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Summary 
Background 

Lumbar total disc replacement (TDR) is a treatment option for selected patients with chronic 

low back pain that is non-responsive to non-operative treatment. TDR was introduced as a 

motion-preserving alternative to spinal fusion, which has been reported to increase the risk of 

adjacent disc degeneration (ADD). However, ADD may develop regardless of surgery, and 

previous studies have called the clinical importance of ADD into question. The long-term 

results of disc replacement compared to multidisciplinary rehabilitation have not been 

reported previously. We aimed to assess the long-term relative efficacy of lumbar TDR 

compared to multidisciplinary rehabilitation, to identify patient characteristics associated with 

a favourable long-term result and to assess the long-term ADD development following TDR 

compared to non-operative treatment. 

Material and methods 

This is an eight-year follow-up of a multicentre randomised controlled trial performed at five 

university hospitals in Norway. The sample consists of 173 patients aged 25-55 years with 

chronic low back pain and localized degenerative changes in the lumbar intervertebral discs. 

Self-reported outcome measures were collected eight years after treatment. The primary 

outcome was self-reported physical function (Oswestry Disability Index, ODI) at eight-year 

follow-up in the intention-to-treat (ITT) population. Secondary outcomes included self-

reported low back pain (visual analogue scale, VAS), quality of life (EuroQol, EQ-5D), 

emotional distress (Hopkins Symptom Check List, HSCL-25), occupational status, patient 

satisfaction with outcome and care, drug use, complications and additional back surgery. We 

used χ2 test or Fisher’s exact test to analyse categorical variables and an independent two-

sided t test or analysis of variance to analyse continuous variables (Paper I). In a cohort of 82 

patients treated with TDR, we analysed the predictive value of pre-treatment socio-

demographic, clinical, psychological and radiological patient characteristics for (1) achieving 

a clinically important improvement (≥ 15 ODI points) from baseline to eight-year follow-up 

and for (2) being employed at eight-year follow-up. The associations between potential 

predictors and outcomes were modelled using logistic regression. We also organised a 

prediction matrix for presenting the probabilities of being employed at eight-year follow-up 

(Paper II). The development of ADD was evaluated in 126 patients with magnetic resonance 

imaging (MRI) of the lumbar spine before treatment and at eight-year follow-up. ADD was 

categorized as increased or not increased based on an evaluation of Modic changes, disc 

height reduction, disc contour, herniation size, nucleus pulposus signal and posterior high 

intensity zones. We used a χ2 test or a Fisher’s exact test to compare crude proportions, and 

multiple linear regressions to analyse the association between increased ADD (yes/no) and 

change in ODI from pre-treatment to eight-year follow-up (Paper III). 

Results 

605 patients were screened for eligibility, of whom 173 were randomly assigned treatment. 77 

patients (90%) randomised to surgery and 74 patients (85%) randomised to rehabilitation 

responded at eight-year follow-up. Mean improvement on the ODI was 20.0 points (95% CI 
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16.4-23.6, p≤0.0001) in the surgery group and 14.4 points (95% CI 10.7-18.1, p≤0.0001) in 

the rehabilitation group. Mean difference between the groups at eight-year follow-up was 6.1 

points (95% CI 1.2-11.0, p=0.02). Mean difference in favour of surgery on secondary 

outcomes were 9.9 points on VAS (95 % CI 0.6-19.2, p= 0.04) and 0.16 points on HSCL-25 

(95 % CI 0.01-0.32, p=0.04). 18 patients (24 %) in the surgery group and four patients (6 %) 

in the rehabilitation group reported full recovery (p=0.002). There were no significant 

differences between the groups in EQ-5D, occupational status, satisfaction with care or drug 

use. In the per-protocol analysis, the mean difference between groups was 8.1 ODI points (95 

% CI 2.3-13.9, p=0.01) in favour of surgery. 43 of 61 patients (70 %) in the surgery group and 

26 of 52 patients (50 %) in the rehabilitation group had a clinically important improvement 

(15 ODI points or more) from baseline (p=0.03). The proportion of patients with a clinically 

important deterioration (six ODI-points or more) were not significantly different between the 

groups. 21 patients (24 %) randomised to rehabilitation had crossed over and had undergone 

back surgery since inclusion. 12 patients (14 %) randomised to surgery had undergone 

additional back surgery. One serious adverse event after disc replacement is registered (<1%) 

(Paper I). Of all pre-treatment patient characteristics analysed for predictive value, only 

presence of Modic changes (type 1 and/or 2) was statistically significantly associated with an 

improvement of ≥ 15 ODI points. The probability of employment at eight-year follow-up was 

1 % for patients with ≥ 1 year of sick leave, comorbidity, ODI ≥ 50 and ≤ nine years of 

education prior to treatment, and 87 % for patients with < 1 year of sick leave, no 

comorbidity, ODI < 50 and higher education (Paper II). ADD increased (for at least one ADD 

variable) in 23 of 57 patients (40%) treated non-operatively, and 29 of 69 patients (42%) 

treated with TDR (p=0.86). We found no significant associations between ADD increase and 

the change in ODI (Paper III). 

Conclusions 

Substantial long-term improvement can be expected both after disc replacement and 

multidisciplinary rehabilitation. The difference between groups is statistically significant in 

favour of surgery, but smaller than the pre-specified clinical important difference of ten ODI 

points that the study was designed to detect. Patients with Modic changes prior to the TDR 

surgery were more likely to report a clinically important functional improvement at long-term 

follow-up. Comorbidity, low level of education, long-term sick leave and high ODI score at 

baseline were associated with unemployment at eight years. Increased ADD occurred with 

similar frequency after TDR and after non-operative treatment, and was not related to the 

clinical outcome at eight-year follow-up.  
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1 Introduction 
Low back pain (LBP) is common and causes more disability than any other condition [1]. The 

aetiology of LBP is usually multifactorial, but intervertebral disc degeneration (IDD) is often 

considered as an important pain source [2]. When non-operative treatment fails, some patients 

suffering from LBP are treated surgically. In the presence of IDD, LBP is sometimes 

considered ‘discogenic’, although the diagnosis has always been controversial [3]. The 

expression ‘degenerative disc disease’ (DDD) is used to describe the condition of LBP when 

IDD is suspected as the main pain source [4]. In such cases, spinal fusion has traditionally 

been the preferred surgical treatment. In randomised studies however, the results of spinal 

fusion have been similar to those of modern multidisciplinary rehabilitation (MDR) [5]. Total 

disc replacement (TDR) was introduced as a motion preserving surgical alternative to spinal 

fusion, and disc prostheses have been commercially available since the late 1980s [6]. In 

addition, early reports of adjacent level disc degeneration (i.e. degenerative disc changes at 

the level above the fusion) occurring after spinal fusion procedures have further encouraged 

the development and use of TDR, even though several reports have raised doubts about the 

role of fusion in adjacent level disc degeneration [7 8].  

This thesis is based on the long-term follow-up of the Norwegian TDR Study; the only 

randomised study in which TDR is compared with non-operative treatment (i.e. MDR). The 

thesis explores the differences between the long-term clinical outcomes of MDR and TDR, 

investigates predictors for long-term outcome after TDR and describes degenerative disc 

changes at the adjacent level after MDR and TDR. 

1.1 The intervertebral disc 

The lumbar intervertebral disc is a fibrocartilaginous structure that acts as a shock absorber 

and allows limited segmental mobility [9 10]. 

 

 

Figure 1. The intervertebral disc. 
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1.1.1 The normal disc 

The intervertebral disc consists of an outer annulus fibrosus surrounding an inner nucleus 

pulposus. Collagen fibres tie the annulus to the anterior and posterior longitudinal ligaments 

and to the hyaline cartilage of the end plates of the superior and inferior vertebral bodies [9 11 

12].  

At birth, the cartilage end plates make up approximately 50 % of the intervertebral disc space, 

and have a rich blood supply. During the following decade, the blood circulation gradually 

ceases, and in adulthood the intervertebral disc is the largest avascular tissue in the body [9].  

A normal adult intervertebral disc mainly consists of extracellular matrix and a small number 

of cells that make up approximately 1 % of the total disc volume [9]. Nucleus pulposus cells 

synthesize only type-II collagen and annulus fibrosus cells produce both type-I and type-II 

collagen. The nucleus is composed of collagen II and elastin fibres which are embedded in an 

aggrecan-containing gel. The aggrecan molecules are proteoglycans that interact with 

hyaluronan to form large aggregates that generate a high osmotic pressure, and contribute to 

the highly hydrated nature of the nucleus, thus maintaining disc height and distributing load 

across the end plates [11 13]. The annulus normally consists of 15-25 lamellae, and small 

amounts of elastin and type-III and type-IV collagen have been shown to have specific 

microanatomic locations [9 14].  

1.1.2 The degenerated disc 

Clefts and tears appear in the disc as part of the aging process, as well as increasing crack 

formation and thinning of the end plates, altered cell density, microfracture of the adjacent 

subchondral bone and bone sclerosis [9 15]. More advanced stages of degeneration include 

gross matrix changes, dehydration, increased lamellar disorganisation and fissures.  

Histopathological changes include increased disc-cell proliferation, cell-cluster formation and 

increased cell death. At the molecular level, increased production of cytokines and matrix 

degrading enzymes such as metalloproteinases (MMPs) contribute to the degeneration of the 

disc matrix [9 13]. The distribution of structural matrix molecules like elastin and different 

collagen types is altered [9 11]. In earlier reports, there has been no obvious difference 

between the normal aging process of the disc and degenerative changes seen in younger 

individuals with LBP. Degenerative disc changes have therefore traditionally been considered 

as the early appearance of aging processes [9]. However, recent studies propose that the 

pathological process of disc degeneration should not be misinterpreted as a normal aging 

process, as both genetic features and certain environmental exposures are associated with 

early disc degeneration and LBP [11 16]. A Danish research group has also proposed that 

certain signs of disc degeneration (i.e. Modic changes) can occur due to bacterial infections 

[17 18]. Adams [12] suggested that IDD should be distinguished from ‘degenerative disc 

disease’ (DDD), as IDD simply describes a pathological process, while DDD describes a 

painful disc degeneration. 

1.1.3 Radiological signs of IDD 

Although some signs of disc degeneration can be identified on plain radiographs (e.g. reduced 

disc height, end plate sclerosis and osteophytes), MRI remains the gold standard for the 
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identification and evaluation of disc degeneration. The following characteristics are 

commonly used to describe disc degeneration:  

1.1.3.1 Modic changes (MC) 

 

Figure 2. Vertebral end plate changes of Modic type 2 at disc level L5/S1 on T1- and T2-

weighted sagittal MRI, respectively. 

MC are changes in the vertebral bone marrow adjacent to the end plate, visible on MRI. MC 

were first described in 1988 by Michael T. Modic [19 20], who classified MC into three 

different types. Type 1 is characterised by a hypointense T1-signal and a hyperintense T2-

signal on MRI, meaning that the changes represent bone marrow edema and inflammation 

[21]. Modic also did histopathological analyses of MC type 1 and found disruption and 

fissuring of the end plates and vascularised fibrous tissue. Type 2 is characterised by 

hyperintense T1-signal and iso- or hyperintense T2-signal on MRI, which are the features of 

fatty tissue. In the histopathological analyses of vertebral bodies with MC type 2, Modic 

found yellow marrow replacement. MC type 3 is characterised by hypointense T1-signal and 

hypointense T2-signal on MRI, and the changes are interpreted as sclerotic changes. Modic 

described the histopathological changes in MC type 3 as dense woven bone within the 

vertebral body, and demonstrated that such changes correlate with extensive bone sclerosis on 

plain radiographs [19]. Mixed types of MC may occur in the same vertebral end plate, and 

MC can transform from one type to another, suggesting that different MC types represent 

different stages of the same disease [22]. However, the pathway is not necessarily a sequential 

progression through the different types of MC, as reverse transformation from type 2 to type 1 

is also observed [22 23].  

Kjær et al. [24] reported a prevalence all types of MC of 22 % (15 % type 1 and 7 % type 2) 

in a cross-sectional study of a 40-year old Danish normal population. MC may be observed in 

asymptomatic individuals, but the presence of MC is reported to be associated with LBP. In a 

review, Jensen et al. [25] analysed 82 study samples from 77 original articles and found a 

median prevalence rate for any type of MC of 43 % in patients with non-specific LBP and/or 

sciatica and 6 % in asymptomatic populations. A positive association between MC and non-

specific LBP was found in seven of ten studies from the general, working and clinical 

populations with ORs from 2.0 to 19.9. In a more recent review, Brinjikji et al. [26] reported a 

mean prevalence of MC of 12 % in asymptomatic individuals and 23 % in patients with LBP. 
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They found that MC type 1 was associated with LBP (OR 4.01, 95% CI 1.10 –14.55; P = 

0.04), while no such association was found for all types of MC (OR 1.62, 95% CI 0.48–5.41, 

P = 0.43). 

Modic originally considered MC to be a result of mechanical stress [20], but the aetiology of 

MC is still not completely understood. However, three leading hypotheses explain MC as a 

response to infectious, mechanical or inflammatory processes, respectively [22], the former 

drawing increasing attention over the last years. In 2001, Stirling et al. [27] reported that 

anaerobic microorganisms (Propionibacterium acnes and Corynebacterium propinquum) were 

isolated in samples from the nucleus pulposus of 53 % of patients operated for lumbar disc 

herniation. In 2013, Albert et al. [17] found Propionibacterium acnes in disc samples of 40 % 

of patients treated operatively for lumbar disc herniation. They also found that 80 % of those 

who had anaerobic bacteria isolated developed new MC adjacent to the previous disc 

herniation. In contrast, 0 % of those who had aerobic bacteria isolated developed new MC, 

and 44 % developed MC among those with negative cultures. They also included 162 patients 

with chronic LBP and MC type 1 in a randomised double-blind trial [18] in which patients 

treated with antibiotics (Bioclavid®, amoxicillin-clavulanate 500 mg / 125 mg three times a 

day for 100 days) had significantly better functional improvement and pain relief compared to 

the patients treated with placebo. A significant reduction of the size of the MC was also found 

in the antibiotic group, but not in the placebo group. Still, a more modern understanding of 

MC is that mechanical, inflammatory and infectious processes, or combinations of those 

processes, may all cause MC type 1 [28].  

1.1.3.2 Disc height reduction 

 

Figure 3. Disc level L5/S1 with disc height reduction compared to the disc levels above. 

Disc height reduction is considered to be a sign of degeneration of the intervertebral disc [9 

11]. In longitudinal studies, disc height reduction may be defined as a height reduction 

compared with earlier images, or, for lack of earlier images, as a proportion of the disc height 

in the superior level. In an earlier report from the Norwegian TDR Study, disc height 

reduction was defined as at least a 40 % height reduction compared to the next superior disc 

[29]. Masharawi et al. [30] defined the disc height as the distance between the mid-inferior 
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and mid-superior disc borders on a mid-sagittal MRI view, and validated this method for the 

evaluation of disc height. They also suggested that the measured disc height may depend on 

whether the patient is in standing position or laying down. Teichtahl et al. [31] reported that 

there is a dose-response relationship between the severity of disc degeneration measured by 

Pfirrmann classification [32] and intervertebral disc height. Twomey and Taylor [33] did not 

consider disc height reduction as a normal aging process, but rather as a pure pathologic 

feature. In contrast, Mannion et al. [34] found no correlation between a reduction in disc 

height and the clinical outcome in the long-term follow-up of 355 patients treated non-

operatively or with spinal fusion. Videman et al. [35] reported a lumbar disc height decrease 

of 0.4 mm over five years and 1.0-1.3 mm over 15 years in a longitudinal study of Finnish 

monozygotic twins, and calculated the measurement error as approximately 0.6 mm. In an 

analysis of the degeneration of the adjacent disc two years after TDR or rehabilitation, Hellum 

et al. [36] reported a minimal detectable change in disc height of 2 mm.  

1.1.3.3 Changed disc contour 

 

Figure 4. Changed contour of the intervertebral disc L5/S1.  

The disc contour can be categorised as normal, bulging or herniated [4]. Disc bulging 

describes the situation where the outer annulus extends beyond the edges of the disc space in 

the axial plane, usually more than 25 % of the circumference of the disc and usually less than 

3 mm beyond the edges of the vertebral body apophysis. Disc bulging may represent 

degeneration, and can be explained by loss of disc space height, ligamentous laxity, or as a 

response to loading or angular motion or remodelling in response to adjacent pathology [4]. 

Disc bulging is commonly found in asymptomatic individuals. Kjær et al. [24] reported a 

prevalence of 28 % in a cross-sectional study of a 40-year-old Danish normal population, and 

a positive association between disc bulging and LBP (OR 2.6, 95 % CI 1.4-4.4). Zou et al. 

[37] reported that disc bulging increased with the severity of disc degeneration in a cross-

sectional study of 513 patients examined with kinematic MRI. Disc bulging should be 

distinguished from disc herniation, which is defined as a localised (e.g. < 25 % of the disc 

circumference) displacement of nucleus, cartilage, fragmented apophyseal bone or fragmented 

annular tissue beyond the intervertebral disc space [4]. Different types of disc herniation 

include disc protrusion, disc extrusion and disc sequestration [4]. 
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1.1.3.4 Changed nucleus pulposus signal 

 

Figure 5. Reduced signal intensity of the disc L4/L5 due to dehydration. 

Breakdown of hydrophilic proteoglycan content and concomitant increase in collagen inside 

the degenerated disc leads to dehydration of the disc [10 38], which is recognised by reduced 

signal intensity on T2-weighted MRI [39]. Luoma et al. [40] categorised the signal intensity 

in the disc, using the cerebrospinal fluid (CSF) in the adjacent dural sac as an intensity 

reference. They reported a significant association between a dark nucleus pulposus and a one-

year incidence of LBP (OR 2.0, 95 % CI 1.2-3.1), but other researchers have not found such 

associations [41-43]. Decreased signal intensity in the disc is also commonly observed in 

patients without LBP. Kjær et al. [24] detected hypointense disc signals in 45 % of a 40-year-

old Danish normal population. Moreover, the prevalence of decreased signal intensity in the 

disc increases with age [44]. 

1.1.3.5 Posterior High Intensity Zone (HIZ) 

 

Figure 6. Posterior High Intensity Zone (HIZ). 

A posterior High Intensity Zone (HIZ) was defined by Aprill and Bogduk [45] as an area of 

high signal intensity in the posterior annulus fibrosis that is brighter than the nucleus pulposus 

on T2-weighted images and surrounded superiorly, inferiorly and anteriorly by the low-

intensity (black) signal of the annulus fibrosus. They claimed that HIZ was pathognomonic of 

an internally disrupted and symptomatic intervertebral disc, and reported a prevalence of 29 
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% for HIZ in a prospective study of 500 patients with LBP. Later studies have shown that HIZ 

may also be present in asymptomatic populations [46]. Carragee et al. [47] reported a 

prevalence of HIZ in 59 % of patients with LBP and 24 % in asymptomatic controls, while 

Liu et al. [48] observed HIZ in 46 % of patients with LBP and 20 % in asymptomatic 

controls. Kjær et al. [24] detected HIZ in 41 % of a 40-year-old Danish normal population, 

and a positive association between HIZ and care-seeking for LBP (OR 2.0, 95 % CI 1.2-3.0). 

Hence, HIZ can be observed in asymptomatic individuals, but seems to be more common in 

populations with LBP. As with other signs of IDD, the prevalence of HIZ increases with age 

[49]. 

1.1.4 Intervertebral disc degeneration and low back pain 

Degenerative changes in the intervertebral disc are often found in MRI images, both of 

patients with LBP and of individuals without LBP. Endean et al. [50] have published a review 

with meta-analysis of 21 studies of the prevalence of IDD in individuals without LBP. The 

combined estimate of prevalence from all studies was 54 %, varying from 7 % to 85 %. 

However, there are also several reports of a significant association between LBP and 

degeneration of the lumbar disc [2 12 26 51-53]. In a recent meta-analysis of 3097 individuals 

by Brinjikji et al. [26], disc degeneration was more prevalent in patients below 50 years of age 

with LBP than in asymptomatic controls of a similar age (OR 2.24, 95 % CI 1.21-4.15). 

Nevertheless, no MRI lesions alone can be established as the cause of LBP, since MRI 

abnormalities are also common in asymptomatic individuals [2 50]. Furthermore, in a 

previous report from the Norwegian TDR Study, Berg et al. [54] found that more advanced 

IDD was not related to the degree of disability or the intensity of LBP. 

1.2 Low back pain 

1.2.1 Definition 

In the European guidelines for the management of chronic non-specific LBP [55], LBP is 

defined as pain and discomfort localised between the costal margin and the inferior gluteal 

folds, with or without referred leg pain. LBP is considered as non-specific when it is not 

explained by nerve root affection or linked to specific spinal pathology such as infection, 

tumour, fracture, deformity or an inflammatory disorder. LBP can be classified, according to 

the duration of pain, as acute (< 12 weeks) or chronic (> 12 weeks) [56 57].  

1.2.2 Epidemiology 

LBP is reported to be the main cause of disability worldwide, with a global estimate of 

72 318 000 years lived with disability (YLD) in 2013 [1] and a global point prevalence of 9.4 

% [58]. The lifetime prevalence of LBP is reported to be as high as 84 %. For chronic non-

specific LBP the lifetime prevalence estimate is 23 % [55].  Most episodes of LBP are self-

limiting and not related to serious disease [2 59]. The epidemiological data are heterogeneous, 

and mean estimates need to be interpreted with caution [60]. The great variation in the 

reported estimates from different countries may be due to different definitions of the 

condition, different methods for reporting epidemiological data and different distribution of 

chronic LBP [60]. 
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In Norway, a recent survey estimated the prevalence of chronic low back and neck pain as 7.9 

% in women and 7.6 % in men, accounting for 22 % and 18 % % of contacts in primary care, 

and 1.2 % and 1.1 % of contacts in specialist health services, respectively [61]. According to 

the National Institute of Occupational Health, 32 % of the working population experience 

LBP during any one month [62]. 

1.2.3 Potential causes of chronic LBP 

In a minority (about 10-15 %) of patients with LBP, there is a specific cause (i.e. nerve root 

affection, fracture, spondylolisthesis, cancer, ankylosing spondylitis infection or other) [55 

63]. For a majority of patients with LBP (about 85 – 90 %) the pain has no obvious cause, and 

the diagnosis is based on the exclusion of specific pathology [64]. 

1.2.3.1 The biopsychosocial model 

According to Wadell [64], low back pain is best understood from a biopsychosocial point of 

view. In this model, the origin of the pain is mainly pathoanatomical, but psychological 

factors such as the patient’s personality, attitude, beliefs and psychological distress may 

modulate the perception of pain and influence the level of pain and disability. Environmental 

and social factors such as work status, socioeconomic status and social environment may also 

modulate pain perception and influence the experience of LBP. The biopsychosocial model 

also contributes to the understanding of the transition from acute to chronic LBP. Costa et al. 

[65] observed that the chronic stage of LBP in particular was characterised by a combination 

of physical, psychological and social dysfunction. Also, psychological and social factors may 

contribute both to the development and maintenance of pain and disability [66-68].  

1.2.3.2 Potential anatomical pain sources 

Chronic non-specific LBP is believed to have a multifactorial aetiology. Several somatic pain 

sources are reported, including the paraspinal muscles [69-71], the facet joints [72-75], the 

sacroiliac joints [73 76] and the degenerative disc, which is described in more detail above. 

Possible pathophysiological roles for tumour necrosis factor α (TNFα) and nerve growth 

factor have also been suggested, but the clinical implication of these findings needs further 

clarification [2].  

1.2.4 Risk factors for LBP 

There are a number of individual and environmental risk factors for LBP, of which some may 

be modified, and some may not [64 77].  

An important risk factor for IDD is genetic inheritance. In twin studies, the heritability 

estimates for IDD were 29-61 % [78 79], indicating that heredity factors play a substantial 

role in IDD and LBP. Recent studies have identified several genes that have been associated 

with both the development and the progression of disc degeneration, including genes coding 

for different collagen types, aggrecan, Matrix-metalloproteinase-3, transmitter substances 

involved in pain perception such as Interleukin-1 and Interleukin-6, and vitamin D receptors 

[13 80-82]. Battie et al. [83] estimated that up to 25 % of the genetic effects on pain are 

attributed to the same genetic factors that affect disc height reduction. In the UK Twin Spine 

Study [53], there was a significant genetic correlation between LBP and IDD, suggesting that 

11-13 % of genetic effects are shared by LBP and IDD. In a recent review of twin studies, 
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Ferreira et al. [84] reported heritability estimates for LBP of 21-67 %. Genes can also 

influence LBP through other mechanisms, such as pain perception, signalling, psychological 

processing and immunity [2 11 85 86]. Omair et al. [87] found that genetic factors are also 

partly responsible for the variation in disability levels in patients with chronic LBP. 

Age is commonly considered as a risk factor for LBP [64 77]. Incidence of LBP is reported to 

be highest in the third decade of life [88-91], and overall prevalence increases with age until 

the age of 60-65 before it gradually declines [92 93]. However, for some more severe forms 

of LBP, such as osteoporotic vertebral fractures, tumours and spinal infections, the prevalence 

continues to increase with age [94 95].  

Gender may be a risk factor for developing LBP, although some studies have found similar a 

prevalence in women and men [88 96]. Two systematic reviews have found that the 

prevalence of LBP was higher in women [77 97]. Women are also more likely to develop 

chronic LBP [98-100]. 

Patients’ genetic constitution, age and gender are examples of risk factors that cannot be 

modified. In contrast, there are also a number of known risk factors that may be modified by 

patients and by society.  

Obesity is one such risk factor. In a systematic review of twin studies, Dario et al. [101] 

detected a dose-response relationship between obesity and LBP. The relationship was 

weakened, but still significant, after adjusting for genetics and shared early environment. 

Later, a prospective study of Spanish twins identified no such relationship after two to four 

years when adjusting for genetics [102]. In a large Norwegian cross-sectional study 

(Helseundersøkelsen i Nord-Trøndelag, HUNT) [103], a significant positive association was 

found between BMI and risk of LBP among persons without LBP at baseline. The odds ratio 

for a BMI of 30 or more versus a BMI under 25 was 1.34 (95% CI 1.08-1.67) for men and 

1.22 (95% CI, 1.03-1.46) for women, in analyses adjusted for age, education, work status, 

physical activity at work and in leisure time, smoking, blood pressure and serum lipid levels. 

A significant positive association was also established between BMI and recurrence of LBP 

among women. The effect of body height has also been evaluated in data from HUNT [104]. 

Women with no LBP at baseline and body height ≥ 170 cm) had a higher risk of LBP 

compared with women with body height < 160 cm after adjustment for other risk factors 

(relative risk 1.19, 95 % CI 1.03-1.37). No such relationship was established among men. 

Physical comorbidities have been reported to affect the occurrence of LBP in several 

epidemiological studies [105 106]. A systematic review [107] detected a number of individual 

risk factors for developing disabling LBP, and an inferior general health status was among the 

identified risk factors. Especially in the older population, comorbidity is associated with 

increased prevalence of LBP [95 108 109]. Stewart Williams et al. [108] also demonstrated 

that individuals with more than one comorbid condition had higher odds for LBP compared to 

those with only one comorbid condition.   

Level of physical activity may influence LBP. Kwon et al. [110] summarised eight systematic 

review reports and found no consistent causal relationship between physical activity at work 

and the risk of developing LBP. However, two recent studies of data from HUNT have 
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evaluated the relationship between physical activity and chronic LBP and detected a positive 

association between strenuous physical work and LBP [111], while physical activity in leisure 

time was negatively related to LBP [112]. Zadro et al. [113] found that twins with recent LBP 

were less likely to meet the physical activity guidelines from the World Health Organization 

(WHO) compared with those with no history of chronic LBP, but the relationship was not 

significant after adjusting for genetics and shared early environment. There are also several 

reports of the association between LBP and sports. In a recent systematic review of 43 studies 

of LBP in athletes, Trompeter et al. [114] found a large variation in the reported prevalence of 

LBP, and highest prevalence in rowing and cross-country skiing. Due to the methodological 

heterogeneity of the included studies, a detailed comparison of different sports or versus the 

general population was not possible. However, in two Swedish studies [115 116], elite alpine 

skiers had more degenerative disc changes and a similar lifetime prevalence of LBP (50 %) 

compared to non-athletic controls (44 %). 

Smoking is associated with LBP in several cross-sectional studies [117-119]. A meta-analysis 

detected a higher prevalence of LBP in both former and current smokers, and a stronger 

association between current smoking and LBP in adolescents than in adults [118]. In a Finnish 

cohort study of adolescents, Mikkonen et al. [120] also demonstrated a dose-response 

relationship between pack-years and LBP in girls. However, the association may be 

confounded by differences in physical and psychological health and socio-economic status 

between smokers and non-smokers [64]. Further, socio-economic status can be assessed in 

several ways, and the methods used to indicate socio-economic status have been reported to 

influence the association between socio-economic status and LBP [121].  

Education level may be considered as an indicator of socio-economic status, and is also 

reported as a risk factor for LBP. In a review of the literature on the relationship between 

education level and LBP, Dionne et al. [122] found that well-educated people were less likely 

to have disabling back pain. Later, Zadro et al. [123] performed a population-based study of 

Spanish twins, and found that women with higher education were less likely to develop LBP, 

but the association was not significant after adjusting for genetics and shared early 

environment.   

Psychological comorbidities and hostile environment are commonly reported as risk factors 

for LBP. In a large prospective cohort study based on data from HUNT, Nordstoga et al. [124] 

demonstrated that presence of anxiety and depression reduced the probability of recovery 

from LBP (adjusted relative risk 0.77, 95 % CI 0.66-0.91). George et al. [125] demonstrated 

that patients with symptoms of depression and increased fear avoidance beliefs had a lower 

probability of recovery six months after an episode of LBP. Grotle et al. [126] performed a 

prospective cohort study and detected increased fear avoidance beliefs in patients with 

chronic LBP compared to patients with acute LBP, and fear avoidance beliefs predicted 

increased future pain and disability. Moreover, job related factors such as job dissatisfaction, 

monotonous tasks, poor work relations, demands, stress and low level of social support in the 

workplace are reported to be associated with increased occurrence of LBP [127-129] 
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1.2.5 Prognosis of LBP  

In general, LBP is a benign and self-limiting condition. However, about 23 % of the 

population are expected to develop chronic LBP, and 11-12 % of the population are disabled 

by LBP [55]. In a Norwegian cohort study of 123 patients with acute LBP, Grotle et al. [130] 

found that 17 % had not fully recovered at 12-months follow-up, while Henschke et al. [131] 

described a slow recovery in most patients with acute LBP attending an Australian cohort 

study, and 28 % did not recover within a year. A review of 11 studies of the prognosis of LBP 

revealed that 33 % had recovered after three months, but 65 % still reported pain after a year 

[132]. A recent Danish cohort study with four- and eight-year follow-up [133] found that the 

prevalence rates of LBP were constant over time at a group level, but did not necessarily 

involve the same individuals. Those with more severe LBP were more likely to report future 

LBP. Work related factors such as low workplace support and long duration of sick leave are 

among the important predictors for chronicity of LBP [55]. Psychological factors such as 

patient expectations and psychological comorbidity may also influence the prognosis [55 134 

135]. A systematic review of the role of fear avoidance beliefs suggests that they predict 

delayed recovery in subacute LBP [136]. In a Norwegian cohort study, Wilkens et al. [137] 

reported that both physical and psychological patient characteristics were associated with 

prolonged pain-related disability: Impaired fasting glucose tolerance, greater pain related 

disability, higher BMI, and lower quality of life. The predictive value of Modic changes has 

also been tested in a Norwegian cohort study [138], but was not prognostic for recovery from 

LBP. 

1.3 Treatment for chronic LBP 

There is great variation in treatment methods for chronic LBP. They can be divided into non-

operative and operative treatments. 

1.3.1 Non-operative treatment 

Non-operative treatment is a heterogeneous group of treatments. Over the last years, the 

Cochrane Library has published several systematic reviews on different non-operative 

treatment methods. Paracetamol [139] was compared with placebo, and did not provide better 

pain relief for acute LBP, while for chronic LBP it was uncertain if paracetamol had any 

effect. Therapeutic ultrasound [140] was not effective in improving quality of life or relieving 

pain, and the small improvement of short-term physical function was considered clinically 

unimportant (mean difference 0.5 standard deviations). Several forms of exercise have been 

evaluated. Motor control exercise [141], a form of exercise that aims to restore the muscles 

that support the spine, provided better pain relief (mean difference 13 points on VAS) and 

functional improvement (mean difference 6 points on a 100-point scale) compared to minimal 

intervention after 12 months, but did not prove superior to other forms of exercise. Muscle 

energy technique [142] is a method used by some osteopaths, chiropractors and 

physiotherapists, and combines stretching and resisted muscle contractions. In the Cochrane 

review, there was no evidence for the effect of this treatment for patients with LBP. For 

Pilates [143], there was some evidence for the effectiveness on LBP compared to minimal 

intervention at 3-12 months follow-up (mean difference 10.5 points on a 100-point scale for 

pain and 11.2 points on a 100-point scale for disability), but there was no evidence for 

superior effectiveness compared to other treatments. Yoga [144] was compared to non-
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exercise controls, and there was some evidence for better short-term pain relief (mean 

difference 4.6 points on a 100-point scale at three to four months follow-up) and physical 

improvement (mean difference 2.2 points on a 100-point scale at six months follow-up), but 

the effect sizes were small and there were also more adverse events (i.e. increased back pain) 

in the yoga group. Evidence for the effect of yoga compared to exercise was lacking.  

Some non-operative treatment forms are based on the biopsychosocial model. Behavioural 

treatment aims to modify inappropriate cognitive processes and pain behaviour. Three 

different treatment approaches are often described: The operant approach involves the 

reduction of external factors that are believed to reinforce pain behaviour, such as rest, 

analgesic medication and disease-related attention from other people, alongside the promotion 

of exercise and work [145]. The cognitive approach aims to identify and modify inappropriate 

thoughts, feelings and beliefs that patients with chronic LBP may have [146]. Cognitive 

patterns may be restructured through imagery and attention diversion or education [147]. The 

respondent approach aims to reduce pain through reduction of muscular tension [148 149]. 

Behavioural treatment often consists of a combination of these approaches. A Cochrane 

review [150] concluded that moderate evidence exists for better short-term pain relief of 

behavioural treatment compared to usual care (mean difference 5.2 points on a 100-point 

scale). Long-term effects were equivalent to those of group exercises. Further, no specific 

type of behavioural treatment was more effective than another. Back schools combine patient 

education and exercise. However, many variations have evolved. A recent Cochrane review 

[151] reported generally very low quality of evidence for back schools, and found, at best, a 

trivial effect in the treatment of chronic LBP. 

Multidisciplinary rehabilitation (MDR) is also based on the biopsychosocial model, as 

different treatment approaches are combined in order to improve the patient’s ability to 

cope with the disease, to modify inappropriate disease-related behaviour, and thereby 

reduce pain and disability. Through identification and modification of inappropriate 

thoughts, beliefs, fears and behaviours, the treatment aims to reassure the patients that it is 

not harmful for them to move even though it is painful. They are exposed to activities that 

they may fear and automatically avoid, such as physical exercise and work, and will 

thereby experience improved confidence as they manage these tasks. A Cochrane review 

[152] that evaluated MDR in the treatment of chronic LBP reported better effect of MDR 

on pain (standardised mean difference 0.2) and disability (standardised mean difference 

0.2) compared to ‘usual care’, and better effect of MDR on pain (standardised mean 

difference 0.5), disability (standardised mean difference 0.7) and work status (OR 1.9) 

compared to different physical treatment programs. Patients with indicators of significant 

psychosocial impact were supposed to be more likely to benefit from MDR. This is in 

agreement with current guidelines [153] that recommend MDR for patients with 

psychosocial obstacles to recovery and in cases where previous treatment has not been 

effective. 

1.3.2 Surgical treatment 

Spinal fusion surgery was first described in 1891 by Berthold Hadra who repaired a cervical 

fracture dislocation by wiring together the spinal processes of the sixth and seventh cervical 
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vertebrae [154]. Spinal fusion has since evolved from the treatment of fractures and 

tuberculosis, to the treatment of the degenerative spine [155]. Its aim is to relieve pain derived 

from degenerated anatomical structures such as intervertebral discs or facet joints by 

restricting segmental movement. Spinal fusion is still considered the ‘gold standard’ for the 

surgical treatment of the degenerated spine [156 157]. However, randomised trials find 

similar effects of spinal fusion and MDR both in the short- [158 159]  and long-term [160], 

and spinal fusion has several potential adverse effects. Beside surgical complications like 

infections and damage to neural and vascular structures [158 159 161-164], the loss of 

segmental movement may reduce the patient’s mobility [165 166], and is also reported to 

accelerate the degenerative process of the adjacent level (i.e. the level above the fusion) [167-

169]. On a group level, adjacent level degeneration (ALD) does not seem to influence the 

clinical outcome [34]. Nevertheless, numerous motion-preserving alternatives to spinal fusion 

have evolved [169 170] in order to preserve the segmental motion and to reduce the risk of 

ALD; among them is total disc replacement (TDR).  

1.3.2.1 Total disc replacement 

In other orthopaedic subspecialties, joint fusion (arthrodesis) has failed and arthroplasty has 

been successful [171]. This has inspired the development of alternatives to spinal fusion, such 

as TDR, a surgical procedure in which the degenerated IVD is removed and replaced with an 

artificial disc. The first attempts to replace the IVD with an artificial implant were carried out 

by the Swedish surgeon Ulf Fernström [172]. He replaced the IVD with a spherical steel 

implant and achieved acceptable clinical results, even though subsidence was common and 

most levels fused [173]. Further development of potential motion-preserving disc implants 

included fluid-filled elastic chambers [174], silicon containing devices [175 176], titanium 

springs [177] and rubber implants [178]. However, the first disc prostheses that became 

commercially available were the metal-polyethylene devices Charité [6] and ProDisc I [179] 

in the late 1980s [157 180 181]. Today, several disc prostheses with different mechanical and 

geometrical properties are in use [182 183]. Different prostheses may be classified as 

unconstrained, semi-constrained and constrained, depending on the range of motion (ROM) 

permitted by the implant [181]. 

The Food and Drug Administration (FDA) regulated two randomised multicentre studies 

comparing TDR with fusion which showed that the clinical results of TDR were at least as 

good as those of fusion [184 185]. The results of these studies and four other randomised 

studies comparing TDR with fusion [186-189] were analysed in a Cochrane review [156]. 

Overall, the clinical results of TDR were better than those of fusion, but the differences were 

considered to be clinically unimportant. The estimated differences between the treatments in 

favour of TDR were 4.3 ODI points, 5.2 points on Visual Analogue Scale (VAS) for back 

pain and 8.6 and 8.8 points on VAS for patient satisfaction, for one- and two-level procedures, 

respectively [156].  

In the Norwegian TDR study, Hellum et al. [29] found that the clinical two-year results of 

TDR were significantly better than those of multidisciplinary rehabilitation, but the 

differences between the groups (8.4 ODI points and 12.3 points on VAS for back pain) were 

smaller than the predefined clinically important difference (10 ODI points and 15 points on 
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VAS for back pain). The results of the Norwegian TDR study were also analysed in the 

Cochrane review [156], but since it is the only randomised study in which TDR is compared 

to non-operative treatment, the evidence for the comparison was considered of low or very 

low quality, even though the study was considered a low risk of bias trial. 

One of the limitations of the Cochrane review is that it is based on two-year results only 

[156]. According to the authors’ conclusion, long-term follow-up studies are needed since 

clinical long-term results are lacking and certain questions related to TDR can only be 

answered after longer implantation periods. Examples of such unanswered questions are 

related to wear and loosening of the implants, and degeneration of the facet joints and the 

adjacent disc.  

12 prospective studies with a total of 1764 patients have more than five years follow-up [168 

190-200] (Appendix, Table 1). Mean follow-up time was five to 12 years, and follow-up rate 

was 43-99 %. ODI change was used as an outcome measure in seven of the reports [190-193 

196 198 200], and the mean improvement was 16-31 points. Reoperation rate was 4-39 %.  

In addition, six retrospective studies with a total of 434 patients have more than five years 

follow-up [201-205] (Appendix, Table 2). Mean follow-up time was five to 17 years, and 

follow-up rate was 70-98 %. The results of the retrospective studies were not consistent. 

Lemaire et al. [201] and David et al. [203] reported 90 % and 82 % good or excellent clinical 

outcome, respectively, while Putzier et al. [202] reported a mean ODI of 42 points at last 

follow-up, and spontaneous ankylosis at the TDR level in 60 % of the patients. Patients with 

spontaneous ankylosis had better clinical results (ODI 38 versus 52 points and VAS 4.5 

versus 6.1), and more frequently degenerative changes in the superior adjacent level (17 % 

versus 0 %) compared to those with functional disc prostheses. Reoperation rates were 5-11 

%.  

A recent systematic review [206] based on 59 retrospective and prospective studies with 

short- and long-term results of TDR found similar clinical outcomes and complication rates 

for TDR compared to fusion in the majority of the studies, and the authors suggest that TDR 

could be a reliable option for the treatment of LBP and IDD in years to come. In contrast, 

NICE guidelines recommend that disc replacement is not offered to patients with LBP [153].  

Potential adverse effects of TDR should also be taken into account. Van den Eerenbeemt et al. 

[207] classified surgical complications as approach related (2-19 %, e.g. vascular injury, 

nerve root damage or retrograde ejaculation), implant related (2-39 %, e.g. subsidence, 

migration, dislocation, implant failure or end plate fracture) or related to the treatment (2-62 

%, e.g. wound, pain or neuromusculoskeletal complications) [207]. Siepe et al. [208] reported 

more complications after two-level TDR procedures (L4/L5 and L5/S1) compared to single 

level procedures. In a retrospective study of 2415 patients treated with TDR, Eliasberg et al. 

[209] reported 0.3 % incidence of wound infections. The incidence of subsidence and 

migration of the prostheses is reported to have decreased, probably due to an increased 

surface area of the end plates covered by modern implants [183]. Possible late complications 

include loss of mobility, implant wear or loosening and degeneration of the facet joints and 

adjacent level [156]. 
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The mobility in TDR levels is reported to decrease gradually over time, but the reduced ROM 

does not seem to be correlated to the clinical outcome [199 210]. Loss of mobility may be due 

to heterotopic ossification, which is commonly observed after disc replacement [183 198]. 

McAfee et al. [211] classified heterotopic ossification as 0 (no evidence of heterotopic 

ossification) to 4 (apparent bridging bone between the end plates). Putzier et al. [202] reported 

spontaneous ankylosis in 60 % of the patients treated with TDR after mean 17-year follow-up 

in patients operated between 1984 and 1989, but modern disc prostheses cover more of the 

vertebral end plates [183], which may reduce the incidence of spontaneous ankylosis. At the 

two-year follow-up in the Norwegian TDR Study, Johnsen et al. [212] used distortion 

compensated roentgen analysis (DCRA) to evaluate the mobility at the TDR level, and found 

that mobility was similar in a typical TDR level and in a typical degenerated disc. 

The observation of complications due to implant wear in hip arthroplasty [213] has also 

sparked concern among spine surgeons. Some studies have found elevated metal ion levels 

after TDR with metal-on-metal-bearings [194 214 215] but the metal ion levels were mostly 

moderately elevated, indicating a low risk of complications due to toxicity. However, there 

are also some case reports of adverse local tissue reaction due to metal debris [216-218]. 

Polyethylene wear debris is also reported to induce inflammation, vascularisation and 

innervation in periprosthetic tissue after TDR [219], and this may be clinically relevant [220]. 

Baxter et al. [221] suggested that the occurence of biologically relevant polyethylene particles 

may be due to severe rim impingement. Although implant wear debris seems to be a smaller 

problem after TDR than after hip replacement [194], the clinical consequences of implant 

wear after TDR are not fully understood [222]. 

Some studies report less degeneration of the adjacent level after TDR compared to fusion 

[167 223 224], but adjacent level degeneration is also part of the natural course of 

degeneration of the spine [8 169 225], and it has probably limited clinical relevance at a group 

level [34 226].  

Biomechanical changes after TDR have been tested in validated finite element model studies 

[227-229] that show increased loading on facet joints after TDR, particularly if there is 

malalignment of the vertebra adjacent to a disc prosthesis. Siepe et al. [230] found progressive 

degeneration in 20 % of the facet joints at mean four-year follow-up after TDR and inferior 

clinical results in patients with such progressive changes. Progressive facet joint degeneration 

occurred more frequently in L5/S1 than in L4/L5, and more frequently at index-levels than 

other levels. Park et al. [231] reported increased facet joint degeneration in 29 % of TDR 

levels at two-year follow-up, and found that facet joint degeneration was more common in 

females, patients with implant malposition and patients with two-level TDR, while Shin et al. 

[232] found that preoperative facet tropism (i.e. asymmetry in both facet joint angles) was 

associated with progressive facet joint degeneration after TDR.  

Since degeneration of the adjacent level and the facet joints may occur regardless of any 

surgery, development of such degenerative changes following surgery should be compared to 

the natural course or non-operative treatment. The Norwegian TDR Study is the only study 

that has compared TDR with non-operative treatment. At two-year follow-up, Hellum et al. 

[36] found a similar development of degenerative changes in the superior adjacent level in 
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patients treated with TDR and patients treated non-operatively, but the incidence of 

progressive facet joint degeneration was significantly higher in the TDR group (34 %) than in 

the group treated non-operatively (4 %).  
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2 Aims of the thesis 
The main aim of this thesis was to provide evidence-based knowledge of the long-term 

clinical and radiological results of lumbar total disc replacement compared to 

multidisciplinary rehabilitation, and to search for better selection criteria for disc replacement.  

 

The specific aims were: 

 

I:  To evaluate the long-term efficacy of total disc replacement compared with 

multidisciplinary rehabilitation in patients with chronic low back pain and 

intervertebral disc degeneration (Paper I). 

 

II:  To identify baseline characteristics associated with (1) a clinically important 

improvement (≥ 15 ODI points) and with (2) employment at eight-year follow-up after 

total disc replacement (Paper II). 

 

III:  To assess the long-term development of adjacent disc degeneration after total disc 

replacement or non-operative treatment, and to analyse the association between 

development of adjacent disc degeneration and the clinical outcome (Paper III).  
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3 Material 
This PhD project is an eight-year follow-up of patients included in the Norwegian TDR 

Study. Inclusion in the Norwegian TDR study took place from April 30, 2004 to September 

27, 2007. After eight years, the patients were invited to a long-term follow-up, including 

collection of patient reported outcome measures (PROMs) and radiological examination. All 

patients were also offered a follow-up visit with a spine surgeon. The eight-year follow-up 

was carried out from July 3, 2012 to January 1, 2016. The patients completed all outcome 

questionnaires at home and returned them by mail to an independent observer before the 

follow-up visit.  

3.1 Patients  

The patients in the Norwegian TDR Study were referred as usual from local hospitals or 

primary care in all health regions in Norway to their nearest university hospital with no 

additional attempts at recruitment. They were screened according to inclusion and exclusion 

criteria (Table 3) at one of five university hospitals by a spine surgeon or a specialist in 

physical medicine and rehabilitation. If the surgeon and the specialist in physical medicine 

and rehabilitation agreed on inclusion after a second examination with both doctors present, 

the patient was included. The patients were thoroughly informed about the advantages and 

disadvantages of both treatment options and the fact that neither of the treatment methods was 

documented as clinically superior to the other. Written informed consent was obtained from 

all patients before inclusion. For the eight-year follow-up, new written informed consent was 

obtained. 
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Table 3. Inclusion and exclusion criteria for the Norwegian TDR study. 

Inclusion criteria Exclusion criteria 

Age 25-55 years Generalised chronic pain (e.g. fibromyalgia 

or widespread myofascial pain) 

Low back pain as the main symptom for ≥ 12 

months 

Degenerative intervertebral disc changes in 

≥ 3 levels  

Structured physiotherapy or chiropractic 

treatment for ≥ 6 months without sufficient 

effect 

Symptoms of spinal stenosis or MRI 

showing disc protrusion or recess stenosis 

with nerve root affection 

Oswestry Disability Index score ≥ 30 points Spondylolysis or isthmic spondylolisthesis 

Degenerative intervertebral disc changes in 

L4/L5 and/or L5/S1, according to the 

following criteria based on MRI evaluation of 

the intervertebral disc: 

Arthritis, osteoporosis or former fracture of 

L1-S1 

≥ two former microsurgical interventions 

- ≥ 40 % disc height reduction Congenital or acquired spinal deformity 

- Modic changes type 1 and/or type 2 [20] Drug abuse 

- High Intensity Zone [45] Ongoing psychiatric or somatic disease that 

excludes either one or both treatment 

alternatives 

- Decreased signal intensity [40] Unable to understand spoken or written 

Norwegian  

 

The classification of the intervertebral disc as degenerated or normal was performed by two 

independent and experienced radiologists. When disagreement occurred, the images were 

evaluated by a third experienced radiologist, and the disc was classified by simple majority. 

Discs were classified as degenerated if the disc height was reduced by ≥ 40 % compared to 

the superior adjacent disc, or if at least two of the other three criteria were present (Table 3). 

In contrast, discs were classified as normal if disc height reduction was < 40 % and if no other 

criteria of IDD (Modic changes, HIZ or decreased signal intensity) were present. 

Figure 7 shows how the patients were screened, enrolled, randomised and treated according to 

randomisation. In the inclusion period (from April 30, 2004 to September 27, 2007), no 

patients were treated with TDR outside the study setting at any of the participating hospitals. 

Patients who were eligible for the study but refused to participate were treated according to 

established methods (i.e. rehabilitation or spinal fusion). 

Most baseline characteristics were similar in the two intervention groups, but low back pain 

score was significantly worse in the rehabilitation group than in the surgery group.  
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* 426 patients were screened and found to be ineligible for the study due to inclusion and/or 

exclusion criteria:  

• Insufficient degenerative intervertebral disc changes (n=29) 

• Degenerative intervertebral disc changes in ≥ 3 levels (n=80) 

• ODI < 30 (n=88) 

• Refused the surgical treatment option (n=28) 

• Refused the non-operative treatment option (n=20) 

• Generalised pain (n=20) 

• Previously treated with similar rehabilitation programme (n=26) 

• Other reasons such as age, coccygodynia, deformity, fracture, hip arthrosis, language 

problems, previous surgery, psoriasis arthritis, spondylodiscitis, tumour (n=135). 

** Six patients were enrolled, but excluded shortly after randomisation to rehabilitation (n=3) 

or TDR (n=3) due to coronary heart disease and heart attack a few days after randomisation 

(n=1) or obvious exclusion criteria discovered a few days after randomisation (n=5) (previous 

major abdominal surgery (n=1), insufficient degenerative intervertebral disc changes to 

satisfy inclusion criteria (n=2) or degenerative intervertebral disc changes in ≥ 3 levels (n=2)). 

§ Of the 86 remaining patients randomised to TDR, nine changed their minds after 

randomisation and refused surgical treatment (three had social reasons for refusing the 

treatment, one had work related economic reasons and five wanted a guarantee of success). 

§§ Of the 87 remaining patients randomised to MDR, seven changed their minds after 

randomisation and did not complete the rehabilitation program (two due to work related 
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economic reasons, two had a long travel distance and could not stay at a hotel, one had 

surgical treatment for lumbar disc herniation, one had social reasons and one had reasons 

unknown). Six patients did not complete the rehabilitation (i.e. > 50 % of the rehabilitation 

program) (one found the rehabilitation program disappointing, one did not manage to get 

through the training program, one developed diabetes just before or under treatment, one had 

surgical treatment for lumbar disc herniation, one had psychosocial reasons and one had 

hypertension and their family doctor did not recommend exercise). One had an untraceable 

baseline questionnaire. 

  



 

32 
 

4 Methods 

4.1 Design 

We used a multicentre randomised controlled design to compare the results of lumbar TDR 

with MDR in patients with chronic LBP and IDD.  

4.2 Randomisation 

A statistician not involved in the trial created a computer generated random list (1:1 allocation 

and random block sizes of two to eight). Allocation was performed using a website hosted by 

the Medical Faculty at the Norwegian University of Science and Technology (NTNU). Once a 

patient was included, a coordinating secretary, blinded to the patients’ characteristics and not 

involved in the inclusion process, logged the patients’ information on the randomisation 

website and performed randomisation. The treating unit and the patient were informed about 

the allocation shortly after randomisation and patients were treated within the next three 

months. Randomisation was stratified by centre and by previous back surgery (microsurgical 

decompression) or not. Independent observers collected and entered data.  

4.3 Follow-up 

PROMs were obtained before randomisation and at follow-up consultations at six weeks, 

three months, six months, one year, two years and eight years after the intervention was 

completed. At eight-year follow-up, the patients completed all outcome questionnaires at 

home and returned them by mail to an independent observer. After that, they were offered a 

follow-up visit, at which they could ask questions and receive information about the results of 

the radiological examinations.  

Papers I and III: Prospective controlled studies. In Paper I, the randomised design was 

maintained in the main analyses since they were performed according to intention-to-treat 

principles. In Paper III, the patients were classified as being treated non-surgically or with 

TDR, regardless of randomisation, according to as-treated principles. 

Paper II: A prospective cohort study of patients treated with TDR (including those who were 

originally randomised to MDR).  

4.4 Interventions 

The two treatment options are described below. Regardless of allocated treatment and 

compliance to the study protocol, the patients were invited to follow-up visits at six weeks, 

three months, six months, one year, two years and eight years after treatment. 

4.4.1 Multidisciplinary rehabilitation 

The multidisciplinary rehabilitation program consisted of a cognitive approach and supervised 

physical exercise as described by Brox et al. [158]. This modern multidisciplinary 

rehabilitation program has previously been reported to have long-term clinical results similar 

to spinal fusion [160]. The intervention was standardised through three seminars for the 

personnel responsible for the treatment, as well as videos and lecture sessions for the 

treatment providers before the study. A team of physiotherapists and specialists in physical 

medicine and rehabilitation at each study centre led the rehabilitation, and could be assisted 

by nurses, social workers and psychologists. The rehabilitation was organised as an outpatient 
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treatment in groups and lasted for about 60 hours over 12 to 15 days within a period of three 

to five weeks. The treatment consisted of lectures, individual discussions focusing on relevant 

topics (e.g. anatomical and physiological aspects of the spine, coping strategies, diagnostics, 

family and social life, imaging, normal reactions, pain medicine and working conditions), 

daily workouts to increase physical capacity, endurance, strength, coordination, and specific 

training of the abdominal muscles and the lumbar multifidus muscles, as well as challenging 

patients’ thoughts about, and participation in, physical activities which were previously not 

recommended (such as lifting, jumping, vacuuming, dancing and ball games).  

4.4.2 Total disc replacement  

The surgical intervention consisted of the replacement of the degenerative intervertebral 

lumbar disc with an artificial disc (ProDisc II, Synthes Spine) (Figure 8). All hospitals 

participating in the study used the same artificial lumbar disc device. The ProDisc consists of 

two metal end plates (cobalt chromium molybdenum alloy) and a polyethylene (ultra-high 

molecular weight polyethylene, UHMWPE) core that is fixed to the inferior end plate after 

insertion. The implants were available in two sizes (large, medium), two shapes (6⁰, 11⁰) and 

three heights (10 mm, 12 mm, 14 mm). Anterior approach was used with a Pfannenstiel, 

median or para-median incision, depending on the surgeon’s preference, and retroperitoneal 

dissection. When TDR was performed at the disc level L4/L5, the ascending lumbar vein was 

ligated. In order to avoid violation of the visceral organs and the sympathetic nerves, the disc 

was carefully exposed. A thorough discectomy with removal of the cartilaginous end plates 

and release of the posterior longitudinal ligaments was performed in order to ensure disc 

space mobilisation. A fluoroscope was used to ensure proper midline and posterior 

positioning of the prosthesis. Surgeons were required to have inserted at least six disc 

prostheses before performing surgery in the study, and one surgeon at each centre had the 

main responsibility for the operation. There were no major postoperative restrictions. Patients 

were not referred for postoperative physiotherapy, but if requested they could be referred for 

general mobilisation and non-specific exercises at six-week follow-up. 

Figure 8. Study participant with a typical ProDisc II artificial disc implanted at L4/L5.  
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4.5 Outcome measures 

The collected data included background variables, generic and specific back related 

questionnaires and radiological data (Table 4), according to international recommendations at 

the time of patient inclusion [233]. The chosen outcome measures are still in line with current 

recommendations [234 235]. 

Table 4. Outcome measures used in Papers I-III 

Outcome measure Used in paper 

Patient-reported questionnaires  

Physical function and pain (Oswestry Disability Index, ODI) I, II, III 

Low back pain (Visual Analogue Scale, VAS) I 

Quality of life (EuroQol, EQ-5D) I 

Psychological distress (Hopkins Symptom Check-List, HSCL-25) I 

Work participation I, II 

Satisfaction with the result of the treatment (7-point Likert scale) I 

Satisfaction with care (5-point Likert scale) I 

Reoperations I, III 

Complications I 

Daily use of analgesic I 

Radiological outcome measures  

Extent of Modic changes III 

Disc height III 

Disc contour III 

Disc herniation size III 

Nucleus pulposus signal III 

Posterior high intensity zone (HIZ) III 

 

4.5.1 Primary outcome measure 

4.5.1.1 Oswestry Disability Index 

Oswestry Disability Index (ODI) version 2.0 was used as the primary outcome measure in 

Papers I and II. Fairbank and colleagues published version 1.0 in 1980 [236] and version 2.0 

in 2000 [237]. ODI has since been translated into Norwegian and found to be a reliable and 

valid tool for assessment of physical function in Norwegian speaking patients with LBP 

[238]. ODI consists of ten questions about back specific pain and physical function, with six 

alternative answers for each question (0-5). Six questions represent different physical 

functioning activities, while the remaining four represent other health constructs such as pain 

intensity, sleep and social functioning. The total score ranges from 0 to 100, with higher 

scores indicating lower physical function. Mean ODI in asymptomatic, normal populations is 

approximately 10 points [237].  
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4.5.1.2 Adjacent disc degeneration 

In Paper III, increased adjacent disc degeneration (ADD) evaluated with magnetic resonance 

imaging (MRI) was used as the primary outcome. Six ADD variables were analysed at the 

nearest level above the implanted or degenerated index level, i.e. at L3/L4 or L4/L5: Modic 

changes, disc height reduction, disc contour, herniation size, nucleus pulposus signal and 

posterior HIZ. ADD was defined as increased if at least one ADD variable had an increased 

rating value from pre-treatment to eight-year follow-up, as described by Hellum et al. [36]. 

Decreased ADD (yes/no) was defined as a decreased rating value for at least one of the six 

ADD variables. Unchanged ADD implied that all rating values were unchanged. Two patients 

who had an increased rating value for one ADD variable and a decreased rating value for 

another were both classified as having increased ADD. 

4.5.2 Secondary clinical outcome measures 

Secondary clinical outcome measures were patient reported and included pain, quality of life, 

psychological distress, work participation, patient satisfaction, additional treatment including 

reoperations, complications and daily use of analgesics. 

4.5.2.1 Pain 

LBP and lower limb pain were assessed with two separate horizontal visual analogue scales 

(VAS), which are unidimensional measures of pain intensity [239]. The scales are 100 mm in 

length and anchored by ‘no pain’ (score 0) and ‘worst pain imaginable’ (score 100). The VAS 

has been found to be reliable and responsive in populations with chronic LBP [234].  

4.5.2.2 Health related quality of life 

Health related quality of life was measured with EuroQol (EQ-5D) [240], a standardized tool 

for assessment of generic health status. Health status is measured in terms of five dimensions 

(5D): Mobility, self-care, usual activities, pain/discomfort and anxiety/depression. Scores 

range from -0.59 to 1, and a value of 1 represents perfect health. A preference weight for 

health status can be estimated based on EQ-5D, and when that weight is combined with time, 

Quality Adjusted Life Years (QALY) can be calculated and used in cost-utility analysis. Due 

to its general health properties, EQ-5D has been used to compare the utility of spine surgery 

with other orthopaedic surgical procedures [241].  

4.5.2.3 Psychological distress 

Psychological distress was assessed with the Hopkins Symptom Check-List (HSCL-25) [242]. 

It consists of 25 items, ten items for anxiety symptoms and 15 items for depression 

symptoms. The scale for each question is rated 1 (‘not at all’) to 4 (‘extremely’), and the total 

score is the average of all 25 items.  

4.5.2.4 Work participation  

Self-reported work status was an outcome measure in Papers I and II. The patients could 

categorise themselves as 1 (‘employed’), 2 (‘on sick leave’), 3 (‘on active sick leave’), 4 (‘on 

part-time sick leave’), 5 (‘homemaker’), 6 (‘student’), 7 (‘retired’), 8 (‘unemployed’), 9 (“on 

vocational rehabilitation’) or 10 (‘receiving disability pension’). The data were dichotomised 

in both studies: Patients who reported full- or part-time employment, or were students, were 



 

36 
 

categorised as ‘employed’, while patients who gave any other answer were categorised as ‘not 

employed’. 

4.5.2.5 Patient satisfaction  

Satisfaction with the result of the treatment was assessed with a 7-point Likert scale [243], 

where the patients were asked to categorise the result of the treatment, compared to their 

situation before the treatment, as 1 (‘full recovery’), 2 (‘much better’), 3 (‘slightly better’), 4 

(‘no change’), 5 (‘slightly worse’), 6 (‘much worse’) or 7 (‘worse than ever’). Satisfaction 

with care was assessed with a 5-point Likert scale [243], where the patients could rate their 

satisfaction as 1 (‘satisfied’), 2 (‘somewhat satisfied’), 3 (‘mixed’), 4 (‘somewhat 

dissatisfied’) or 5 (‘dissatisfied’). 

4.5.2.6 Additional treatment including reoperations 

The patients were asked if they had had any back surgery after the allocated treatment was 

completed. If so, they were asked to specify the year, the type of reoperation and the hospital 

at which the treatment was performed. We also asked for permission to contact that hospital 

and obtain information about the reoperation. Further, the patients were asked if they had 

received any other medical or physical treatment after the allocated treatment was completed, 

and if they could specify the types of treatment and quantify the number of treatments. 

4.5.2.7 Complications 

Information about early complications related to the treatments was collected at two-year 

follow-up. At eight-year follow-up, the patients were not specifically asked about 

complications, but they were asked to describe any symptoms that they had not mentioned 

elsewhere in the questionnaire. Information about late complications that required 

reoperations or other additional treatment was obtained. 

4.5.2.8 Daily use of analgesics 

The patients were asked to quantify their analgesic consumption (type and amount of 

medication) during any day of a typical week. 

4.5.3 Secondary radiological outcome measures 

Secondary radiological outcome measures included Modic changes, the height and contour of 

the disc, the size of the disc herniation, the signal intensity of the nucleus pulposus and the 

presence of posterior HIZ. MRI variables for evaluating ADD were analysed at the nearest 

level above the implanted or degenerated index level, i.e. at L3/L4 or L4/L5. MRI 

examinations (> 95 % on 1.5-T magnets) before treatment and at eight-year follow-up 

included sagittal T2-weighted fast spin echo and/or DRIVE images (fast spin echo with 90° 

flip-back pulse), sagittal T1-weighted spin echo or fast fluid-attenuated inversion-recovery 

images and axial images of the lower lumbar levels (T2-, T1-, or proton density-weighted). 

Metal artefact reducing techniques [244] were used on 97 % of follow-up MRIs (Figure 9). 

Pre-treatment and follow-up images were anonymized, presented together in random order, 

and evaluated independently by two radiologists from different institutions who had more 

than 15 years of experience in spine imaging. The observers could not be blinded to the type 

of treatment, but were blinded to all clinical data. They rated changes in MRI findings by 

comparing eight-year follow-up and pre-treatment images on a clinical picture archiving and 
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communication system (PACS) unit. Conclusive ADD ratings were based on both observers’ 

independent ratings and consensus between them in all cases of disagreement (review and 

discussion of images and findings). Interobserver agreements for each outcome measure are 

presented in Table 5. 

Figure 9. The extent of metal artefacts on MRI at two-year follow-up (conventional MRI 

technique) and at eight-year follow-up (metal artefact reducing MRI technique). 

 

The metal artefact reducing MRI technique used at eight-year follow-up yields a reduction in 

the extent of metal artefacts and permits better evaluation of the anatomy dorsally (the spinal 

canal), cranially (L4) and caudally (S1) compared to the conventional MRI technique used at 

two-year follow-up. 
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Table 5. Agreement between two observers evaluating the development of adjacent disc 

degeneration from pre-treatment to eight-year follow-up 

Variable Rating categories analysed for agreement % ‘yes’* Kappa# 95 % CI 

Modic 

changes 

Present at eight-year follow up (yes/no) 

Developed or larger since pre-treatment (yes/no) 

 

14 

12 

0.70 

0.70 

0.52-0.88 

0.50-0.89 

Disc 

height 

≥ 2 mm lower since pre-treatment (yes/no)  

 

10 0.60 0.38-0.81 

Disc 

contour 

Contour at follow-up (normal / bulge / herniation) 

Increased rating since pre-treatment (yes/no) 

 

 

21 

0.45 

0.37 

0.31-0.59 

0.18-0.55 

Disc 

herniation 

Present at follow up (yes/no) 

Developed or larger since pre-treatment (yes/no) 

 

26 

10 

0.58 

0.62 

0.43-0.73 

0.39-0.85 

Nucleus 

pulposus 

signal 

Signal at follow-up (bright / grey / dark or black) 

Increased rating since pre-treatment (yes/no) 

 

 

27 

0.72 

0.74 

0.62-0.81 

0.60-0.87 

Posterior 

HIZ 

Present at follow-up (yes/no) 

Developed since pre-treatment (yes/no) 

10 

7 

0.78 

0.76 

0.59-0.96 

0.54-0.99 

 

CI=confidence interval, mm=millimetres, HIZ=high intensity zone 

* Mean % of ‘yes’ reported by the two observers  

# Unweighted kappa for yes/no responses, otherwise linearly weighted kappa, calculated 

using WinPepi 11.60 (http://www.brixtonhealth.com/pepi4windows.html) and interpreted as 

poor (kappa ≤ 0.20), fair (0.21-0.40), moderate (0.41-0.60), good (0.61-0.80) and very good 

(0.81-1.00) agreement beyond chance [245]. 

 

http://www.brixtonhealth.com/pepi4windows.html
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4.5.3.1 Modic changes 

Changes in the vertebral bone marrow adjacent to the end plate were classified as 0 (no 

change), 1 (type 1, hypointense T1-signal and hyperintense T2-signal), 2 (type 2, hyperintense 

T1-signal and iso- or hyperintense T2-signal) and 3 (type 3, hypointense T1-signal and 

hypointense T2-signal) [20]. The maximal craniocaudal (CC) extent of Modic changes was 

rated according to The Nordic Modic Consensus Group Classification [246] as 0 (no signal 

changes), 1 (located at the end plate only (minimal or small dots)), 2 (less than 25% of the 

vertebral body height), 3 (25 % to 50 % of the vertebral body height) or 4 (more than 50 % of 

the vertebral body height). We also assessed the maximal anteroposterior (AP) extent of 

Modic changes and rated the extent as 0 (no signal changes), 1 (less than 25 % of the AP 

diameter), 2 (25 % to 50 % of the AP diameter) or 3 (more than 50 % of the AP diameter). 

Intra- and interobserver agreement is reported as very good (kappa 0.8-1.0) [246].  

4.5.3.2 Disc height 

The height of the intervertebral disc was measured between the mid-inferior and the mid-

superior disc borders on the mid-sagittal T2-weighted image [30]. At two-year follow-up, the 

smallest detectable change in disc height was calculated as 2 mm [36]. Thus, all changes < 2 

mm from pre-treatment to follow-up were rated as ‘no change’. 

4.5.3.3 Disc contour 

The shape of the intervertebral disc was rated as 0 (normal), 1 (bulging, > 1/4 of disc 

circumference) or 2 (herniated, including protrusion, extrusion, and sequestration) [4]. 

4.5.3.4 Disc herniation size 

The size of the disc herniation was rated as 1 (< 1/3 of the spinal canal diameter), 2 (1/3-2/3 

of the spinal canal diameter) or 3 (> 2/3 of the spinal canal diameter) [4]. 

4.5.3.5 Nucleus pulposus signal 

The signal intensity of the nucleus pulposus was visually graded on sagittal T2-weighted 

images, using cerebrospinal fluid as intensity reference, as: 0 (bright), 1 (grey), 2 (dark) or 3 

(black) [40]. 

4.5.3.6 Posterior high intensity zone (HIZ) 

A posterior HIZ is an area of high-signal intensity in the posterior annulus fibrosus, brighter 

than or as bright as cerebrospinal fluid on sagittal T2-weighted images, and surrounded 

superiorly, inferiorly and anteriorly by the low-intensity signal of the annulus fibrosus [45]. 

The posterior HIZ was rated as 0 (not present) or 1 (present). 

4.6 Exposure variables 

In Paper II, we performed an analysis on the association between selected baseline 

characteristics and the treatment outcome. The selected baseline characteristics were tested 

for predictive value and included socio-demographic variables, clinical variables, 

psychological variables, pain and radiological variables. 
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4.6.1 Socio-demographic variables 

All socio-demographic variables were patient reported. Patients were categorised as manual 

or non-manual workers [247]. In addition, we collected information on educational level 

[248], work status, duration of sick leave, smoking, gender and age. 

4.6.2 Clinical variables  

Clinical variables included prior discectomy, level(s) operated on with TDR, presence of 

comorbidity, ODI and body mass index (BMI). The variables were patient reported, except 

level(s) operated on, which was reported by the surgeon. 

4.6.3 Psychological variables and pain 

Psychological variables were Hopkins Symptom Check List (HSCL-25) [242], Fear-

Avoidance Belief Questionnaire (FABQ) [249] and the Mental Component Scale (MCS) part 

of SF-36 [250]. Pain variables were LBP intensity (VAS), pain drawing categorised as pain 

below waist or pain above waist (with or without pain below waist) [251], duration of LBP 

and daily consumption of analgesics (yes/no). 

4.6.4 Radiological variables 

Pelvic incidence [252] was measured on radiographs obtained at the last follow-up by an 

experienced radiologist blinded to the clinical data, and was analysed as a baseline variable, 

since it describes the fixed relationship between the femoral heads and the end plate of the 

sacrum, which should remain unaltered after TDR. Pelvic incidence was dichotomised as < / 

≥ 55, as recommended by Prof. Le Huec (personal communication). All other radiological 

variables (Modic changes [20], disc height reduction [30], nucleus pulposus grade [40], facet 

arthropathy [253] and posterior HIZ [45]) were evaluated independently on pre-treatment 

images by three experienced radiologists blinded to the clinical data. The outcome was 

decided by simple majority, by mean value or by a fourth radiologist when majority or mean 

was unsuitable (Modic type) [254].  

4.7 Ethical considerations 

The first part of the study, in which the patients were included and treated, was approved by 

the Regional Committee for Medical Research Ethics in Eastern Norway (REK 1). It was 

conducted in accordance with the Helsinki Declaration and the ICH-GCP guidelines, and 

registered at www.clinicaltrial.gov under the identifier NCT00394732 before it commenced. 

The eight-year follow-up was approved by the Norwegian Regional Ethical Committee South 

East C (2011/2177). The project was conducted in accordance with the Helsinki Declaration 

and the ICH-GCP guidelines and registered at www.clinicaltrial.gov under the identifier 

NCT01704677 before it commenced. Since this study does not evaluate drugs, a data 

monitoring committee is not mandatory according to Norwegian regulations, but it was 

overseen by a scientific board. A written and spoken informed consent was obtained from all 

patients before they were included in the long-term follow-up. 

In Papers I and III, the results were reported according to the CONSORT standard for 

reporting randomised trials, while in Paper II, the results were reported according to the 

STROBE standard for reporting cohort studies. 
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4.8 Statistical analyses 

The statistical analyses in Paper I were performed using SPSS version 22.0 (IBM SPSS 

Statistics for Windows, IBM corp., Armonk, NY), while the statistical analyses in Papers II 

and III were performed using SPSS version 24.0. 

4.8.1 Power 

The first phase of the trial was designed to have 80 % power in order to detect the significant 

difference (p < 0.05) of a change of at least 10 points in the mean ODI score between the 

intervention groups at two-year follow-up. Baseline standard deviation was estimated at 18 

[237]. Adding 25 % for a multicentre study design and 30 % for possible dropouts, the plan 

was to include 180 patients.  

4.8.2 Paper I 

The main statistical analysis was in the intention-to-treat population at the eight-year follow-

up. Missing values were replaced with multiple imputation. Patients who received treatment 

similar to the opposite treatment arm (crossovers) were kept in the group they were 

randomised to. We used χ2 test or Fisher’s exact test to analyse categorical variables and an 

independent two-sided t test or analysis of variance to analyse continuous variables. A 

significance level of 5 % was used throughout. We did not adjust for significantly different 

baseline scores. 

In a per-protocol analysis of the primary outcome variable (ODI) we excluded patients who 

did not receive the intervention they were randomised to, and those who had undergone back 

surgery or MDR after the study intervention was complete. Missing data were not replaced. In 

addition to calculating the mean change in each group, we also calculated the proportion of 

patients whose condition was classified as either improved or deteriorated. According to the 

FDA criteria, an individual improvement in ODI of at least 15 points can be considered a 

clinically important improvement [190 194], and this threshold value was used in Papers I and 

II. A decrease of six ODI points represented a ‘change for the worse’ [255] in Paper I. We 

calculated number needed to treat (NNT), which represents the number of patients treated 

with TDR instead of MDR needed to provide a clinically important improvement in one 

patient.  

In an additional subanalysis of ODI we excluded patients who did not receive the intervention 

they were randomised to, and used the last value before crossover or reoperation in those who 

had undergone back surgery or MDR after the study intervention was complete. Other 

missing data were not replaced. We reported the number and types of reoperations and 

presented the survival until the first spinal operation after the end of the allocated treatment 

with a Kaplan-Meier plot. 

4.8.3 Paper II 

Continuous variables were described as medians and ranges, categorical variables as 

proportions and percentages. Outcome variables (clinical improvement (yes / no) and 

employment (yes / no)) were modelled as the dependent variables, and selected baseline 

covariates as the independent variables.  
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Some exposure variables were re-categorised. For example, patients were categorised as 

manual or non-manual workers according to the Norwegian Standard Classification of 

Socioeconomic Status [247]. The classification originally consisted of six groups, but since 

there were few patients in each group, they were dichotomised as manual or non-manual 

workers. The predictive value of a threshold level in baseline ODI of 55 points has been tested 

previously [256]. Since there were too few patients with ODI ≥ 55 points at baseline in the 

present sample, we chose to test a threshold level of 50 points. Work status was categorised as 

employed (part-time or full-time) or not employed.  

Possible associations between selected variables and outcomes were modelled using binary 

logistic regression. Potential predictors that were highly associated with each other were 

excluded to avoid multicollinearity. Due to a limited sample size and the low number of 

patients who improved / were employed, we fit models with a maximum of four covariates to 

avoid overfitting. Therefore, only baseline characteristics that were statistically significantly 

(p < 0.05) associated with the outcome in univariate analyses were entered into the final 

multiple model. Further, the results from the multiple model were used to compute 

probabilities for the outcome given any selected value of the covariates, and the probabilities 

were expressed in a prediction matrix. The results were expressed as odds ratios (OR) with 95 

% confidence intervals (CI). Since the sample size was limited, we were not able to set aside a 

test set for validation, and instead performed a leave-one-out cross-validation [257]. A 

sensitivity analysis was performed, excluding patients who were originally randomised to 

rehabilitation and patients who had received additional spinal surgery after the TDR. All tests 

were two-sided and p-values < 0.05 were considered statistically significant. Since our study 

was exploratory, no correction for multiple testing was performed.  

4.8.4 Paper III 

For each ADD variable, we compared changes in ratings between the treatment groups. We 

performed crude comparisons using a χ2 test or a Fisher’s exact test for categorical variables 

and an independent two-sided t test for continuous variables.  

In a sensitivity analysis, we compared the proportions of patients with overall increased ADD 

in each group after excluding patients randomised to rehabilitation who later received TDR, 

according to per-protocol principles.  

In order to analyse possible associations between increased ADD and the clinical outcome 

adjusted for possible confounders, we fitted a multiple linear regression model. In this model, 

we excluded those who were not treated according to randomisation, since the treatments 

influence the clinical outcome. The model included ODI change from baseline to follow-up as 

the dependent variable and the following independent variables: Developed / increased extent 

of Modic changes (yes/no), disc height reduction (yes/no), disc contour worsening (yes/no), 

decreased nucleus pulposus signal (yes/no), developed HIZ (yes/no), age, gender and type of 

treatment (non-operative / TDR). Increased herniation size occurred in only one patient and 

was therefore not part of the regression model. The model fit was good, with normally 

distributed residuals. The results were presented as an estimate of beta with 95% confidence 

intervals (CI). We also performed a multiple logistic regression with the same independent 

variables as above and ‘a satisfactory symptom state’ (ODI ≤ 22 points at follow-up) (yes/no) 
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[258] as the dependent variable. A significance level of 5% was used for all analyses. All 

analyses were considered exploratory so no correction for multiple testing was done.  

Post hoc, we analysed the severity of ADD development based on the number of worsened 

ADD variables. We compared the proportions of patients from each treatment group with 

increased rating for none, one, two, three, four, five and six ADD variables. 

 

Table 6. Statistical methods used in Papers I-III. 

Method Purpose Paper 

χ2 test or Fisher’s exact test To analyse categorical variables. I, III 

Independent two-sided t test 

or analysis of variance 

To analyse continuous variables. I, III 

Number needed to treat 

(NNT) 

To calculate the number of patients treated with 

disc replacement instead of rehabilitation needed to 

provide a clinically important improvement in one 

patient. 

I 

Survival analysis  

(Kaplan-Meier plot) 

To assess the survival without crossover or 

reoperation after rehabilitation or disc replacement, 

respectively. 

I 

Logistic regression Determines the contribution of one (univariate) or 

several (multivariate) factors to a single binary 

outcome. Calculates odds ratio (OR). 

II, III 

Odds ratio (OR) A measure of an effect size. II 

Linear regression Determines the contribution of one (univariate) or 

several (multivariate) factors to a single continuous 

outcome.  

III 

Prediction matrix To express the probabilities of job participation or 

of achieving a minimal clinically important long-

term improvement. 

II 

 

4.9 Funding 
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5 Results 
Of the 86 patients randomised to TDR, 12 patients (14 %) had additional spinal surgery (one 

reoperation because of implant dislocation (leading to a serious complication with a vascular 

injury and a leg amputation), six with decompression of spinal stenosis (one of whom had not 

received TDR), three with spinal fusion of the TDR level, one discectomy (had not received 

TDR) and one neurostimulator implantation). 77 patients (90 %) were available for eight-year 

follow-up, five did not respond to the follow-up invitation and four refused to participate in 

the long-term follow-up. 68 patients (79 %) were willing to undergo MRI examination at 

eight-year follow-up. 

Of the 87 patients randomised to MDR, 21 (24 %) had crossed over and received spinal 

surgery since inclusion (14 with TDR, five with spinal fusion, and two with discectomy). 74 

patients (85 %) were available for eight-year follow-up, eight did not respond to the follow-up 

invitation, three refused to participate in the long-term follow-up, and one had died due to 

cancer. 70 patients (80 %) were willing to undergo MRI examination at eight-year follow-up. 

For more details, see Figure 10. 

After completing the allocated treatment, 25 patients (29 %) in the rehabilitation group and 35 

patients (41 %) in the TDR group had received some non-operative treatment (e.g. physical, 

chiropractic, osteopathic or naprapathic treatment or acupuncture) and four patients (5 %) in 

each group had received structured multidisciplinary rehabilitation (p=0.24).  

One serious complication was registered in the first two years [29]. During revision surgery 

for a dislocated polyethylene inlay three months postoperatively, an injury to the left common 

iliac artery led to a compartment syndrome and a subsequent lower leg amputation. Minor 

complications within two years are described by Hellum and colleagues [29]. 
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* For details, see Figure 7. 

** 12 of 86 patients (14 %) had additional spinal surgery (one reoperation because of implant 

dislocation (leading to a serious complication with a vascular injury and a leg amputation), six 

with decompression of spinal stenosis (one of whom had not received TDR), three with spinal 

fusion of the TDR level, one discectomy (had not received TDR) and one neurostimulator 

implantation). Four patients received MDR. 

§ 21 of 87 patients (24 %) crossed over and received spinal surgery after inclusion (14 with 

TDR, five with spinal fusion, and two with discectomy). Four patients received repeated 

MDR.  

§§ Four patients randomised to surgery and three patients randomised to rehabilitation refused 

to participate in the long-term follow-up. Their reasons for not participating in the long-term 

follow-up were not explored. 
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5.1 Paper I 

151 participants (87 %) were available for eight-years follow-up, 74 (85 %) in the 

rehabilitation group and 77 (90 %) in the surgery group. Mean improvement on the ODI from 

baseline to eight-year follow-up was 20.0 points (95 % CI 16.4-23.6, p ≤ 0.0001) in the 

surgery group and 14.4 points (95 % CI 10.7-18.1, p≤0.0001) in the rehabilitation group. 

Mean difference in change from baseline to eight-year follow-up between the groups at eight-

year follow-up was 6.1 points (95 % CI 1.2-11.0, p=0.02) in favour of surgery. Mean 

differences in favour of surgery on secondary outcomes were 9.9 points on VAS (95 % CI 

0.6-19.2, p= 0.04) and 0.16 points on HSCL-25 (95 % CI 0.01-0.32, p=0.04). 18 patients (24 

%) in the surgery group and four patients (6 %) in the rehabilitation group reported full 

recovery (p=0.002). There were no significant differences between the groups in terms of 

change from baseline to eight-year follow-up on the EQ-5D, or in occupational status, 

satisfaction with care or drug use (Table 7). 

 

Table 7. Categorical secondary outcomes eight years after rehabilitation or disc replacement, 

with proportions and p-values. 

 Rehabilitation Disc replacement P-value 

 Number of 

patients 

Data Number of 

patients 

Data  

Working or studying 73  29 (40 %) 77 37 (48 %) 0.33 

Satisfaction with result 

of treatment* 

73  76   

   Full recovery  4 (6 %)  18 (24 %) 0.002 

   Much better   26 (36 %)  29 (38 %) 0.87 

   No / minimal change **  36 (49 %)  22 (29 %) 0.01 

   Much worse  5 (7 %)  1 (1 %) 0.11 

   Worse than ever  2 (3 %)  6 (8 %) 0.28 

Satisfied with care *** 73 50 (69 %) 76 5 (66 %) 0.73 

Daily analgesic 

medication 

72  28 (39 %) 76 31 (41 %) 0.87  

   Daily opioid medication 72 15 (21 %) 76 15 (20 %) 1.00 

 

* 7 point Likert scale. 

** Including ‘slightly better’, ‘no change’ and ‘slightly worse’. 

*** 5 point Likert scale, not including ‘slightly satisfied’ as satisfied with care. 

 

In the per-protocol analysis, the mean difference between groups was 8.1 ODI points (95 % 

CI 2.3-13.9, p=0.01) in favour of surgery. 43 of 61 patients (70 %) in the surgery group and 

26 of 52 patients (50 %) in the rehabilitation group had a clinically important improvement 

(15 ODI points or more) from baseline (p=0.03). The proportions of patients with a clinically 

important deterioration (six ODI-points or more) were not significantly different between the 

groups. Mean change in ODI was 13.9 (95 % CI 6.5-21.3) points for patients who crossed 
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over from rehabilitation to surgery and 5.4 (-4.8-15.6) points for patients randomised to 

surgery who underwent spinal reoperation.  

5.2 Paper II 

Of the 87 patients randomised to rehabilitation, one had missing baseline characteristics, 

seven did not receive rehabilitation, 21 had received spinal surgery before the eight-year 

follow-up, and 12 were lost to follow-up. Two participants randomised to surgery did not 

receive surgery, but completed the rehabilitation program, and were included in the 

rehabilitation group according to as-treated principles. Consequently, 55 patients were 

tentatively analysed in the rehabilitation group, but we did not detect any statistically 

significant associations between baseline characteristics and long-term outcomes after 

rehabilitation, possibly due to insufficient statistical power. Therefore, in Paper II we only 

evaluated potential predictors in patients treated with TDR. 

Of the 86 patients randomised to surgery, nine did not receive the surgical treatment and nine 

were lost to follow-up (five lost contact, four withdrew consent). Hence, 71 patients were 

analysed eight years postoperatively. In addition, we included 14 patients randomised to 

rehabilitation who crossed over and were treated with TDR. Of these, 11 were available for 

follow-up (median time since surgery was 72 (range 41-88) months). Consequently, 82 

patients (82 %) were included in the final cohort analyses. Nine of these 82 patients (11 %) 

had been reoperated, and median time since reoperation was 37 (range 1-103) months. 

Overall, 52 patients (63 %) achieved a clinically important improvement of ≥ 15 ODI points, 

and 42 patients (51 %) were employed eight years after they were included in the study. 

Baseline variables significantly associated with the clinically important improvement were the 

presence of Modic changes (type 1 and/or 2) (OR 5.0, 95 % CI 1.4-18.2, p=0.01) and the 

extent of Modic changes (> 50 % of vertebral body height) (OR 3.8, 95 % CI 1.3-11.5, 

p=0.02). However, the presence and the extent of Modic changes were significantly 

associated with each other (p=0.01) and could not be included in the same model. Therefore, 

we did not proceed with the fitting of a prediction model. 

Baseline variables significantly associated with the status of being employed at eight-year 

follow-up were < 12 months of sick leave before treatment (OR 4.1, 95 % CI 1.6-10.6, 

p=0.003), absence of comorbidity (OR 4.4, 95 % CI 1.4-13.8, p=0.01), ODI < 50 points (OR 

3.6, 95 % CI 1.0-12.5) and high level of education (> nine years) (OR 3.6, 95 % CI 1.1-11.2, 

p=0.03). In addition, FABQ-work was statistically significantly associated with employment 

at eight-year follow-up (OR 0.9, 95 % CI 0.9-1.0, p=0.01). However, in the multivariate 

analysis with comorbidity, education level, ODI ≥ 50 and ≥ 12 months sick leave, including 

FABQ-work weakened the predictive power of the model, and we therefore did not include 

FABQ-work in the final multiple model. We found significant differences in the probabilities 

of being employed corresponding to different combinations of baseline variables. The 

probability of employment at the last follow-up was 1 % (95 % CI 0-4 %) for patients with ≥ 

12 months sick leave, comorbidity, ODI ≥ 50 and ≤ nine years of education prior to treatment, 

and 87 % (95 % CI 80-94 %) for patients with < 12 months sick leave, no comorbidity, ODI < 

50 and higher education (Figure 11) (Paper II, Figure 2). According to the classification table 

(confusion matrix), the model correctly classified whether patients were employed or not in 
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72.2 % of cases. The results were confirmed in a sensitivity analysis, in which patients who 

were reoperated or who had crossed over from the rehabilitation group were excluded, 

according to per-protocol analyses. 

Figure 11. Prediction matrix.  

 

Probability of working (95 % CI) at long-term follow-up after total disc replacement using a 

probability matrix model. Educational level (≤ 9 years or > 9 years, presence of comorbidity, 

duration of sick leave before treatment (< 12 months or ≥ 12 months) and Oswestry Disability 

Index (ODI, < 50 points or ≥ 50 points). 

 

5.3 Paper III 

Of 86 patients randomised to TDR, nine did not receive TDR, 14 were lost to follow-up (five 

lost contact and nine were not willing to undergo MRI examination), four could not be 

included in the TDR group as they had been operated with lumbar spinal fusion and one had 

no pre-treatment MRI. Therefore, 58 patients were analysed eight years postoperatively. In 

addition, 11 patients randomised to rehabilitation who crossed over and were treated with 

TDR (median time since surgery was 74 (range 61-85) months) were included in the analyses. 

Consequently, 69 patients treated with TDR were analysed.  

Of 87 patients randomised to rehabilitation, 15 were lost to follow-up (eight lost contact and 

seven were not willing to undergo MRI examination). 19 could not be included in the non-

operatively treated group as they had been treated with lumbar TDR (n=14) or spinal fusion 

(n=5) and one had no pre-treatment MRI. This resulted in 52 patients able to be included in 

the analysis after eight years. In addition, we included five patients randomised to surgery 

who were not operated. Thus, 57 patients treated non-operatively were analysed.  

The two treatment groups had similar pre-treatment clinical, demographical and radiological 

characteristics. Furthermore, the 126 patients included in the analyses had similar pre-

treatment clinical, demographical and radiological characteristics, as well as similar outcome 

measures at eight-year follow-up, compared to the 47 patients who could not be included. 
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At eight-year follow-up, 23 patients (40 %) in the non-operative group and 29 patients (42 %) 

in the TDR group had increased ADD (p=0.86). Three patients (5 %) treated non-operatively 

versus two patients (3 %) treated with TDR had decreased ADD (p=0.66). Regression of 

ADD was due to disappearance of HIZ in three patients, disappearance of Modic changes in 

one patient and regression of disc herniation in one patient. The change in rating from pre-

treatment to eight-year follow-up did not differ significantly between the treatment groups for 

any of the ADD variables. The sensitivity analysis, in which we excluded the 11 patients 

randomised to rehabilitation and treated with TDR, showed similar proportions of patients 

with increased ADD (23 patients (40 %) in the non-operative group and 24 patients (41 %) in 

the TDR group (p=0.89)). In the multiple linear regression analysis of the association between 

increased ADD and the clinical outcome, the only variable that was significantly associated 

with change in ODI at follow-up was the type of treatment (non-operative or TDR) (B=7.2, 

95 % CI 0.5-13.8, p=0.04). Therefore, we analysed the treatment groups separately. However, 

we did not find any significant association between increased rating in any ADD variable and 

change in ODI (R2=0.06 (p=0.85) in patients treated non-operatively and R2=0.10 (p=0.50) in 

patients treated with TDR). Multiple logistic regression analysis did not reveal any association 

between the increase in any ADD variable and ODI ≤ 22 points. The two treatment groups did 

not differ significantly in the proportions of patients with increased rating values for one, two, 

three or four ADD variables (p=0.38). 
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6 Discussion 
In this first randomised trial comparing TDR with non-operative treatment, we found a 

significant long-term improvement in physical function and pain relief after both TDR and 

MDR. TDR was significantly more effective than MDR, but the clinical significance of the 

difference will be discussed below, since it was smaller than the prespecified clinically 

important difference of 10 points on ODI. We also found a positive association between 

Modic changes and a clinically important individual improvement (≥ 15 points on ODI). 

Shorter duration of sick leave, absence of comorbidity, lower ODI score and higher education 

at baseline increased the probability of employment at eight-year follow-up in patients treated 

with TDR. Furthermore, we found no difference in ADD development between the treatment 

groups, and the ADD development was not related to the clinical outcome (ODI change). 

6.1 Methodological considerations 

The internal validity of our study is defined by its ability to establish a causal conclusion 

about the relationship between the treatments and their clinical results. The main threats to the 

internal validity of the study are systematic errors (bias). Examples of systematic errors are 

selection bias, performance bias, attrition bias, detection bias and reporting bias [259] (Table 

8). Further, improper use of outcome measures and statistical methods may cause systematic 

errors. 
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Table 8. Sources of systematic errors and their potential impact on the study. 

Sources of sys-

tematic errors *  

Potential impact on the Norwegian TDR Study  

Selection bias The randomised design with concealed treatment allocation should 

protect the study from major selection bias. 

Performance bias Neither patients nor care providers could be blinded to the treatment, 

which allows for different placebo effects in the treatment groups. 

However, the patients were told that neither of the treatments were 

documented as superior to the other. 

Co-interventions were not similar in the two groups. 24 % of those 

randomised to rehabilitation received surgical treatment, while 

additional non-operative treatment was received by 29 % of those 

randomised to rehabilitation and 41 % of those randomised to surgery. 

Effective co-intervention may lead to an overestimated effect of the 

allocated treatment. 

Attrition bias Dissimilarities between the groups may occur when subgroups of 

participants with divergent baseline characteristics or outcomes are lost 

to follow-up. The follow-up rates were good in both groups (85 % in the 

rehabilitation group and 90 % in the surgery group), which reduces the 

risk of attrition bias. As well, we found no significant differences in 

baseline characteristics among those who participated and those who did 

not participate in the long-term follow-up. 

Attrition bias may also occur due to crossovers, but the intention-to-treat 

analyses in Paper I protect against such bias. The as-treated analyses in 

Papers II and III allow for such bias, but we found similar results in the 

sensitivity analyses (per-protocol) and in the main analyses in Papers II 

and III. 

Detection bias Detection bias may occur when the outcome assessor is not blinded to 

the treatment. This should not be a problem in Paper I, as we used 

patient reported outcomes. In Papers II and III, we also used radiological 

outcomes, and the radiologists were not blinded to the treatment. 

However, they were blinded to the clinical outcomes, and had no 

conflicts of interest. 

Detection bias may also occur when the timing of outcome assessment is 

not similar in both groups. The outcomes were assessed eight years after 

treatment start in both groups, but those who had crossed over from 

rehabilitation to surgery had a shorter follow-up time (median six years 

follow-up time) compared to those treated surgically according to 

randomisation.  

Reporting bias Reporting bias is the result of selective reporting of outcomes. All 

outcomes in our study were pre-specified, which reduces the risk of 

reporting bias. Further, none of the authors had any conflicts of interest. 

* Furlan et al. [259]. 
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6.2 Study design 

Randomised controlled trials (RCTs) are considered the ‘gold standard’ for testing the effects 

of one treatment against another. The randomised design protects the internal validity of the 

study by minimizing bias in treatment assignment (selection bias) [260]. An RCT may also 

provide information of causality, while observational studies provide associations. 

Furthermore, they allow active treatment to be compared to placebo, and, if the patients and 

investigators are properly blinded, the true treatment effect may be measured. Several 

treatments may be chosen as a control group for a study on the effect of TDR. Since no 

studies have compared TDR with sham surgery, the contribution of the placebo effect in the 

effect of TDR has not been investigated. The placebo effect in surgery should not be 

underestimated, and previous studies have found a significant placebo effect of spine surgery 

[261 262]. Neither have any studies compared TDR with ‘usual care’. In a prospective cohort 

study, Mirza et al. [263] reported better results of spinal fusion compared to unstructured care, 

while no obvious benefit of fusion was observed when compared to multidisciplinary 

rehabilitation [263]. The relative efficacy of TDR compared to spinal fusion has been tested in 

several studies [156 206], and the Norwegian TDR Study is the first to compare TDR with 

non-surgical treatment. The design of the Norwegian TDR Study has been controversial. 

After the review process of our Paper II, the European Spine Journal published a comment by 

professor Mayer [264], who described the objectives of the present study as ‘simply wrong’, 

since TDR, in his opinion, should be considered as an alternative to spinal fusion and not to 

rehabilitation. Our attempts to officially defend the use of RCTs to compare surgical and non-

surgical treatments have been stopped by the Editor-in-Chief. Although the results of MDR 

and TDR are compared ‘head-to-head’ in the present study, they should not be considered as 

competing treatments. Alternative study designs could include a randomised comparison of 

MDR versus MDR combined with TDR, or a pragmatic design in which all patients were 

offered MDR, and TDR could be offered to those with an insufficient treatment effect of 

MDR. ‘Failed non-operative treatment’ is often referred to as an indication for TDR [264], 

but several types of non-operative treatment exist, and patients receiving MDR are likely to 

experience less pain and disability than those receiving usual care or only physical treatment, 

according to a Cochrane review [152]. Therefore, the term ‘failed non-operative treatment’ 

must be considered as imprecise, as it does not always mean that modern non-operative 

treatment with a documented effect on LBP has been provided. 

In our Paper I, the patients were analysed according to randomisation (i.e. intention-to-treat), 

thus preserving the advantages of an RCT in terms of protection against selection bias [260]. 

Our Paper II was conducted as a prospective cohort study, excluding patients who had not 

received TDR or who had been reoperated, and including patients who had crossed over from 

rehabilitation and received TDR (i.e. as-treated). The randomised design was broken, since 

the aim of the study was to identify patient characteristics that could predict favourable long-

term treatment outcomes of TDR. Due to loss of statistical power in the rehabilitation group, 

the analyses were only performed on patients treated with TDR. In Paper III, we also chose to 

use an as-treated analysis as the main analysis, breaking the randomisation and allowing for 

some selection bias. However, the analysed treatment groups had similar pre-treatment 

clinical, demographical and radiological characteristics. Since 24 % of the patients 
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randomised to rehabilitation were treated surgically, and 10 % of those randomised to TDR 

were not operated [265], we considered an intention-to-treat analysis to be unsuitable for 

analysing the influence of TDR on ADD.  

6.3 Patients 

Systematic errors may arise from dissimilarities between the treatment groups [260]. Our 

concealed randomisation process could not be manipulated by investigators or patients, and 

the goal of the randomisation was to eliminate the possibility of selection bias. However, 

systematic withdrawal from one treatment group could allow for some systematic error. 

Attrition bias is the term used to describe bias caused by attrition (i.e. loss of participants) 

[259 266 267], and may occur due to dropout, crossover, withdrawal or nonresponse.  

6.3.1 Protocol deviation 

Although all patients were informed that neither of the treatment methods was documented as 

being superior to the other, they were recruited as candidates for disc replacement, and some 

might have participated in the trial with the hope of receiving surgery. The number of patients 

who did not complete the treatment they were randomised to was similar in the two groups, 

but we did not assess patients’ treatment expectations before randomisation. After eight years, 

there was a relatively high crossover rate, especially from rehabilitation to surgery (24 %), 

and this allows for some systematic error. However, the crossover rate is not higher than in 

other studies with long-term follow-up comparing spine surgery with non-operative treatment 

[160 268 269]. The crossovers probably have only a small impact on the result in the 

intention-to-treat analysis, since a similar change in ODI among patients randomised to 

rehabilitation was found in the per-protocol analysis (14.1 points) and in the intention-to-treat 

analysis (14.4 points).  

A substantial number of patients treated with TDR were reoperated after eight years (14 %), 

but the reoperation rate was in line with other studies of TDR with long-term follow-up 

(Appendix, Tables 1 and 2). A high reoperation rate makes it difficult to untangle the results 

of TDR from the results of the reoperation in the intention-to-treat analysis. In the per-

protocol analysis, reoperated patients were excluded, thus probably removing the most 

inferior results of surgery from this analysis. Therefore, we added a sensitivity analysis in 

which values before crossover or reoperation were carried forward. This analysis may reflect 

the true results of the treatment the patients were randomised to, but carrying short-term 

results forward also represents a limitation. 

We have not detected any systematic differences in baseline characteristics between those 

randomised to rehabilitation who crossed over to surgery and those who did not. Furthermore, 

the long-term results among those who crossed over were similar to those of the participants 

who did not cross over. Neither did we detect any systematic differences in the baseline 

characteristics between those randomised to surgery who were reoperated and those who were 

not. However, the long-term results among those who were reoperated were inferior to those 

who were not. Inferior results in patients reoperated after TDR are also reported in several 

other studies [192 195 196 270].   



 

54 
 

In Papers II and III, we included patients who crossed over from rehabilitation to TDR in the 

main analyses. These patients had an observation time shorter than eight years after TDR, 

which may allow for detection bias [259], and thereby affect the associations between 

baseline characteristics and outcomes (Paper II) and the proportions with increased ADD 

(Paper III). However, the results of the sensitivity analyses, in which these patients were 

excluded, were similar to those of the main analyses in both papers. 

Systematic errors may also occur if the baseline characteristics or the outcomes are different 

in those who respond to follow-up and those who do not respond [271]. However, in a 

Norwegian Spine Registry study, there were no differences in the outcomes between those 

who responded and those who did not respond to follow-up invitation [272]. 

Nevertheless, a substantial follow-up rate is of major importance for the internal validity of 

the study. A general threshold for an acceptable follow-up rate can hardly be established 

[273], but, according to Furlan et al. [259], the proportion of dropouts and withdrawals should 

not exceed 20 % for short-term follow-up or 30 % for long-term follow-up. Studies with long-

term follow-up are generally at higher risk of loss to follow-up [274]. The follow-up rate in 

Paper I (questionnaire) was 87 %, which we consider to be satisfactory. In Paper II, the 

follow-up rate was 82 %. The analyses were performed in the per-protocol population, which 

made it necessary to exclude some of the patients who were included in Paper I. In Paper III 

(radiological outcomes), the follow-up rate was 73 %. The main reason for loss to follow-up 

in Paper III was unwillingness to undergo MRI at follow-up. In addition, we could not include 

patients who had been operated with fusion, which further reduced the proportion of patients 

available for follow-up. For all three papers, we found no differences in baseline 

characteristics among patients who participated in the long-term follow-up and those who did 

not. In Paper III, we could not find any difference in clinical long-term outcomes among those 

who participated and those who did not. 

6.4 Primary outcome measures 

Even if an RCT is protected against selection bias, several other threats to the internal validity 

of the study exist. Detection bias may occur when the investigator influences the outcome 

measure [259 275 276]. To avoid this, the outcome measures in Papers I and II were patient 

reported and collected by a person not involved in the study. In addition, the financing of the 

study was public, and none of the authors of Papers I, II or III had any conflicts of interest. 

Reporting bias occurs when the reported outcomes are selected based on the results [259 277 

278]. To avoid reporting bias, all outcome measures should be defined in the protocol before 

the study begins. The outcome measures in our study were registered at www.clinicaltrial.gov 

under the identifier NCT01704677 before the study commenced. 

6.4.1 Oswestry Disability Index (ODI) 

ODI is an internationally recommended outcome measure for physical function [233-235], 

and was used as the primary outcome in Papers I and II, and as a secondary outcome in Paper 

III. The choice of ten ODI points as a cutoff value for a clinically important difference 

between treatment groups was based on recommendations at the time the Norwegian TDR 

Study was designed [255]. Different threshold values were used in other studies at that time, 

for example, Fairbank and colleagues chose a cutoff value of four points [159]. There is no 
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consensus on the size of a minimal clinically important difference (MCID) in ODI when 

comparing one treatment group to another [279], but estimates range from 4 to 17 points 

[280]. According to Glassman and colleagues [281], the threshold value of ten ODI points 

indicates a clinically important improvement in an individual, and should not be 

misinterpreted as a measure of a difference between groups. The authors advocate reporting 

the proportion of patients achieving a minimal or substantial clinical difference in each group, 

rather than reporting mean group differences. Therefore, we did an additional analysis and 

calculated the proportion of patients with a clinically important improvement, which in FDA 

studies is defined as a minimum of 15 points improvement on ODI [190 194]. An individual 

minimal clinically important improvement is also commonly defined as a 30 % improvement 

on ODI [156 243], but we chose to use the FDA criteria as they had been used in an earlier 

report from the present trial [29]. At two-year follow-up in the present study, the individual 

minimal clinical improvement was calculated as 12.88 ODI points based on Receiver 

Operator Curve (ROC) analysis [282]. Van Hooff et al. [258] have advocated reporting the 

proportion of patients achieving ‘a satisfactory symptom state’ (ODI ≤ 22 points at follow-up) 

rather than reporting proportions of patients with a MCID.  

In Paper II, we used a MCID of 15 points to define patients with a favourable clinical 

outcome (main outcome), and, in Paper III, we used linear regression with ODI as the 

dependent variable to test the association between increased ADD and the clinical outcome. 

6.4.2 Adjacent disc degeneration (ADD) 

The concern about increased ADD has been a major motivation for the development and 

implementation of TDR. Increased ADD was used as the primary outcome in Paper III, and 

was based on the increased rating in at least one of six ADD variables measured on MRI. The 

choice of the primary outcome variable may be debated, and we studied a broad range of 

separate ADD variables. There are several ways to describe ADD, and no gold standard 

exists. The commonly used Pfirrmann system [32] provides a single rating of disc 

degeneration based on the height, structure and signal of the disc, and the distinction of 

nucleus and annulus. This system does not separate disc signal from disc height, and it does 

not include disc contour/herniation or HIZ – nor Modic changes, which were related to 

clinical outcome after TDR in our cohort in both the short- [256] and long-term [283]. 

Increased ADD (yes/no) was a mainly qualitative variable. Only one of the six underlying 

ADD variables (disc height) was based on an actual measurement. Our study still provides 

more information than studies restricted to disc height measurement alone. By defining 

increase in ADD as a dichotomized variable, we did not use information on the degree of the 

increase. It is unclear how a variable reflecting the overall degree of increase in ADD can be 

constructed and weighted based on increases in different underlying variables (disc signal, 

disc contour, HIZ, etc.). However, we compared the number of increased ADD variables 

between groups in a post hoc analysis. As at 2-year follow-up [36], we accepted an increase in 

only one ADD variable as indicating increased ADD, and were thus able to detect even small 

increases and differences in ADD.  
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6.5 Secondary outcome measures 

6.5.1 Low back pain (LBP) 

The intensity of LBP was measured with VAS. Pain intensity can also be measured with a 

numeric rating scale (NRS), which is reported to have superior responsiveness compared to 

VAS [284]. However, we chose to use VAS since it was used to measure pain intensity in the 

early phase of the study [29]. Ostelo et al. [285] suggested 15 points as a MCID in VAS for 

LBP. 

6.5.2 Health related quality of life 

Health related quality of life was measured with EuroQol (EQ-5D). EQ-5D is documented as 

a valid, reliable and responsive instrument in a Norwegian population treated surgically for 

degenerative disorders in the lumbar spine [286]. A five-level EQ-5D (EQ-5D-5L) was 

introduced in 2009 in order to improve the sensitivity of the instrument and to reduce ceiling 

effects, as compared to the three-level EQ-5D (EQ-5D-3L). Our questionnaire included both 

versions. EQ-5D-5L data were collected for use in a future methodological study comparing 

the three-level and five-level version. In our Papers I and II, we have only reported the results 

from EQ-5D-3L since it was the version used in the early phase of the study [29 256].  

6.5.3 Psychological distress 

Psychological distress was assessed with a Hopkins Symptom Check-List (HSCL-25). The 

total score is highly correlated with severe emotional distress of unspecified diagnoses, and its 

reliability and validity is documented [242]. HSCL-25 was considered a valuable tool at the 

time when the study started, but was not included in a list of instruments more recently 

recommended for the assessment of psychological distress [234 235].  

6.5.4 Work participation 

Self-reported work status was a secondary outcome measure in Papers I and II. In a 

Norwegian study of patients with chronic LBP [287], self-reported work status was a reliable 

tool for assessing whether patients were working or not. However, in an other Norwegian 

study [288], poor agreement was found between self-reported duration of sick-leave and data 

from a public registry. Since the participants could have several reasons for having a different 

kind of work after eight years, we chose to report work participation rate rather than the 

proportion who had returned to their previous work. As reported by Hellum et al., the work 

participation rate before treatment was similar in the rehabilitation group (26 %) and the TDR 

group (28 %).  

6.5.5 Patient satisfaction 

Satisfaction with the result of the treatment was assessed with a 7-point Likert scale. Since 

there were no differences between the groups in terms of the proportion of patients reporting 

‘slightly better’, ‘no change’ or ‘slightly worse’, these categories were merged into one and 

reported as ‘no/minimal change’.  

6.5.6 Additional treatment including reoperations 

The patients were asked if they had received any additional non-operative treatment or had 

any back surgery after the allocated treatment was completed. In the main analysis, we 

registered all spinal surgical procedures in those randomised to TDR as ‘reoperations’. It is 
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worth noting that two of the 12 patients registered as ‘reoperated’ had initially refused the 

TDR, and were in fact not reoperated, but had received primary spinal surgery. On the other 

hand, two of the 14 patients who were randomised to MDR and crossed over to TDR, were 

reoperated later (one with spinal fusion and one with decompression at the TDR level). The 

reoperation rate is an important outcome measure, since several studies report that patients 

who have been reoperated have worse results than those who have not been reoperated [192 

195 196 270]. Moreover, anterior revision procedures are technically difficult and involve a 

high risk of vascular injury [289].  

6.5.7 Complications 

Information about complications related to the treatments was collected at two-year follow-

up, and has been reported in detail [29]. Later complications may be hard to detect, but 

clinically relevant late complications should be reflected in the long-term PROMs and the 

reoperation rate. We have obtained images for the detection of radiological changes such as 

ADD (Paper III) and facet joint degeneration (not published). Heterotopic ossification and 

reduced ROM may also represent late complications. We have obtained radiographs with 

flexion and extension for the evaluation of long-term ROM, but these data have not yet been 

analysed. 

6.5.8 Radiological outcome measures 

In Paper III, we analysed a broad range of radiological outcome measures with MRI. The 

strengths of this evaluation include the use of a metal artefact reducing MRI protocol, the 

experienced radiologists blinded to the clinical outcome who independently performed the 

MRI evaluation and the direct comparison of post- and pre-treatment MRIs to assess changes 

in ADD. Such comparison can reduce overrating of changes due to ambiguous findings or 

small differences in MRI techniques, and can also improve agreement on changes in ratings 

[254]. In this study, the agreement was mostly good, despite instances where a low prevalence 

of change tended to reduce many of the kappa values.  

On the other hand, observer bias may have occurred since the radiologists could not be 

blinded to the treatment group. They were not blinded to post-treatment images when 

assessing pre-treatment images, and this may have influenced their pre-treatment ratings. Disc 

prostheses leave metal artefacts on the images close to the implant, but, according to previous 

reports [290-292], such metal artefacts barely affect the evaluation of the adjacent disc level. 

Moreover, the metal artefact reducing MRI protocol further reduced the extent of the artefacts 

(Figure 9). 

Although MRI remains the gold standard for imaging of the degenerated disc, some 

radiological findings only occur in standing position, and MRI is usually performed in supine 

position [293], including in the papers that the present thesis in based upon. Tarantino et al. 

[294] demonstrated that one third of patients with normal supine MRI had detectable IDD in 

upright MRI. 

6.5.9 Daily use of analgesics 

The patients were asked to quantify their analgesic consumption during any day of a typical 

week. The reported outcome in Paper I included any kind of analgesic medication, but the 
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proportion who uses opioids may also be used as an outcome measure. Despite obvious side 

effects, opioids have become the most commonly prescribed drug class for back pain in the 

US [295]. Smith et al. [296] have recently reported that depressed patients with LBP are more 

likely to be prescribed opioids and receive higher dosages. Different explanations for this 

trend have been discussed, but pain expression and behaviour may affect opioid-prescribing 

patterns [297].  

6.6 Exposure variables 

In Paper II, we tested several baseline socio-demographical, clinical, psychological and 

radiological variables for their association with the clinical outcome and the patients’ work 

participation. In the literature, several other patient characteristics are reported to be 

associated with these outcomes, as detailed in the discussion of the results. However, when 

testing a very large number of patient characteristics for predictive value, there is an increased 

risk of detecting significant associations by chance (type 1 error). Therefore, we analysed a 

selection of baseline variables for which an association with the outcome measures was 

plausible. In addition to the variables collected before treatment, we wished to test the 

predictive value of pelvic incidence [252], which has drawn special interest as a potential 

predictor for outcome after back surgery. Pelvic incidence was measured on radiographs 

obtained at eight-year follow-up, but was analysed as a baseline variable since it describes the 

fixed relationship between the femoral heads and the end plate of the sacrum, and should 

remain unaltered after TDR. 

6.7 Statistics  

6.7.1 Sample size 

The trial was powered to detect a difference of ten ODI points between the treatment groups, 

and 25 % was added for a multicentre study design and 30 % for possible dropouts. Since the 

dropout rate was less than 30 % after eight years, the power of the study of the clinical effect 

(Paper I) was considered satisfactory. In Paper II, we used regression analyses to detect 

baseline characteristics associated with a favourable long-term outcome after TDR, and for 

this purpose the sample size was limited. A larger simple size would have allowed us to fit a 

larger prediction model, perform a validation and possibly identify further variables 

associated with the outcome. We had planned to analyse the association between baseline 

characteristics and a favourable outcome in the rehabilitation group as well, but the large 

number of crossovers left only 55 patients available for the per-protocol analysis. The 

statistical power was therefore considered insufficient for this purpose. For the analysis of 

development of ADD in Paper III, the sample size was also limited. Thus, we could not 

analyse subgroups of patients, and statistical significance was hard to achieve for each 

specific ADD-variable.  

6.7.2 Statistical methods 

In Paper I, we had planned to perform mixed model analyses of the long-term clinical results, 

in addition to ANOVA. This was also registered at www.clinicaltrials.gov, but, after a 

thorough discussion within the research group, we chose to focus on the long-term results 

rather than on the entire eight-year clinical course. Therefore, we replaced missing values 
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with multiple imputation, performed the ANOVA analysis, and did not perform mixed model 

analyses. 

In Paper II, the use of cut-off values for the independent variables may be questioned. In order 

to create a prediction matrix that could help clinicians and patients choose the right treatment 

for chronic LBP, the independent variables had to be dichotomised. Due to the limited sample 

size, the cut-off values were not only based on clinical recommendations, but also on 

statistical properties that gave the best separation among subgroups of patients. The 

associations might have been weakened if we had used other cut-off values for the 

independent variables. Further, according to the Hosmer and Lemeshow [298], any variable 

whose univariate test has a p < 0.25 is a candidate for the multiple model. However, due to 

the limited sample size and the low number of patients who improved / were employed, we fit 

models with a maximum of four covariates to avoid overfitting. Therefore, only baseline 

characteristics that were statistically significantly (p < 0.05) associated with the outcome in 

univariate analyses were entered into our final multiple model. In the univariate analysis, we 

found a statistically significant association between baseline FABQ-work and employment at 

eight-year follow-up, but we did not include FABQ-work in the final multiple model since 

this weakened the predictive power of the model. 

6.8 Interventions 

The study was designed to compare TDR with the best-known rehabilitation program. In a 

Cochrane review [152], patients treated with MDR experienced less pain and disability than 

patients who received ‘usual care’ or physical treatment. A larger treatment effect of TDR 

would therefore be expected if TDR was compared to a less comprehensive rehabilitation 

program or ‘usual care’. 

Different prosthesis designs have different properties and allow for different ROM. To our 

knowledge, no disc prosthesis has been documented as superior to any other, but different 

clinical results may have been achieved if another prosthesis had been used. The Pro-Disc II 

is classified as semi-constrained [182]. Since the mobility in the treated level can affect the 

development of ADD [202 226], the development of ADD may also have been different if 

another prosthesis design had been used.  

6.9 Main results 

6.9.1 Primary outcome measures 

6.9.1.1 Oswestry Disability Index (ODI) 

The mean improvement in ODI from baseline to eight-year follow-up was 14.4 points in the 

rehabilitation group and 20.0 points in the TDR group, and both must be considered 

statistically and clinically significant in both groups, as they are larger than the MCID that 

was calculated at two-year follow-up [282]. The mean difference between the groups of 6.1 

points in favour of surgery was statistically significant, but smaller than the prespecified 10-

point difference that the study was designed to detect. 

We found a clinically important improvement in a significantly larger proportion of patients 

in the TDR group (70 %) than in the MDR group (50 %) at eight-year follow-up. A minimum 
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improvement of 15 ODI points has previously been reported by 68-87 % of patients 5-8 years 

after TDR [190 192 194]. 

The mean 14.4 points improvement in the rehabilitation group was in line with the mean 

improvement of 12.6 points at 11-years follow-up after similar rehabilitation in patients with 

LBP and degenerative discs in three randomised trials reported by Mannion and colleagues 

[160]. The mean 20.0 ODI points improvement in the TDR group was comparable to the 

findings in previous studies [190 192-194 201]. The short-term (two years) mean 

improvement on ODI from baseline was 12.8 points in the rehabilitation group and 20.6 

points in the surgery group [29], similar to the findings at eight-year follow-up, thus 

indicating a persistent long-term treatment effect for both rehabilitation and disc replacement.  

6.9.1.2 Adjacent disc degeneration (ADD) 

In Paper III, we found increased ADD in 40 % of the patients treated non-operatively and in 

42 % of the patients treated with TDR, and the difference was not significant (p=0.86). The 

post hoc analysis in which we compared the number of increased ADD variables did not 

reveal any significant difference between the groups (Paper III, Figure 3). 

In each treatment group, a larger proportion of patients had increased ADD at the eight-year 

follow-up than at the two-year follow-up (40% versus 19% after non-operative treatment and 

42% versus 13% after TDR) [36].) A further increase is expected with longer follow-up. 

Reduced ROM in the prosthesis has previously been reported to be associated with an 

increased prevalence of ADD [202 226]. We did not measure ROM at eight-year follow-up, 

but at two-year follow-up [212] segmental ROM was similar for an average disc prosthesis as 

for a degenerated index level disc. This may have contributed to similar ADD development in 

both treatment groups. 

In a previous review of ADD following back surgery, Harrop et al. [167] found a large 

variation in reported ADD (0-24 % of the patients 3 to 17 years after TDR). However, the 

included studies were heterogeneous and had major limitations. The large variation in ADD 

most likely reflects differences in patient characteristics (e.g. age), follow-up time and ADD 

assessment methods. Such methods were either not reported or included disc height, 

osteophyte formation or instability on flexion-extension images. The variation in ADD 

assessment makes it difficult to compare the proportions of patients with ADD increase, 

including in comparisons between recent studies. Zigler et al. [224] based ADD on disc height 

reduction, end plate sclerosis, osteophytes and spondylolisthesis on radiographs. They found 

increased ADD in 9% of patients five years after TDR. We found a much higher proportion 

(42%) with increased ADD at eight-year follow-up. The difference may partly be due to our 

use of MRI to detect changes not visible on radiographs.  

Regardless of allocation, 91 patients in our cohort have been treated with TDR [265], of 

whom one (1%) has been re-operated with fusion including the adjacent segment. This is in 

agreement with other studies reporting re-operation due to ADD in 0-1% of patients two to 

five years following TDR [188 190 299].  
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We found no association between increased ADD and the clinical outcome (ODI). This is in 

line with a previous report from Huang et al. [226] and with the results of a recent cross-

sectional analysis of long-term follow-up data from four randomised trials comparing non-

operative treatment with fusion for chronic LBP [34].  

6.9.2 Secondary outcome measures 

6.9.2.1 Low back pain (LBP) 

We found a mean difference in pain intensity (VAS) between the treatment groups of 9.9 

points in favour of TDR, which was statistically significant (p=0.04), but not clinically 

important according to Ostelo et al. [285]. 

6.9.2.2 Work participation 

We found no significant difference between the groups in work participation, as 40 % of the 

patients in the MDR group and 48 % in the TDR group were still working or studying at 

eight-year follow-up (p=0.33). Sköld et al. [192] found that 78 % were working full- or part-

time at five-year follow-up after TDR, as compared to 37 % before treatment. Siepe et al 

[193] reported that 67 % of their patients had some kind of work, while Guyer et al [190] 

found that 66 % were working full-time after five years, as compared to 51 % before 

treatment. David et al. [203] reported that 90 % of the patients who were working before the 

treatment returned to work at follow-up after mean 13 years, but their calculation did not 

include those who were not working before treatment. Lemaire et al. [201] found that 92 % of 

the patients who were ‘eligible to return to work’, were working at follow-up after mean 11 

years, but did not include the patients who were retired in the calculations. The smaller long-

term work participation rate following TDR in our study may be due to a smaller preoperative 

work participation rate, different calculation methods or the generous disability pensions in 

Norway [300]. 

6.9.2.3 Patient satisfaction 

A notable difference between the groups was the proportions who reported a ‘full recovery’ (6 

% in the rehabilitation group and 24 % in the TDR group). In comparison, Sköld et al. [192] 

reported that 38 % of the participants in their study were totally pain-free at five-year follow-

up, measured on a five-point scale. We found no significant difference between the groups in 

the proportions of patients who classified themselves as ‘worse than ever’, but there was a 

trend towards more deterioration in the TDR group (8 %) than in the rehabilitation group (3 

%) (p=0.28). Similar proportions of patients in the rehabilitation group (69 %) and the TDR 

group (66 %) reported that they were satisfied or slightly satisfied with care. 

6.9.2.4 Additional treatment including reoperations 

Large proportions of the patients in the rehabilitation group (47 %) and TDR group (57 %) 

had received non-operative treatment after completing the allocated treatment, and 4 patients 

in each group had received structured multidisciplinary rehabilitation. The reoperation rates 

reported in other studies with long-term follow-up after TDR range from 4 to 39 % 

(Appendix, Table 1). The great variation in reoperation rates may partly be due to different 

ways of reporting reoperations. Tropiano et al. [168] reported 5 % posterior fusions at mean 

nine-years follow-up after TDR, while other reoperations were not reported. Guyer et al. 

[190] reported 8 % ‘device related’ reoperations after five years. The highest reoperation rate 
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(39 %) was reported at mean 10-years follow-up after implantation of the Acroflex 

elastomeric core prosthesis [196], which was withdrawn after implantation in only 28 patients 

due to early mechanical failure. However, a reoperation rate of 33 % has been reported at 

mean 11-years follow-up after implantation of Prodisc II prostheses [195]. 

6.9.2.5 Complications 

One serious complication occurred in an early reoperation due to implant failure, and a 

vascular injury led to a lower limb amputation. The complication rates reported in other 

studies with long-term follow-up after TDR range from 9 to 23 % (Appendix, Table 1), but 

late complications such as heterotopic ossification and facet joint degeneration may not have 

been among those reported. Heterotopic ossification has been commonly observed after 

implantation of earlier generations of disc prostheses [202], but Lu et al. [301] have recently 

reported varying grades of heterotopic ossification in 74 % of patients at mean 15-years 

follow-up after implantation of the Charité III prosthesis. Increased facet joint degeneration 

was observed in 34 % of patients treated with TDR and 4 % of patients treated non-

operatively at two-year follow-up in the Norwegian TDR Study [36]. A more severe facet 

joint degeneration is expected to occur after TDR in the long-term. 

6.9.2.6 Radiological outcome measures 

In Paper III, there were no significant differences between the groups in any ADD variable, 

but there was a trend towards more disc height reduction in the superior adjacent disc in the 

TDR group than in the group treated non-operatively. However, the observed difference of 

0.3 mm is much smaller than the minimal detectable change of 2 mm [36], and is thus not 

likely to be clinically relevant. In patients treated non-operatively or with TDR, similar 

proportions had increased ADD (40 % versus 42 %) and decreased ADD (5 % versus 3 %). 

Spontaneous disappearance of MC and regression of disc herniations have been described 

previously. Albert et al. [302] reported that 16 % of the patients with any type of MC had no 

detectable MC at 14-month follow-up. Yang et al. [303] have suggested that regression of 

disc herniations may be caused by disc dehydration, retraction of herniated disc material into 

the disc space or enzymatic catabolism and phagocytosis. 

6.9.2.7 Daily use of analgesics 

We found that approximately 40 % of the patients in each group used analgesic drugs daily, 

and there was no difference between the groups in analgesic consumption. We did not report 

the proportion of patients who used daily opioids in Paper I, but, post hoc, we found that 

approximately 20 % of the patients in each group reported daily opioid use (Table 7). 

6.9.3 Exposure variables 

In Paper II, preoperative MC were positively associated with a clinically significant 

improvement of ≥ 15 ODI points. The extent of MC (> 50 % of the vertebral body height) was 

significantly associated with both the presence of MC and the outcome (≥ 15 points 

improvement in ODI score). Therefore, the extent of MC may be just as important for the 

clinical outcome as the presence of MC. Our findings should be interpreted in light of the 

findings in a recent systematic review on the impact of MC on outcome after lumbar spine 

surgery [304]. This review identified four TDR studies (including the two-year results from 

the Norwegian TDR study [29]). One study found no association between MC and ODI or 
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LBP after TDR, and the remaining three had conflicting findings about which types of MC 

(type 1, type 2, or both types combined) were related to ODI or pain after TDR. Although MC 

may be associated with improved outcome after TDR, the association is not consistent 

between different studies or outcomes.  

In the literature, several other patient characteristics may also influence the clinical outcome 

after TDR. Gornet et al. [305] found significantly less improvement in ODI score at two- and 

five-year follow-up after TDR in patients with workers’ compensation. They also found a 

statistically significant association between a favourable outcome measured with ODI at five-

year follow-up and higher grades of disc degeneration preoperatively, presence of Modic type 

2 changes and a smaller proportion of the overall lumbar lordosis (L1-S1) at the treatment 

level. Park et al. [205] showed inferior long-term results of TDR in patients with 

spondylolisthesis, facet joint arthritis, lateral recess stenosis and patients treated with TDR at 

the adjacent level of a fused segment. 

Shorter duration of sick leave, absence of comorbidity, lower ODI score and higher education 

at baseline increased the probability of employment at eight-year follow-up in our prediction 

matrix. We also found that a preoperative ODI score ≥ 50 points was associated with lower 

probability of work participation at eight-year follow-up.  

Our findings are plausible, but in the literature there is no consensus on baseline 

characteristics that predict return to work after surgery in patients with chronic LBP. In 

agreement with our findings, Hellum et al. [256] reported that high preoperative ODI scores 

predicted similar results of MDR and TDR, strongly indicating that MDR should be the first 

choice of treatment for LBP – particularly in patients with high levels of disability. In 

populations including mostly non-operated patients with LBP or sciatica, Cougot et al. [306] 

found that the patient’s profession was the only predictor for return to work in health care 

workers with LBP. In patients with sciatica, Grøvle et al. [307] found that lower age, better 

general health, less baseline sciatica bothersomeness, lower score on the FABQ-work and a 

negative straight leg raising test result were significantly associated with a higher probability 

of returning to work. McGirth et al. [308] found that preoperative depression, arthritis and 

prolonged preoperative opioid use reduced the likelihood of returning to work in patients 

labelled as having degenerative chronic LBP without workers’ compensation. In a 

longitudinal study of women, Nordeman et al. [309] found that the six-minute walk test, 

depression and earlier ability to work predicted the ability to work at two-year follow-up. 

Hence, the biopsychosocial factors at baseline associated with employment at follow-up in 

our study find broad support in the literature. 

Pelvic incidence had no predictive value in our study. Salzmann et al. [157] suggested that 

patients with pelvic incidence of more than 65⁰ are prone to developing facet joint 

degeneration after TDR, and considered such patients as bad candidates for TDR. Arunakul et 

al. [310] found no association between radiological features such as pelvic incidence and 

sacral slope, and clinical outcomes measured by back pain (VAS) and function (ODI) after 

TDR. In contrast, Laouissat et al. [311] reported inferior results after TDR in patients with 

sagittal curvature of Roussouly type 4 [312]. 
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6.10 External validity 

The multicentre design of this study improves the external validity of its results. However, the 

inclusion of only 179 of the 605 patients (30 %) screened for eligibility may call the external 

validity of the study into question. Our findings may not apply to the general population with 

chronic LBP. The most important exclusion criteria were nerve root involvement or presence 

of generalised disc degeneration. On the other hand, TDR is only indicated in selected 

patients, and we believe that the participants of this study are representative as candidates for 

TDR. Spine registry studies or other observational studies may be used to test whether the 

results of RCTs are valid for a larger group of patients receiving the same treatment, since 

observational studies generally include less strictly selected patients [156]. In a recent 

international spine registry study [313], the results of cervical disc replacement were in 

accordance with those in the published RCTs. Furthermore, in a Swiss registry study with 

five-year follow-up after lumbar TDR [197], the main results are similar to those in RCTs 

with a follow-up time of at least five years (Appendix, Table 1). Our results are in line with 

two small single centre Norwegian observational studies [314 315], while, in the Norwegian 

Spine Registry (2007-2013), the one-year mean improvement following TDR was 26.0 ODI 

points as compared to 22.5 ODI points after one year in the Norwegian TDR Study [316].  

6.11 The role of placebo 

The placebo effect results from the patients’ expectations of a treatment effect [317], and the 

first attempts to quantify the placebo effect were made in the mid-19th century [318]. In the 

field of spine surgery, a considerable placebo effect has been reported for vertebroplasty 

compared to sham surgery [261]. On the other hand, Freeman and colleagues did not find any 

significant clinical response from intradiscal electrothermal therapy or sham surgery among 

patients with chronic LBP [319]. Since no studies comparing TDR with sham surgery have 

been published, the placebo effect of TDR cannot be quantified. 

Obviously, the patients in our study could not be blinded to treatment, which is described as a 

potential source of performance bias [259], and may have led to a difference in placebo effect 

between the groups. However, all eligible patients were given balanced information on the 

treatments before allocation, and neither treatment was presented as superior to the other. 

Similar proportions of patients from both treatment groups refused the allocated treatment, 

possibly indicating that the patients’ expectations of treatment effect were similar in both 

groups.  

6.12 The role of the natural course of LBP 

When evaluating the long-term clinical effect of treatments for LBP, the natural course of the 

condition should be considered. Since many patients with LBP seek different treatment 

methods [320], the ‘no treatment’ option may not represent a natural course. Frizell et al. 

[161] studied the effect of spinal fusion on LBP compared with non-operative treatment 

methods that were not specifically designed to treat LBP. The control group may therefore 

represent the natural course of LBP. After two years in that study, back pain (VAS) was 

reduced by 7 % and physical function (ODI) was improved by 6 % in patients treated non-

operatively. In a systematic review of prospective cohort studies set in primary care, Itz et al. 

[132] found that 65 % of the patients still reported LBP one year after the onset of symptoms. 
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Still, we have limited knowledge on the natural course of chronic LBP over eight years. 

However, Peng et al. [321] observed a small and clinically unimportant improvement from 

46.4 to 44.0 points on ODI over four years in an observational study of patients with chronic 

LBP. Therefore, we may assume that the change in physical function in our cohort is mainly 

caused by the intervention, and only minimally influenced by the natural course of LBP. 
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7 Conclusions and clinical implications 

7.1 Paper I 

• Significant long-term clinical improvement was observed after both TDR and MDR. 

• The long-term functional improvement and pain relief were statistically significantly 

better after TDR compared to MDR, but the clinical significance of the difference is 

questionable.  

• The long-term results of both TDR and MDR seem to be acceptable, and in line with 

short-term results.  

• Considering the risk of surgical complications, and the significant number of patients who 

achieve a clinically important improvement after rehabilitation, the first choice of 

treatment should be MDR.  

7.2 Paper II 

• Patients with Modic changes were more likely to achieve a clinically important long-term 

improvement (≥ 15 ODI points).  

• Patients with a shorter duration of sick leave, absence of comorbidity, lower ODI score 

and higher education were more likely to be employed at eight-year follow-up. 

7.3 Paper III 

• The development of ADD at eight-year follow-up was similar in patients treated non-

operatively and in patients treated with TDR. 

• The ADD development was not related to the clinical outcome, and the risk of ADD 

should have little impact on the choice of TDR versus non-operative treatment for chronic 

LBP. 
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8 Future perspectives 
Despite initial enthusiasm after the approval of the first TDR devices in 2004, the number of 

primary TDR procedures performed in the USA has declined by 86 % from 3059 patients in 

2005 to 420 patients in 2013 [157 322 323]. According to Salzmann et al. [157], possible 

explanations for this trend include strict indications for use, challenging surgical techniques, 

lack of device selection, fear of late complications or revision surgeries and reimbursement 

issues. In the USA, health insurance companies have not provided coverage for single level 

lumbar TDR because it is considered investigational. This has provoked patients and spine 

surgeons, and there has been debate on the reason for this practice [324]. In a report from the 

First Annual Lumbar TDR Summit in 2016 [325], consensus statements included that reliable 

tools exist for identifying patients with discogenic back pain [326], sufficient data are 

available for the long-term efficacy and safety of TDR [223] and the cost to US health 

insurers were expected to remain unchanged if coverage for lumbar TDR were provided 

[324]. The future role of TDR is difficult to predict, but in a recent systematic review of 59 

clinical trials, Formica et al. [206] concluded that it could be a reliable option for the 

treatment of LBP in patients with IDD in years to come. In contrast, 2016 NICE guidelines 

recommend that disc replacement is not offered to patients with LBP [153]. 

In Norway, lumbar TDR has never come into widespread use. Data from the Norwegian 

Spine Registry shows that the annual number of TDR procedures has remained below 50, but 

no obvious trend can be observed (Figure 12). 

 

Figure 12. The number of TDR procedures in Norway from 2007 to 2017. Data from the 

Norwegian Spine Registry online (http://helseregister.no (01.05.18)) 

 

http://helseregister.no/
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8.1 Suggestions for future research 

Although growing evidence exists for the long-term effects of TDR, there are still several 

unanswered questions that need to be addressed. The following are suggestions for future 

research. 

8.1.1 Prospective studies with even longer follow-up time 

Most patients receiving TDR are young or middle-aged adults. Mean age at the time of 

surgery in the present study was 41 years. Our follow-up time of eight years may therefore be 

too short to reveal very late complications like implant loosening and implant debris 

reactions, both well known complications in the field of hip and knee arthroplasty [327-329]. 

Hence, prospective studies with even longer follow-up times are still needed in order to assess 

the long-term safety and efficacy of TDR. 

8.1.2 Predictor analyses 

The limited sample size was an important limitation of our study of baseline patient 

characteristics associated with a favourable long-term outcome (Paper II). There is still a need 

for improved patient selection for TDR. Detailed information on baseline characteristics of 

more than 300 patients treated with TDR is stored in the Norwegian Spine Registry (Figure 

12), which could be a source of information about baseline characteristics predicting the 

outcome. The most important baseline characteristics in our study – the presence and extent of 

Modic changes – are not among the baseline characteristics collected by the Norwegian Spine 

Registry. Moreover, the registry collects PROMs at three months and one year 

postoperatively, meaning that long-term outcomes cannot be extracted from the Norwegian 

Spine Registry at the moment. However, the registry has recently been allowed to obtain the 

patients’ written consent for long-term follow-up. Further research is needed in order to 

identify patients with increased probability of both favourable and unfavourable outcomes. 

International spine registries may be an important source of such information. 

8.1.3 The long-term mobility of the artificial disc 

The preservation of segmental mobility has been among the main reasons for the introduction 

of TDR as an alternative to spinal fusion. However, the methods used for the measurement of 

the mobility of the artificial disc has not been standardised. Previous reports of the correlation 

between ROM and clinical outcome have been non-consistent [212 330 331]. Heterotopic 

ossification (HO) is observed in several studies with long-term follow-up. Increasing grades 

of HO may lead to increasing loss of segmental ROM, but only HO grade 4 indicates 

segmental ankylosis [211], and the exact influence of other HO grades on segmental ROM 

has not been established. In a recent prospective study of 51 patients treated with TDR 

(Prodisc II), Wuertinger et al. [199] reported that the mobility of the artificial disc was 

maintained, but gradually decreased over an average follow-up period of 7.8 years. However, 

no correlation was observed between the decrease in ROM and the clinical outcome. Johnsen 

et al. [212] used distortion compensated roentgen analysis (DCRA) to measure the segmental 

ROM at two-year follow-up. The DCRA method is documented as a precise tool for the 

assessment of segmental motion [332], and long-term segmental ROM should be analysed 

using the same method. 



 

69 
 

8.1.4 Facet joint arthropathy  

Several researchers have shared their concern about facet joint degeneration following TDR 

[227-232]. Degeneration of the facet joints may be part of the natural course, but at two-year 

follow-up in the Norwegian TDR Study, Hellum et al. [36] found increased facet joint 

degeneration in 34 % of patients treated with TDR and 4 % of patients treated non-

operatively, indicating a significantly increased risk of facet joint degeneration following 

TDR compared to the natural course. The assessment of facet joint degeneration was based on 

MRI, and metal artefacts from the prostheses may have affected the evaluation of the facet 

joints. We are planning an evaluation of the facet joint degeneration following TDR or non-

operative treatment based on computer tomography (CT) at eight-year follow-up in the 

present study. Further, the CT-based evaluation of the facet joints will be compared to an 

evaluation based on MRI performed with a metal artefact reducing protocol [244]. 

8.1.5 Long-term health economic analysis 

Since LBP is the leading cause of global disability [1], the health economics aspects of 

different treatments are of great importance for public health providers. Analyses from 

Sweden [333] and the USA [334] have found a potential economic benefit of TDR compared 

to fusion. In the Norwegian TDR Study, Johnsen et al. [335] found that TDR was cost-

effective compared to MDR when using EQ-5D, but not SF-6D, for assessing QALY. The 

indirect costs related to loss of productivity were much higher than the direct treatment-

related costs. The observed difference in the work participation rate between the TDR group 

(48 %) and the MDR group (40 %) was not significant at eight-year follow-up, but could have 

profound impact on health economy analyses. Therefore, we plan to analyse the cost-

effectiveness of TDR compared to MDR in our eight-year follow-up in the Norwegian TDR 

Study. 

8.1.6 The role of different prosthesis designs, constructs and surgical approaches 

Several different artificial lumbar disc designs are available for TDR. In a review of different 

TDR design concepts, Galbusera et al. [182] found evidence for increased load through the 

facet joints in semi-constrained and unconstrained prostheses. Semi-constrained prostheses 

were able to share a greater part of the load, but were also more susceptible to wear. 

Moreover, segmental lordosis alterations were observed both for unconstrained and 

constrained prostheses. A few prospective studies comparing different prosthesis designs have 

not yet been able to identify one prosthesis design with superior clinical results [194 336 337]. 

Different designs may have favourable properties for different patients, but so far there is no 

evidence for the superiority of a particular prosthesis design in patients with specific anatomic 

properties [338]. 

Siepe et al. [208] reported more complications after bisegmental TDR (L4/L5 and L5/S1) 

compared to monosegmental TDR (L4/L5 or L5/S1), with better results achieved after TDR at 

L4/L5 than at L5/S1. In a prospective randomised trial, Hoff et al. [339] found better pain 

relief immediately after the treatment of two-level disc degeneration with a hybrid technique 

(anterior fusion in L5/S1 and TDR in L4/L5) compared to two-level transforaminal lumbar 

interbody fusion (TLIF). In a systematic review and meta-analysis of outcomes in hybrid 

constructs for multilevel disc degeneration, Lackey et al. [340] found a tendency towards 



 

70 
 

better back pain relief following hybrid surgery compared to multilevel TDR or multilevel 

fusion. However, the future role of the hybrid technique should be based on larger prospective 

studies with longer follow-up times.  

Tohmeh and Smith [341] have published acceptable clinical outcomes after TDR performed 

through a mini-invasive lateral trans-psoas approach, and Pimenta et al. [342] have presented 

promising preliminary data showing long-term pain relief and improved physical function. 

The approach has theoretical advantages when revision surgery is indicated [343]. At the 

moment, however, the evidence for increased use of the lateral approach in TDR is weak. 

Hence, the role of different prosthesis designs, constructs and surgical approaches should also 

be explored in future research.  
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