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Degeneration of the intervertebral disc (IVD) is associated with morphological changes of the disc 
itself and of the adjacent bony structures. These morphological changes affect spinal motion and 
mechanical competence. Degeneration of the disc is the result of changes in its tissue mechanical 
properties which are due to changes in their biochemical composition, microstructural architecture 
and loading. Whereas Finite Element (FE) modelling is often used to investigate and predict the 
effects of disc degeneration on spinal motion and competence, these models usually describe the 
degeneration of the disc only in a phenomenological manner, by changing the mechanical properties 
of the tissues, which limits their ability to study the effect of the underlying biological or biochemical 
changes.  

In the second chapter of this thesis, we therefore introduce a multiscale approach in which the tissue 
properties are a function of their biochemical composition and microstructural organization. 
Constitutive material properties of the biochemical constituents were determined by fitting the 
predicted behaviour at the tissue level to that of experimental measurements for individual tissues. 
By implementing this model in a spinal motion segment (SMS) representing a healthy disc of 
generalized geometry, realistic ranges of motion were found. This general multi-scale model of the 
disc thus provides the possibility to evaluate the relation between local disc biochemical composition 
and spinal biomechanics.  

Next, the degenerative changes in tissue collagen architecture were quantified. From the annulus 
fibrosus, samples were dissected from four circumferential and two radial locations. By using Second 
Harmonic Generation microscopy the collagen fibre orientations per location were determined 
utilizing a fibre-tracking image analysis algorithm. Also, the proportionality between fibres aligned in 
the primary direction versus those in other directions was determined. It was found that the mean 
collagen fibre angle decreased slightly compared to the healthy annulus fibrosus tissue for different 
locations. Fibre orientation proportionality did not show large variations. The results of this study 
provide the first quantitative evidence that the collagen fibre orientation of moderately degenerated 
discs exhibits a spatially rather homogeneous distribution and typical collagen orientation gradients 
characterizing healthy IVDs are only partially retained. 

In the fourth chapter, the effect of biochemical and fibre composition changes due to disc 
degeneration on the kinematical behaviour of a SMS was studied. In the literature, conflicting 
evidence is provided about the effect of degeneration on the flexibility of the spine: some studies 
reported instability with progressing degeneration while others report the opposite effect. To 
investigate this further, we used the earlier developed healthy SMS model and modified its 
biochemical composition and collagen tissue architecture to that of a moderately degenerative disc. 
The simulated kinematic behaviour of the degenerated spinal motion segment showed instability in 
axial rotation, while a stabilizing effect in the other bending directions was found.  

The previous conducted study focused on representing a particular stage of degeneration and the 
effect of it on the kinematical behaviour of a motion segment. In the last part of this thesis, we 
aimed at predicting the disc degeneration process itself by using a mechanoregulation (MR) model 
combined with a bone remodelling model. The aim of this study was first, to develop such a 
framework and second, to validate its predictions by comparing the results with those obtained from 



 

 

patients who underwent spinal fusion surgery. After implementing the MR in the IVD, we were able 
first to demonstrate that a stable healthy IVD with proper tissue morphology would be maintained 
under physiological loading. Following, the IVD model was coupled to a full lumbar spine FE model 
from which patient-specific changes in loading configuration due to fusion were derived. Based on 
these changes in loading, tissue adaptation was simulated for both bone and IVD tissue. It was found 
that the predicted changes agreed well with those observed 2 years after treatment. 

We conclude that the methods developed and tested here could contribute to the understanding of 
disc degeneration development and its effect on spinal motion. Since this approach can account for 
changes in both biochemical, architectural and loading changes, and can be made patient-specific, it 
might, eventually, be used as a tool for patient-specific predictions of spinal treatment. 
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Chapter 1 

General introduction 
 

 

Based upon: F.  Galbusera,  M.M. van Rijsbergen,  K.  Ito,  J .M.  Huyghe,  M.  Brayda -Bruno,  H.- J.  
Wilke,  2014,  Ageing and degenerative changes  of  the intervertebra l  d isc  and their  impact  on 
spinal f lexibi l i ty,  European Spine Journal, 23,  suppl 3,  S324-332 ,  DOI 10.1007/s00586 -014-
3203-4  



 

 

Almost all people experience low back pain during their life (Andersson 1999; Hoy et al. 

2010), which contributes to a large socio-economic burden (Hoy et al. 2010). Although the 

exact cause of low back pain is difficult to point out, there is a strong association with 

intervertebral disc degeneration, which involves changes in disc composition and structure 

and a loss of height (Cheung et al. 2009; Luoma et al. 2000).  

If conservative treatment fails, a surgical intervention may be considered (Airaksinen et al. 

2006). The most common treatment is spinal fusion, which involve the replacement of the 

disc by a metal cage where bone can grow into until complete fusion of the vertebrae is 

obtained. Although this is a standard surgical treatment, results are highly variable and 

unpredictable (Carreon et al. 2008; Harrop et al. 2008). For some patients a surgical 

intervention is a successful treatment, while for others the effect is neglectable or even 

negative. This randomness in success rate suggests that the result is sensitive to geometric, 

loading or other factors that may vary widely between patients. If a tool would be 

available that could predict the outcome of the surgery based on such patient-specific 

factors, it would be possible to evaluate several treatment options prior to the surgery, 

and select the most promising one. Developing such a tool, was the main aim of a large 

European project of which the work described in this thesis was part of. In this larger 

project, computer models based on CT and MR imaging were used to mechanically 

evaluate the effects of treatment, both at the level of the patient all the way down to the 

cellular level.  

As part of that larger project, the work described in this thesis will focus on the 

intervertebral disc and neighboring vertebrae. The overall goal of this thesis is: 

To investigate the effects of moderate degeneration of intervertebral disc tissue on the 

mechanical behaviour of the disc itself and its adjacent vertebrae.   

This information is crucial for a better understanding and prediction of the effect of 

moderate intervertebral disc degeneration and provides essential information for the 

predictive clinical tool. In order to achieve this goal, first, it is necessary to review known 

causes and mechanisms of disc degeneration. This will be presented in this first chapter. It 



 

 

should be noted that this is mainly done from a biomechanical point of view and that the 

focus is on results from experimental measurements using cadaveric specimens and 

results from computer simulations. At the end of this chapter, an outline for the rest of 

the thesis will be given.  

1.1 Anatomy of the (lumbar) spine 

The spine is a complex organ. Not only the function of the spine, i.e. load bearing, 

providing flexibility, protecting the spinal cord and giving structure to the body, also it 

structure is complex. There is an interaction between bone, intervertebral discs, ligaments 

and muscles that together determine its complex, nonlinear kinematical behaviour. In 

humans, four spinal regions are typically classified: a cervical, a thoracic, a lumbar and a 

sacral region (Figure 1.1a). The first three regions consist of vertebrae and intervertebral 

discs (IVD) that provide flexibility of the spine. The sacral region is joined with the pelvis 

and therefore, has no flexibility. Each region has its own specific function, e.g. the lumbar 

spine serves as weight bearing construct of the upper body and providing flexibility in 

forward and backwards bending, while the thoracic region protects the heart and lungs 

and provides flexibility in torsional rotation, and consequently, the dimensions of both 

vertebrae and IVD differ through the spine. The cervical vertebrae and discs have a smaller 

cross section compared to thoracic vertebrae and IVDs which are again smaller compared 

to the lumbar vertebrae and IVDs. 

1.2 The vertebrae 

The spine consists of 24 vertebrae, the sacrum and the tailbone. Each vertebra consists of 

a weight-bearing column (vertebral body), located anterior to the spinal cord, and a 

vertebral arch, surrounding the spinal cord. The vertebral arch consists of two pedicles 

which are connected to each other by laminae and interact with the processes. These 

processes are the connection point of ligaments and muscles. On these arch, two joints 

are located, interacting with the adjacent vertebra: facet joint (Figure 1.1b). Together with 



 

 

an IVD and two vertebrae, this three-joint complex forms a spinal motion segment (SMS) 

(Figure 1.2a). The facet (or zygapophysial) joint limit the amount of motion of the 

vertebrae relative to each other in a particular direction and the surface of this joint is 

covered with hyaline cartilage. The vertebral body is composed of trabecular bone, 

surrounded by a thin cortical shell. On superior and inferior side of the body, this thin 

layer is also responsible of nutrient supply to the IVD and is called bony endplate (BEP). 

  

Figure 1.1. a) Human spine with four different spinal regions. The upper three regions provide flexibility in 
different directions. The sacrum is fused to the pelvis. Adapted from https://www.netterimages.com/ b) Lumbar 
vertebrae. 1) Vertebral arch; 2) facet joint; 3) vertebral body; 4) pedicles. Adapted from (Kirchmann 2003). 

 

1.3 The intervertebral disc 

In between the vertebrae, the IVD is located, composed of three components: in the 

centre the nucleus pulposes (NP), surrounded by the annulus fibrosus (AF) and covered at 

superior and inferior side by a cartilage endplate (CEP) (Figure 1.2.b). Nucleus and annulus 

tissue are composed of the same components, but differ in organization and relative 

amounts (Figure 1.2.c). For healthy tissue, the NP is rich in water and proteoglycans, and 

1 2 

3 

4 

a) b) 



 

 

contains a randomly orientated collagen network (Antoniou et al. 2004; Antoniou et al. 

1996). Due to the presence of proteoglycans, a substantial osmotic pressure is sustained 

in the confined NP, making this tissue suitable for withstanding compressive loads.  

 

Figure 1.2. a) Spinal motion segment (SMS) with two vertebrae, an intervertebral disc (IVD) and the spinal cord. b) 
Cross section of SMS with the annulus, nucleus and cartilage endplate. c) Biochemical composition across IVD. 
Adapted from https://www.netterimages.com/ and (Bibby et al. 2001). 

The AF contains more collagen fibres and less water and proteoglycans compared to NP 

tissue (Antoniou et al. 2004; Antoniou et al. 1996). Based on cellular and structural 

differences, the AF can be further divided into an outer AF (OAF) and an inner AF (IAF) 

(Marchand and Ahmed 1990). Measured from the disc periphery, the OAF consists of the 

first 18 lamellae, whereas the IAF comprises the next 20 lamellae (Cassidy et al. 1989). 

Within each lamella, collagen fibres are oriented with a distinct mean angle of ± 30° 

(alternating between lamellae) (Cassidy et al. 1989; Holzapfel et al. 2005) with respect to 

the transverse plane of the spine. This angle varies with location, leading to a spatially 

heterogeneous collagen organization in healthy human AF tissue. Due to this composition, 

the AF is confining the nucleus and allowing the IVD to withstand motion. Between the NP 

and the inner AF there is no distinct border; rather a slow transition between tissue type. 

This is often referred to as the transition zone (Cassidy et al. 1989; Wade et al. 2012).  Due 

to this combination of a pressurized core, surrounded with a fibre reinforced outer ring, 

the disc is able to withstand complex types of loading from daily activities, such as bending 

and shear in multiple directions.  

a) b) c) 



 

 

The cartilage endplates are located superior and inferior of the NP and AF and consists of 

hyaline cartilage (Buckwalter 1995). The endplate covers only the NP and the inner AF; the 

collagen fibres of the outer AF anchor directly into the bone. The collagen fibres of the 

inner AF and the NP are contiguous with that in the cartilage endplate and can transmit 

considerable tensile loads to the osseous endplates. Next to this anchoring function of the 

CEP, due to their permeable nature fluid flow and consequently nutrient to and waste 

products from the NP and AF to the vertebral body is possible (Urban and Roberts 2003). 

Finally, the endplates contribute to the even distribution of the pressure acting within the 

nucleus and tension in the annulus on the vertebral bodies. The viscous fluid flows 

through the endplates, and the viscoelastic stretching nature of collagen networks in the 

annulus allows the disc to dampen loads. Due to this fluid exchange, the IVD exhibits the 

creep and relaxation behaviour under sustained loads typical of a damper, i.e. when 

subjected to the body weight for 4 hour, a lumbar IVD expels 10–15 % of its water content 

through the endplates (Adams and Hutton 1983). 

1.4 Intervertebral disc degeneration and low back pain 

The ageing intervertebral disc usually shows several changes in comparison to the young, 

healthy disc, even in asymptomatic subjects (Haefeli et al. 2006). The boundary between 

physiologic disc ageing and disc degeneration is not always clear, since in most cases 

ageing and degenerative changes do not substantially differ. Disc degeneration has been 

defined as an accelerated ageing process including structural failure (Adams and Roughley 

2006). Nevertheless, purely physiological ageing changes such as water loss and thus the 

so-called black disc have been also referred to as disc degeneration (Pfirrmann et al. 2001), 

thus promoting confusion in the literature due to different definitions of disc 

degeneration. Throughout this thesis, the definition of Adams and Roughley will be used 

to define degeneration. 



 

 

Figure 1.3. Lumbar intervertebral disc sectioned in the mid-sagittal plane, from anterior to posterior side. a) 
Grade 1 disc; b) Grade 2 disc; c) Grade 3, showing moderate degenerative changes; d) Grade 4 disc, showing 
serve degenerative changes (Adams et al. 2004). 

In general, physiological ageing changes start in the endplates and then sequentially affect 

the nucleus and the annulus (Adams and Roughley 2006). Cell density in the intervertebral 

disc starts to decrease during childhood (Urban et al. 2004). The loss of cellularity leads to 

a decrease and fragmentation of the proteoglycan content (Buckwalter 1995), especially 

in the nucleus, and to a reduction of matrix turnover which, in turn, induces cross-linking 

of collagen fibrils that reduces the self-repairing capability of the disc (Duance et al. 1998; 

Roughley 2004). The loss in proteoglycan content is further worsened by a reduction in 

the per-cell synthesis rate, which is probably related to cell senescence (Maeda and 

Kokubun 2000). These cellular and biochemical changes determine alterations in the 

extracellular matrix. During the whole ageing sequela, a progressive loss of the water 

fraction in the whole disc (due to the reduction of the proteoglycan content and, 

therefore, of the osmotic gradient) and a corresponding increase in the fibrotic tissue are 

generally observed. Within the nucleus pulposus, the water content was found to 

decrease from 5.8 g H2O/g dry weight at an age of 14 years (85 % volume fraction) to 3.3 g 

H2O/g dry weight at age 91 years (75 %) (Urban and McMullan 1985). For the NP, primarily, 

a loss of proteoglycans was observed (Antoniou et al. 2004; Antoniou et al. 1996; 

Johannessen and Elliott 2005). For the AF, a change in water content, although to a more 

limited extent in comparison with the NP, as well as collagen content is observed during 

ageing (Antoniou et al. 2004; Antoniou et al. 1996). The decrease in the proteoglycan 

content is linked to a reduction of the swelling pressure, for which values ranging from 

a) 

b) 

c) 

d) 



 

 

0.19 MPa (age of 37 years) to 0.05 MPa (age of 91 years) were measured (Urban and 

McMullan 1985).  

1.5 Structural changes 

In addition to, or perhaps because of, matrix content changes, the intervertebral disc also 

undergoes structural failure showing tears and clefts (Vernon-Roberts et al. 2007). 

Although these abnormalities may be related to each other, and gradually overlap the 

physiological ageing course (Boos et al. 2002), in most of the literature they are described 

and defined as disc degeneration (Adams and Roughley 2006; Wilke et al. 2006) and are, 

therefore, clearly distinct from natural ageing. An analysis of midsagittal sections of 

cadaveric specimens showed that more than 50 % of intervertebral discs in the third and 

fourth decade of life exhibit annular tears and fissures (Krismer et al. 1997). Tears were 

shown to have different orientations and extents. Concentric and radial tears were found 

to be frequent in young discs as well as in specimens harvested from elderly donors. 

However, studies showed that the presence of radial tears increases with ageing (Haefeli 

et al. 2006; Hirsch and Schajowicz 1952). Rim lesions and endplate separations had higher 

incidence in the 50–80 age group (Vernon-Roberts et al. 2007).  

Changes to the endplate are also observed (Pfirrmann et al. 2001; Wilke et al. 2006). 

During degeneration, the endplates calcify and become sclerotic (Benneker et al. 2005; 

Roberts et al. 1993; Roberts et al. 1996). Although the hypothesis of an endochondral 

ossification process in the cartilaginous endplate related to changes in load transfer from 

the NP to the AF (Benneker et al. 2005; Roberts et al. 1993; Roberts et al. 1996)  is, as yet, 

unproven, it does have several biomechanical consequences. For example, significantly 

less flexible endplates that are prone to fracture, altered load transfer to vertebrae and 

reduced water and solute exchange between the disc and the vertebrae. 

Disc height is generally not affected (Berlemann et al. 1998; Frobin et al. 1997) or even 

slightly increased (Amonoo-Kuofi 1991) in the physiological ageing process, whereas 



 

 

collapse of the intervertebral space is common in pathological disc degeneration (Murata 

et al. 1994; Pfirrmann et al. 2001; Thompson et al. 1990; Wilke et al. 2006). Finally, 

formation of osteophytes around the margins of the vertebral bodies is a common 

observation associated with disc degeneration (Pfirrmann et al. 2001; Thompson et al. 

1990; Wilke et al. 2006). It has been estimated that 25 % of subjects in their third decade 

and 90 % in their sixth decade have at least one vertebral osteophyte (Nathan et al. 1994). 

Osteophytes are believed to be an adaptive remodelling process that stabilizes an 

unstable spine segment. This statement has been confirmed by in vivo experiments in 

rabbits in which osteophyte growth was observed in the adjacent vertebrae after artificial 

lesions in the anterior annulus fibrosus (Lipson and Muir 1980). 

1.6 Pain 

Disc degeneration is believed to be the major cause of mechanical or axial back pain 

(Cheung et al. 2009; Kuslich et al. 1991), defined as back pain determined by loss of 

integrity of the spinal structures. Degenerated discs with structural abnormalities have 

been found to be more strongly correlated with discogenic pain, i.e. pain that pertains to 

or originates in an intervertebral disc, than the normal changes with age (Freemont et al. 

1997). Severely degenerated discs, including collapsed, prolapsed discs and discs showing 

leaking radial tears, exhibited a higher penetration of nociceptive nerve fibres toward the 

nucleus centre (Freemont et al. 1997; Videman et al. 2003; Videman and Nurminen 2004). 

This phenomenon has been associated with increased back pain (Garcia-Cosamalon et al. 

2010). Endplate lesions and irregular endplate loading were also found to be correlated 

with back pain history (Wang et al. 2012). In addition to this, due to the loss of height, the 

vertebral bodies approach one another. Because the vertebral body is not only moving 

downwards but also backwards, in some cases the nerve root may be displaced cranially 

into a small space, close to the joint capsule, thus causing radicular pain (Harris and 

Macnab 1954). Pain due to disc degeneration is usually exacerbated by specific body 

positions, e.g. sitting (Karadimas et al. 2006), and certain movements, for example 



 

 

twisting and lifting weights (Blankenbaker et al. 2006), because the facet impinges against 

the nerve root which leads to pain. Another important cause of axial back pain is facet 

joint osteoarthritis, which consists in the decrease of the thickness and regularity of the 

cartilage layer of the facet joints. Disc degeneration and facet joint osteoarthritis are 

commonly observed together in the same patient and spinal level (Fujiwara et al. 2000; 

Gries et al. 2000; Kalichman and Hunter 2007) and a possible correlation between these 

two pathologies is currently debated (Suri et al. 2011). 

1.7 Biomechanics of a motion segment 

The aforementioned degenerative changes of the intervertebral disc are believed to be 

significantly correlated with alterations of the flexibility of the motion segment. Flexibility 

is the amount of displacement of the motion segment under an applied load. The 

flexibility of motion segments is mostly tested in three principal bending directions: 

bending forward (flexion), bending backwards (extension), sideward bending (lateral 

bending) and torsion (axial rotation). Due to the interplay between the IVD, ligaments and 

the facet joint, the behaviour of a motion segment is nonlinear. The displacement 

behaviour can be separated into the total amount of displacement (range of motion: RoM), 

the neutral zone (NZ), defined as the region where the motion segments is highly 

deformable and the elastic zone (EZ), defined as the region with high stiffness (Panjabi 

1992). The stiffness of motion segment is the slope of the curve in the EZ (Figure 1.4) 

(Wilke et al. 1994).  



 

 

 

Figure 1.4. Load displacement curve of a spinal motion segment, including the definition of range of motion, 
neutral zone, elastic zone and stiffness (Wilke et al. 1994). 

The response is rate dependent, caused by the IVD tissue properties and the material 

behaviour of the ligaments.  

When a load is applied in one direction, the motion segment is mostly also showing some 

movement in other directions: coupled motions. For example, when an axial rotation is 

applied, the motion segment is also moving in lateral bending. 

1.7.1 Biomechanics of the degenerated motion segment 

Kirkaldy-Willis and Farfan (Kirkaldy-Willis and Farfan 1982) hypothesized that the course 

of disc degeneration is characterized by three stages: temporary dysfunction followed by 

instability, i.e. an abnormal response to physiological loads, with reduced spinal stiffness 

and greater motion compared to the healthy SMS (Pope and Panjabi 1985), and 

subsequently stabilization. Instability was therefore connected to early and moderately 

disc degeneration and believed to be the main factor responsible for low back pain. Other 

studies further developed this topic and provided a clear definition for spinal instability as 

an abnormal response to physiological loads, with reduced spinal stiffness and greater 

motion (Pope and Panjabi 1985). This rationale provided a basis for fusion surgery to treat 

low back pain (Frymoyer and Selby 1985), with which the mobility of the spinal segment is 



 

 

eliminated. Ten years after this definition, the first follow-up study reporting on a surgical 

implant that restrict the flexibility of the motion segment, but preserves some degree of 

possible motion (dynamic stabilization device), was published (Grevitt et al. 1995). Since 

then, multiple devices were developed and are currently widely employed, with different 

success rates. 

The hypothesis of increased flexibility for early degenerated discs has been a topic of 

debate since then. Numerous in vitro studies has been conducted; some reported an 

increase in spinal flexibility with early and moderate degeneration whilst other 

investigations (Fujiwara et al. 2000; Krismer et al. 2000; Tanaka et al. 2001) have found an 

increase in spinal stiffness with early and moderate degeneration (Kettler et al. 2011; 

Mimura et al. 1994; Zirbel et al. 2013) or a combination of both (Oxland et al. 1996). 

Tanaka et al. (Tanaka et al. 2001) found maximal flexibility in axial rotation in the lower 

lumbar spine for mildly degeneration, whereas minimal changes in the spine motion were 

found in flexion, extension and lateral bending. Similar results were reported by Fujiwara 

et al. (Fujiwara et al. 2000) who found maximal range of motion for spine specimens of 

grade IV of the Thompson (Thompson et al. 1990) scale  in flexion, extension and axial 

rotation, and for grade III in lateral bending. Both papers showed reduced mobility for 

severely degenerated spines (grade V (Thompson et al. 1990)). Krismer et al. (Krismer et al. 

2000) did not analyse flexion-extension, but found increased flexibility of lumbar 

specimens in axial rotation and lateral bending starting from grade III. On the contrary, a 

recent study (Berg et al. 2012) reported increased range of motion only in axial rotation 

for severely degenerated specimens (grade IV, V), whereas in flexion/extension and lateral 

bending disc degeneration was correlated with decreased flexibility. These findings are in 

general good agreement with the widely cited study by Mimura et al. (Mimura et al. 1994), 

which showed reduced flexibility in flexion-extension and lateral bending and higher 

flexibility in axial rotation. The most comprehensive study consisted of a retrospective 

analysis of a large database of in vitro results, including tests carried out on 203 motion 

segments harvested from 111 donors; it showed that spinal stiffness increased in 

flexion/extension and lateral bending from no to severe degeneration (Kettler et al. 2011). 



 

 

No changes in the range of motion were observed in axial rotation. As a matter of facts, 

there is no evidence supporting a clear clinical significance of instability in the diagnosis 

and treatment of disc degeneration. These findings pose questions on the current 

indications of dynamic stabilization systems, which may be restricted to cases in which the 

instability is actually proven, e.g. with radiographic investigations or when decompression 

and subsequent iatrogenic destabilization is necessary. It should be noted however that 

these findings were derived under different conditions and are therefore only partially 

comparable. 

1.8 Influence of the specific degenerative changes on the motion segment biomechanics 

1.8.1 Disruptions and tears  

The consequences and influence of the presence of tears on the biomechanics of the 

motion segment are still a debated research question that has been investigated in a few 

papers. It is generally believed that disc disruptions and tears are the main factors 

responsible for the clinical instability in mild degeneration, as hypothesized by Kirkaldy-

Willis and Farfan (Kirkaldy-Willis and Farfan 1982). This statement is not supported by 

available biomechanical studies, which are however not conclusive. Tanaka et al. (Tanaka 

et al. 2001), for example, showed increased flexibility of human spine segments exhibiting 

radial tears but other degenerative changes were also present in the investigated 

specimens, thus disguising the specific mechanical effect of tears. This topic was more 

specifically investigated in another in vitro study on 15 sheep non-degenerated lumbar 

motion segments in which concentric, radial tears and rim lesions were artificially created 

in fixed locations (Thompson et al. 2004). Rim lesions were the only type of disruptions 

that reduced the stiffness of the motion segment, especially in lateral bending and axial 

rotation. Concentric and radial tears had no effect on the joint stability, in terms of 

flexibility and neutral zone. However, all tears changed the hysteresis energy dissipation 

characteristics of the specimens, indicating that the stress distribution inside the 



 

 

intervertebral disc had been altered. The authors concluded that this alteration may lead 

to overloading of the other structures, i.e. ligaments and facet joints, thereby inducing a 

progression of the degeneration of the motion segment. In another study (Przybyla et al. 

2006), rim lesions have been shown to have a negligible effect in determining the stresses 

inside the intervertebral disc when compared to endplate fractures. 

1.8.2 Osteophytosis 

Few in vitro studies investigating the mechanical effects of vertebral osteophytes exist, 

but the concept that osteophytes are an adaptive reaction to stabilize the motion of 

unstable spines, rather than a degenerative phenomenon, seems to be supported by the 

currently available data. Tanaka et al. (Tanaka et al. 2001) and Fujiwara et al. (Fujiwara et 

al. 2000) showed that there is a stiffness increase in the degenerative degrees including 

osteophytosis. However, these studies cannot be considered conclusive in this regard due 

to presence of other degenerative changes of the spine such as disc disruption and disc 

height collapse. A more specific in vitro investigation conducted on 20 human motion 

segments showed comparable results (Al-Rawah et al. 2011). Vertebral osteophytes were 

found to stabilize the spine from 35% to 49% in bending motions, and less effectively (15%) 

in compression. The mechanical effect of osteophytes tended to increase with the size of 

the spurs.  

1.8.3 Matrix changes  

Disc degeneration compromises the capacity of the intervertebral disc to imbibe water 

and swell. As shown by Johannessen and Elliot for the NP (Johannessen and Elliott 2005) 

and Iatridis et al. (Iatridis et al. 1998) and Gu et al. (Gu et al. 1999) for the AF, these 

changes affect the biomechanical behaviour of the disc. Due to the reduction of the 

proteoglycan content in the NP, the swelling capacity of the NP tissue decreases 

significantly; at the same time, due to breakdown of collagen, the permeability of the 



 

 

tissue increases. Because of these changes, the water can be more easily squeezed out of 

the tissue and the NP tissue may not be as successful in withstanding high loads for a long 

period of time compared to a healthy NP. With regard to the AF, a disappearance of 

nonlinear behaviour under compression, which can be explained by the change in water 

and collagen content (Iatridis et al. 1999), has been reported. Permeability of the AF tissue 

changes from a highly anisotropic behaviour to a more uniform behaviour, independent of 

the direction. Due to stiffening of the AF and the reduced load carrying capacity of the NP, 

the AF becomes the major load bearing component of the intervertebral disc (Adams and 

Hutton 1983). 

The mechanical effect of these degenerative changes is not fully understood and scarcely 

investigated, although Zhao et al. (Zhao et al. 2005) showed increased flexibility and 

neutral zone after dehydration of the NP in vitro by applying a sustained compressive load 

that caused a reduction of the disc height. This indicates that these changes lead to 

instability of the whole motion segment. 

1.8.4 Collapse of the intervertebral disc 

Numerical models were used to assess the effect of the reduction of disc height as a 

consequence of dehydration. This approach allows for studying the effect of single 

degenerative parameters, keeping the other degenerative characteristics unaltered. 

Coherently with Tanaka et al. (Tanaka et al. 2001), Galbusera et al. (Galbusera et al. 2011b) 

found increased compressive and flexion-extension stiffness of the spinal segment with 

decreasing disc height. These results were confirmed by a probabilistic numerical model 

targeted to the investigation of the effect of the anatomical variability of the spine 

(Niemeyer et al. 2012). 

Besides the biomechanics of the spine, the reduction in height of the disc directly effects 

the adjacent vertebrae; it can lead to an increase of more than 50% of the compressive 

force on the lumbar spine being resisted by the neural arch (Pollintine et al. 2004b), whilst, 



 

 

at the same time, a reduction of force in the vertebral bodies could lead to bone mass loss 

due to unloading (Pollintine et al. 2004a). Such changes in loading pattern, as well as 

narrowing discs, are also associated with osteoarthritis in the apophyseal joints (Fujiwara 

et al. 2000). 

1.9 Change in vertebral stiffness  

Due to the occurrence of disc degeneration, loads are transferred in a different way to the 

adjacent vertebra compared to a healthy, i.e. non-degenerated, disc. Consequently, 

through Wolff’s law (Wolff 1892), these changes in loading conditions lead to adaptation 

of the vertebra. Due to this, bone stiffness of the adjacent vertebrae is affected. However, 

similar to the earlier mentioned effects of degeneration of the IVD on the kinematical 

behaviour of the spine, also the findings of changes in bone stiffness, expressed as 

changes in bone mineral density (BMD), do not all agree. Some reported a decrease in 

BMD (Adams et al. 2006) while others found an increase (Pye et al. 2006; Wang et al. 

2011). However, independently of the direction of these changes, due to this change in 

bone stiffness, the loads are transferred in a different way to the disc compared to before, 

effecting the IVD. This could speed up the degeneration process resulting in a mutually 

reinforcing effect on both disc and bone changes.  

The disc and its environment, i.e. vertebra, are connected in a complex interplay. Due to 

degeneration, tissue components, i.e. biochemical components, of the disc are changing 

leading to a different mechanical behaviour of the individual tissue. The disc is composed 

of two type of tissue that together determines how the disc mechanically behaves. As the 

mechanical response of the individual tissues changes, the disc will respond in a different 

way to a mechanical load. Therefore, also the load transferred to the adjacent tissue, e.g. 

vertebra, will be different, resulting in adaptation of the bone. This adaptation causes a 

modification in load transfer through the whole spine, affecting other discs, resulting in 



 

 

different mechanical behaviour of the discs and consequently a change in tissue behaviour, 

triggering the degeneration process at the cell level (Figure 1.5).  

 

Figure 1.5. Visualization of the different scales and interaction of each scale level towards adjacent levels.  

1.10 Outline 

The first sub-aim was to develop a model able to correlate the tissue components to the 

overall mechanical behaviour of the disc (connect the cell level to the tissue level and 

organ level, Figure 1.5, bottom-up). Next, due to degeneration, the organizational 

structure of collagen inside the annulus fibrosus of the disc is affected. We believe that 

this change in structure is important and is necessary to know to investigate the effect of 

degeneration on the kinematical behaviour of the disc (study the influence of changes at 

the tissue level to changes at the organ level, Figure 1.5). Due to degeneration, the 

collagen architecture is affected resulting in a different load distribution in the AF tissue. 

This change will cause a change in kinematical behaviour at the organ level. Therefore, the 

second sub-aim was to investigate the effect of degeneration on the collagen organization. 

Next, the third sub-aim was to investigate the effects of degenerative changes in 
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biochemical content and structural tissue organization at the organ level (Figure 1.5). 

Finally, the last sub-aim was to investigate how the changes at the organ level influence 

the interaction between bone and disc and how this interplay and changes at the organ 

level translates to changes at the tissue and cell level (Figure 1.5, top-down) 

Within the next chapters, each sub-aim is investigated in more detail. In the second 

chapter, the first sub-aim, correlating the biochemical components to the behaviour of 

the organ, was described. The development of a multiscale model is explained; the tissue 

properties are a function of their biochemical composition and microstructural 

organization. Constitutive material properties of the biochemical constituents are 

determined by fitting the predicted behaviour at the tissue level to that of experimental 

measurements for individual tissues. Subsequently, this model is implemented in a spinal 

motion segment (SMS) and the outcome is compared to literature.   

With degeneration, disc tissues start to change (see above). To be able to model these 

changes, it is necessary to quantify the effect of degeneration on the tissue mechanical 

properties. Some tissue changes are well described in literature, e.g. biochemical changes, 

while others are largely unknown. For example, it is known that there is a change in 

collagen structure inside the annulus fibrosus, but this has never been quantified. As 

tissue properties determine the behaviour at the organ level, these changes need to be 

known and included to obtain realistic results. Therefore, in the third chapter, the second 

sub-aim was investigated; the degenerative changes in tissue collagen architecture are 

investigated and quantified. From human annulus fibrosus, samples are dissected from 

four circumferential and two radial locations. By using Second Harmonic Generation 

microscopy the collagen fibre orientations per location are determined utilizing a fibre-

tracking image analysis algorithm. Also, the proportionality between fibres aligned in the 

primary direction versus those in other directions is determined.  

Now, all necessary requirements necessary to study the effect of degeneration itself on 

the kinematical behaviour of a SMS are present and the effect of these parameters on the 

behaviour of the SMS at the organ level can be studied; third sub-aim (chapter four). In 



 

 

the literature, conflicting evidence is provided about the effect of degeneration on the 

flexibility of the spine: some studies reported instability with progressing degeneration 

while others report the opposite effect. To investigate this further, we use the earlier 

developed healthy SMS model (chapter two) and modify its biochemical composition and 

collagen tissue architecture (chapter three) to that of a moderately degenerative disc. The 

simulated kinematic behaviour of the degenerated spinal motion segment showed 

instability in axial rotation, while a stabilizing effect in the other bending directions was 

found.  

In the first chapters, the focus is on a particular stage or component of degeneration and 

the effect of it on the kinematical behaviour of a motion segment. In the fifth chapter, the 

focus is on the effect of surgical treatment of a degenerated disc on the adjacent tissues. 

Due to surgical intervention, the loading condition at the organ level is influenced, 

resulting in modifications at tissue and cell level in both disc and bone. To study these 

changes, a disc adaptation algorithm, based on mechanoregulation (MR), was combined 

with a bone remodelling algorithm. This model is subsequently coupled to a full lumbar 

spine FE model allowing to predict patient-specific changes due to fusion surgery. These 

predictions for both bone and disc adaptation are compared to clinical data to show the 

strength of the obtained framework.  

In the sixth chapter, the main results and conclusions, limitations of the developed models 

and future perspectives are discussed. 

MySpine 

This thesis was conducted within the framework of the EU funded project MySpine. This 

project (ICT-2009.5.3 VPH) aimed at creating a clinical predictive tool that could help to 

determine the best treatment for low back pain by providing clinicians a patient-specific 

biomechanical and mechanobiological analysis. 

  



 

 

  



 

 

 

 

Chapter 2 

A numerical spinal motion segment model 
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Abstract 

The extracellular matrix of the intervertebral disc is subjected to changes with age and 
degeneration, affecting the biomechanical behaviour of the spine. In this study, a finite 
element model of a generic spinal motion segment that links spinal biomechanics and 
intervertebral disc biochemical composition was developed. The local mechanical 
properties of the tissue were described by the local matrix composition, i.e. fixed charge 
density, amount of water and collagen and their organization. The constitutive properties 
of the biochemical constituents were determined by fitting numerical responses to 
experimental measurements derived from literature. This general multi-scale model of the 
disc provides the possibility to evaluate the relation between local disc biochemical 
composition and spinal biomechanics. 

2.1 Introduction 

The biomechanical behaviour of the intervertebral disc (IVD) is governed by the 

extracellular matrix (ECM) properties of its two tissues, the nucleus pulposus (NP) and the 

annulus fibrosus (AF). Both tissues are composed mainly of proteoglycans (PGs) and 

collagen fibres, but they differ in their amount and organization (Antoniou et al. 1996; 

Lyons et al. 1981). The NP is rich in water and PGs containing fixed negative charges that 

create a Donnan osmotic potential (Donnan 1911) within the nucleus. The tissue tends 

then to attract water to balance this potential (Urban and McMullan 1985). The collagen, 

in the nucleus, forms a loose network of randomly oriented fibres. The AF is characterized 

by a high concentration of collagen fibres, organized in a lamellar structure whose fibres 

are oriented at alternating angles (Marchand and Ahmed 1990). This anisotropy enables 

the disc to withstand bending and twisting (Meakin and Hukins 2000). The annulus 

structure, quite stiff in tension in the circumferential direction, confines the swelling 

nucleus. This leads to an osmotic pressure between 0.1 to 0.4 MPa (Nachemson and 

Morris 1964; Wilke et al. 1999) at rest, allowing the disc to support compressive loading. 

Degeneration and aging of the IVD alters its biochemistry and the tissue morphology 

(Antoniou et al. 1996; Buckwalter 1995; Lyons et al. 1981; Pearce et al. 1987). In 

moderately degenerated discs, a loss of water and PGs is observed in the nucleus, altering 



 

 

its osmotic potential. The tissue also deteriorates by becoming more fibrous, i.e. increase 

in collagen and change in collagen type (Antoniou et al. 1996). These changes affect its 

ability to sustain and transfer load  appropriately (Adams et al. 1996; Tanaka et al. 2001).  

Current finite element (FE) IVD models are mostly phenomenological (Malandrino et al. 

2009; Noailly et al. 2007; Ruberté et al. 2009; Schmidt et al. 2006; Schmidt et al. 2010). 

The osmotic swelling in the IVD is generally simulated by prescribing a constant pore 

pressure on the boundary of the outer AF (Galbusera et al. 2011c). Only few studies have 

introduced an osmotic pressure based on the fixed charge density (FCD) into bi- (Ehlers et 

al. 2009; Schroeder et al. 2010), tri- or quadri-phasic models (Frijns et al. 1997; Iatridis et 

al. 2003; Jackson et al. 2011) of the IVD tissue, providing more accurate results (Galbusera 

et al. 2011c). But, all these studies model the IVD without considering the influence of 

vertebrae and ligaments on disc kinematics. Moreover, most of these multi-phasic models 

(Malandrino et al. 2009; Noailly et al. 2007; Rohlmann et al. 2006; Ruberté et al. 2009; 

Schmidt et al. 2010) often consider AF tissue as a fibre-reinforced ground substance, 

taking into account the highly organized ultrastructure of the AF. However, they do not 

take into account the content of the tissue. Thus, these approaches do not capture the 

relationship between the ECM composition, well characterized for various ages and 

degeneration stages, and the biomechanical behaviour of the spinal motion segment 

(SMS). Our approach consists of modelling the IVD by assuming that the mechanical 

properties of the tissue are directly related to the local ECM composition and organization. 

Thus, the AF and NP properties would depend on the constituent (water, fixed charged 

density, collagen and ground substance) material properties and also proportional to their 

content within the tissues. Such an approach would allow us to evaluate the influence of 

changes at the biochemical composition level, occurring with degeneration or 

regeneration, on the mechanical function of the spine and consequently allows to 

investigate mechanoregulated changes of ECM composition at the tissue level due to 

degeneration or intervention. Schroeder et al. (Schroeder et al. 2010) developed an osmo-

poro-viscoelastic biochemical composition based-model of the IVD where the constitutive 

equations defining the constituent properties were determined by fitting numerical 



 

 

models to experimental tests performed on isolated nucleus and annulus tissue samples. 

However, only a simplified geometry of the IVD was used and only behaviour under 

compressive loading was examined. In this paper, the material model of the disc was 

improved to capture more sophisticated known phenomena of the ECM and the IVD 

model was also extended to an SMS model to be able to evaluate spinal biomechanics. 

The objective of this study was to develop and validate a biochemical composition-based 

FE model of a lumbar healthy IVD within an SMS, including the adjacent vertebrae, the 

cartilage and bony endplates and major ligaments, able to capture the relationship 

between disc ECM biochemical composition and SMS kinematics. The properties of the 

adjacent vertebrae, cartilage and bone endplates and the major ligaments were taken 

from previously validated phenomenological L3-L5 SMS model (Noailly et al. 2012), the 

methodology to model a composition based disc was similar as in the study of Schroeder 

et al. (Schroeder et al. 2010). First, a set of constitutive parameters was determined for 

healthy IVD tissue, by fitting the model to experimental tests done on isolated AF and NP 

tissues. Then, a biochemical composition-based IVD model was implemented in a L3-L4 

SMS model, and its kinematics under axial compression and pure moments was evaluated 

and compared to in-vitro data. By doing this, the limitations of both models, the lack of 

the composition based behaviour of the IVD in the model of Noailly et al. (Noailly et al. 

2012) and the simplified geometry as well as the limited usability of the model of 

Schroeder et al. (Schroeder et al. 2010), were overcome. 

2.2 Material and Methods 

A biochemical composition-based FE model of the IVD within a L3-L4 SMS was developed 

with FE software Abaqus 6.10EF (Simulia, Providence, RI, USA). First, a set of constitutive 

parameters was determined by fitting the model to experimental tests done on isolated 

tissues. Second, a biochemical composition-based IVD model was implemented in a L3-L4 



 

 

SMS model, and its kinematics under axial compression and pure moments was 

evaluated and compared to in-vitro data.  

2.2.1 Fibre-reinforced osmo-poro-viscoelastic model of the IVD  

The model of the disc was based on Schroeder et al. (Schroeder et al. 2010) with 

extensions in the constitutive equations of the biochemical constituents of the IVD. The 

disc is described as a biphasic material saturated with water, with the material properties 

depending on the local ECM composition. The solid phase consists of a fibrillar part, the 

collagen fibre network, embedded in a non-fibrillar part, the ground substance, composed 

mainly of proteoglycans. Two improvements were made to the total stress tot  as 

described by Schroeder et al. (Schroeder et al. 2010) and Wilson et al. (Wilson et al. 

2006b): the isotropic stiffness of the collagen fibres 
isof

 was taken into account and the 

stress in the solid phase was divided by the volumetric deformation J  to account for 

changes in solid volume fraction due to volumetric changes of the tissue, as described by 
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where 0,sn is the initial solid volume fraction, J the determinant of the deformation 

tensor F, nf the stress in the non-fibrillar matrix, 
isof

the isotropic stress in the collagen 

fibres, i
f the tensile stress in the ith fibril, i

c the fibril density, totf the amount of fibrils, 

f the water chemical potential, I the unit tensor and the osmotic pressure relative 

to the external physiological salt concentration. The distinction between AF and NP tissue 

properties results from the differences in the distribution and organization of the 

extracellular constituents (Table 2.1). 

  



 

 

Table 2.1: Biochemical composition of a healthy intervertebral disc (Antoniou et al. 1996; Lyons et al. 1981; 
Urban and Holm 1986; Urban and Maroudas 1979). 

 Nucleus pulposus Annulus fibrosus 

Water content [% wet weight] 80 75 

Collagen content [% dry weight] 15 65 

FCD [mEq/ml] 0.30 0.20 

 

Although the whole tissue is compressible, the solid matrix and the fluid are assumed to 

be incompressible. Therefore, the non-fibrillar matrix properties are described with a 

modified Neo-Hookean law improved from Wilson et al. (Wilson et al. 2006b) and given by 
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 (Eq. 2.2) 

where nfGm is the constituent shear modulus of the non-fibrillar matrix. The isotropic 

stress in the collagen fibres 
isof

was described with a similar equation, in which nfGm  

was replaced by the constituent shear modulus of the collagen fibres fGm . 

The viscoelastic properties of the collagen fibres were modified from Schroeder et al. 

(Schroeder et al. 2010), replacing each spring of the Zener model (Figure 2.1) with a two 

parameter exponential stress-strain relationship to account for the strain dependent 

equilibrium stiffness of the collagen fibres (Wilson et al. 2006b). Therefore, stress 1P in the 

spring 1S becomes 
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01P    for 0f  

And, since the stresses in the spring 2S and in the dashpot are equal, the stress 2P in the 

spring 2S  becomes 
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02P      for 0f  

where 1E , 2E , 1k and 2k are positive constituent material constants, f the total fibril 

logarithmic strain, e the strain in the spring, v the strain in the dashpot and the 

damping coefficient. The total fibril stress is given by  

21 PPPf     for  0f   (Eq. 2.5) 

0fP      for 0f  

The fibre stress tensor is defined as 
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      (Eq. 2.6) 

where is the elongation of the fibril and fe the unit vector in the current fibril direction. 



 

 

 

Figure 2.1. Schematic model of a viscoelastic collagen fibril. (Wilson et al. 2006b) 

The collagen fibre network in the AF is composed of two main primary fibre directions, 

oriented within the lamellae planes, with an angle varying in the circumferential 

direction (Holzapfel et al. 2005), and an anisotropic network of lesser randomly orientated 

fibres. 

13.02.23       (Eq. 2.7) 

where varies between 0 and 180° (from anterior to posterior, respectively). The 

randomly orientated fibre structure was assumed to be homogeneous and was 

represented by 13 fibre directions, 3 along the x-, y- and z-axis directions, 6 in all 

directions with 45° angle to the x-, y- and z-axis (Wilson et al. 2004) within the xy, xz and 

yz planes and 4 at equal angles between the x-, y- and z-axes. The relative densities of 

these two sets of fibres are given by 
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cc  for the primary fibres   (Eq. 2.8) 

132
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2, Ccc  for the randomly orientated fibres 

where C  was assumed to be 38 (Schroeder et al. 2010). The collagen fibres in the NP 

tissue are organized randomly and represented by 13 randomly orientated fibre 

orientations.  

The permeability was assumed to be strain-dependent and determined by the amount of 

extrafibrillar water (Wilson et al. 2006b): 

M
exfnk )1(       (Eq. 2.9) 

where and M are two positive material constants and exfn the current extrafibrillar fluid 

fraction. The swelling is implemented through the osmotic pressure gradient locally 

expressed as a function of the FCD, based on the assumption that the mobile ions are in 

equilibrium instantaneously (Lanir 1987; Wilson et al. 2005). Therefore, the osmotic 

pressure gradient is given by 

extextext
ext

F RTcccRT 2
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)(4 2

int

2
2

int   (Eq. 2.10) 

where int and ext are the osmotic coefficients and int  and ext  the activity coefficients, 

Fc  the FCD, extc  the external salt concentration, R the universal gas constant and T the 

absolute temperature. 



 

 

2.2.2 Determination of set of unknown constitutive parameters 

Four mechanical experiments retrieved from literature (Johannessen and Elliott 2005; 

Schroeder et al. 2008) were numerically simulated to determine the parameter values 

describing the ECM component biomechanical behaviour: two tensile tests performed on 

isolated AF samples and two confined compression tests done on isolated AF and NP 

tissue samples. The mechanical properties of the ECM constituents were optimized to fit 

the computed reaction forces or stress to the experimental results. The unknown 

parameters were the constituent shear moduli of the collagen fibres and the non-fibrillar 

matrix ( mfG and mnfG  respectively), two positive permeability constants (M and ) 

and the collagen fibre parameters ( 1E , 2E , 1k , 2k  and ). Parameter values determined 

for cartilage tissue (Wilson et al. 2006b) were used as initial values and mfG  was assumed 

to be similar to mnfG . They were then adjusted till the numerical simulation fell within 

one standard deviation of the experimental data. First, the NP confined compression 

experiment was simulated. By simulating this experiment, the permeability constants as 

well as the constituent shear modulus of the non fibrillar matrix were determined. The 

initial values were first adjusted till the results of the numerical simulation, i.e. stress, fell 

within one standard deviation of those of the experiments using an unconstrained 

nonlinear optimization procedure in Matlab, similar to Schroeder et al. (Schroeder et al. 

2007) Second, based on this outcome the parameters were manually fine-tuned to get a 

best match between experimental and numerical behaviour. Since this experimental 

outcome, i.e. reaction forces resp. stresses, was taken from literature, the exact 

biochemistry of this tissue was unknown. To prevent those differences in biochemical 

composition would influence the outcome of the three constituent material constants, the 

experimental and numerical data were normalized to the end (equilibrium) value. After 

determination of the shear modulus of the non fibrillar matrix and the permeability 

constants, these parameters were fixed and the other six constituent parameters were 

determined using the experimental data from the AF samples. Again, the same 

optimization steps were followed. 



 

 

  

Figure 2.2. Tissue sample locations for mechanical tests (Johannessen and Elliott 2005; Schroeder et al. 2008) and 
the corresponding FE meshes a. annulus fibrosus tensile test, b. annulus fibrosus confined compression, c. 
nucleus pulposus confined compression.  

Two previously published tensile experiments (Schroeder et al. 2008) for 6% and 10% 

strain on circumferential annulus samples were simulated to capture the viscoelastic 

behaviour of the collagen fibres (Figure 2.2). Since the samples were harvested from the 

anterior annulus in the circumferential orientation, the primary collagen fibres in the 

model were oriented at ±23° angle with respect to the transverse plane (Holzapfel et al. 

2005). Initially, the external salt concentration was brought from a hypertonic 

concentration to the physiological concentration of 0.15 M, to let the model reach 

equilibrium, simulation the sample before the actual testing. Then, the tensile test was 

simulated, stretching the sample to 6% or 10% strain at 1%/s. followed by a 15 min. 

relaxation period. The reaction force was computed during loading and relaxation. During 

the simulation, the water was allowed to flow freely in and out of the model through all 

faces, except those gripped by the clamps. The details concerning mesh dimensions and 

geometries are given in Table 2.2.  

  



 

 

Table 2.2. Mesh characteristics and geometry planes of the three finite element models used to simulate the 
experimental tensile and confined compression (CC) tests performed on annulus fibrosus (AF) and nucleus 
pulposus (NP) tissue(Johannessen and Elliott 2005; Schroeder et al. 2008). C3D8P is a 3D linear porous element 
and CAX4P is an axisymmetric linear porous element. L is the mesh length in the sagittal plane, W the width in 
the transversal plane, T the thickness in the frontal plane, R the radius in the frontal plane and H the height in the 
sagittal plane, respectively. 

 AF tensile test AF CC NP CC 

Element number 3600 720 30 

Element type C3D8P C3D8P CAX4P 

Dimensions (mm) L x W x T 

7.5 x 1.475 x 1 

R x H 

1.25 x 2.793 

R x H 

2.185 x 2.4 

Symmetry Sagittal, transversal, 
frontal 

8
1  of sample 

Frontal and sagittal 

4
1  of sample 

axisymmetric 

 

Two experimental previously published confined compression tests, performed axially on 

AF (Schroeder et al. 2008) and NP (Johannessen and Elliott 2005) tissues were simulated 

to identify the non-fibrillar mechanical behaviour and the strain-dependent permeability. 

Taking into account the randomly organized fibre network in the NP, these samples were 

modelled with an axisymmetric model (Figure 2.2c), while the AF samples were modelled 

as a quarter of a cylinder, assuming sagittal and frontal symmetry (Figure 2.2b). Due to the 

small size of the sample with regard to the dimensions of the whole AF tissue, the lamellae 

of the annulus samples were assumed to be parallel and oriented along one symmetry 

plane (Table 2.2). Similar to the tensile test, the models were allowed to build up a 

pressure. Before the actual compressive test was performed, an isometric swelling of 1% 

compressive strain was applied in 10 seconds and held for three hours, as done in the 

experiments. Then, 5% compressive strain was added in 0.01%/s. and 0.008%/s. for AF 

and NP models respectively, and kept constant for two hours while stress and reaction 

were computed. 

  



 

 

2.2.3 Spinal motion segment kinematics 

The composition-based IVD model was integrated into a L3-L4 SMS FE model, based on a 

L3-L5 FE model from Noailly et al. (Noailly et al. 2007) the model was composed of two 

vertebrae including the posterior arches, the IVD and seven major ligaments (anterior 

longitudinal, posterior longitudinal, capsular, supraspinous, ligamentum flavum, 

interspinous and intertransverse ligaments). The material properties for bone, cartilage 

and ligaments were derived from Noailly et al. (Noailly et al. 2012; Noailly et al. 2007) 

(Table 2.3). Poroelasticity was considered only for the AF, NP and the cartilage endplates. 

The permeability used for the cartilage endplates was 7.5e-15 m4/Ns. The articular facet 

surfaces were modelled with surface-to-surface frictionless contact. Ligaments, except for 

the posterior longitudinal ligament (PLL), were modelled with the truss elements with an 

exponential stress-strain relationship for the toe region, followed by a linear behaviour 

(Noailly et al. 2007) as described by 

BAES        (Eq. 2.11) 

DCES  

where S  is the 2nd Piola-Kirchhoff stress, E  the Green strain and A , B , C  and D  four 

constants defined in Noailly (Noailly 2009). Unlike the other ligaments, the PLL is not only 

attached to the vertebrae but also to the annulus ( 1990; Heuer et al. 2008; Kojima et al. 

1990). Thus, it was modified to match the AF posterior shape, and modelled with surface 

fibre-reinforced elements, tied to the edge of the vertebrae and the posterior annulus. 

The material properties of the rebars, the reinforcing fibres, were hypoelastic similar to 

the other ligaments. 

Similar to the tissue models used to determine the constitutive material parameters, the 

disc was initially defined in a non-physiological state with neither osmotic pressure nor 

any pretension in the collagen fibres, though the initial SMS geometry matched the native 

geometry (Noailly et al. 2007). Therefore, in a preliminary simulation, the disc model was 



 

 

allowed to freely swell with no resistance in the ligaments until it reached a mechanical 

equilibrium between the osmotic pressure and the stress in the collagen fibres. The 

unswollen height of the disc model was then scaled to compensate for the swelling 

process. Thus, prior to each loading of the disc, the scaled unswollen disc was allowed to 

swell freely to reach a final geometry corresponding to the physiological unloaded state of 

a native disc. 

Table 2.3. Spinal motion segment finite element model material properties, derived from Noailly et al. (Noailly et 
al. 2012; Noailly et al. 2007) 

 Material properties Elastic modulus (MPa) Poisson ratio 

Trabecular bone Linear elastic 140 0.45 

Cortical bone Linear elastic 12 000 0.40 

Bony posterior 
elements 

Linear elastic 3 500 0.30 

Bony endplate Linear elastic 1 000 0.30 

Cartilage endplate Poroelastic 24 0.40 

Facet cartilage Mooney-Rivlin 

 824.1,111.0,007.0,227.0 11200110 CCCC  

Ligaments Hypoelastic 

Annulus fibrosus Osmo-poro-viscoelastic 

Nucleus pulposus Osmo-poro-viscoelastic 

 

The behaviour of the FE model was evaluated under pure moments (7.5 Nm) in the three 

main directions. Moments and loads were applied to a reference point (RP), located on 

the mid-sagittal plane, 20 mm above the proximal bony endplate of L3, to coincide with 

the experimental set-up. The degrees of freedom (DOFs) of the nodes located on the 

proximal surface of the L3 bony endplate were coupled to the RP DOFs. An axial preload of 

500 N was applied for 15 min to the RP (Heuer et al. 2008). Next, axial, sagittal or frontal 



 

 

pure rotational moments of 7.5 Nm were applied to the proximal endplate of L3, in 5 

seconds. During the simulations, the distal part of L4 was fixed in all directions and the 

fluid was allowed to flow through the annulus periphery and the cartilage endplates. The 

range of motion (RoM) and the facet forces at 7.5 Nm were compared to in-vitro 

polysegmental data (Niosi et al. 2008; Niosi et al. 2006; Noailly et al. 2007; Panjabi et al. 

1994; Wilson et al. 2006a), as well as a previously validated bisegmental numerical model 

(RoM only) (Noailly et al. 2007). As shown by Kettler et al. (Kettler et al. 2000), kinematics 

of monosegments and poly- or bisegmental specimens are not directly comparable. 

Therefore, the RoMs were corrected based on the percentage difference between mono-, 

poly and bisegmental behaviour (Table 2.4). 

Table 2.4. Percentage difference in RoM with respect to a monosegmental lumbar motion segment according to 
Kettler et al. (Kettler et al. 2000) 

 Polysegment Bisegment 

Flexion/extension -37.7 % -9.8 % 

Lateral bending -7.5 % 0 % 

Axial rotation 16.7 % -33.3 % 

 

The SMS compressive behaviour was validated for short and long term loading against two 

axial compressive in-vitro studies (Adams and Hutton 1983; Heuer et al. 2007). Disc bulge 

and height change were compared to the experiment of Heuer et al. (Heuer et al. 2007) 

performed on the SMS anterior column, under a 500 N axial compressive load applied in 

60 seconds to the proximal part of L3 and kept constant for 900 seconds, using the same 

boundary conditions as described before, similar to the experimental protocol. A similar 

approach was used to compare disc height and water loss measurements after 4 hours of 

creep under 700 N (Adams et al. 1990). 

  



 

 

2.3 Results 

2.3.1 Constitutive Properties 

The unknown set of constituent material parameters obtained by fitting the model to 

experimental confined compression and tensile tests were determined as 1E  = 1.6 MPa, 

1k  = 9.9, 2E  = 1.4 MPa, 2k  = 8.2, =780, mnfG  = 1 MPa, mfG  = 1 MPa, M  = 0.9 and 

 = 1.3e-4 mm4/Ns. Both tensile test (Figure 2.3a-b) and confined compression fits (Figure 

2.c-d) were in good agreement with the experimental stress- and force-relaxation curves. 

Only the ramp load portion of the confined compression simulations seems overestimated 

for the AF tissue (Figure 2.3c) and rather underestimated for the NP tissue (Figure 2.3d). 

Next to that, the NP equilibrium response under confined compression was highly 

sensitive to the biochemical composition (sensitivity data not shown). Since the exact 

composition of the samples tested experimentally was not known, the data of the fitting 

were normalized by the equilibrium value. 



 

 

 

Figure 2.3. Comparison of the fitted axial reaction forces to the experimental data (Johannessen and Elliott 2005; 
Schroeder et al. 2008) for tensile test of annulus fibrosus (AF) tissue at 10 % (a) and 6 % strain (b) and confined 
compression tests of annulus tissue (c) and fitted stress in the nucleus pulposus (NP) tissue (d). 

2.3.2 Spinal motion segment kinematics 

The load-displacement curves of the SMS model under 7.5 Nm of pure moments in the 

three main anatomical planes showed non-linear behaviour (Figure 2.4). The model 

predicted rotations of 4.3° in flexion/extension, 1.9 ° in axial rotation and 3.5° in lateral 

bending. In all degrees of freedom, the computed RoMs were in good agreement with the 

in-vitro experimental data (Niosi et al. 2006; Noailly et al. 2007; Panjabi et al. 1994) and 

previously validated SMS FE model (Noailly et al. 2012; Noailly et al. 2007) (Figure 2.5).  



 

 

 

Figure 2.4. Moment-displacement curve under pure moments in lateral bending. 

 

 

Figure 2.5. Comparison of the predicted range of motion under 7.5 Nm with corrected in-vitro experimental data 
(Niosi et al. 2006; Noailly et al. 2007; Panjabi et al. 1994) and previously validated SMS model (Noailly et al. 2012; 
Noailly et al. 2007), corrected according to Kettler et al. (Kettler et al. 2000). 



 

 

The computed facet force under 7.5 Nm of pure moments in axial rotation was 102 N on 

the contralateral facet. This force was within the experimentally measured range of 

Wilson et al. (Wilson et al. 2006a), however slightly overestimated compared to others 

(Niosi et al. 2008; Zhu et al. 2008). In lateral bending and flexion and extension, the 

predicted forces were in line with the in-vitro outcomes (Niosi et al. 2008; Wilson et al. 

2006a; Zhu et al. 2008) (Figure 2.6). 

 

Figure 2.6. Comparison of the predicted facet forces under 7.5 Nm in-vitro experimental data (Niosi 
et al. 2008; Wilson et al. 2006a; Zhu et al. 2008) and previously validated SMS model (Noailly et al. 
2012). 

The short and long term behaviour of the SMS model was tested in compression, under 

500 N and 700 N creep respectively, and compared to experimental data (Adams and 

Hutton 1983; Heuer et al. 2007) (Table 2.5 and 2.6). In general, the model agreed 

reasonable well with the experiments, although the model showed a stiffer behaviour 

during the initial loading phase and slightly weaker behaviour during creep, leading to a 

similar height loss at the end of the experiment. The radial disc bulge of the IVD agreed 

well with the measured values. The IVD deformation under creep was slightly 



 

 

overestimated, specifically disc height changes and water loss in the NP, while the water 

loss in the AF was in agreement with the experiments. 

Table 2.5. Comparison of the computed mechanical behaviour of the anterior column with in-vitro data from 
Heuer et al. (Heuer et al. 2007), under 15 min of 500 N axial compression. IDP is the intradiscal pressure and NP 
the nucleus pulposus. 

Axial compression 15 min creep at 500 N In-vitro data SMS model 

Initial loading (60 sec) Disc height change [mm] 1 – 1.35 0.84 

 Radial disc bulge [mm]   

 Anterior 0.46 – 1.34 0.89 

 Lateral 0.1 – 1.09 0.72 

 Postero – lateral 0.24 - 0.9 0.77 

Creep (900 sec) Disc height change [mm] 0.08 – 0.26 0.34 

 Radial disc bulge [mm] Max 0.1 < 0.15 

Complete test  Disc height change [mm] 1.08 – 1.57 1.02 

 IDP in NP [MPa] 0.36 – 0.52 0.69 – 0.75 

    

Table 2.6. Comparison of the computed mechanical behaviour of the anterior column with in-vitro data (Adams 
et al. 1990; Adams and Hutton 1983), after 4 hours of creep under 700 N axial compression. 

Axial compression, 4h creep at 700N In-vitro data Model 

Disc height change [mm] 1.4 ± 0.5 1.99 

Water loss [%] AF 10.5 ± 8 9.5 

 NP 1.2 ± 7.3 16.4 

 

  



 

 

2.4 Discussion 

In this study, a healthy L3-L4 SMS FE model was developed, including a model of the IVD 

based on its biochemical composition. First, a set of tissue constituent material properties 

were determined by fitting the numerical outcomes to in-vitro experiments performed on 

NP and AF tissues. Next, the mechanical behaviour of the whole L3-L4 SMS was validated 

against in-vitro tests showing that the composition-based IVD model is able to reproduce 

the mechanical behaviour of tissue samples as well as the overall kinematics of a lumbar 

SMS.  

The generated model was based on a previously validated L3-L5 SMS model (Noailly et al. 

2012) and a fibre-reinforced osmo-poro-visco-elastic FE model of the L3-L4 IVD (Schroeder 

et al. 2010). As stated before, three improvements were made to the model of Schroeder 

et al. By improvements, it is not implied that the described model is more accurate than 

the previous (Schroeder et al. 2010), but due to these modifications, the model is able to 

captures more phenomena that exist in the disc tissues and also models the entire SMS. 

Thus, the new model is more versatile, realistic and can be better used to study 

relationships between changes at the tissue level and those in spine biomechanics.  

Numerical simulations of mechanical experiments (Johannessen and Elliott 2005; 

Schroeder et al. 2008) performed on isolated NP and AF tissues were fitted against 

experimental data to determine the set of unknown constitutive parameters. The model 

presented good conformity with the experimental data although the loading portion of 

the confined compression tests had small discrepancies with the experiments. This could 

be explained by a difference in initial state of the samples between experiments and 

numerical models. When AF and NP samples are isolated from a motion segment, their 

ECM structure is modified, i.e. the collagen fibres are not in tension and the tissue is not 

confined anymore. These changes influence tissue swelling and pre-stress as well as 

orientation of the fibres. Unfortunately, since the exact initial state of the tissue samples 



 

 

were unknown, these changes in matrix organization could not be considered in our 

model. 

Since the composition and structure of articular cartilage is comparable to the tissue in 

IVDs, constituent material parameter values found for articular cartilage were used as 

initial values for the fitting procedure and subsequently adjusted until the simulated 

mechanical behaviour of the tissues were in good agreement with the experiments (both 

the behaviour at the tissue level as at the whole SMS level). Although this method did not 

ensure a unicity of each individual constituent material parameter, it gave a combination 

of nine constituent material parameters that resulted in reasonable individual tissue 

behaviour as found in literature as well as reasonable behaviour of the IVD inside the SMS 

model. A sensitivity analysis was conducted (see Appendix) to investigate the effect of 

each individual constituent material parameter on the tissue behaviour. This study 

showed that some of the fitted parameter values were critical for simulating the tissue 

behaviour of interest. In this sense, they can be considered “unique” while other 

parameter values were not so sensitive in describing the tissue behaviour of interest and 

these values cannot be considered unique. To precisely determine these values, more 

diverse tissue loading experimental data would need to be fitted. Nevertheless, although 

the unicity of the individual constituent parameter values cannot be guaranteed, as a set, 

they do correctly simulate the behaviour of interest at the tissue level. Therefore, it is 

believed that the current combination of the nine constituent material parameters is valid. 

The SMS anterior column model behaviour was compared to experimental measurements 

(Adams and Hutton 1983; Heuer et al. 2007) in axial compression after 500 N fast ramp 

loads, after 15 minutes of 500 N creep and after 4 hours of 700 N creep. The behaviour 

under fast loading showed a difference between the numerical model and the 

experiments, disc height change was underestimated and IDP was overestimated. Such 

discrepancies might come from the geometry differences between spinal segment of the 

numerical model (L3-L4) and the experiments (L4-L5). A similar load on a rather larger IVD 

(L4-L5) will generate a smaller pressure. The water loss in the NP were higher than in the 

experiments (Adams and Hutton 1983), but as the experimental authors stated in their 



 

 

discussion, the water loss measurements in the NP may be underestimated due to blood 

clotting in the endplates. This could also affect the disc height loss during creep, which 

was higher in the simulation compared to the experiments (Adams and Hutton 1983; 

Heuer et al. 2007). Therefore, by taking into consideration these remarks, the compressive 

behaviour of the SMS model agreed reasonably well with the experiments. 

The kinematics of the whole L3-L4 SMS, including the posterior elements and the seven 

major ligaments, showed good agreement of the RoMs with experiments. The comparison 

between in-vitro and numerical data should be interpreted with care (Niosi et al. 2008; 

Niosi et al. 2006; Noailly et al. 2007; Panjabi et al. 1994; Wilson et al. 2006a; Zhu et al. 

2008) since the experiments were performed on polysegmental or bisegmental specimens, 

while the numerical model represented a monosegment. As shown by Kettler et al. 

(Kettler et al. 2000), the length of the in-vitro specimen influences the kinematic since 

three ligaments (anterior longitudinal, posterior longitudinal and supraspinous) have 

fibres spanning several vertebrae (Kettler et al. 2000). Therefore, the stability of spinal 

segments decreases with shorter specimens. To account for this issue, the experimental 

values of RoMs were adjusted based on the percentage changes in poly and bi-segments 

with respect to monosegments.  

As for the facet forces, uncertainties regarding the facet joints could account for the small 

overestimation of the mean contact forces, although still within the experimental variance. 

The model geometry of the posterior bony elements was based on computational 

tomography (CT) images of a L4 vertebra and geometry adjustments based on anatomical 

measurements of spinal cadavers. However, CT images do not allow accurate 

reconstruction of cartilage tissue, leading to simplification of the tissue model. A constant 

averaged thickness of 0.7 mm was assumed for the cartilage layers, although anatomically 

facet cartilage thickness varies spatially. This simplification could lead to an 

overestimation of the numerical derived facet force. Another source of uncertainties could 

come from the unknown exact position and orientation of the articular pedicles relative to 

each another. Small discrepancies in facet orientations, positions and thickness could 

considerably change the facet gap size and therefore influence contact under loading. In 



 

 

addition to limitations of modelling, limitations in the experimental measurements of 

contact forces could also account for the fact that the predicted forces were on the upper 

limit of the standard deviation of the experiments. Thus, several computational and 

experimental inaccuracies could explain the discrepancies in the facet joint contact forces 

between simulation and measurements. However, sensitivity of contact forces to 

variations in morphology (position, thickness, orientation, gap size) does not translate to 

intervertebral disc or inter-segmental behaviour. 

The AF was modelled as a fibre-reinforced ground substance with collagen fibre 

orientation varying in the circumferential direction. Yet, the collagen fibre orientation in 

the annulus also has smooth gradients in radial and circumferential directions (Cassidy et 

al. 1989; Holzapfel et al. 2005), although no clear evidence is present if a gradient in both 

directions is actually present. Despite this fact, several studies have also included inner 

and outer annulus distinctions (Malandrino et al. 2012; Schmidt et al. 2006), since these 

variations in the material properties of the AF tissue were shown to influence the 

biomechanical behaviour of the SMS (Noailly et al. 2011). However, this was not taken 

into account in the present disc model for simplicity sake as well as lack of evidence about 

the presence of a radial fibre gradient.  

In a comparative study of different numerical swelling models of the IVD, Galbusera et al. 

(Galbusera et al. 2011c) showed that a swelling model based on strain-dependent osmotic 

pressure, similar to the approach of this study, gives a more accurate balance between 

deviatoric and volumetric strain than simplified phenomenological approaches used in 

other studies (Malandrino et al. 2012; Rohlmann et al. 2006; Schmidt et al. 2010). 

However, the lumbar spine kinematics under physiological loading does not seem to differ 

significantly between models. Yet, in their strain-dependent osmotic pressure, Galbusera 

et al. (Galbusera et al. 2011c) did not include the differentiation between intra and extra 

fibrillar water, dissociating the water trapped between the collagen fibres from the water 

accessible to the large PG molecules responsible for the osmotic swelling (Sivan and 

Merkher 2006). Therefore, by using the total water content to quantify the fixed charge 

density instead of the extra-fibrillar water, as performed in our study, Galbusera et al. 



 

 

(Galbusera et al. 2011c) underestimated the FCD, resulting in underestimated intradiscal 

pressure, osmolality and stress distribution (Schroeder et al. 2007). By taking the intra and 

extra fibrillar water differentiation into account in the swelling model based on the strain 

dependent osmotic pressure, it is likely that the discrepancies with phenomenological 

swelling models will be further increased, emphasizing the advantage of our approach. 

On the other hand, higher accuracy comes with a price. The mathematical description of 

the material model is more complex, requiring larger sets of parameters that need to be 

fitted to experimental measurements, bringing additional uncertainties. The model also 

requires longer computational time compared to simplified phenomenological models 

(Galbusera et al. 2011c), even though the prediction of kinematics at the organ level might 

possibly not be significantly different. Nevertheless, our model does allow for advanced 

applications requiring high accuracy of the local biochemical and mechanical properties of 

the IVD. For example, since the cell metabolism has been shown to be dependent on 

osmotic (Chen et al. 2002; Setton and Chen 2004; Wuertz and Urban 2007) and intradiscal 

pressure (Hutton et al. 2001; Setton and Chen 2004), our approach would allow for 

modelling the mechanobiology of the IVD. Another application could be the investigation 

of diffusive transport of nutrients depending on the local water content (Grunhagen et al. 

2006) and the advective transport of larger molecules such as proteins and growth factors 

depending also on the fluid velocity (Ferguson et al. 2004; Grunhagen et al. 2006). The 

biochemical composition of healthy and degenerated IVD has been extensively studied 

experimentally (Antoniou et al. 1996; Buckwalter 1995; Lyons et al. 1981; Pearce et al. 

1987) and characterized for each degenerative grade (Antoniou et al. 1996; Pearce et al. 

1987). Thus, our model could be used directly to investigate the influence of degeneration 

or any of it extracellular matrix change combinations (Iatridis et al. 2003) on lumbar 

segment biomechanics. Finally, the model could also be suitable to study crack opening 

and propagation mechanisms, responsible for hernia and AF tears and which are sensitive 

to local effective stress and osmotic pressure (Wognum et al. 2006). 

In conclusion, the SMS model including a multi-scale model of the IVD, based on the 

extracellular matrix composition and structure, is able to simulate the kinematics of a L3-



 

 

L4 motion segment. This approach provides the possibility to predict the overall 

mechanical behaviour of the SMS depending on the biochemical content of the disc. 

Therefore, the multi-scale approach enables us to study the influence of local changes in 

composition occurring with IVD degeneration or regeneration on the biomechanical 

behaviour of the lumbar motion segment. The interaction between local disc ECM 

composition and the local mechanical properties can now be used to investigate advanced 

applications such as disc mechanobiology where cell activity depends on local mechanical 

and biochemical microenvironment. 

  



 

 

 

 

Chapter 3 

Collagen fibre orientation in moderately degenerated discs 
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Abstract 

Little is known about changes in tissue architecture during early degeneration of 
intervertebral discs (IVDs). As collagen organization strongly affects disc function, the 
objective of this study was to quantify the AF collagen orientation and its spatial 
distribution in moderately degenerated IVDs (Pfirrmann grade III).  AF tissue samples were 
dissected from four circumferential (anterior, left/right lateral and posterior) and two 
radial (outer and inner) locations. Cryo-sections were imaged using Second Harmonic 
Generation (SHG) microscopy and the collagen fibre orientations per location were 
determined utilizing a fibre-tracking image analysis algorithm. Also, the proportionality 
between fibres aligned in the primary direction vs. other oriented fibres was determined. 
Mean collagen fibre angles ranged between 21° to 31° for outer and 15° to 19° for inner AF 
samples. Mean collagen orientations at circumferential locations were only significantly 
different from each other at inner anterior and lateral location. Similarly, fibre angles 
between the outer and inner AF were not significantly different except at the posterior 
location. Fibre orientation proportionality did not show large variations. Except for a 
significant difference in outer AF proportionality between posterior and lateral position, no 
other differences were observed. The results of this study provide the first quantitative 
evidence that the collagen fibre orientation of moderately degenerated discs exhibits a 
spatially rather homogeneous distribution and typical collagen orientation gradients 
characterizing healthy IVDs are only partially retained. 

3.1 Introduction  

Degeneration of intervertebral discs (IVDs), the pads of fibrocartilage located between the 

vertebral bodies of the spine, is commonly thought of being a major source of low back 

pain (Urban and Roberts 2003). This multi-faceted condition involves cell-mediated 

biochemical and structural changes to both the centre of the IVD, the nucleus pulposus 

(NP), and its surrounding ring of tissue, the annulus fibrosus (AF) (Urban and Roberts 

2003).  

Based on cellular and structural differences, the AF can be further divided into an outer AF 

(OAF) and an inner AF (IAF) (Marchand and Ahmed 1990). Measured from the disc 

periphery, the OAF consists of the first 18 lamellae, whereas the IAF comprises the next 20 



 

 

lamellae (Cassidy et al. 1989). Within each lamella, collagen fibres are oriented with a 

distinct mean angle of ± 30° (alternating between lamellae) with respect to the transverse 

plane of the spine (Guerin and Elliott 2006; Holzapfel et al. 2005; Marchand and Ahmed 

1990). As shown by Cassidy et al. (Cassidy et al. 1989) and Holzapfel et al. (Holzapfel et al. 

2005), this angle varies with location, both radially and circumferentially, leading to a 

spatially heterogeneous collagen fibre organization in healthy human AF tissue. 

Specifically, collagen fibre angle increases radially from ca. 30° in the OAF towards ca. 45° 

in the IAF (Cassidy et al. 1989) and it also increases circumferentially from about 30° at the 

anterior to ca. 50° (Holzapfel et al. 2005) at the posterior location This implies that 

collagen fibres in healthy AF tissue become increasingly oriented in vertical direction 

towards the NP and at the posterior location. 

The unique lamellar collagen organization of the AF is affected during IVD degeneration. 

As discs degenerate, structural damage and injury occurs including fissures and tears 

specifically in the AF (Videman and Nurminen 2004). Around these severe annular defects, 

the collagen architecture is remodelled as part of an attempted repair process. Likely, this 

process is governed by extracellular matrix degrading enzymes, e.g. matrix 

metalloproteinases (MMPs), as previous studies have found a clear association between 

MMP expression and tear formation (Weiler et al. 2002). Furthermore, degenerated discs 

are characterized by a less apparent distinction between the NP and the AF due to tissue 

fibrosis. Consequently, the number of distinct lamellae in the AF decreases, whereas the 

thickness of the remaining concentric layers increases (Marchand and Ahmed 1990). 

Ultimately, in severely degenerated IVDs, such progressive degenerative changes lead to a 

high annular disorganization of the collagen network, i.e. the spatially heterogeneous 

collagen fibre organization typically observed in healthy AF tissue is lost in severely 

degenerated discs. 

Computational studies have shown that the biomechanical environment of the AF and 

consequently of the entire disc are dramatically affected when the fibre orientation is 

altered as local stresses may increase by 100% and total shear strains up to 50% (Guerin 

and Elliott 2006; Noailly et al. 2011). While it is well established that severely degenerated 



 

 

IVDs exhibit a high annular disorganization of their collagen network (Haefeli et al. 2006), 

less is known about (possible) effects of degeneration on the annular collagen fibre 

architecture of moderately degenerated IVDs. As mechanics directly influences disc cell 

metabolism (Fernando et al. 2011) and thus cellular function and survival, long-term 

success of novel regenerative therapies aiming at treating early/mild degeneration will 

likely also depend on a thorough understanding of the biomechanical environment they 

are exposed to (Kandel et al. 2008). Furthermore, potential changes to the AF collagen 

organization may serve as a biomarker for improved diagnosis of moderate IVD 

degeneration, where with the advent of novel imaging techniques such as Diffusion 

Tensor Imaging (Hsu and Setton 1999), collagen orientation may potentially be assessed in 

the clinic.  

Hence, the aim of this study was to quantify the AF collagen orientation in moderately 

degenerated discs (Pfirrmann grade III). Cryosections of AF tissue from human cadaveric 

discs were obtained and visualized using Second Harmonic Generation (SHG) microscopy. 

Images were obtained of samples from four circumferential locations (anterior, left lateral, 

right lateral and posterior) and two different radial locations (OAF and IAF). Using a 

collagen fibre tracking algorithm, the primary collagen fibre orientation per location as 

well as the proportionality between fibres aligned in the primary direction vs. non-primary 

oriented fibres was determined.    

3.2 Materials and Methods 

3.2.1 Sample preparation 

Cadaveric human lumbar spines (L1-S1) were provided by the Anatomy Department of the 

University Medical Centre Utrecht (Utrecht, The Netherlands) following an IRB approved 

protocol. T2-weighted MRI images of the spines were acquired and all IVDs were graded 

by a senior radiologist of the Polyclinique Saint-Côme (Compiegne, France) according to 



 

 

the Pfirrmann scale (Pfirrmann et al. 2001). Only grade III discs were utilized for further 

analysis. In total, seven IVDs (levels L1-L2 and L3-L4) from five different donors (all male, 

mean age 62.8 ± 12 years) were dissected by cutting transversally underneath the superior 

endplate using a scalpel. IVD pieces containing both OAF and IAF were dissected by 

making vertical incision and cutting transversally above the inferior endplate. For each disc, 

samples were obtained from the anterior, left and right lateral, and posterior location 

(Figure 3.1a).  

 

Figure 3.1. Schematic representation of the sample isolation and preparation. a) Per IVD, 4 wedge-shaped pieces 
containing both OAF and IAF were dissected. b) After isolation, each IVD piece (posterior sample shown in 
schematic) was split in an OAF and IAF sample. Dotted lines represent razor blade dissection sites. 

According to Cassidy et al. (Cassidy et al. 1989) the OAF consists of the outer 18 lamellae 

(ca. 2 mm as measured from disc periphery), whereas the IAF comprises the next 20 

lamellae (till about 7 mm). Hence, specimens were split into an OAF sample and an IAF 

sample by cutting the dissected IVD piece at 2 mm from the outside using a razor blade 

(Figure 3.1b). Instead, IAF samples were put into moulds with their innermost 

circumferential surfaces tangent to the faces of the moulds. Samples were embedded in 

cryo-glue (Sakura Finetek Europe, The Netherlands) together with three 0.3 mm diameter 

graphite leads (Pentel, Japan) next to them (Figure 3.2). These leads were used as markers 

of each sample when they were taken out of the moulds and mounted on the cryotome. 

After freezing overnight at -30°C, samples were mounted on a cryotome (Fisher Scientific, 

a) b) 



 

 

the Netherlands) and 50 μm thick tangential cryo-sections of the OAF and IAF were 

obtained.  

 

Figure 3.2. Schematic drawing of sample embedding.  Each isolated OAF and IAF piece was put into a cryo-mould 
and embedded in cryo-glue. Graphite leads (grey bars) were inserted next to samples. 

3.2.2 SHG microscopy  

SHG images of the OAF and IAF cryo-sections were acquired on a Leica TCS SP5X laser 

scanning microscope (Leica, Germany) with a 10x, 0.4 numerical aperture (NA) objective 

and excitation light tuned to 810 nm. The SHG signal was collected through a tuneable 

hybrid detector set to 390-420 nm. Tiled scans usually comprising 80 individual SHG 

images were obtained to cover the entire cryo-section.  

3.2.3 Image registration and analysis 

SHG images of the acquired tiled scans were stitched into a so-called mosaic image of the 

entire OAF or IAF cryo-section (Figure 3.3). As the cryo-sections were rotated with respect 

to the transverse plane when placing samples into the cryo-moulds, the mosaic images 

had to be first corrected for this rotation prior to further image analysis. Hence, mosaic 

images were loaded into a custom written Matlab (Matlab, U.S.A) script. First, the vertical 



 

 

edges of the OAF or IAF sample were defined by manually selecting two points, P1 and P2, 

located on the edge of the sample (Figure 3.3a). Second, three other points, P3, P4 and P5, 

located equally distributed between these initial two points and on the edge of the sample, 

were automatically determined. A line was plotted through P1 and P2, then P3 was 

defined as a point on the sample edge with y-coordinate equal to the centre of the plotted 

line (Figure 3.3b). Next, lines through P1 to P3 and P3 to P2 were plotted (Figure 3.3c). 

First the centre points of the lines through P1 to P3 and P3 to P2 were calculated, 

respectively. Then the points on the sample edge with y-coordinate equal to the centre 

points were defined as P4 and P5 (Figure 3.3c). Finally, a line was fitted through all five 

points using a linear least squares fitting technique (Figure 3.3d). The same approach was 

repeated for the opposite edge of the sample leading to two reference lines with a certain 

angle with respect to the transverse plane (Figure 3.3d). A third, final line was calculated 

by averaging both reference lines (Figure 3.3d). Mosaic images were rotated until this 

third, final reference line was aligned in vertical direction (Figure 3.3e). The first mosaic 

image, into the depth of the section, containing aligned collagen fibres was used for fibre 

orientation analysis. A sub-image was manually cropped out of the mosaic image (Figure 

3.3f) and an in-house-developed algorithm (Daniels et al. 2006) was used for quantifying 

the collagen fibre orientations in the cropped image(s) (Figure 3.4a). To make sure the 

outcome of the manually selected sub-image was representative for the entire section, 

this procedure was repeated at least three times per mosaic image. Care was taken that 

the sub-images were selected from different locations of the mosaic image (i.e. not taken 

from the same region).  

Based on this algorithm, a histogram was created of each sample and the primary collagen 

fibre orientation was defined as the angle value with maximum number of counts (Figure 

3.4b). Collagen fibre angles with an angle value of more than 90 degrees represent the 

same angle value as the angle minus 90 degrees as no presence of head and or tail could 

be determined. For the purpose of the current study, both values represent the same 

direction. Therefore, all results will be given as fibre angle between 0 and 90 degrees. To 

determine the proportionality of the collagen fibres in the primary direction vs. non-



 

 

primary directions, as measurement of collagen anisotropy, the root mean square (RMS) 

of the total counted angle values was used to distinguish between the different 

orientations. Fibre orientations with counts lower than the RMS were classified as 

oriented in the non-primary directions, whereas angles with counts larger than the RMS 

were identified as fibres in the primary direction (Figure 3.4b). This approach was 

validated by creating multiple idealized distribution ratios (Gaussian shaped curves) from 

which the distribution was known and comparing the calculated ratio to the known 

distribution ratio. 

3.2.4 Statistical analysis 

To determine differences in fibre primary angles and proportionality between locations 

blocked two-way analysis of variance (ANOVA; blocked per disc) was performed followed 

by Fisher’s LSD post-hoc tests for pair-wise comparisons between fibre values and 

proportionality, respectively. All statistical analysis was performed using SPSS 20 (IBM, 

USA) and statistical significance was assumed for p<0.05. 

  



 

 

  

 

 

 

 

Figure 3.3. Image registration steps. a) Representative mosaic image prior to registration. Two points, P1 and P2 
are manually selected on sample edge. b) Plotted line through P1 and P2. P3 is automatically determined as point 
on the sample edge with y-coordinate equal to the line centre. c) P4 and P5 are determined in the same 
procedure resulting in five equally distributed points on sample edge. d) Steps a)-c) are repeated on opposite 
sample edge leading to two reference lines. Average of both reference lines is calculated: third reference line. e) 
Mosaic image is rotated until third reference line is aligned in vertical direction. f) Sub-image is cropped out of 
aligned mosaic image for collagen fibre orientation and proportionality analysis. 

  

a) 
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f)



 

 

Figure 3.4. a) Collagen fibre orientation in cropped sub-image containing aligned collagen. Yellow arrows indicate 
calculated fibre orientations. b) Corresponding histogram of detected fibre orientations; angle values are with 
respect to the transverse plane. The horizontal line indicates RMS value used for determining proportionality 
between fibres aligned in primary direction vs. other directions. Fibres have an angle with a count higher than 
the RMS value were defined as being in the primary directions, whereas fibres having an angle with a count 
lower than the RMS value were defined as being in the non-primary directions. 

3.3 Results 

3.3.1 Primary fibre angle - OAF 

Mean primary collagen fibre angles in circumferential direction ranged between 21° to 31° 

for the OAF and exhibited a rather large variance at the posterior position (Table 3.1). No 

statistically significant differences were found between the mean primary collagen 

orientations at the various circumferential locations (Figure 3.5). A trend for increasing 

mean primary angle from anterior to posterior position was observed, since angle values 

at anterior and lateral locations showed great similarity and were generally smaller than 

those at the posterior position.  

Table 3.1. Measured primary collagen fibre orientation for both OAF and IAF samples at the various 
circumferential locations. Values are means ± standard deviations (n = 7 for anterior and posterior, n = 14 for 
lateral). 

 OAF (mean ±SD) IAF (mean ±SD) 
Anterior 21.0 ± 8.2° 15.4 ± 2.7° 
Lateral 21.7 ± 4.2° 19.5 ± 5.0° 
Posterior 31.5 ± 14.9° 19.2 ± 9.4° 
 

a) b) 



 

 

 

Figure 3.5. Mean primary collagen fibre orientation for OAF and IAF samples at the various circumferential 
locations. Values are means ± standard deviations (n = 7 for anterior and posterior, n = 14 for lateral). 

3.3.2 Primary fibre angle – IAF 

Mean primary collagen fibre angles in circumferential direction ranged between 15° to 19° 

for the IAF (Table 3.1). Significant difference were found between anterior and lateral 

locations (p=0.032) (Figure 3.5). Mean primary collagen fibre angle values at lateral and 

posterior locations were very similar and larger as compared to the anterior location.  

3.3.3 Primary fibre angle – radial direction 

In the radial direction, i.e. from OAF to IAF, fibre angles did not show strong alterations 

depending on the position. A radial gradient in collagen orientation was observed only at 

the posterior location where OAF and IAF angles were significantly different from each 

other (p=0.008) (Figure 3.6).  



 

 

 

Figure 3.6. Absolute difference in primary collagen fibre orientation between OAF and IAF at various 
circumferential locations. Values are means ± standard deviations, including the individual measurements (*; n = 
7 for anterior and posterior, n = 14 for lateral). At posterior location, a significant difference in fibre orientation 
between OAF and IAF was determined (p=0.008,#).  

3.3.4 Fibre proportionality  

In both the OAF and IAF, mean primary fibre proportionality was 70 ± 20% (Table 3.2). OAF 

samples showed significantly larger fibre proportionality posteriorly than laterally 

(p=0.030). No other statistically significant differences in proportionality depending on 

circumferential locations were observed (Table 3.2). In contrast, IAF samples showed very 

similar mean fibre proportionalities for all circumferential locations and no statistically 

significant differences were observed. Also, in radial direction, no statistically significant 

differences in collagen fibre proportionality between the OAF and IAF at the various 

locations were found.  

Table 3.2. Collagen fibre proportionality (in %) at various circumferential locations. Values are means ± standard 
deviations (n = 7 for anterior and posterior, n = 14 for lateral). A significant difference between posterior and 
lateral location of the OAF was found (p=0.030, #). 

 OAF (mean ±SD) IAF (mean ±SD) 
Anterior 70 ± 9 72 ± 9 
Lateral 66 ± 12# 71 ± 9 
Posterior 80 ± 10# 74 ± 12 



 

 

3.4 Discussion 

The unique heterogeneous collagen organization of healthy IVDs was first described in the 

reports of Cassidy et al. (Cassidy et al. 1989) and Holzapfel et al. (Holzapfel et al. 2005). 

They showed that fibre orientation in the human AF is highly organized and follows strong 

radial and circumferential gradients. Mean fibre angle increases from the OAF towards the 

IAF and also depends on the circumferential location within the AF. These established 

collagen fibre gradients in healthy discs are believed to be essential for proper disc 

biomechanics and function (Noailly et al. 2011). While it is well established that severely 

degenerated IVDs suffer from a high annular disorganization of their collagen network 

(Haefeli et al. 2006) with presumably detrimental effects to disc function (Noailly et al. 

2011; Urban and Roberts 2003), our results indicate that the unique AF collagen fibre 

architecture may already be affected in moderately degenerated discs. Pfirrmann grade III 

discs observed in thus study had a more homogenous AF collagen architecture and only 

partially retained the collagen orientation gradients typical found in healthy IVDs.  

This less organized collagen architecture potentially is also consistent with collagen 

remodelling and the progressive structural changes observed during degeneration. Such 

changes include dehydration of the NP, loss of distinction between AF and NP due to 

tissue fibrosis and in later stages the appearance of AF cracks and fissures (Urban and 

Roberts 2003). With increasing degeneration these cell-mediated degenerative processes 

affect the lamellar organization of the AF. As the transition between NP and AF fades away, 

degenerated discs are reported to have less and thicker lamellae (Marchand and Ahmed 

1990). Also, as the NP becomes dehydrated, disc height and intradiscal pressure decrease 

causing the lamellae of the inner AF to bulge inwards. This in turn may affect the load 

distribution to these lamellae, potentially inducing or accelerating the remodelling of the 

AF collagen architecture in order to cope with the altered biomechanical environment. 

Hence, decrease of spatial gradients in collagen fibre orientation of moderately 

degenerated discs may be explained by cell-mediated degenerative processes that affect 

disc biomechanics and trigger disc cells to remodel the AF collagen architecture. 



 

 

In general, our measurements of fibre angles showed a variance of up to 15° at the 

different locations (Figure 3.5, posterior location) similar to studies of healthy AF tissue 

(Holzapfel et al. 2005). As shown by Boos et al. (Boos et al. 2002) and Marchand et al. 

(Marchand and Ahmed 1990), this large variance may be explained by the natural 

heterogeneity of fibre orientations within the AF and is not related to the utilized imaging 

or orientation analysis technique. SHG microscopy has been extensively used to visualize 

fibrillar collagens and their organization with the resolution and detail of standard 

histology (Zipfel et al. 2003). Since the orientation of collagen fibres in the acquired SHG 

images was successfully quantified (Figure 3.4), this further suggests that the determined 

large variance is of biological origin, i.e. characteristic of (human) degenerated AF tissue. 

Our results, obtained on moderately degenerated IVDs, showed a somewhat 

inhomogeneous variance distribution where the posterior samples showed larger variance 

than specimens from other locations. This is likely due to more severe morphological 

changes of degeneration in AF tissue typically found at the posterior position. Posteriorly, 

IVDs are much thinner and more prone to injury such as herniation (Holzapfel et al. 2005).  

As the large variance may have blurred our results, a power analysis on the obtained angle 

values was conducted. The calculated power for all comparisons, except for the test 

between anterior and lateral IAF, was below 80% and, therefore, sample size would have 

had to be doubled (n = 15) to increase power for all locations (to a minimum of 80%). 

However, to detect similar differences between the locations as reported for healthy discs, 

n would also have to be increased and reports of collagen orientations in healthy AF tissue 

with larger n (n=11) showed similarly large variances (Holzapfel et al. 2005). Thus, such 

large sample sizes are indicative of the observed large variance in collagen fibre 

orientation of both healthy and moderately degenerated IVDs, and not related to the used 

imaging, image processing technique or small sample size. This suggests that the observed 

decreased annular organization of moderately degenerated discs is likely a real effect of 

tissue remodelling and not an artefact due to measuring too few samples. 

Decreased spatial heterogeneity in the collagen architecture during moderate 

degeneration as shown in this study will have implications on disc mechanical behaviour 



 

 

and load-bearing function (Guerin and Elliott 2006; Holzapfel et al. 2005). This in turn may 

induce more or accelerate degenerative changes in the IVD, as the biomechanical 

environment is known to directly influence disc cell metabolism (Fernando et al. 2011). 

Elaborate computational models describing healthy IVD mechanics exist that include 

collagen fibre orientation and in the case of Schroeder et al. (Schroeder et al. 2010), also 

fibre proportionality. As other model parameters such as biochemical content (water, 

proteoglycans, and collagen) are known for degenerated discs, the results of this study 

may be incorporated to obtain a computational model of a (moderately) degenerated disc. 

This would further aid in improving the efficacy of novel regenerative medicine 

approaches, e.g. cell therapy, aiming at treating early degenerated discs. Since injected 

cells would be exposed to the same environment that promoted disc degeneration in the 

first place, a thorough understanding of how altered mechanics due to a more spatially 

homogenous collagen organization affects disc cell metabolism may increase long-term 

success of such regenerative approaches (Kandel et al. 2008).  

In summary, the results of this study provide the first evidence that moderately 

degenerated IVDs are characterized by a spatially more homogeneous collagen fibre 

orientation. Typical collagen fibre gradients characterizing healthy IVDs were only partially 

retained in moderately degenerated human AF tissue. Hence, quantitative data on how 

degeneration affects collagen architecture specifically in the AF is obtained. This may lead 

to a better understanding of the mechano-biological environment of moderately 

degenerated discs and, thus, key processes and risk factors involved in disc degeneration 

may be better understood potentially leading to improved therapy. Also, these findings 

may result in an earlier diagnosis of degenerative changes as a more homogenous fibre 

architecture may serve as a biomarker for moderate disc degeneration. 

Acknowledgements 

We thank Prof. Ronald Bleys from the Department of Anatomy Utrecht Medical Centre 
(Utrecht, The Netherlands) for providing cadaveric human lumbar spines and his help with 
dissecting samples and Henk de Jong and Dr. Arnold Schilham for x-ray imaging of the 
lumbar spines. We also acknowledge Prof. Marie Christine Ho Ba Tho, Dr. Tien Tuan Dao, 



 

 

Ludovic Roberta and Dr. Khalil Ben Mansour from Université de Technologie de 
Compiègne (Compiegne, France) and Dr. Fabrice Charleux from the Polyclinique Saint-
Côme (Compiegne, France) for MRI imaging and grading the specimens according to the 
Pfirrmann scale. The authors would also like to thank Dr. Frans Kanters from the 
Department of Biomedical Engineering, Eindhoven University of Technology (Eindhoven, 
The Netherlands) for his valuable assistance with the collagen fibre tracking algorithm. 

This research was partially funded by the European Community's Seventh Framework 
Programme (FP7/2007-2013) under grant agreements MySpine (No. 269909) and 
Genodisc (201626). 

  



 

 

 

 

Chapter 4 

A moderately degenerated spinal motion segment model 

 

 

 

Based upon: M.M.  van Rij sbergen,  V.M.P.  Barthelemy,  A.C.T.  Vrancken,   S.P.M. Cri jns,  H- J 
Wilke,  B.  van  Rietbergen,  W. Wilson,  K.  I to,  2016,  Moderately degenerated lumbar motion 
segments:  are they  truly  unstable?  B iomechanics  and Modeling in Mechanobiology, 
submitted  



 

 

Abstract 

The two main load bearing tissues of the intervertebral disc are the nucleus pulposus and 
the annulus fibrosus. Both tissues are composed of the same basic components, but differ 
in their organization and relative amounts. With degeneration, the clear distinction 
between the two tissues disappears. The changes in biochemical content lead to changes 
in mechanical behaviour of the intervertebral disc. The aim of the current study was to 
investigate if well documented moderate degeneration at the biochemical and fibre 
structure level leads to instability of the lumbar spine. By taking into account biochemical 
and ultrastructural changes to the extracellular matrix of degenerating discs, a set of 
constitutive material parameters were determined that described the individual tissue 
behaviour. These tissue biomechanical models were then used to simulate dynamic 
behaviuor of the degenerated spinal motion segment, which showed instability in axial 
rotation, while a stabilizing effect in the other two principle bending directions. When a 
shear load was applied to the degenerated spinal motion segment, no sign of instability 
was found. This study found that reported changes to the nucleus pulposus and annulus 
fibrosus matrix during moderate degeneration lead to a more stable spinal motion 
segment, and that such biomechanical considerations should be incorporated into the 
general pathophysiological understanding of disc degeneration and how its progress could 
affect low back pain and its treatments thereof.  

4.1 Introduction 

The two main load bearing tissues of the intervertebral disc (IVD) are the nucleus pulposus 

(NP) and the annulus fibrosus (AF). Both are composed of the same major components, 

but differ in their organization and relative amounts (Antoniou et al. 1996). For healthy 

tissue, the NP is rich in water and proteoglycans, and contains a randomly orientated 

collagen network. Due to the presence of proteoglycans, a substantial osmotic pressure is 

sustained in the confined NP, making this tissue suitable for withstanding compressive 

loads (Urban and McMullan 1985). The AF contains more collagen fibres, which are highly 

aligned in lamellae, having a preferred direction of ± 30° with respect to the endplate. Due 

to this anisotropic structure of the fibres, together with the swelling capacity of the NP, 

the IVD is able to withstand complex loading conditions (Meakin and Hukins 2000).  



 

 

With degeneration, the clear distinction between NP and AF disappears, leading to a more 

fibrotic IVD, which is less able to withstand these complex loading conditions. In the 

earliest stages of degeneration, the NP starts to lose proteoglycans (Antoniou et al. 1996). 

Due to this loss, the NP swelling capacity decreases significantly and permeability of the 

NP tissue increases. These changes also result in a drop in compressive stiffness of the NP 

(Johannessen and Elliott 2005). Hence, the NP is not as successful in withstanding high 

loads for a prolonged period of time. Simultaneously, the organization of the AF becomes 

less structured, that is fewer fibres are orientated in the preferred collagen orientation 

(Dittmar et al. 2015; Gu et al. 1999; Iatridis et al. 1998) and due to the loss of osmotic 

pressure in the NP, tends to bulge inward.  

The changes in biochemical content lead to changes in mechanical behaviour of both 

individual tissues (Fujita et al. 1997; Johannessen and Elliott 2005; O'Connell et al. 2012), 

influence the overall behaviour of the intervertebral disc and the corresponding spinal 

motion segment (SMS). With progressive degeneration, besides the change in biochemical 

content, other morphological changes occur such as the formation of osteophytes, severe 

height loss of the IVD and endplate sclerosis (e.g. (Wilke et al. 2006)) which can also 

influence the behaviour of the SMS.  

For severe degeneration, independent of the different classification systems, these 

changes lead to stiffening of the SMS compared to a healthy motion segment, as first 

described by Kirkaldy-Willis (Kirkaldy-Willis and Farfan 1982)and likewise found by others 

(Kettler et al. 2011; Kettler and Wilke 2004; Kirkaldy-Willis and Farfan 1982; Mimura et al. 

1994; Oxland et al. 1996; Tanaka et al. 2001). Where stability/instability in these studies is 

defined according to Pope and Panjabi (Pope and Panjabi 1985) as an abnormal response 

to physiological loads, with reduced spinal stiffness and greater motion compared to the 

healthy SMS. In contrast, for early degeneration, that is the first stages in which the 

degeneration starts to become clearly visible (for example Pfirrmann grade III), 

contradictory observations are described in the literature (derived during in-vitro 

experiments). Some studies have reported instability for mild degeneration (Fujiwara et al. 

2000; Krismer et al. 2000; Tanaka et al. 2001), while other studies have showed increasing 



 

 

spinal stiffness with progressing degeneration (Kettler et al. 2011; Oxland et al. 1996). 

Although not all studies were conducted using the same loading configuration and set-up, 

the trend in outcome is sometimes in contrast to each other. This contradiction is also 

found in finite element (FE) studies (Galbusera et al. 2011a; Galbusera et al. 2011b; 

Rohlmann et al. 2006), which investigated the effect of different morphological changes 

during the degeneration process. These FE studies were based on models which take into 

account general changes in mechanical properties as described in literature and assume a 

percentage in height reduction of the IVD based on general classification schemes. 

However, they do not take into account the changes in biochemical content or changes in 

collagen anisotropy. Furthermore, in all cases, the kinematics were investigated only in 

the three main principal bending directions. In daily life, however, shear loads play a major 

role in the loading configuration of the lumbar spine (Potvin et al. 1991) and can have 

contribution to spinal instability (Melnyk et al. 2015). 

Recently, we showed that our fibre-reinforced osmo-poro-viscoelastic (FR-OPVE) multi-

scale cartilaginous tissue model, based on matrix constituent contents and their material 

properties, could be used to simulate the kinematic behaviour of a healthy SMS 

(Barthelemy et al. 2016). The aim of the current study was to use this model to simulate 

the tissue behaviour of a moderately degenerated SMS and investigate if moderate 

degeneration at the biochemical and fibre structure level leads to instability, that is an 

abnormal response to physiological loads, with reduced spinal stiffness and greater 

motion compared to the healthy SMS (Pope and Panjabi 1985), of the lumbar spine. We 

hope to contribute to the current understanding of and discussion related to moderate 

disc degeneration, its role in spinal stability and the implications and treatments thereof.  

4.2 Material and Method 

First, the individual tissues of the healthy SMS (hSMS) model (Barthelemy et al. 2016) 

were adapted to a moderately degenerated disc by taking into account the change in 



 

 

compositional and biochemical content of each tissue type, i.e. NP and AF. The 

constitutive material parameters for the degenerated tissue were updated by fitting the 

model to experimental data of the individual tissues from moderately degenerated discs 

and accordingly implemented together with the compositional and biochemical changes 

into the hSMS model. Second, the kinematics of this degenerated SMS (degenSMS) model 

was compared to the kinematic behaviour of 1) in vitro studies reported in literature and 2) 

against our own in vitro results. Finally, based on the difference in kinematic behaviour 

between the healthy SMS and degenSMS, the main question of this study was answered.   

4.2.1 Determination of unknown constitutive material parameters 

4.2.1.1 Human moderately degenerated lumbar disc material testing 

Four fresh frozen, human cadaveric lumbar spines (all male, mean age 81 years; Table 4.1) 

were obtained from the Department of Anatomy, University Medical Centre Utrecht, the 

Netherlands, according to institutional guidelines. After thawing, the specimens were 

imaged with a 1.5 Tesla whole body MR system combined with a Synergy body coil 

(Achieva, Philips Medical Systems, Best, the Netherlands). T2 weighted turbo spin echo 

sagittal images, without fat suppression, were acquired (TR = 3500 ms, TE = 120 ms) 

according to the protocol by Griffith et al. (Griffith et al. 2007): matrix = 512 x 281, field of 

view = 320 mm x 320 mm, slice thickness = 4 mm, inter-slice gap = 0.4 mm, number of 

scan averages = 4, turbo spin echo factor = 17. The spines were stored at -25°C until tissue 

dissection. From the MR images, a senior orthopaedic spine surgeon assessed the degree 

of IVD degeneration, according to the modified Pfirrmann grading scale (Table 4.1). Discs 

suffering from grade III, IV and V degeneration were considered moderately degenerated 

and prepared for mechanical testing. After overnight thawing, soft tissues, tendons and 

ligaments were removed and the IVD was released from the vertebrae. To prevent any 

swelling, harvested discs were immediately sealed in a double plastic layer and stored at -

30°C until further use.  



 

 

Table 4.1. Modified Pfirrmann grades for the five lumbar IVDs in each spinal segment. The IVDs selected for 
mechanical testing are printed in boldface.  

Spinal level age, gender 

 87♂ 77♂ 72♂ 87♂ 

L1 – L2 VII V IV III 
L2 – L3 VIII V II IV 
L3 – L4 VII V III V 
L4 – L5 IV III V VI 
L5 – S1 VII II II IV 
 

Mechanical testing was conducted on individual NP and AF tissue specimens. Two types of 

mechanical tests were performed: (i) confined compression (CC, NP and AF) and (ii) 

uniaxial tension (AF only). For CC, samples with axial orientation were prepared from the 

central region of the NP and the lateral region of the AF. For tensile test, circumferentially 

oriented samples were prepared from the central anterior region of the AF (Figure 4.1).  

 

Figure 4.1. Orientation  and location of the test samples.  

4.2.1.2 Confined compression experiments 

While kept frozen, samples were cut to size (Ø 5 mm, height 1.5 mm) and inserted in a 

custom built CC setup, based on the design of Best et al. (Best et al. 1994). The confining 



 

 

chamber was filled with 0.15 M phosphate buffered saline (PBS). After isometric thawing 

for 5 min, the sample was compressed to a 3% strain preload (at 0.25 μm/s), using a 

porous filter (Duran P4, Schott, Mainz, Germany, pore size 10-16 μm, permeability 

1.15·10−7 m4/Ns) connected to a materials testing system (Z010, Zwick Roell, Ulm, 

Germany) via a hollow piston, and allowed to reach equilibrium for 4 h. Thereafter, a 5% 

strain was applied (at 0.25 μm/s) and stress-relaxation was recorded for 4 h. Only stress-

relaxation data was processed further. The maximum strain value was chosen in line with 

other studies (Johannessen and Elliott 2005) and was assumed to be realistic under daily 

normal loading conditions, for example standing. 

4.2.1.3 Uniaxial tensile experiments 

Using a custom cutting tool, AF specimens of 15 x 2 x 1.5 mm (l x w x h) were prepared. 

Sandpaper grips were glued to the samples’ ends to prevent slippage when being loaded. 

The specimens were mounted to the materials testing system (Z010, Zwick Roell, Ulm, 

Germany) using clamps connected to the system’s crosshead and base plate.  To prevent 

dehydration of the sample, the specimen was surrounded by a custom designed testing 

chamber filled with 0.15 M PBS. Following 15 min creep at a tare load of 0.1 N, specimens 

were subjected to 12 preconditioning cycles between either 0-6% or 0-10% strain (at 0.01 

s−1). Each preconditioning protocol was followed by 15 min equilibration at 0% strain to 

return to the 0.1 N tare load. The final experiment consisted of two stress-relaxation tests, 

the first up to 6% strain and the second up to 10% strain (at 0.15 mm/s), both allowing 15 

min relaxation. The two strain values were chosen such that a clear difference in tensile 

behaviour between the two experiments could be found. 

4.2.1.4 Finite Element simulations 

To simulate experiments, simplified FE meshes were used to reduce the computation time, 

similar to Barthelemy et al. (Barthelemy et al. 2016). Due to initial swelling, fibres are put 



 

 

under tension and consequently, restricting the swelling of the tissue (Wilson et al. 2007). 

During the compression phase of the confined compression experiments, the fibres are 

within the unloading regime of the tensile curve and therefore, contribute to the 

compression stiffness of the tissue, i.e. the fibres are still under tension during 

compression. To account for the increase in collagen content due to degeneration, 

additional collagen content compared to healthy tissue (Barthelemy et al. 2016) was 

assumed to be strain free during the swelling process, that is no pre-tensioning due to 

swelling is occurring in these fibres. As such, stiffening of the tissue during residual 

swelling was prevented, mimicking the natural degeneration process. All experimental 

steps were simulated by applying the above mentioned loading velocities and 

equilibration times. Reaction forces, for AF CC and AF tensile tests, and subsequent stress-

relaxations, for NP CC, were fitted to the corresponding experimental averages, similar as 

Barthelemy et al. (Barthelemy et al. 2016). 

4.2.1.5 Fitting procedure 

Constituent material parameters used to simulate the mechanical behaviour of the 

individual healthy intervertebral disc tissue were used as starting point (Barthelemy et al. 

2016). First, similar to Barthelemy et al. (Barthelemy et al. 2016) the NP confined 

compression experiment was simulated. In this step, the permeability constants as well as 

the constituent shear modulus of the non fibrillar matrix were determined. The initial 

values were adjusted till the results of the numerical simulation, that is stress, fell within 

one standard deviation of those of the experiments using an unconstrained nonlinear 

optimization procedure in Matlab, similar to Schroeder et al. (Schroeder et al., 2007). 

Second, based on this outcome the parameters were manually fine-tuned to get a best 

match between experimental and numerical behaviour. After determination of the shear 

modulus of the non fibrillar matrix and the permeability constants, these parameters were 

fixed and the other six constituent parameters were determined using the experimental 

data from the AF samples. Again, the same optimization steps were followed. The 



 

 

obtained constituent material parameters were compared to the set obtained for healthy 

tissue.  

The constitutive laws of the FR-OPVE model directly incorporate parameters describing 

the collagen content, FCD and fluid fraction (Wilson et al. 2006b). For details, see 

(Barthelemy et al. 2016; Wilson et al. 2007). Similar to Barthelemy et al. (Barthelemy et al. 

2016) the structure of the collagen fibre network in the AF was assumed to be composed 

of two main primary fibre directions, oriented within the lamellae planes, and thirteen 

secondary fibre directions corresponding to an isotropically oriented smaller fibre 

structure. The two main primary fibres were assumed to be similar to the healthy 

structure (±23° in circumferential direction at anterior location (Dittmar et al. 2015)). The 

relative collagen fraction for primary and more isotropically orientated fibre directions 

were given by (Eq.4.1) 

1321, C
C

cc   for primary fibre directions  (Eq.4.1)  

132
1

2, Ccc  for isotropically oriented fibre directions 

For primary fibres, 
c
 equals 2, for isotropically oriented fibre directions, 

c
equals 13.The 

ratio between primary and isotropically orientated fibre directions was characterized with 

C. For healthy AF tissue, this parameter was estimated to be 38 (Barthelemy et al. 2016; 

Schroeder et al. 2010), indicating a ratio of 85:15 between primary and isotropically 

orientated fibre directions. For degenerated tissue, the ratio between primary and 

isotropically oriented fibre directions in the AF is 70:30 (C = 15) (Dittmar et al. 2015). The 

collagen fibres in the NP were assumed to be organized isotropically oriented (for both 

healthy and degenerated tissue). The isotropically orientated fibre structure was assumed 

to be homogeneous and was represented by 13 fibre directions, 3 along the x-, y- and z-

axis directions, 6 in all directions with 45° angle to the x-, y- and z-axis (Wilson et al. 2004) 

within the xy, xz and yz planes and 4 at equal angles between the x-, y- and z-axes. 



 

 

Since by only taking into account biochemical and compositional changes (C and collagen 

fibre angle) no acceptable fit between the experimental reaction forces and stresses and 

corresponding determined FE results could be obtained (data not shown), the constituent 

material parameters were adapted. The constituent properties, which describe the non-

fibrillar ( mfG , mnfG  , M and ) and the collagen fibre ( 1E , 2E , 1k , 2k  and ) 

properties (Barthelemy et al. 2016; Wilson et al. 2006b) were determined such that the 

four previously described mechanical tests were simulated within the standard deviation 

of the experiments. The biochemical content and compositional changes for Thompson 

grade III disc (which corresponds to Pfirrmann grade III, IV, V (Griffith et al. 2007)) for the 

individual tissues was taken from literature (Antoniou et al. 2004; Antoniou et al. 1996; 

Dittmar et al. 2015; Johannessen and Elliott 2005; Lyons et al. 1981) (Table 4.2).  

Table 4.2. Biochemical and compositional composition of generic grade III IVD. 

 Nucleus pulposus Annulus fibrosus 
Water [% ww] 76  69 
Collagen [%dw] 30  78  
FCD [mEq/ml] 23 19  
   
Proportionality (C) - 70:30 
Collagen fibre angle (degree) - 23 

4.2.2 Spinal motion segment kinematics 

4.2.2.1 Comparison against literature 

The SMS as described by (Barthelemy et al. 2016) was used as starting point to evaluate 

the behaviour of a degenSMS. First, disc height loss was simulated after considering 

changes in composition and constitutive properties of the degenerated disc under a 

compressive load of 250 N for 1 hour. If this height loss was less than that measured by 

Murata et al. (Murata et al. 1994), the disc height was manually reduced (by adjusting the 

pre-swollen mesh) till a height loss of 8-10% was obtained. 



 

 

The mechanical behaviour of the degenSMS was investigated under pure moments of 7.5 

Nm in the three main bending directions. Simulated range of motion (RoM), neutral zone 

(NZ) and stiffness (Wilke et al. 1998) were compared to the behaviour of the healthy SMS, 

in vitro studies (Kettler et al. 2011; Oxland et al. 1996) and against our own experimental 

data of three mildly degenerated monosegments L3-L4 (see below). Outcome was 

evaluated in relative behaviour (difference between healthy and degenSMS) as well as in 

absolute values.  

In addition to this loading configuration, a shear load of 250 N with an axial compressive 

force of 300 N (Melnyk et al. 2015) was applied in anterior direction to the healthy SMS as 

well as the degenSMS. Displacement of vertebra L3 was evaluated for both situations. The 

healthy SMS was compared to literature (Melnyk et al. 2015) and was used as reference 

value. Next, also the difference in foramen dimension (Hasegawa et al. 1995) was 

investigated between hSMS and degenSMS. 

4.2.2.2. Comparison against in vitro experiments 

In addition to the literature data, experiments were performed to determine the 

kinematics of three moderately degenerated human lumbar monosegments L3-L4. These 

specimens were obtained from the Department of Anatomy, University Medical Center 

Utrecht, the Netherlands, according to institutional guidelines. All of them were male, 

with a mean age of 61 years (range 52 – 66). Postmortem, lumbar spines were stored at -

25°C until the moment of use. L3-L4 specimens were harvested including all ligaments and 

para-spinal muscles. Discs were classified as grade 2 and 3 according to the Pfirrmann 

grading scheme (Pfirrmann et al. 2001).   

Experiments were done similarly as described by Wilke et al. (Wilke et al. 1998). 

Specimens were affixed to a custom-built spine tester (Wilke et al. 1994) and loaded with 

pure unconstrained moments of ± 7.5 Nm to move towards flexion and extension 

assessing the absolute neutral position. Next, a compressive preload of 250 N was applied 



 

 

for one hour to simulate physiological conditions in the upright standing posture and to 

minimize the effects of a super hydrated intervertebral disc (Wilke et al. 1998). After one 

hour, while keeping the compressive load in place, pure unconstraint moments of 7.5 Nm 

were applied in three the principle directions (flexion/extension, lateral bending and axial 

rotation). In each direction, two full cycles were completed for preconditioning and data 

of the third cycle was used for analysis. Moments and angles of both vertebrae were 

recorded using a 3D Vicon motion-tracking system. From this data, RoM and NZ were 

calculated to which the behaviour of the degenSMS was compared (Wilke et al. 1998; 

Wilke et al. 1994).  

4.3 Results 

4.3.1 Determination of unknown constitutive material parameters 

By assuming gradual compositional and biochemical changes the calculated set of 

constitutive material parameters were close to the set of healthy parameters, although 

there were some differences (Table 4.3). Both tensile test (Figure 4.2a-b) and confined 

compression fits (Figure 4.2c-d) were in good agreement with the experimental stress- 

and force-relaxation curves. Only the relaxation time of both NP and AF confined 

compression simulations were faster than experimentally measured (Figure 4.2c-d). 

Compared to healthy disc tissue, the most relevant change in parameter value was the 

significant increase of the fibre stiffness (E1) by 125%. The viscoelastic behaviour of the 

collagen, stiffness of the non-fibrillar matrix and ground substance permeability (ƞ, M and 

α respectively) also increased (Table 4.3). 

 



 

 

Figure 4.2. Comparison of the fitted axial reaction forces to the experimental data for tensile test of annulus 
fibrosus (AF) tissue at 10 % (a) and 6 % strain (b) and confined compression tests of annulus tissue (c) and fitted 
stress in the nucleus pulposus (NP) tissue (d). The dashed lines represent the experimental data, where the 
dashed-continuous line represents the mean value and the dashed line the standard deviation. The thick 
continuous line represents the numerical simulation. 

Table 4.3. Constitutive material parameters for a healthy IVD and a grade III IVD (Pfirrmann et al. 2001) 

 Fibre properties 
 C [-] E1 [MPa] k1 [-] E2 [MPa] k2 [-] η [MPa s] 

Healthy IVD 38 1.62 9.88 1.44 8.2 780 
Degen IVD 15 3.6 11 1.7 8.8 1600 
% Difference  +125% +11% +25% +7% +100% 
       
  Ground substance 
 Gmnf [MPa] Gmf [MPa] M [-] α [mm4/Ns] 

Healthy IVD 1 1 0.9 1.3e-4 
Degen IVD 0.9 1 1.2 2.5e-4 
% Difference -10% - +25% +92% 
      

 



 

 

4.3.2 Spinal motion segment kinematics  

 4.3.2.1 Literature 

By taking into account the composition and constitutive property changes, a height loss of 

9% was found when PG swelling was balanced by collagen tension. Thus, by only changing 

the biochemistry, collagen composition and corresponding constituent material 

parameters, realistic height changes were obtained. 
 

Table 4.4. Model prediction for range of motion (RoM) for the three principle bending directions compared to n-
vitro experiments (Kettler et al. 2011) of comparable degeneration grade: ‘Literature RoM’. Numerical difference 
of the deSMS model compared to healthy SMS model (Barthelemy et al. 2016) ‘degenSMS – hSMS Model 
difference’ as well as literature data (Kettler et al. 2011) ‘Literature difference’. A positive difference indicates a 
larger RoM for the degenSMS. 

 deSMS Model RoM Literature 
RoM 

degenSMS – SMS 
Model difference 

Literature 
difference 

Flexion/extension 4.1° 8.5±4.5° -0.2° -1±3.5° 
Axial rotation 2.4° 2.1±1° +0.5° +0.2±2.7° 
Lateral bending 2.7° 4±1.8° -0.8° -0.7±3.2° 
 

The RoM and stiffness of the degenSMS in flexion/extension was similar to that of a 

healthy SMS. For axial rotation, the degenSMS was less stiff compared to the healthy SMS 

(Table 4.4 and 4.5), leading to a larger RoM. While for lateral bending, the stiffness 

increased leading to a lower RoM. The NZ of the degenSMS was comparable to the 

healthy SMS in all three directions and fell within the NZ values reported in literature. The 

relative difference between a healthy and moderately degenerated SMS was in line with 

literature for all three principal bending directions (Table 4.4).  

 
  



 

 

Table 4.5. NZ and stiffness 

NZ [degree] Flexion/extension Axial rotation Lateral bending 
Simulation 1.4 0.4 0.9 
Kettler et al. (Kettler et al. 2011) 1.8 ± 1 0.2 ± 0.5 1.8 ± 1 
Oxland et al. (Oxland et al. 1996) 1.4 ± 0.5 0.2 ± 0.1 4.6 ± 0.8 
    
Stiffness (healthy/degen) 
[Nm/degree] 

   

Simulation 5.5/5.4 4.8/4.1 3.5/3.8 

4.3.2.2 Model response to shear load 

The displacement of the healthy SMS under 250 N shear load in anterior direction was 

comparable to the results of (Melnyk et al. 2015) (0.88 resp. 0.6±1 mm). When the same 

shear load was applied to the degenSMS, a displacement of vertebra L3 of 0.96 mm in the 

same direction was measured. Due to this displacement the superior foraminal width 

(Hasegawa et al. 1995) was reduced by less than 1% in the degenSMS compared to the 

hSMS.  

4.3.3 In vitro experiments 

The kinematic behaviour of the three cadaveric motion segments was comparable to each 

other in flexion/extension and lateral bending. For bilateral bending, the outcome of the 

three samples was more diffuse. The generic degenSMS captured the experimental 

behaviour well in RoM and NZ in bilateral bending and flexion/extension. In biaxial 

rotation, the RoM of the model exceeded that of the experiments, although the NZ fell 

within the experimental range (Figure 4.3).  



 

 

 

Figure 4.3. Outcome of the in vitro test in the three principle bending directions for the three specimens and the 
average of these experiments with corresponding standard deviation. Note that the results are for two sided 
bending and rotation. The outcome of the generic degenSMS is also included in this figure. 

4.4 Discussion 

Uniaxial tensile tests together with confined compression test were performed on NP and 

AF tissue of moderately degenerated IVDs to determine the unknown constitutive 

material parameters describing these tissues. Based on biochemistry and composition 

changes from literature, a reasonable set of constituent material parameters was 

obtained. By taking into account the individual tissue changes for the moderately 

degenerated IVD, that is biochemistry, constituent material parameters and 

proportionality parameters, a realistic geometry of a degenSMS was obtained. With 

moderate IVD degeneration, an increase in RoM, that instability, was found in axial 

rotation. However, in the other bending and movement (shear) directions a stabilizing or 

no significant effect of IVD degeneration was observed.  

Flexion/extension Bilateral bending Biaxial rotation 



 

 

Similar as found by Barthelemy et al. (Barthelemy et al. 2016), different sets of parameters 

could be obtained to fit the tensile and confined compression experiments equally well, 

that is the set of parameters was not unique. By changing the collagen architecture from 

an anisotropic to a more random orientation (Dittmar et al. 2015; Gu et al. 1999; Iatridis et 

al. 1998), a good fit was found. The fibre parameters E1 and ƞ increased significantly 

compared the healthy set of constituents. As mentioned in the study of Barthelemy et al. 

(Barthelemy et al. 2016), it is difficult to judge each individual parameter on its 

contribution to the tissue behaviour; as a set, the constituent material parameters give 

reasonable tissue behaviour. However, based on the known changes due to degeneration, 

it is expected that the stiffness of the collagen fibres increases due to an increase in the 

amount of crosslinking causing a reduction in flexibility of the fibres (Duance et al. 1998) 

as well as an increase of collagen type I (Antoniou et al. 1996). When these observations 

are translated to the constituent material model, an increase in linear stiffness (E1) and 

strain dependent behaviour (k1) is expected, as there is no specific parameter related to 

the amount of crosslinking or a different collagen type. Due to the change in the amount 

of crosslinking and collagen type, also the constituent that describe the viscoelastic 

behaviour of the collagen fibres are expected to change (E2, k2, ƞ) as could be observed by 

a small, non-significant percentage change (E2, k2) compared to the healthy constituent 

material parameter (Barthelemy et al. 2016). The viscoelastic parameter ƞ changed 

significantly by 100% compared to the healthy constituents, however, this change is not as 

relevant as change of the other parameters, as the influence of this parameter on the 

individual tissue behaviour is small (Barthelemy et al. 2016). 

The ground substance decreased in stiffness and became more permeable with 

degeneration, which was anticipated. As the disc degenerates, one of the earliest changes 

to occur is the breakdown of aggrecan by proteolytic enzymes such as ADAMS-TS4 and 

ADAMS-TS5 (Sztrolovics et al. 1997). These processes convert the ground substance from 

large molecular PG-hyaluranon aggregates to smaller partial aggrecan monomers 

consisting of GAG complexes attached to the GAG domain of the aggrecan protein. With 



 

 

this drop in molecular weight, the polymeric network of the ground substance could be 

expected to become less stiff and more permeable.  

To determine the set of constitutive material parameter values, two types of experiments 

were conducted: confined compression and uniaxial tensile tests. One could argue about 

the correctness of this choice, that is how realistic are these experiments to mimic the 

natural setting of AF and NP tissues inside the IVD. However, to determine the constituent 

material parameter values, it is not of utmost importance how well the conducted 

experiments mimic the natural situation but more relevant how well they are suited to 

determine a particular parameter value. For example, by conducting a confined 

compression experiment, the parameters that could be determined are the constituent 

material ground substance stiffness and the permeability parameters (Gm, M and α). The 

same argumentation holds for the choice of the uniaxial tensile experiments. They are 

well suited to determine the collagen parameters. 

For the tensile tests conducted on the AF tissue, isolated tissue samples were used (no 

connection of collagen fibres to the endplates). These samples were not used to 

determine the mechanical behaviour of the tissue itself as was done in the study of 

Holzapfel et al (Holzapfel et al. 2005), but they were used as comparison to computational 

models in which the tensile tests were simulated. Based on this comparison, the 

mechanical properties of the tissue constituents were calculated so that the models could 

correctly simulate the tensile test. This approach, similar to that of Barthelemy et al 

(Barthelemy et al. 2016) results in a mechanical tissue behaviour that depends on the 

constituent mechanical properties, constituent content and structure. As was shown by 

Barthelemy et al (Barthelemy et al. 2016) for healthy disc tissue, this approach results in 

well corresponding disc and spinal motion segment behaviour compared to literature. 

The uniqueness of the determined set of constituent material parameter values is not 

guaranteed (see also (Barthelemy et al. 2016)). Nevertheless, as the goal was not to 

determine their unique values but to find a collection of these parameter values that 

would provide good results for mechanical behaviour at the tissue level, this lack of 



 

 

uniqueness is justified. Finding unique values for these individual parameters would 

require data from more diverse (for example dynamic) experimental tests at the tissue 

level. Only if such data is available, would it be worthwhile to improve the fitting 

procedure, to test for the uniqueness of the solution, and to determine the error in these 

parameter values. 

The individual constituent material parameters are difficult to compare to other 

conducted studies. The reason for this is the use of different models (for example 

(Malandrino et al. 2015)). Although similar parameter names may be used, all other 

models refer to tissue properties where as in this model, the parameter values are that of 

the tissue constituents and not of the tissue. Thus, to make comparison, one would also 

need to know the content of all constituents in the tissue as well as the structure of the 

fibre network. 

In this study, the anisotropic architecture of collagen was changed, by reducing the 

proportion between primary and isotropically fibre directions from 85:15 to 70:30. This 

was well in line with the study of Dittmar et al. (Dittmar et al. 2015) were the change in 

collagen fibre architecture due to degeneration was studied. As was reported in the same 

study, also a small change in collagen fibre orientation was observed (21° vs 23° for 

degenerated resp. healthy AF tissue). As the standard deviation for the collagen fibre 

angle was large (8.2°), it was justified to not change the fibre orientation in the model. 

By taking into account the individual tissue changes, i.e. biochemistry, constituent 

material parameters and proportionality parameters, a disc height loss of 9% was created 

similar to that measured by Murata et al. (Murata et al. 1994), who measured a 8-10% disc 

height loss in patients. This indicates that the model could mimic the clinically observed 

mass loss by taking into account the most significant tissue changes.  

With moderate degeneration, a small change in RoM was observed between healthy SMS 

and degenSMS for flexion/extension. For axial rotation and lateral bending, the degenSMS 

showed a weaker respectively stiffer behaviour compared to the healthy SMS. The 

kinematics of this degenSMS fell within the experimental data as reported in literature 



 

 

(Kettler et al. 2011; Oxland et al. 1996). In flexion/extension the behaviour was slightly too 

stiff, comparable to the behaviour of the healthy SMS in this bending direction 

(Barthelemy et al. 2016). For the other two bending directions, the behaviour was in line 

with these studies. However, there is an uncertainty about these in vitro derived data. 

Studies like (Kettler et al. 2011; Mimura et al. 1994; Oxland et al. 1996) showed a decrease 

in flexibility, already with early degeneration, which is in contradiction with the theory of 

Kirkaldy-Willis (Kirkaldy-Willis and Farfan 1982). However, others (Kong et al. 2009; 

Tanaka et al. 2001), showed that the theory of (Kirkaldy-Willis and Farfan 1982) could 

actually be found during in vitro tests. Therefore, care should be taken with the 

interpretation of the comparison of the results between literature and the model as 

literature does not provide an unequivocal answer to the question whether early IVD 

degeneration causes spinal instability. 

No sign of instability was found in lateral bending, flexion-extension and in shear load. 

These observations were also found by Muriuki et al. (Muriuki et al. 2016) in which no sign 

of instability was found for these two bending directions. Similar to results of this study, 

an increase in RoM for axial rotation was found. A possible explanation why no sign of 

instability could be expected in lateral bending and flexion-extension could be the 

reduction of disc height compared to the healthy state. Due to the disc height loss, the 

facet joints are closer to each other, limiting the flexibility in these directions and thus 

resulting in stiffening. This reduction of disc height could also lead to overloading of 

cartilage at the facet joints, resulting in its degeneration, similar to that observed by 

Fujiwara et al. (2000). However, it could also be argued that degeneration of cartilage 

could lead to a change in loading configuration at the motion segment, resulting in a 

stiffening or instability.  

The results of the generic degenSMS model matched the outcome of the in vitro 

experiments reasonably well, although the behaviour of the model in biaxial rotation was 

slightly too compliant, leading to an overestimation of the RoM. A possible explanation for 

this discrepancy could be the different lumbar levels that were tested as well as the small 

number of tested specimens. As the SMS models, both healthy as degenerated, are 



 

 

sensitive to geometrical differences, this could explain the difference between model and 

experiment.  

In addition to applying pure moments in the three main bending directions, also a shear 

force in anterior direction was applied. In the latter case we observed a small increase in 

displacement of the upper vertebra for the degenSMS compared to the healthy SMS. This 

is probably due to the change in anisotropy which is taken into account for the degenSMS. 

Because of this, there is a more isotropic orientation of the fibre directions, making it 

easier to move in the direction of the applied load compared to the healthy SMS, similar 

as could be observed for axial rotation. The outcome of the healthy SMS, expressed in 

displacement of the vertebra L3 was comparable to the study of Melnyk et al. (Melnyk et 

al. 2015), although the mean value was overestimated by 50%. Such discrepancies might 

arise from the geometry differences between the spinal segment of the numerical model 

(L3-L4) and the experiments (L2-L5) or the limited number of specimens tested. Although 

we assume that our model is capable of predicting realistic displacement curves under 

shear load, there is no clinical relevance of the increased displacement as the dimensions 

of the intervertebral foramen hardly change. As the nerve takes approximate 30 %  of the 

space of the foramen (Hasegawa et al. 1995), this observed decrease will not lead to 

compression of nerves that could lead to pain and therefore, has no clinical relevance.  

There are some limitations of this study which needs to be taken into account. First, 

similar to the healthy SMS, no gradient in radial fibre orientation in AF was assumed, that 

is no change in fibre orientation was implemented going from the outer AF towards the 

NP, nor a distinction between inner and outer annulus. However, it is known that there is 

a smooth gradient in radial fibre orientation. As different studies showed that this 

gradient has an influence on the kinematic behaviour of the SMS (Malandrino et al. 2012; 

Noailly et al. 2011; Schmidt et al. 2006), this should be implemented in the future. 

However, although it is observed that fibre orientation in the AF locally changes with 

degeneration (Dittmar et al. 2015; Guerin and Elliott 2006), large standard deviations on 

the obtained results blurred the results found in these studies, leading to large 

uncertainties in the amount of changes in fibre orientation and fibre gradient. Therefore, 



 

 

no change in gradient was implemented compared to the healthy SMS (Barthelemy et al. 

2016). Next to that, no changes in the bony endplate (Benneker et al. 2005; Roberts et al. 

1996) or changes on the facet joints (Fujiwara et al. 2000) which occur during 

degeneration were included, nor did we include the formation of osteophytes (Galbusera 

et al. 2011a). All these changes can have an influence on the kinematics of the motion 

segment. Second, our own in vitro study consisted only of three specimens. From a 

statistical point of view, no conclusion can be drawn from such a small population. 

However, we used this data as addition to literature studies as there are only a small 

number of studies available and didn’t draw any conclusion from this data alone. 

Nevertheless, the behaviour of these three samples was in line with the most 

comprehensive study, which consisted of a retrospective analysis of a large database of in 

vitro results (203 motion segments), which showed no instability with moderately 

degeneration (Kettler et al. 2011).  

In conclusion, we were able to capture the individual mechanical behaviour of moderately 

degenerated NP and AF tissue and derive their constitutive material parameters by 

considering the most important tissue matrix compositional and architectural changes 

occurring during early IVD degeneration in our FR-OPVE multi scale cartilaginous tissue 

model. After implementation of these parameters for degenerated IVD tissue in our 

degenSMS model, the kinematic behaviour of the model was in line with literature results 

from basic bending experiments. Instability of the degenSMS was only found in axial 

rotation. Stiffening or no effect of the degenSMS was found in the other principal bending 

directions compared to hSMS. When a shear load was applied to the degenSMS, no sign of 

instability was found. This study found that reported changes to the NP and AF matrix 

during moderate degeneration lead to a more stable spinal motion segment, and that 

such biomechanical considerations should be incorporated into the general 

pathophysiological understanding of disc degeneration and how its progress could affect 

low back pain and its treatments thereof. 
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Abstract 

Spinal fusion is a standard surgical treatment for patients suffering from low back pain 
attributed to disc degeneration. However, results are somewhat variable and 
unpredictable. With fusion the kinematic behaviour of the spine is altered. Fusion and/or 
stabilizing implants carrying considerable load and prevent rotation of the fused segments. 
Associated with these changes, a risk for accelerated disc degeneration at the adjacent 
levels to fusion has been demonstrated. However, there is yet no method to predict the 
effect of fusion surgery on the adjacent tissue levels, i.e. bone and disc. The aim of this 
study was to develop a coupled and patient-specific mechanoregulated model to predict 
disc generation and changes in bone density after spinal fusion and to validate the results 
relative to patient follow-up data. To do so, a multiscale disc mechanoregulation 
adaptation framework was developed and coupled with a previously developed bone 
remodelling algorithm. This made it possible to determine extra cellular matrix changes in 
the intervertebral disc and bone density changes simultaneously based on changes in 
loading due to fusion surgery. It was shown that for 10 cases the predicted change in bone 
density and degeneration grade conforms reasonable well to clinical follow-up data. This 
approach helps us to understand the effect of surgical intervention on the adjacent tissue 
remodelling. Thereby, providing the first insight for a spine surgeon as to which patient 
could potentially be treated successfully by spinal fusion and in which patient has a high 
risk for adjacent tissue changes. 

5.1 Introduction 

Almost everyone experiences low back pain during their lifetime (Andersson 1999; Hoy et 

al. 2010). This high prevalence and its relative morbidity contribute to its large socio-

economic burden (Hoy et al. 2010). Although the exact cause of low back pain is often 

unclear, there is a strong association with intervertebral disc degeneration (Cheung et al. 

2009; Luoma et al. 2000). If conservative symptomatic treatment fails, surgical 

intervention is considered (Airaksinen et al. 2006). Spinal fusion is the standard surgical 

treatment, however, results are somewhat variable and unpredictable (Carreon et al. 

2009; Harrop et al. 2008). Moreover, it has been demonstrated that fusion is associated 

with a risk for accelerated disc degeneration at neighbouring levels, most likely due to the 

loss in flexibility at the fused level causing altered loading conditions at neighbouring 



 

 

levels (Aota et al. 1995; Kumar et al. 2001; Lee 1988; Radcliff et al. 2013). Presently, there 

is some ambiguity in the literature concerning whether fusion is the cause for accelerated 

disc degeneration at adjacent levels. Some studies report accelerated disc degeneration 

while others do not (see e.g. (Radcliff et al. 2013)). A possible explanation for these 

conflicting conclusions is that the outcome of each study is strongly affected by patient-

specific factors, such as spinal geometry, level of activity, osteoporosis, etc. This, in turn, 

would suggest that a patient-specific evaluation is needed to better select fusion patients. 

Whereas fusion may directly change the loading conditions at neighbouring discs, it may 

also change loading conditions at neighbouring vertebrae. According to Wolff’s law, 

changes in loading will lead to changes in bone density and architecture, which, in turn, 

may also lead to local changes in disc loading at neighbouring levels. However, similar to 

the disc, also the reported findings of changes in bone mineral density (BMD) do not 

conform. Some researchers reported a decrease in BMD at the adjacent level (Adams et 

al. 2006) while others found an increase (Pye et al. 2006; Wang et al. 2011). Possibly these 

differences reflect differences in loading of the vertebrae before and after the surgical 

intervention. This would suggest that changes in loading may be non-uniform, and, again, 

that a patient-specific evaluation is needed to better predict such changes. 

The most advanced type of patient-specific models available nowadays are computer 

models based on clinical images. For the disc, several such models have been presented in 

the literature (Malandrino et al. 2009; Noailly et al. 2007; Ruberté et al. 2009; Schmidt et 

al. 2006; Schmidt et al. 2010). These models, however, typically represent only a specific 

stage of degeneration (Homminga et al. 2012; Malandrino et al. 2009; Noailly et al. 2007; 

Ruberté et al. 2009; Schmidt et al. 2006; Schmidt et al. 2010; van Rijsbergen et al. 2016), 

mostly in a phenomenological manner and cannot account for continuous changes in the 

biochemical composition and structure of the disc over time during degeneration. 

Recently, a composition based FE model of an IVD was developed (Barthelemy et al. 2016). 

In this model, the behaviour of the IVD is modelled by relating the local extra cellular 

matrix (ECM) composition and organization directly to its mechanical behaviour. Thus, the 

annulus fibrosus (AF) and nucleus pulposus (NP) properties depend directly on its 



 

 

constituent (water, fixed charged density, collagen and ground substance) material 

properties proportional to their content within the tissues. However, in order to become a 

predictive model, it should also account for changes in biochemical composition over time 

due to changes in cell activity. Several models have been developed to predict such 

changes in connective tissue cell activity and ECM based on mechanical loading conditions 

sensed by the cells (Prendergast et al. 1997). Although such models have been mainly 

used and validated to explain fracture healing (Isaksson et al. 2007), it in general can also 

predict tissue differentiation processes in other situation. Presently, however, no model is 

available that couples such advanced composition-dependent constitutive models of the 

disc with mechanoregulated tissue differentiation models.  

For bone, several remodelling theories based on Wolff’s law have been formulated to 

predict changes in bone density related to changes in mechanical loading (Huiskes et al. 

1987). It has been demonstrated that such models can successfully predict changes in 

bone density after total hip (Huiskes et al. 1989) and knee arthroplasty (Huiskes et al. 

1987). In the case of spinal fusion, however, the situation is more complicated since 

changes in overall loading for neighbouring segments are expected due to the reduced 

flexibility of the fused segment, but also changes in local load transfer due to 

degeneration of adjacent discs. To study such changes, a coupled analysis of bone 

remodelling and disc degeneration is required in combination with a whole spine model to 

predict changes in overall loading. 

The aim of this study was to develop such a coupled and patient-specific 

mechanoregulated model to predict disc generation and changes in bone density after 

spinal fusion and to validate the results relative to patient follow-up data. Therefore, first, 

the constituent based FE model of an IVD, including vertebrae and ligaments (Barthelemy 

et al. 2016), was extend to a mechanoregulated IVD model and it was demonstrated that a 

stable (steady-state) healthy IVD with proper tissue morphology was maintained under 

physiological loading. Next, the IVD model was extend with a previously developed bone 

remodelling theory (Colloca et al. 2014) and extended to a patient-specific (pt-specific) 

algorithm. This was done by coupling it to a full lumbar spine FE model (Malandrino et al. 



 

 

2015) as was developed in the framework of the EU-funded project MySpine. From this 

full lumbar spine model, pt-specific changes in loading due to fusion at the adjacent level 

were derived and subsequently, converted to the IVD model. By doing this, tissue 

adaptation at the adjacent level was simulated for both bone and IVD tissue. To 

demonstrate the clinical feasibility of this approach, patient-specific models were made 

for 10 patients that underwent fusion surgery and the predicted computational results 

were compared to clinical follow-up data.  

5.2 Material and Method 

First, the constituent based FE model of an IVD was extended to a mechanoregulated IVD 

model. To do so, a mechanoregulated tissue differentiation theory (Prendergast et al. 

1997) was implemented, resulting in a stable healthy IVD that serves as starting point for 

IVD tissue adaptation simulations.  

5.2.1 Disc Adaptation framework 

5.2.1.1 Steady state tissue composition 

The constituent based FE model of an healthy IVD (Barthelemy et al. 2016) with 

generalized geometry was used as starting point (Figure. 5.1). In this model, the NP and AF 

tissue properties are a function of their biochemical composition and the mechanical 

behaviour is described according to (Barthelemy et al. 2016) (Eq. 5.1):  
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where  is the initial solid volume fraction,  the determinant of the deformation tensor 

,  the stress in the non-fibrillar matrix,  the isotropic stress in the collagen fibres, 

 the tensile stress in the  fibril,  the fibril density,  the amount of fibrils, the 



 

 

water chemical potential (calculated based on the FCD), the unit tensor and Δπ the 

osmotic pressure relative to the external physiological salt concentration (calculated 

based on the FCD). The distinction between tissue properties results from the differences 

in the distribution and organisation of the extracellular constituents (Table 5.1). For more 

detail, see (Barthelemy et al. 2016). 

Table 5.1. Biochemical input parameters, for IVD model (Barthelemy et al. 2016). The biochemical parameters 
are only used during the initial simulation of the disc adaptation. Thereafter, the mechanical stimulus determines 
per integration point what the content is.  

 Nucleus pulposus Annulus fibrosus 

: initial solid volume fraction  
[% wet weight] 

20 25 

Collagen content (  )[% dry weight] 15 65 

FCD [mEq/ml] 0.30 0.20 

 

To simulate IVD tissue remodelling, the model was extended by defining the cells and 

corresponding ECM components per integration point (IP). Two types of cells were 

assumed to be present: fibroblast and chondrocytes. The fibroblast could initially be 

mainly found within the AF tissue, while the chondrocytes are responsible for maintaining 

the NP. Both types of cells maintain their respective phenotypic ECM, consisting of 

collagen and glycosaminoglycans (GAG). Collagen content is a direct input for the disc 

model (Barthelemy et al. 2016), whereas GAG content is converted into fixed charge 

density (FCD). This was done by taking into account the molecular weight (MW) and 

negative charges per molecule of chondroitin sulfate (CS) and keratan sulfate (KS) present 

in fixed proportions as GAG molecules (Narmoneva et al. 1999), as well as the fluid 

fraction (volume based) at each IP. Based on this new matrix content (collagen and GAG), 

the model was allowed to come to swelling equilibrium and thus, allowed to come to its 

preferred water content (self-determined). 

The behaviour of each cell was determined by a mechanical stimulus (MS). The MS was 

determined by applying generic boundary conditions representing a normal daily loading 



 

 

cycle (axial compression, flexion, dynamic axial rotation and dynamic lateral bending, 

representing standing, sitting, periodic movements and walking respectively). Axial 

compression represents the action of external loads as well as muscle activation and is 

hence constantly present in almost all daily recreational and occupational activities. The 

magnitude of the compressive load (300 N and 30 N for day and night load, respectively) 

was based on in vivo studies during daily activities with upright posture (Adams et al. 

1990; McMillan et al. 1996; Paajanen et al. 1994; Rohlmann et al. 2001; Wilke et al. 1999). 

In addition to this axial compressive load, three additional bending rotations (Adams et al. 

1990; McMillan et al. 1996; Paajanen et al. 1994; Rohlmann et al. 2001; Wilke et al. 1999) 

were applied (while the axial compressive load was still present): flexion (2°) in 

combination with a creep period of half an hour to represent sitting; dynamic lateral 

bending (1.5°) to represent walking; and dynamic axial rotation (0.9°) for periodic 

movements during various daily activities of life (both at 0.5 Hz). Per activity, the 

distributions of average deviatoric shear strain dev (defined as 

) and fluid velocity vf were determined. A 

time average magnitude of each parameter per activity was used for a daily activity level, 

resulting in a MS (Huiskes and van Driel 1997; Prendergast et al. 1997) (Eq. 5.2)  
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 (Eq. 5.2) 

where the constants, i.e. 5.5 for standing, 2 for walking, 4.5 for periodic movements and 4 

for sitting resp., represent the time weighted average per activity in hours. Finally, to 

determine the daily activity level, the summation of  and vf was divided by 16 hours. 

The MS determines the preferred phenotype per integration point. The theory of 

Prendergast et al. (Huiskes and van Driel 1997; Prendergast et al. 1997) was adjusted to 

account for baseline residual strains in the unloaded disc (swelling-collagen tension 

equilibrium) (Barthelemy et al. 2016). This was based on the assumption that the original 



 

 

mechanoregulation theory did not take residual strains into account and that these strains 

are on the same order of magnitude as load-induced strains in IVD tissues where 

substantial osmotic swelling is balanced by collagen tensile strains. Initially, the threshold 

for strain and fluid velocity between the different preferred cell phenotype was adjusted 

until the MS inside the geometrical defined nucleus region was mostly cartilage favoured, 

i.e. the threshold between cartilage and fibrotic preferred phenotype was shifted in 

deviatoric strain from 11.25% to 14%; fluid velocity threshold was not adapted. Therefore, 

Equation 2 deviates from the original mechanoregulation theory (Huiskes and van Driel 

1997), i.e.  instead of . 

Dependent on the preferred phenotype, cells went into proliferation, differentiation or 

into apoptosis and produced or degraded matrix, according to (Eq. 5.3). 

  (Eq. 5.3) 

in which  is the concentration of cell type i, i.e. chondrocytes or fibroblasts,  is 

the proliferation rate of cell type i,  for the maximum allowed cell concentration 

minus the current concentration,  for the differentiation rate of cell type i and 

 for the apoptosis rate of cell type i.  The proliferation, differentiation and 

apoptosis rates for the cell type were constant and were either on or off, i.e. according to 

the preferred phenotype according to the MS and they differentiate and apoptose at fixed 

rates. The different rates for the two cell types were based on literature data (Table 5.2). 

For the proliferation rate of fibroblasts, it was assumed to be twice as fast as that of 

chondrocytes. 

Table 5.2. Production and degradation rates of matrix components by fibroblast and chondrocytes (Dimicco and 
Sah 2003; Pisu et al. 2006; Sengers et al. 2004; Wilson et al. 2002) 

  (day -1)   (day -1)  (day -1) 

Fibroblast 0.5 0.2 0.05 

Chondrocyte 0.2 0.14 0.1 



 

 

 

Production and degradation of matrix was modeled as cell based. Both cell types could 

produce and degrade collagen and GAG although the rates at which this is possible were 

different between the two cells.  

The rate, at which matrix was produced, was dependent on the MS and the current cell 

concentration (Eq. 5.4). 

 

       (Eq. 5.4) 

 

These equations contained for both cell types several components: 1) a synthesis part 

 where i stands for GAG and collagen resp., in which the rate was dependent on cell 

type, with corresponding fixed rate (literature based), as well as the preferred target value, 

e.g. if the current amount of GAG is very small compared to the preferred amount, the 

synthesis rate is high; 2) two types of degradation: degrad1 is degradation of matrix by the 

non-preferred cell phenotype (literature based, Table 5.3), degrad2 is a degradation rate 

dependent on the current amount of matrix present compared to the preferred amount 

(fixed rate: 0.0011 (day -1), independent of cell phenotype. Since no literature value was 

available for the latter, it was assumed to be in the same range as degrad1 rate. If the 

current amount was much higher than the preferred concentration, the degrad2 rate was 

higher. For example, when going from fibrous tissue to cartilage, chondrocytes produce 

collagen and GAG and fibroblast degrade their matrix, i.e. collagen and GAG. However, 

since the concentration of collagen is too high for cartilage, chondrocytes will also break 

down collagen. In addition to this, there is a natural turn-over by chondrocytes and 

fibroblast which continuously produce and degrade their own matrix. For healthy IVD 

tissue, i.e. both healthy NP and AF tissue, the half-life time of collagen is approx. 95 years 



 

 

(Sivan et al. 2008) (0.00003 day -1), the half-life time of GAG is 12 and 11.2 years for NP 

and AF tissue, respectively (0.00016 day -1) (Sivan et al. 2006). To account for this, 

equations 5.4 were extended with a continuous production and degradation of GAG and 

collagen by the preferred cell type. 

Table 5.3. Production and degradation rates of matrix components by fibroblast and chondrocytes (Dimicco and 
Sah 2003; Pisu et al. 2006; Sengers et al. 2004; Wilson et al. 2002). The represents the preferred matrix 
content of the fibroblast;  represents the preferred matrix content of chondrocyte. 

The process of tissue adaptation then was repeated several times until no more changes 

in disc composition were found, i.e. equilibrium state. This equilibrium state was used as 

starting point to investigate the effect of surgical intervention. Due to surgical intervention 

the boundary conditions (BC) change, caused by a change in kinematic behaviour, 

resulting in a different MS per integration point (IP) and subsequently in a different ECM 

composition per IP (Figure 5.1). An explicit time integration scheme is implemented to 

simulate the changes in disc properties over time (time step of one day). 

 Matrix component resp.  (day -1) degrad1(day -1) 

Fibroblast Collagen 0.65 4.8 e-3 2.6 e-3 

 GAG 0.35 0.85 e-3 0.45 e-3 

Chondrocyte  Collagen 0.15 3.1 e-3 1 e-3 

 GAG 0.85 7.7 e-3 2 e-3 



 

 

  

Figure 5.1. To the generic IVD model a general daily loading pattern was applied, mimicking a loading cycle of a 
healthy generic person. Based on this loading pattern, per integration point (IP) a deviatoric shear strain and fluid 
velocity was obtained. These serve as input for the mechanoregulation algorithm and based on this algorithm, 
per IP, a preferred tissue phenotype is determined. The ECM content is adapted to this preferred phenotype with 
a fixed time step. After this adaptation step, the deviatoric shear strain and fluid velocity are redetermined and 
the whole cycle is repeated until no changes in ECM content were simulated. 

5.2.1.2. Patient-specific implementation 

An FE model of the patient disc was created based on the geometry obtained from the 

patient CT-scan. The composition of the disc was based on the Pfirrmann grade using an 

MR-scan. Since the calculation of the equilibrium situation as described above is very time 

consuming and requires knowledge of patient-specific loading conditions, it was not 

Mechanoregulation 

t = t +Δt 

Generalized FE IVD model 

Time step 

Equilibrium composition 

  

• Generalized geometry 
• General daily loading cycle 
• Generic tissue composition (Pfirrmann grade II) 



 

 

possible to do this for each patient. To be able to predict patient-specific changes, an 

alternative approach was used. With this approach, the patient-specific disc model was 

used only to calculate the composition-dependent mechanical parameters (  and ) 

for the mechanoregulation model. These parameters were then mapped to the disc with 

generalized geometry. This mapping is possible because all patient models are derived 

from a fixed mesh template that is morphed to the patient based on anatomical 

landmarks (Castro-Mateos et al. 2014; Castro-Mateos et al. 2015). Since all elements thus 

have the same anatomical position, it is possible to transfer information from the patient-

specific to the generalized model. The simulation of the mechanoregulation process then 

is performed using the generalised model, to predict changes in the disc composition, and 

the results are mapped back to the patient-specific model. Directly after applying the 

adapted loading configuration due to fusion surgery to the model, the tissue changes were 

expected to be the largest. Therefore, the tissues were allowed to remodel for 3 months 

before the model was re-run to determine the new mechanical stimulus. After the first 

year, smaller changes were expected as the largest adaptation took place during the first 

year, the time step was set to 6 months. 



 

 

 

Figure 5.2. To make predictions for a patient, first a patient-specific model is generated, including the patient 
specific composition, geometry and changes in loading conditions. These properties are transferred to the 
standard model using a mapping procedure. With this procedure, changes in any of the parameters are 
translated to equivalent changes in parameters used for the standard model. The results of the adaptation 
simulation are mapped back to the patient model. 

5.2.2. Bone adaptation framework  

To account for changes in the adjacent vertebra, i.e. changes in bone stiffness, the model 

was extended with a previously developed bone remodelling theory (Colloca et al. 2014). 

This theory is a homogenized version of  an earlier microstructural bone remodelling 

theory (Ruimerman et al. 2005; van Oers et al. 2008) and predicts the bone density as a 

function of mechanical loading, quantified by the strain energy density (SED), and 

parameters related to cell-level activity and microstructure. Similar to the disc adaptation 

theory, the actual bone adaptation takes place at the level of the cells and is assumed to 

be regulated by the tissue-level SED at the surface of the bone tissue ST as sensed by the 

cells. Based on this mechanical signal, the osteocyte sensitivity μ and the osteoblast bone 

Patient specific model 

• Patient specific change in loading configuration 
• Patient specific geometry 
• Patient specific degeneration grade 

Generic IVD adaptation model 

Mapping procedure 



 

 

formation rate τ  the amount of newly formed bone is calculated. Also at this level, 

osteoclast cells were assumed to remove bone tissue at a constant speed determined by 

the osteoclast resorption chance focl and resorption volume Vres. Based on these 

parameters and the available bone surface per volume dS/dV, of which a fraction α was 

assumed to be available for bone remodelling, modelled as cylindrical structures, the bone 

resorption rate is calculated. By integrating these rates over the bone volume the total 

change in bone density m then is calculated as: 

dV
dSConst

dt
txdm

SED
),(

      (Eq. 5.5) 

where  is defined as  

)( resoclTSED VfSConst       (Eq. 5.6) 

As with the disc adaptation, an explicit time integration using fixed time step of one day is 

used to predict the changes in bone density over time. 

5.2.2.1. Patient-specific implementation 

For the patient-specific implementation, the bone geometry and density distribution were 

based on the direct pre-operative patient CT scan. The bone remodelling theory was then 

modified to enable the prediction of changes in bone density as they relate to changes in 

bone loading by defining the stimulus as the relative difference in the SED distribution 

after and before the fusion operation: 

)()( resoclrefresocloppostSED VfSEDVfSEDConst   (Eq. 5.7) 

The pre-operative SED, or SEDref, distribution was calculated based on the direct pre-

operative density distribution as obtained from the patient CT scan using loading 



 

 

conditions obtained from the full lumbar model (see  below) representing the spine before 

the operation. The post-operative SED was calculated using the bone density distribution 

predicted by the remodelling theory using loading conditions obtained from the full 

lumbar model with fused disc. If both are similar, no remodelling will occur, i.e. Eq. 5.7 and 

Eq. 5.5 will be zero resp.. Directly after applying the adapted loading configuration due to 

fusion surgery to the model, the tissue changes were expected to be the largest. 

Therefore, the tissues were allowed to remodel for 3 months before the model was re-run 

to determine the new mechanical stimulus. After the first year, smaller changes were 

expected as the largest adaptation took place during the first year, the time step was set 

to 6 months. 

Table 5.4. The bone remodelling parameters as defined in the theory of Colloca et al. (Colloca et al. 2014). The 
bone formation rate τ, osteocyte mechanosensitivity μ and resorption volume per cavity vres were fitted, marked 
with ** see below, other parameters based on Colloca et al. (Colloca et al. 2014). 

Parameter Value unit 
Bone formation rate τ  475** [μm3/(nmol·day)] 
Osteocyte mechanosensitivity μ  1** [nmol/((MPa/s)·μm2)] 
Osteoclast activation frequency  focl  0.03 [1/(day· mm2)] 
Resorption volume per cavity Vres   5.6.10-5 [mm3] 
Bone specific surface fraction α  0.5** [-] 



 

 

 

Figure 5.3. Patient-specific bone adaptation implementation. From CT scan of a patient, bone density and the 
geometry are obtained. From the full lumbar model patent-specific boundary conditions and changes in these 
boundary conditions due to fusion are obtained. The patient-specific FE model is used to determine the organ 
level load distribution. Using the bone remodelling theory, this is translated to a change in the density 
distribution. 
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5.2.3. Lumbar model 

The lumbar model is an FE model representing the full lumbar part (L1 – S1) of the spine 

(Malandrino et al. 2015) (Figure 5.4). This model, which includes vertebrae, discs and 

ligament, is generated from patient CT and MR scans and has a patient-specific geometry 

of both the vertebrae and discs (Castro-Mateos et al. 2014; Castro-Mateos et al. 2015). 

. 

 

Figure 5.4. Example of lumbar model. An example of a lumbar FE model. The model contains vertebrae, discs and 
ligaments form L1 till S1. 

For the vertebrae, the patient-specific bone density is used to calculate the bone stiffness. 

The AF and the NP were both modelled as poro-hyperelastic materials (Malandrino et al. 

2015); different to what is used for disc adaptation. The total stress tensor  caused by 

external loads was the superimposition of the porous solid stress and the fluid pore 

pressure, that were respectively derived from a strain energy density function W, and 

Darcy's law (Malandrino et al. 2015). 
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where G and K are the shear and bulk modulus respectively of the porous solid (drained),  

the determinant of the deformation tensor ,  the first strain invariant,  is the second 

order unit tensor,  the pore fluid velocity and  and  are the porosity and hydraulic 

permeability tensor resp. For more details, see Malandrino et al. (Malandrino et al. 2015). 

 

Physiological boundary conditions, i.e. compressive load based on the patients’ weight 

and forward bending (12°), were applied to the lumbar spine and the model was 

subsequently used to investigate the loading conditions per segment. It should be noted 

that these loading conditions were not the same as those used for the generalized disc 

segment. In the present study, the lumbar model was used only to calculate the 

percentage change in loading for the segment neighbouring the fusion, while for the 

actual values of the forces and moments working at the segment the generalized loading 

conditions were adjusted proportionately. 

5.2.4 Integrated bone – disc adaptation 

To study the effect of fusion surgery on both bone and disc simultaneously, the two 

algorithms were integrated into the same framework. Bone remodelling is assumed to be 

driven by the magnitude of the applied load (Rubin and Lanyon 1985), i.e. the magnitude 

of a peak load, while disc adaptation is assumed to be dependent on the average load 

distribution during normal daily activity (see disc adaptation framework description).  

Since bone remodelling occurs much faster than disc degeneration (order of months 

versus order of years), the simulation of bone remodelling requires much smaller time 

steps than that of disc adaptation. Using a fully coupled approach would require to 

evaluate both the stresses/strains in the disc and in the bone at each time step. Since 

evaluating the average stresses/strains in the disc is very expensive, and since the changes 

in disc composition would be minor for such small time steps, a semi-coupled approach 

was used instead. With this approach, the two processes where separated and performed 

in series to each other once for each larger time step: bone remodelling followed by disc 



 

 

adaptation (Figure 5.5). Before tissue adaptation was simulated (both disc and bone), the 

disc was allowed to come to equilibrium by applying three preconditioning loading cycles 

consisting of a displacement in axial direction (Barthelemy et al. 2016) representing an 

axial compression load (Adams et al. 1990; McMillan et al. 1996; Paajanen et al. 1994; 

Rohlmann et al. 2001; Wilke et al. 1999) followed by a creep period, similar as described in 

the disc adaptation framework. This precondition mimics the action of external loads as 

well as muscle activation.  

  

Figure 5.5. In the coupled model, the bone remodelling and the disc adaptation algorithms are combined to 
represent the bone remodelling and disc adaptation due to intervention. Starting with the bone remodelling, a 
new density distribution is calculated that is mapped to the disc adaptation model. Changes in disc composition 
are calculated and are subsequently mapped back to the patient-specific model. Each module is explained in 
detail above. 

 

t = t +Δt 
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 Patient specific bone density 
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5.2.5. Patient study 

To demonstrate the feasibility of this described generic framework to investigate changes 

in adjacent tissue after a fusion, it was applied to 10 patients (pt) suffering from low back 

pain. These patients were enrolled in the EU-funded MySpine project which consisted of a 

total of 192 patients. The enrolment was approved by the Scientific and Research Ethics 

Committee of the Medical Research Council (751/PI/2010) of the National Center for 

Spinal Disorders, Budapest, Hungary. Based on CT and MRI data pt-specific FE meshes of 

the lumbar spine were reconstructed (Castro-Mateos et al. 2014; Castro-Mateos et al. 

2015; Malandrino et al. 2015). Out of these 192 cases, 27 patient cases underwent fusion 

treatment. For 10 cases (7/10 male; mean age at surgery 38 years; 5/10 fusion at L4-L5, 

4/10 fusion at L5-S1, 1/10 L3-L4), the lumbar spine model (Malandrino et al. 2015) could 

successfully solve all applied loading configurations (axial compression and flexion for the 

pre-surgical situation and after fusion treatment resp.). For these cases, the effect of 

fusion surgery on the adjacent disc and vertebra was simulated and compared to the 

clinical follow-up data.  

5.2.6. Outcome measures 

Changes in bone density of the vertebra and changes in ECM at the adjacent level were 

compared to clinical follow-up (FU) data 2 years post-surgery. To compare the predicted 

bone densities, the simulated bone density value per location was compared to the 

clinically observed bone density at the same location 2 years post-surgery. This was done 

for the vertebra adjacent to the fusion level, e.g. when level L4-L5 was fused, the 

predicted and clinical densities of vertebra L3 were compared to each other. To do so, the 

same mapping and morphing procedure as to determine the initial geometry and bone 

density (Castro-Mateos et al. 2014; Castro-Mateos et al. 2015) was used for the 2 year FU 

data. To reduce the effects of noise in the CT scan and to obtain more meaningful bone 

density values, the element bone density was evaluated for a spherical region with a 

radius of 2 mm with its centre at the element centre (Harrigan et al. 1988). This was done 



 

 

for both simulated and clinical FU data. Since the reproducibility of the results depends on 

the reproducibility of the meshing algorithm, a small sub-study was performed to 

investigate errors that can be expected due to meshing errors. In this sub-study, meshes 

for four patients were generated three times, and the density distribution was calculated. 

Based on these results it was concluded that the mean detectable change (MDC) per 

element was 1.9%, indicating that changes less than this value cannot be detected (for 

more detail see Appendix). 

The similarity between the simulation and FU data was expressed as correlation 

coefficient, i.e. the bone density in each element at the adjacent level of the fusion was 

compared to the density in the same element in the simulation. In order to have a 

clinically relevant outcome for the disc changes, the relative change in ECM content were 

translated into a change in pt-specific degeneration grade for the overall IVD based on 

tissue water content. The relative change in ECM content between different degeneration 

grades has been well studied in literature (Antoniou et al. 1996; Johannessen and Elliott 

2005) and the best predictor of change in degeneration grade is water content within the 

tissue (Antoniou et al. 1996). As in the IVD model the water content is based on the 

equilibrium between collagen tension and GAG content-based osmotic swelling, changes 

in collagen and GAG content in IVD tissue lead to a change in water content. Due to the 

used modelling approach this predicted change in water content is a relative change. Prior 

to treatment, for each patient, the grade of degeneration was known, and thus the water 

content inside the IVD tissue (Antoniou et al. 1996). After adaptive simulation, the 

calculated relative change in water content was translated to an absolute water content, 

based on the prior known pt-specific water content and the simulated change (grade 

dependent, based on literature (Antoniou et al. 1996)), leading to the pt-specific change in 

water content and corresponding pt-specific change in grade. This was compared to 

clinical scored degeneration grade per patient 2 years post-surgery. Three randomly 

selected cases (#4, #6 and #9) were simulated up till 10 years post-surgery to study the 

effect of fusion on both adjacent vertebra and IVD at a longer time span. Although these 



 

 

results cannot be compared to clinical data, it shows the potential of the developed 

framework.  

5.3 Results 

5.3.1 Disc steady state  

To verify the adaptation method and to determine a steady-state IVD with corresponding 

matrix content and cell density spatial distribution, it was assumed that the adaptation 

changes for physiological loads should result in a steady-state IVD with tissue 

morphologies of a healthy normal IVD. After adaptation to steady state, in the centre of 

the IVD, a large region is present where cartilage tissue has been formed. 

Circumferentially in the outer regions of the IVD, steady-state fibrous tissue has formed 

with corresponding matrix components. In between these two regions, particularly at 

posterior location of the IVD, a mixed tissue is present (Figure 5.6).  

 

Figure 5.6. Cross-sections of a steady state disc with (a) collagen (b) GAG and (c) water (relative amount of 
content). In the centre of the disc, a region with low collagen (black) and high GAG (black) and water content is 
found, similar to cartilage tissue, i.e. NP. Towards the outer shape of the disc, regions with high collagen and low 
GAG and water content are observed, i.e. AF tissue. In between these regions, a mixture of both tissues is 
observed, indicating the transition zone between both tissues. The black lines indicate the borders between the 
original geometrically defined NP and AF region 

a) 

c) 

b) 



 

 

5.3.2 Pt-specific simulations 

5.3.2.1 Bone adaptation 

In general, modest changes in the adjacent tissues were found, both in bone and IVD 

tissue. For bone, the predicted bone volume fractions ware in fair to good agreement with 

the finical FU data (Table 5.5 and Figure 5.7). 

Table 5.5. Correlation between predicted bone volume fraction (BV/TV) vs clinical FU BV/TV. 

Case number #1 #2 #3 #4 #5 #6 #7 #8 #9 #10 

Correlation coefficient (r) 0.81 0.73 0.69 0.91 0.80 0.77 0.61 0.76 0.77 0.97 

  



 

 

           

 

Figure 5.7. Examples of graphical representation of bone volume fraction as predicted 2 years post-surgery (b, e 
and h) and measured at the same time point (c, f and i), compared to pre surgery (a, d and g). a, b and c 
correspond to patient #1, d, e and f to patient #7, g, h and i to patient #10. A black colour indicates a density of 0. 

5.3.2.2 Disc adaptation 

As for the adjacent disc, in all patients, only modest changes in biochemical content were 

predicted by the simulation. When looking at the relative amount of collagen, the nucleus 

region is becoming more fibrous, indicating that degeneration is progressing (see Figure 

5.8 for typical results). This same result is being observed for the GAG content as well as 

the water content. Although the changes are modest, the results indicate that the 

biochemical content is progressing towards the next stage of degeneration. However, 

Pr
e 

su
rg

er
y 

2 
ye

ar
 p

os
t s

ur
ge

ry
 

SI
M

U
LA

TI
O

N 
2 S

2 
ye

ar
 p

os
t s

ur
ge

ry
 

CL
IN

IC
AL

 

a 

b 

c 

d 

e 

f 

g 

h 

i 



 

 

based on the relative change in water content inside the IVD, no grade change would be 

anticipated in the upper level adjacent to the treated disc within the first 2 years after 

surgery. In all cases no change in degeneration grade was observed clinically, nor was this 

predicted by the simulation. 

Figure 5.8. a) Start collagen content and predicted collagen content 2 years after fusion (b). c) and d) Change in 
GAG content for 2 year simulation due to fusion. e) and f) Changes in water content in the disc for 2 year 
simulation. For visualization purposes, only the disc is shown. Predicted changes are for case #9 and serve as 
example of the outcome for the other cases. 

Three cases (#4, #6, #9) were simulated up till 10 years. For the first two years, the 

predicted tissue changes correspond well to the clinical data and only modest changes 

were predicted (Table 5.5). For the latter case, after 5 years a significant change in ECM 

content was simulated as well as a significant change in bone density (Figure 5.9, Figure 

5.10 and Figure 5.11). For the other two cases, only modest changes in both bone and 

ECM content were simulated. After ten years, in all cases a change in degeneration grade 

was predicted.  

a) c) e) 

b) d) f) 
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Figure 5.9. Pt-specific results up to 10y post-operative of case #4, visualized on the pt geometry. Tissue changes 
in both bone and disc changes simulated up till 10 years post-operative in a combined view. For disc tissue, the 
ECM components are visualized: collagen, GAG and water content (relative amount). Water content is visualized 
in black and white, mimicking the water content as could be observed on MRI data. Next to these ECM changes, 
also bone changes are visualized for the 4 different time points. After 2 years, the clinical FU-data is visualized to 
show a graphical comparison. Bone density values vary between 0 and 1, relative collagen content between 0.65 
and 0.15, GAG between 0.85 and 0.35, water content between 0.81 and 0.75 respectively. 
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Figure 5.10. Pt-specific results up to 10y post-operative of case #6, visualised on the pt geometry. Tissue changes 
in both bone and disc changes simulated up till 10 years post-operative in a combined view. For disc tissue, the 
ECM components are visualized: collagen, GAG and water content (relative amount). Water content is visualized 
in black and white, mimicking the water content as could be observed on MRI data. Next to these ECM changes, 
also bone changes are visualized for the 4 different time points. After 2 years, the clinical FU-data is visualized to 
show a graphical comparison. Bone density values vary between 0 and 1, relative collagen content between 0.65 
and 0.15, GAG between 0.85 and 0.35, water content between 0.81 and 0.75 respectively. 
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Figure 5.11. Pt-specific results up to 10y post-operative of case #9, visualised on the pt geometry. Tissue changes 
in both bone and disc changes simulated up till 10 years post-operative in a combined view. For disc tissue, the 
ECM components are visualized: collagen, GAG and water content (relative amount). Water content is visualized 
in black and white, mimicking the water content as could be observed on MRI data. Next to these ECM changes, 
also bone changes are visualized for the 4 different time points. After 2 years, the clinical FU-data is visualized to 
show a graphical comparison. Bone density values vary between 0 and 1, relative collagen content between 0.65 
and 0.15, GAG between 0.85 and 0.35, water content between 0.81 and 0.75 respectively. 
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5.4 Discussion 

The constituent based FE model of an IVD was successfully extended to a 

mechanoregulated IVD model. Based on a mechanoregulated tissue differentiation theory 

(Prendergast et al. 1997), a stable healthy IVD with a realistic ECM spatial distribution was 

obtained. Subsequently, the IVD model incorporated into a spinal segment model and was 

extend with a bone remodelling theory (Colloca et al. 2014). Finally, this method was 

successfully extended to a patient-specific algorithm and demonstrated for 10 cases that 

underwent fusion surgery to predict vertebral bone density and disc tissue adaptive 

changes in the adjacent segment.  

In both the clinical study and the computer simulations, a modest increase in vertebral 

density was found as the result of a neighbouring fusion operation. As observed in 

multiple studies, this effect may lead to accelerated disc degeneration of the adjacent disc 

levels since an increase in stiffness may lead to change in loading configuration at the disc 

as suggested by Pye et al. (Pye et al. 2006). In the current study, however, the observed 

and simulated changes in density were small, as only a 2 year follow-up period was 

available. Interestingly, the simulation study predicted ECM changes towards the next 

degeneration grade, suggesting that a longer follow-up period would reveal more severe 

degeneration. This was clear also from the three cases in which simulation results were 

continued until 10 years follow-up, where a clear trend in disc changes were observed, 

especially from 5 years post-surgery, even when changes within the first 2 years were 

modest. These findings are in line with those found by Pye et al. (Pye et al. 2006), Aota et 

al. (Aota et al. 1995) and Etebar and Cahill (Etebar and Cahill 1999) who observed a 

change in grade after 25 months or more.  

Although predicted changes in bone density show similar trends as those observed in the 

patients, there also are clear differences. Several reasons could explain such differences. 

First, the change in loading due to fusion was calculated from the full lumbar model 

(Malandrino et al. 2015) only once by comparing the pre- operative and post-operative 



 

 

loads. Ideally, the BCs are re-determined after each adaptation cycle since changes in disc 

adaptation might affect spine behaviour. However, such effects are expected to be very 

small. Second, the value of some remodelling parameters was determined by fitting the 

simulation results and the clinical results of only one patient. A more rigorous fitting 

involving more patients and a more advanced optimization scheme might improve the 

overall performance of the model. Since the present study involved only 10 patients, this 

was not possible. Third, a standardized loading protocol was used for all patients and it 

was assumed that the activity levels before and after the operation would be the same. 

Although the model could account for different loading patterns, e.g. related to 

occupational behaviour, or changes in activity level after the operation, no information 

was available for the patients included here. Fourth, there might be patient-specific 

differences in bone and disc metabolism and adaptation rates. For example, in patients on 

bisphosphonate treatment the changes in bone density might be less than expected. Since 

the model includes the cell level, it could also account for such changes in bone and disc 

responsiveness, provided that the effects of drugs on cell activity are known. For the 

present study, no information about factors that may affect the bone or disc adaptation 

was available. Finally, in order to predict a realistic material distribution, some parameters 

in the mechanoregulation theory had to be modified. This was based on the assumption 

that the original theory did not take residual strains into account and that these strains are 

on the same order of magnitude as load-induced strains in IVD tissues where substantial 

osmotic swelling is balanced by collagen tensile strains. The accuracy of the parameters as 

found here is not known since no other data is available to which these can be compared. 

As such, they should be treated as 'effective' parameters only. 

There were also a number of technical limitations to the model used here. Most 

importantly, it was not possible to measure patient-specific disc composition, nor was it 

feasible to calculate a patient-specific composition for each patient. These limitations 

required to use a mapping procedure and to simulate the changes using a generalized 

model. Possibly, more advanced MR techniques may better reveal the patient-specific disc 

composition. Due to this limitation, a complex interplay between the different algorithms 



 

 

was designed and different modelling steps needed to be repeated before each 

simulation, e.g. preconditioning of the disc.  Due to the repetitive preconditioning cycles, 

the whole process becomes time consuming. Therefore, in future studies, different 

strategies need to be investigated to reduce the necessary simulation time. Most time 

consuming factor is the simulation of the disc behaviour. Therefore, it is worthwhile to 

investigate the possibility to reduce the number of cycles the disc tissue needs to be 

simulated. By doing this, the whole algorithm will become less time consuming and less 

complex due to reduced number of simulation steps.  

In conclusion, a framework was developed and tested that predicts patient specific tissue 

changes adjacent to the fusion region. To the best of our knowledge, this is the first 

framework able to simulate pt-specific tissue changes after lumbar spinal fusion in both 

vertebra and disc. Both bone and disc tissue changes correlated with the clinical observed 

findings at 2 years post-surgery.  
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Chapter 6 

General discussion 

  



 

 

6.1 Relevance of obtained results 

Within this thesis, the effect of intervertebral disc (IVD) degeneration on the lumbar spine 

was investigated. By using different techniques, the effect of degeneration on the IVD and 

vertebra was studied. The aim of the thesis was to investigate the effects of moderate 

degeneration of intervertebral disc tissue on the mechanical behaviour of the disc itself 

and its adjacent vertebrae.   

Degeneration of an intervertebral disc is a complex, multifactorial and multiscale process 

in which changes at organ level will lead to changes at cell level and the other way round. 

Therefore, to reach this aim, several sub-aims were set, each contributing to the overall 

aim. The first sub-aim was related to the development of a numerical model that 

correlates the different levels of the intervertebral disc. With the development of this 

model, it is now possible to relate the biochemical components (changes) to the overall 

behaviour of the disc. Earlier, no such model was available and only the influence of the 

known macroscopic changes due to degeneration could be studied. These macroscopic 

changes were mostly translated into an assumed change in mechanical parameter, e.g. a 

change in compressive stiffness of 25% due to degeneration. The overall behaviour of 

these phenomenological models, at the organ level, corresponds reasonable well to 

experimental conducted studies. As already pointed out before, the major drawback of 

these model is the limited usability to study changes at different levels besides the organ 

level. However, if the main goal of a study is to focus only on the organ level, such kind of 

model might already lead to satisfactory results. A major advantage of these kind of 

models is that the material parameters could be picked ‘randomly’ and don’t have to be 

related to the biochemical content of the disc tissue. This provides more freedom and 

leads in general to a faster development, e.g. no determination of parameters based on 

experimental data, of a spinal motion segment (SMS) model. However, the major 

drawback of such models is the limited usability, especially when tissue changes needs to 

be studied, as wanted in this thesis. With the incorporating of the different levels into one 

model, cell behaviour correlating to organ level behaviour, insight was gained in the direct 



 

 

relationship between the behaviour and response of tissue to the behaviour at the organ 

level. For example, due to the effect degeneration at the cell and tissue level, i.e. changes 

in extracellular matrix components and collagen architecture, a realistic height loss was 

obtained compared to in-vivo measurements. This example shows the real strength and 

potential of the developed SMS model. Based on parameters that can be measured at the 

tissue level and are in general widely available in literature, a realistic behaviour at the 

organ level could be found.  

By using this model, it was shown that the change in collagen architecture (second sub-

aim) and biochemistry leads to a change in kinematical behaviour at the organ level (third 

sub-aim). Since the introduction of the definition of instability in the early 1980s, there has 

been a wide debate on the effect of moderately degeneration on a motion segment and if 

this causes instability or has a stabilization effect. Multiple studies have been conducted 

to provide insight into the effect of moderate degeneration on the kinematical behaviour. 

The majority of the more recent studies conducted were all numerical studies, similar to 

the studies conducted in this dissertation. Within the model we developed, the 

biochemistry (cell level) is responsible for the mechanical behaviour at the organ level. 

Based on the changes as occur with degeneration at the cell and tissue level, a 

combination of both stabilization and instability was found. This outcome corresponds to 

the findings in literature. However, with the use of the multiscale SMS model, it became 

clear that next to the changes at the cell level (ECM changes), also the changes at the 

tissue level (collagen architecture change) play an important role in the determination of 

the behaviour at the organ level. Due to the change in architecture with respect to the 

healthy state, the disc gains freedom in one direction, while in another direction the 

opposite result was found. This change in architecture in combination with the changes in 

biochemistry, might be the key component to answer what the effect of moderately 

degeneration on the kinematical behaviour of a spinal motion segment is and what is 

causing the differences in different loading directions and the difference with respect to 

more severe degeneration (Figure 6.1).Thus, this consideration should be incorporated 

into the general pathophysiological understanding of disc degeneration and how its 



 

 

progress could affect low back pain and its treatments thereof. More research however 

should be conducted before any effect of this on the possible treatment option can be 

given.  

 

Figure 6.1. Adapted multiscale scheme with inclusion of tissue changes and the interaction of each level towards 
adjacent levels. 

With the development of a coupled multiscale bone and disc adaptation model, the fourth 

sub-aim, multiple clinical relevant situations can be studied. For example, it is now also 

possible to study, next to the effect of a surgical intervention, the effect of disc 

degeneration on the bone (stiffness). Also, what is the effect of changes in bone stiffness 

on the stage of degeneration of the disc? Therefore, the effect of different treatments 

could be investigated, not specifically related to surgical treatment. For example, what is 

the effect of osteoporosis on an intervertebral disc and what is the effect of a treatment 

on both bone and disc, from a mechanical point of view? Earlier, only a predictive 

outcome could be obtained for bone, as remodelling algorithms are widely available. Due 

to absence of a similar algorithm for disc tissue, the potential effect of change in bone 

stiffness could only be based on animal studies or on retrospective outcomes (clinical 
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trials). Drawback of such methods is that they are very labour and cost intensive as well as 

there are some ethical aspects on both types of data collection. An advantage is the 

possibility to study the real effect on the tissue and cell level in a realistic environment. 

The major advantage of the developed multiscale model, besides the practical and ethical 

arguments, is the fact that small changes in tissue composition could be detected early 

and how these changes influence the adjacent tissue, something that can’t be done using 

the other methods.  

Therefore, this model is not only suited to study the effect of surgical intervention, but can 

also be used to investigate the effect of other potential treatment techniques. Based on 

the obtained results in this thesis, there seems to be a clear correlation between changes 

in bone and changes in disc content. This indicates that changes in bone stiffness leads 

directly to changes in degeneration grade, or vice versa, a finding that also was found in 

clinical studies. In-vivo, there is no such thing as only bone or only disc. Therefore, if the 

effect of a change in the environment, e.g. medicine, on bone or disc content needs to be 

studied, always a coupled model should be used. 

In summary, it was shown what the effect of degeneration on the tissue and organ level is 

and on the collagen architecture. There is a complex interplay between all levels (cell, 

tissue and organ level, see Figure 1.5 and 6.1) and a small change in one of the levels is 

influencing the others. This implies that a potential treatment option, or regeneration 

method, should not only take into account the change in cell behaviour but should also try 

to find a way to restore the function at the tissue level, i.e. the collagen architecture, 

towards a healthy stage.  

6.2 Future adaptations and limitations 

Within this thesis, the effect of degeneration on the collagen architecture was quantified 

and it was showed what the potential effect of changes in this structure is. With 

moderately degeneration, the collagen architecture in the AF is becoming less organized 



 

 

and more isotropic, leading to the hypothesis that this is potential the cause of the 

presence of instability. Due to this insight, changes in the collagen could be used as 

marker for the occurrence of moderately degeneration of an intervertebral disc. Current 

clinical standards prevent the use of this finding as predictive tool to monitor the stage of 

degeneration. However, due to the introduction of more sophisticated (and high tesla) 

MRI techniques such as apparent diffusion coefficient (ADC) mapping, the state of 

degeneration can be live monitored by measuring the collagen fibre angle and 

proportionality. This makes it possible to quantify non-invasively the state of degeneration 

and use it as quantification of the spatial degeneration stage of the disc. With this 

information, further action can be undertaken in e.g. treatment to prevent any further 

progression of degeneration, but also to study the effect of the treatment. 

The applicability of the combined model, used for the pt-specific simulations, in a clinical 

setting also has to be thought of in the near future. Currently, the whole process to obtain 

patient specific results is time consuming and (too) labour intensive. At different time 

points, user input is required, limiting the direct applicability in a clinical setting. To make 

the transition towards a clinical environment, first a more robust and less time consuming 

technique should be developed to generate the patient specific mesh. Now, this process 

required user input, takes up to several hours and the outcome has to be manually 

checked before it can be used for future analysis (see chapter 5). Although the algorithm 

responsible for the conversion of clinical data into numerical usable data was not 

development and validation in this thesis, the output was used both as input and as 

validation of our results. Some inaccuracy in the data will always be present when 

converted from one modality to another (CT and MRI data into numerical models); 

however, to the opinion of the author of this thesis, the current reliability of this step is 

not high enough. Other points that prevent direct implementation into the clinical setting 

have to do with the amount of different treatment options that can be simulated. 

Currently, only the effect of fusion surgery was studied and evaluated. As the developed 

algorithm is not uniquely designed for fusion surgery, in theory, each type of treatment 

could be studied. However, no other treatment options have been tested so far. Finally, 



 

 

the simulations are very time consuming. Currently, for a 2 years tissue adaptation 

simulation, the bone remodelling simulation requires some 30 CPU hours (single core 

equivalent, i.e. 30 hours to run) whereas the disc adaptation requires some 120 CPU hours 

(single core equivalent). This high CPU load is caused almost exclusively by the CPU time 

needed to solve the osmo-poro-visco elastic model as done by Abaqus. Also for the bone 

remodelling model, the disc is included, although merely to provide the proper boundary 

conditions for the bone loading. The CPU time for the disc adaptation is higher because a 

more extensive set of loading conditions is applied.  

By reducing the computational time in future work, a faster prediction can be obtained, 

making the framework more suitable for a clinical setting.   

6.3 Main conclusion 

The aim was to investigate the effect of moderate degeneration of intervertebral disc 

tissue on the mechanical behaviour of the disc as well as on the disc structure and 

components itself, and to provide insight into the effect of a change in the mechanical 

environment of a disc adjacent vertebra. Different tools allowing studying the effect of 

degeneration at different levels were developed and it was shown what the effect of 

changes at different levels, i.e. cell, tissue and organ level, is and how these could 

influence each other. By providing all these tools and information, some light was shed 

onto the topic disc degeneration, providing tools and knowledge to better understand the 

processes that occur during degeneration. This is the first small step towards a better 

understanding of degeneration. To provide clear answers to all potential questions 

regarding this topic, many more steps should follow. 
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Appendix Minimal detectable change – chapter 5 

 

The minimal detectable change (MDC) per element was determined to determine what 

BV/TV changes could be detected on the clinical data. Due to the underlying mechanism 

(Castro-Mateos et al. 2014; Castro-Mateos et al. 2015), this resulted in three slightly 

different bone fractions per element. Based on these three measurements, the MDC per 

element per case was determined. Elements with a MDC of more than 10 % were 

visualized to determine the location of these elements (Figure A.1). 

  

Figure A.1. Elements with a minimal detectable change (MDC) of 10% or more. This indicates that on 
the visualized elements, the determined value could vary by 10% or more for the four different 
cases. For case d), no elements with a MDC of more than 10% were found. The colours indicate the 
MDC value per element (MDCi): light indicates an MDCi of 30% or more, dark an MDCi of 10%. 

Based on these findings, elements with a high MDC, i.e. there is a high uncertainty about 

the determined values within these elements (up to 33%), were all located in the outer 

four rows of elements. As these elements cause a high amount of uncertainty in the 

outcome parameter, i.e. negatively influencing the correlation coefficient and therefore 

blurring the results, these elements were excluded for further analysis (17% of total 

number of elements). By excluding these elements, the mean MDC per element became 

1.9%. 

  

a) b) c) d) 



 

 
  

 

 

Samenvatting 

  



 

 
 

Degeneratie van een tussenwervelschijf (TWS) gaat gepaard met morfologische veranderingen in de 
TWS en aanliggende wervels en bijbehorende structuren. Deze morfologische veranderingen 
beïnvloeden het bewegingspatroon van de rug en het bijbehorende mechanische gedrag. 
Degeneratie van de TWS is het resultaat van een samenspel van veranderingen in biochemische 
compositie, micro structurele architecturale veranderingen en veranderingen in belasting. Eindige 
elementen modellen worden vaak gebruikt om het effect van deze veranderingen in de TWS op het 
gedrag van de rug te onderzoeken. De meeste modellen beschrijven het effect van de degeneratie 
van een TWS op een fenomenologische manier waarbij de mechanische respons van het weefsel 
artificieel aangepast wordt. Hierdoor is het niet mogelijk om verandering op biochemisch niveau te 
onderzoeken. 

In het tweede hoofdstuk van deze thesis wordt er om deze reden een multiscale model 
geïntroduceerd waarbij weefseleigenschappen bepaald worden door de biochemische compositie en 
de micro architectuur van het weefsel. Bijbehorende constituent materiaal eigenschappen zijn 
bepaald door individuele weefseleigenschappen te fitten aan het mechanisch gedrag van deze 
weefsels. In de vervolgstap, de gevonden materiaal eigenschappen en biochemische compositie zijn 
geïmplementeerd in een zgn. spinal motion segment (SMS). Dit verkregen SMS model komt overeen 
met een gezonde TWS met een gegeneraliseerde geometrie en geeft realistische bewegingspatronen. 
Met dit generieke multiscale model van een TWS is het nu mogelijk om het verband tussen 
biochemische compositie en veranderingen in bewegingspatronen te onderzoeken. 

Vervolgens zijn veranderingen aan de collageenarchitectuur gekwantificeerd. Monsters van het 
annulus fibrosus weefsel werden op vier locaties in de omtrekrichting en op twee locaties in de 
radiale richting, een totaal van 14 monsters per TWS, verkregen. Door middel van Second Harmonic 
Generation microscopie in combinatie met een collageenvezel-volg-algoritme, is de collageenhoek 
per monsterlocatie vast gesteld. Naast deze hoek, werd ook de verhouding tussen de collageenvezels 
in de hoofdrichting, de vezels die in de gemiddelde collageenhoek liggen, en de vezels in de andere 
richtingen bepaald. Door degeneratie neemt de collageenhoek in de hoofdrichting af ten opzichte 
van gezond weefsel. De verhouding tussen de verschillende vezelrichtingen verandert niet tot 
nauwelijks ten gevolge van degeneratie. De uitkomst van deze studie is het eerste kwantitatieve 
bewijs dat de collageenvezeloriëntatie van ligt gedegenereerde TWS een relatief homogene 
collageenoriëntatie heeft en dat de kenmerken van een gezonde TWS slechts gedeeltelijk nog 
aanwezig zijn. 

In het vierde hoofdstuk wordt het effect van biochemische veranderingen en collageenvezel 
aanpassingen ten gevolge van degeneratie op het bewegingspatroon van een SMS onderzocht. In 
literatuur, tegenstrijdige informatie over het effect van degeneratie op de flexibiliteit van de rug is 
aanwezig. In sommige studies wordt instabiliteit waargenomen bij de eerste fase van degeneratie 
terwijl in ander studies een stabiliserend effect bij deze fase gevonden wordt. Om dit verder te 
onderzoeken, is het eerder ontwikkelde SMS model met een gezonde TWS gebruikt. De biochemische 
compositie en bijbehorende collageenarchitectuur werd aangepast naar een ligt gedegenereerde 
TWS. Het gesimuleerde bewegingspatroon laat instabiliteit in axiale rotatie zien; terwijl in alle 
andere richtingen een stabiliserend effect zichtbaar werd.  



 

 
  

In de eerste hoofdstukken van de thesis was de focus op het onderzoeken van een bepaalde fase van 
het degeneratieproces en de bijbehorende effecten op het bewegingspatroon. In het laatste 
hoofdstuk van deze thesis is de focus meer op het onderliggende proces wat deze degeneratieve 
veranderingen veroorzaakt. Om dit te onderzoeken wordt een mechanoregulatie (MR) model voor de 
TWS gecombineerd met een bot remodeleringsmodel. Het doel van dit onderzoek was eerst om een 
dergelijk gecombineerd model te ontwikkelen en vervolgens de uitkomsten te valideren aan de hand 
van klinische data verkregen van patiënten die een fusie operatie ondergaan hebben. Na 
implementatie van de MR in het TWS model, werd eerst aangetoond dat er een realistische 
extracellulaire matrix (ECM) verdeling verkregen werd behorende bij een gezonde TWS onder een 
normaal belasting patroon. Vervolgens werd het model gekoppeld aan een numeriek model van de 
volledige lumbale rug. Uit dit model werden patiënt specifieke veranderingen in belasting ten 
gevolge van fusie operatie verkregen. Gebaseerd op deze veranderingen, weefsel aanpassingen in de 
TWS en wervel werden gesimuleerd. De uitkomst van deze simulatie komt in grote mate overeen met 
de gevonden veranderingen in de patiënten 2 jaar na de operatie. 

De ontwikkelde en geteste methodieken zoals beschreven in deze thesis kunnen bijdragen aan het 
begrijpen van TWS degeneratie en het effect hiervan op een SMS. De gevolgde methodiek zorgt 
ervoor dat biochemische veranderingen, veranderingen in collageen structuur en veranderingen in 
belasting onderzocht kunnen worden. Daarnaast kan deze methode patiënt specifieke resultaten 
genereren. Daarom kan deze methodiek uiteindelijk gebruikt worden om patiënt specifieke 
veranderingen als gevolg van behandelingen te voorspellen en te onderzoeken. 
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