (2013) Wound hematoma after
anterior cervical spine surgery: in vitro study of the pathophysiology of airway
obstruction. Am J Orthop (Belle Mead NJ) 42:E35-37

53. Fountas KN, Kapsalaki EZ, Nikolakakos LG, Smisson HF, Johnston KW,
Grigorian AA, Lee GP, Robinson JS, Jr. (2007) Anterior cervical discectomy and
fusion associated complications. Spine 32:2310-2317. doi:
10.1097/BRS.0b013e¢318154c57¢

54. Daniels AH, Riew KD, Yoo JU, Ching A, Birchard KR, Kranenburg AJ, Hart RA
(2008) Adverse events associated with anterior cervical spine surgery. J Am Acad
Orthop Surg 16:729-738. doi: 16/12/729 [pii]

55. Fernstrom U (1966) Arthroplasty with intercorporal endoprothesis in herniated disc
and in painful disc. Acta chirurgica Scandinavica Supplementum 357:154-159

56. Cummins BH, Robertson JT, Gill SS (1998) Surgical experience with an implanted
artificial ~ cervical  joint.  Journal of neurosurgery  88:943-948.  doi:
10.3171/jns.1998.88.6.0943

57. Coric D, Nunley PD, Guyer RD, Musante D, Carmody CN, Gordon CR, Lauryssen
C, Ohnmeiss DD, Boltes MO (2011) Prospective, randomized, multicenter study of
cervical arthroplasty: 269 patients from the Kineflex|C artificial disc investigational

device exemption study with a minimum 2-year follow-up: clinical article. Journal of
neurosurgery Spine 15:348-358. doi: 10.3171/2011.5.SPINE10769

45



58. Heller JG, Sasso RC, Papadopoulos SM, Anderson PA, Fessler RG, Hacker RJ,
Coric D, Cauthen JC, Riew DK (2009) Comparison of BRYAN cervical disc
arthroplasty with anterior cervical decompression and fusion: clinical and radiographic
results of a randomized, controlled, clinical trial. Spine 34:101-107. doi:
10.1097/BRS.0b013e31818ee263

59. Murrey D, Janssen M, Delamarter R, Goldstein J, Zigler J, Tay B, Darden B (2009)
Results of the prospective, randomized, controlled multicenter Food and Drug
Administration investigational device exemption study of the ProDisc-C total disc
replacement versus anterior discectomy and fusion for the treatment of 1-level

symptomatic cervical disc disease. The spine journal : official journal of the North
American Spine Society 9:275-286. doi: 10.1016/j.spinee.2008.05.006

60. Phillips FM, Lee JY, Geisler FH, Cappuccino A, Chaput CD, DeVine JG, Reah C,
Gilder KM, Howell KM, McAfee PC (2013) A prospective, randomized, controlled
clinical investigation comparing PCM cervical disc arthroplasty with anterior cervical

discectomy and fusion. 2-year results from the US FDA IDE clinical trial. Spine
38:E907-918. doi: 10.1097/BRS.0b013e318296232f

61. Sasso RC, Smucker JD, Hacker RJ, Heller JG (2007) Artificial disc versus fusion: a
prospective, randomized study with 2-year follow-up on 99 patients. Spine 32:2933-
2940; discussion 2941-2932. doi: 10.1097/BRS.0b013e31815d0034

62. Vaccaro A, Beutler W, Peppelman W, Marzluff JM, Highsmith J, Mugglin A,
DeMuth G, Gudipally M, Baker KJ (2013) Clinical outcomes with selectively
constrained SECURE-C cervical disc arthroplasty: two-year results from a prospective,

randomized, controlled, multicenter investigational device exemption study. Spine
38:2227-2239. doi: 10.1097/BRS.0000000000000031

63. Khan SN, Mermer MJ, Myers E, Sandhu HS (2008) The roles of funding source,
clinical trial outcome, and quality of reporting in orthopedic surgery literature. Am J
Orthop (Belle Mead NJ) 37:E205-212; discussion E212

64. Bartels RH (2013) Influence of industry on scientific reports. European spine
journal : official publication of the European Spine Society, the European Spinal
Deformity Society, and the European Section of the Cervical Spine Research Society
22:1690-1691. doi: 10.1007/s00586-013-2703-y

65. Chen J, Wang X, Yuan W, Tang Y, Zhang Y, Wan M (2012) Cervical myelopathy
after cervical total disc arthroplasty: case report and literature review. Spine 37:E624-
628. doi: 10.1097/BRS.0b013e3182413930

66. Fan H, Wu S, Wu Z, Wang Z, Guo Z (2012) Implant failure of Bryan cervical disc
due to broken polyurethane sheath: a case report. Spine 37:E814-816. doi:
10.1097/BRS.0b013e3182477d85

67. Tu TH, Wu JC, Fay LY, Ko CC, Huang WC, Cheng H (2012) Vertebral body split

fracture after a single-level cervical total disc replacement. Journal of neurosurgery
Spine 16:231-235. doi: 10.3171/2011.11.SPINE11210

46



68. Viezens L, Schaefer C, Beyerlein J, Thietje R, Hansen-Algenstaedt N (2013) An
incomplete paraplegia following the dislocation of an artificial cervical total disc
replacement. Journal of neurosurgery Spine 18:255-259. doi:
10.3171/2013.1.SPINE12691

69. Lind B, Sihlbom H, Nordwall A, Malchau H (1989) Normal range of motion of the
cervical spine. Archives of physical medicine and rehabilitation 70:692-695

70. Dvorak J, Panjabi MM, Novotny JE, Antinnes JA (1991) In vivo flexion/extension
of the normal cervical spine. Journal of orthopaedic research : official publication of the
Orthopaedic Research Society 9:828-834. doi: 10.1002/jor.1100090608

71. Frobin W, Leivseth G, Biggemann M, Brinckmann P (2002) Sagittal plane
segmental motion of the cervical spine. A new precision measurement protocol and
normal motion data of healthy adults. Clin Biomech (Bristol, Avon) 17:21-31

72. de Koning CH, van den Heuvel SP, Staal JB, Smits-Engelsman BC, Hendriks EJ
(2008) Clinimetric evaluation of active range of motion measures in patients with non-
specific neck pain: a systematic review. European spine journal : official publication of
the European Spine Society, the European Spinal Deformity Society, and the European
Section of the Cervical Spine Research Society 17:905-921. doi: 10.1007/s00586-008-
0656-3

73. Swinkels RA, Swinkels-Meewisse IE (2014) Normal values for cervical range of
motion. Spine 39:362-367. doi: 10.1097/BRS.0000000000000158

74. Selvik G, Alberius P, Aronson AS (1983) A roentgen stereophotogrammetric
system. Construction, calibration and technical accuracy. Acta radiologica: diagnosis
24:343-352

75. Leivseth G, Kolstad F, Nygaard OP, Zoega B, Frobin W, Brinckmann P (2006)
Comparing precision of distortion-compensated and stereophotogrammetric Roentgen
analysis when monitoring fusion in the cervical spine. European spine journal : official
publication of the European Spine Society, the European Spinal Deformity Society, and
the European Section of the Cervical Spine Research Society 15:774-779. doi:
10.1007/s00586-005-0929-z

76. Zoega B, Karrholm J, Lind B (2003) Mobility provocation radiostereometry in
anterior cervical spine fusions. European spine journal : official publication of the
European Spine Society, the European Spinal Deformity Society, and the European
Section of the Cervical Spine Research Society 12:631-636. doi: 10.1007/s00586-001-
0362-x

77. Selvik G (1989) Roentgen stereophotogrammetry. A method for the study of the
kinematics of the skeletal system. Acta orthopaedica Scandinavica Supplementum
232:1-51

78. Svedmark P, Lundh F, Nemeth G, Noz ME, Maguire GQ, Jr., Zeleznik MP,
Olivecrona H (2011) Motion analysis of total cervical disc replacements using

computed tomography: preliminary experience with nine patients and a model. Acta
Radiol 52:1128-1137. doi: 10.1258/ar.2011.110230

47



79. Svedmark P, Weidenhielm L, Nemeth G, Tullberg T, Noz ME, Maguire GQ, Jr.,
Zeleznik MP, Olivecrona H (2008) Model studies on segmental movement in lumbar
spine using a semi-automated program for volume fusion. Computer aided surgery :

official journal of the International Society for Computer Aided Surgery 13:14-22. doi:
10.3109/10929080701882549

80. Shaw SM, Martino R (2013) The normal swallow: muscular and
neurophysiological control. Otolaryngologic clinics of North America 46:937-956. doi:
10.1016/j.0tc.2013.09.006

81. Mekata K, Takigawa T, Matsubayashi J, Hasegawa Y, Ito Y (2013) Cervical spine
motion during swallowing. Eur Spine J 22:2558-2563. doi: 10.1007/s00586-013-2975-
2

82. Buchholz DW (1996) What is dysphagia? Dysphagia 11:23-24

83. Skeppholm M, Ingebro C, Engstrom T, Olerud C (2012) The Dysphagia Short
Questionnaire: an instrument for evaluation of dysphagia: a validation study with 12
months' follow-up after anterior cervical spine surgery. Spine (Phila Pa 1976) 37:996-
1002. doi: 10.1097/BRS.0b013e31823a7a5b

84. Yue WM, Brodner W, Highland TR (2005) Persistent swallowing and voice
problems after anterior cervical discectomy and fusion with allograft and plating: a 5-
to 11-year follow-up study. Eur Spine J 14:677-682. doi: 10.1007/s00586-004-0849-3

85. Riley LH, 3rd, Vaccaro AR, Dettori JR, Hashimoto R (2010) Postoperative
dysphagia in anterior cervical spine surgery. Spine (Phila Pa 1976) 35:S76-85. doi:
10.1097/BRS.0b013¢3181d81a96

86. Chin KR, Eiszner JR, Adams SB, Jr. (2007) Role of plate thickness as a cause of
dysphagia after anterior cervical fusion. Spine (Phila Pa 1976) 32:2585-2590. doi:
10.1097/BRS.0b013e318158dec8

87. Papavero L, Heese O, Klotz-Regener V, Buchalla R, Schroder F, Westphal M
(2007) The impact of esophagus retraction on early dysphagia after anterior cervical
surgery: does a  correlation exist? Spine 32:1089-1093. doi:
10.1097/01.brs.0000261627.04944.cf

00007632-200705010-00008 [pii]

88. Tian W, Yu J (2012) The Role of C2-C7 and O-C2 Angle in the Development of
Dysphagia After Cervical Spine Surgery. Dysphagia. doi: 10.1007/s00455-012-9421-1

89. Mathers-Schmidt BA, Kurlinski M (2003) Dysphagia evaluation practices:
inconsistencies in clinical assessment and instrumental examination decision-making.

Dysphagia 18:114-125. doi: 10.1007/s00455-002-0094-z

90. Trate DM, Parkman HP, Fisher RS (1996) Dysphagia. Evaluation, diagnosis, and
treatment. Prim Care 23:417-432

48



91. Bazaz R, Lee MJ, Yoo JU (2002) Incidence of dysphagia after anterior cervical
spine  surgery: a  prospective  study. Spine  27:2453-2458. doi:
10.1097/01.BRS.0000031407.52778.4B

92. McHorney CA, Robbins J, Lomax K, Rosenbek JC, Chignell K, Kramer AE,
Bricker DE (2002) The SWAL-QOL and SWAL-CARE outcomes tool for
oropharyngeal dysphagia in adults: III. Documentation of reliability and validity.
Dysphagia 17:97-114. doi: 10.1007/s00455-001-0109-1

93. Chen AY, Frankowski R, Bishop-Leone J, Hebert T, Leyk S, Lewin J, Goepfert H
(2001) The development and validation of a dysphagia-specific quality-of-life
questionnaire for patients with head and neck cancer: the M. D. Anderson dysphagia
inventory. Arch Otolaryngol Head Neck Surg 127:870-876

94. Ackelman BH, Lindgren U (2002) Validity and reliability of a modified version of
the neck disability index. Journal of rehabilitation medicine : official journal of the
UEMS European Board of Physical and Rehabilitation Medicine 34:284-287

95. (1990) EuroQol--a new facility for the measurement of health-related quality of life.
Health Policy 16:199-208

96. Epstein NE (2012) Iliac crest autograft versus alternative constructs for anterior
cervical spine surgery: Pros, cons, and costs. Surgical neurology international 3:S143-
156. doi: 10.4103/2152-7806.98575

97. Lofgren H, Engquist M, Hoffmann P, Sigstedt B, Vavruch L (2010) Clinical and
radiological evaluation of Trabecular Metal and the Smith-Robinson technique in
anterior cervical fusion for degenerative disease: a prospective, randomized, controlled
study with 2-year follow-up. European spine journal : official publication of the
European Spine Society, the European Spinal Deformity Society, and the European
Section of the Cervical Spine Research Society 19:464-473. doi: 10.1007/s00586-009-
1161-z

98. Fleming TR, Odem-Davis K, Rothmann MD, Li Shen Y (2011) Some essential
considerations in the design and conduct of non-inferiority trials. Clin Trials 8:432-439.
doi: 10.1177/1740774511410994

99. Schiller P, Burchardi N, Niestroj M, Kieser M (2012) Quality of reporting of
clinical non-inferiority and equivalence randomised trials--update and extension. Trials
13:214. doi: 10.1186/1745-6215-13-214

100. Zigler JE, Delamarter R, Murrey D, Spivak J, Janssen M (2013) ProDisc-C and
anterior cervical discectomy and fusion as surgical treatment for single-level cervical

symptomatic degenerative disc disease: five-year results of a Food and Drug
Administration study. Spine 38:203-209. doi: 10.1097/BRS.0b013e318278eb38

101. Verma K, Gandhi SD, Maltenfort M, Albert TJ, Hilibrand AS, Vaccaro AR,
Radcliff KE (2013) Rate of adjacent segment disease in cervical disc arthroplasty
versus single-level fusion: meta-analysis of prospective studies. Spine 38:2253-2257.
doi: 10.1097/BRS.0000000000000052

49



102. McAfee PC, Cappuccino A, Cunningham BW, Devine JG, Phillips FM, Regan JJ,
Albert TJ, Ahrens JE (2010) Lower incidence of dysphagia with cervical arthroplasty

compared with ACDF in a prospective randomized clinical trial. J Spinal Disord Tech
23:1-8. doi: 10.1097/BSD.0b013e31819¢2ab8

103. Anderson PA, Sasso RC, Riew KD (2008) Comparison of adverse events between
the Bryan artificial cervical disc and anterior cervical arthrodesis. Spine 33:1305-1312.
doi: 10.1097/BRS.0b013e31817329al

104. Davis RJ, Kim KD, Hisey MS, Hoffman GA, Bae HW, Gaede SE, Rashbaum RF,
Nunley PD, Peterson DL, Stokes JK (2013) Cervical total disc replacement with the
Mobi-C cervical artificial disc compared with anterior discectomy and fusion for
treatment of 2-level symptomatic degenerative disc disease: a prospective, randomized,

controlled multicenter clinical trial: clinical article. Journal of neurosurgery Spine
19:532-545. doi: 10.3171/2013.6.SPINE12527

105. Hou Y, Liu Y, Yuan W, Wang X, Chen H, Yang L, Zhang Y (2013) Cervical
kinematics and radiological changes after Discover artificial disc replacement versus

fusion. The spine journal : official journal of the North American Spine Society. doi:
10.1016/j.spinee.2013.07.432

106. Lind B, Zoega B, Anderson PA (2007) A radiostereometric analysis of the Bryan
Cervical Disc  prosthesis.  Spine  32:885-890;  discussion  891.  doi:
10.1097/01.brs.0000259925.11230.dd

107. Anderson PA, Hashimoto R (2012) Total disc replacement in the cervical spine: a
systematic review evaluating long-term safety. Evidence-based spine-care journal 3:9-
18. doi: 10.1055/s-0031-1298604

108. Prissel MA, Roukis TS (2013) Incidence of revision after primary implantation of
the Scandinavian Total Ankle Replacement system: a systematic review. Clinics in
podiatric medicine and surgery 30:237-250. doi: 10.1016/j.cpm.2012.10.008

109. Morrey ME, Sanchez-Sotelo J, Abdel MP, Morrey BF (2013) Allograft-prosthetic
composite reconstruction for massive bone loss including catastrophic failure in total

elbow arthroplasty. The Journal of bone and joint surgery American volume 95:1117-
1124. doi: 10.2106/JBJS.L.00747

110. Lam LO, Stoffel K, Kop A, Swarts E (2008) Catastrophic failure of 4 cobalt-alloy
Omnifit hip arthroplasty femoral components. Acta orthopaedica 79:18-21. doi:
10.1080/17453670710014707

111. Chen J, Wang X, Bai W, Shen X, Yuan W (2012) Prevalence of heterotopic
ossification after cervical total disc arthroplasty: a meta-analysis. European spine
journal : official publication of the European Spine Society, the European Spinal
Deformity Society, and the European Section of the Cervical Spine Research Society

21:674-680. doi: 10.1007/s00586-011-2094-x

112. Suchomel P, Jurak L, Benes V, 3rd, Brabec R, Bradac O, Elgawhary S (2010)
Clinical results and development of heterotopic ossification in total cervical disc
replacement during a 4-year follow-up. European spine journal : official publication of
the European Spine Society, the European Spinal Deformity Society, and the European

50



Section of the Cervical Spine Research Society 19:307-315. doi: 10.1007/s00586-009-
1259-3

113. Svedmark P, Tullberg T, Noz ME, Maguire GQ, Jr., Zeleznik MP, Weidenhielm
L, Nemeth G, Olivecrona H (2012) Three-dimensional movements of the lumbar spine
facet joints and segmental movements: in vivo examinations of normal subjects with a
new non-invasive method. European spine journal : official publication of the European
Spine Society, the European Spinal Deformity Society, and the European Section of the
Cervical Spine Research Society 21:599-605. doi: 10.1007/s00586-011-1988-y

114. Sandgren B, Crafoord J, Garellick G, Carlsson L, Weidenhielm L, Olivecrona H
(2013) Computed tomography vs. digital radiography assessment for detection of
osteolysis in asymptomatic patients with uncemented cups: a proposal for a new
classification system based on computer tomography. The Journal of arthroplasty
28:1608-1613. doi: 10.1016/j.arth.2013.01.029

115. Landis JR, Koch GG (1977) The measurement of observer agreement for
categorical data. Biometrics 33:159-174

116. Troche MS, Sapienza CM, Rosenbek JC (2008) Effects of bolus consistency on
timing and safety of swallow in patients with Parkinson's disease. Dysphagia 23:26-32.
doi: 10.1007/s00455-007-9090-7

117. Saitoh E, Shibata S, Matsuo K, Baba M, Fujii W, Palmer JB (2007) Chewing and
food consistency: effects on bolus transport and swallow initiation. Dysphagia 22:100-
107. doi: 10.1007/s00455-006-9060-5

118. van den Engel-Hoek L, de Groot 1J, Esser E, Gorissen B, Hendriks JC, de Swart
BJ, Geurts AC (2012) Biomechanical events of swallowing are determined more by
bolus consistency than by age or gender. Physiology & behavior 106:285-290. doi:
10.1016/j.physbeh.2012.02.018

119. Lee MJ, Bazaz R, Furey CG, Yoo J (2007) Risk factors for dysphagia after
anterior cervical spine surgery: a two-year prospective cohort study. Spine J 7:141-147.
doi: S1529-9430(06)00074-X [pii]

10.1016/j.spinee.2006.02.024

120. Joaquim AF, Murar J, Savage JW, Patel AA (2014) "Dysphagia after Anterior
Cervical Spine Surgery: A Systematic Review of Potential Preventative Measures".
Spine J. doi: 10.1016/j.spinee.2014.03.030

121. Nandyala SV, Marquez-Lara A, Fineberg SJ, Singh K (2014) Comparison of
Revision Surgeries for 1-2 Level Cervical TDR and ACDF from 2002-2011. Spine J.
doi: 10.1016/j.spinee.2014.03.037

122. Kang SS, Lee JS, Shin JK, Lee JM, Youn BH (2014) The association between
psychiatric factors and the development of chronic dysphagia after anterior cervical
spine surgery. Eur Spine J. doi: 10.1007/s00586-014-3281-3

123. Tannoury CA, An HS (2014) Complications with the use of bone morphogenetic

protein 2 (BMP-2) in spine surgery. Spine J 14:552-559. doi:
10.1016/j.spinee.2013.08.060

51



124. Beckerman H, Roebroeck ME, Lankhorst GJ, Becher JG, Bezemer PD, Verbeek
AL (2001) Smallest real difference, a link between reproducibility and responsiveness.

Quality of life research : an international journal of quality of life aspects of treatment,
care and rehabilitation 10:571-578

125. Tsermoulas G, Bhattathiri PS (2013) Anterior migration of prosthesis following
cervical arthroplasty. Br J Neurosurg 27:132-133. doi: 10.3109/02688697.2012.703354
126. Zhang Z, Zhu W, Zhu L, Du Y (2014) Midterm outcomes of total cervical total
disc replacement with Bryan prosthesis. European journal of orthopaedic surgery &
traumatology : orthopedie traumatologie. doi: 10.1007/s00590-014-1424-1

127. Malham GM, Parker RM, Ellis NJ, Chan PG, Varma D (2013) Cervical artificial
disc replacement with ProDisc-C: Clinical and radiographic outcomes with long-term
follow-up. J Clin Neurosci. doi: 10.1016/j.jocn.2013.09.013

128. Tu TH, Wu JC, Huang WC, Guo WY, Wu CL, Shih YH, Cheng H (2011)
Heterotopic ossification after cervical total disc replacement: determination by CT and

effects on clinical outcomes. Journal of neurosurgery Spine 14:457-465. doi:
10.3171/2010.11.SPINE10444

52



Errata

Paper IV, page 3

There were differences in mean surgical duration between the ADR group and the
ACDF group, 125 minutes (SD 42.6) and 141 minutes (SD 38.0) respectively. The
difference was statistically significant, p=0.018.
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