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ABSTRACT 

Intervertebral disc degeneration is a prevalent problem and is a key factor directly or 

indirectly related to low back pain. The mechanical environment of the cells in a 

degenerated disc is substantially altered, and likely influences the metabolic behavior of 

the cells. A more detailed and quantitative description of the stress-strain environment in 

and around the cells would be valuable to better understand the process by which the 

cells sense and react to the mechanical stimulus. Recent studies have greatly contributed 

to the pool of material property data describing the extracellular matrix and the 

intervertebral disc cells. A n d with the advent o f laser scanning confocal microscopy, the 

ability to validate the in situ deformation of cells under externally applied loads is now 

possible. Therefore, the objective of this study has been to develop a finite element model 

of cells in the intervertebral disc, and to investigate the in situ mechanical environment of 

the cells under physiologic loading. 

Several three-dimensional finite element models were developed: 1) a lumbar motion 

segment model including two adjacent vertebrae, ligaments, and the intervertebral disc; 

2) a tissue model to duplicate specimens used in bi-axial tests to validate material 

property formulations and model predictions; and 3) a micro model with sufficient 

flexibility to model various cell shapes including spheroids, ovoids, and more general 

shapes from reconstructed microscope images. Selected elements in the larger scale 

models were used to "drive" the micro models. Material properties o f the disc were based 

on a fibre reinforced poro-hyperelastic material model. The cells were modeled as linear 

elastic. 

The motion segment model was used to simulate a known dangerous movement 

consisting of combined axial compression, lateral bending, twisting and forward flexion. 

Elements in the posterolateral and anterior regions of the disc were then used to drive 

micro models o f ovoid and spherical cells in the outer and inner annulus respectively. 

Significant differences in cell volume changes and deformation were observed between 
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the different regions. Such differences were primarily between the anterior and 

posterolateral regions. Volume decreases and maximum cellular deformation were found 

to occur in the posterolateral region. Conversely, cell volumes increased in the anterior 

regions. These results are significant in conjunction with epidemiological observations 

which have shown the posterolateral region of the disc to be associated with accelerated 

degeneration and higher incidences of herniation. 

Using the tissue model in bi-axial loading, many aspects of cell shape effects and multi 

cell arrangements were explored. It was found that ovoid cells were more resistant to 

volume changes than spherical cells. Furthermore, ovoid cells were found to become 

more like spheres whereas spheres became more like ovoids when subjected to bi-axial 

loading. This behavior was consistent when matrix conditions were orthotropic as well as 

isotropic. However, under uni-axial loading these observations were different in that both 

ovoids and spheres became more elongated. This suggests that loading is more significant 

to cell signaling than the matrix conditions. It is known that in vivo strains at the 

periphery of the disc are bi-axial, however, much of the material testing to date has been 

uni-axial. There is also further significance in the differing response between the ovoid 

and sphere shaped cells. It is commonly accepted that cells within tissues normally under 

tensile loads (i.e. ligaments) are elongated or ovoid in shape; whereas, in tissues normally 

under compressive loads (i.e. cartilage) the cells are more spheroid in shape. These 

factors suggest that cell shape may be inherent in the load sensing mechanism of the cell. 

Developing a better understanding of this mechanism w i l l be a significant step towards 

solving the mysteries of intervertebral disc degeneration and low back pain. 
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LIST OF ABBREVIATIONS AND MEDICAL GLOSSARY 

Anatomic Coordinates System: 

• Axial: A x i s parallel to a line extending from foot to head. 

• Circumferential: A x i s tangent to a point on the curve of the disc lamella. 

• Radial: A x i s extending outward from the center of the body perpendicular to the 

axial axis. 

Anatomic Spatial References: 

• Superior: Above or referring to the top. 

• Inferior: Below or referring to the bottom. 

• Anterior: Towards the front. 

• Posterior: Towards the back. 

Annulus fibrosus: The outer ring o f the intervertebral disc, rich in type I collagen which 

form a meshwork o f interwoven fibres arranged in concentric lamella around the nucleus 

pulposus. The annulus fibrosus is predominantly attached directly to the vertebral bodies. 

Apoptosis: The final stage of the cell cycle. Programmed cell death. 

Avascular: lacking in a blood supply. 

Axial rotation: A twist about a vertical axis (foot to head). 

Cartilaginous end plates: Dense semi permeable tissue, approximately 1 mm in 

thickness, situated between the disc and vertebral bodies, above and below the nucleus 

pulposus and a portion o f the inner annulus. The end plates act as a control structure for 

metabolites, while preventing the migration o f the nucleus pulposus into the cancellous 

core of the vertebral bodies. 

Cell signaling: A chemical, electrical, or mechanical event that evokes a response in the 

cell causing a modification in its metabolic state. The interaction involves receptors at the 

cell surface that trigger a series of complex events to occur inside the cell. 

Chondrocyte: A connective tissue cell that is normally associated with the production of 

type II collagen and proteoglycans, usually spherical in shape, and found in cartilage and 

other tissues that bear compressive loads. 
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Collagen: A family of protein constructs that are the principal constituent of white 

connective tissue, usually considered to have high tensile strength. O f the numerous types 

of collagen there are two of interest to this study: Type I collagen - typically in the form 

of long fibrillar bundles common to ligaments, tendons, and the annulus fibrosus: Type I 

collagen usually more amorphous in form and normally associated with articular cartilage 

and the nucleus pulposus. 

Connective tissue: Tissue that supports, binds, separates more specialized tissues, or 

serves as packing tissue. It includes bone, cartilage, tendons, ligaments, intervertebral 

disc, and adipose (fat). 

Cytoplasm: Visc id translucent colloidal material surrounding the nucleus of the cell and 

confined within the cell membrane. 

Cytoskeleton: The fibrillar structure inside the cytoplasm forming the supporting 

internal framework o f a cell. 

Fibroblast: A connective tissue cell that is normally associated with the production of 

type I collagen, usually ovoid or elongated in appearance, and found in tissues that bear 

tensile loads such as ligaments, tendons, and annulus fibrosus. 

Flexion: Bending of joint so that the bones forming it move closer together. Forward 

flexion relating to the upper body is defined by a rotation about the hips that bring the 

head and chest closer to the legs. 

Herniated disc: Describes a disc in which the nucleus pulposus protrudes through the 

annulus fibrosus resulting from an injury or degeneration of the tissue. 

Intervertebral disc: The avascular, flexible, soft tissue structure between any two 

adjacent vertebra. The disc is comprised o f three main components: the central nucleus 

pulposus; the cartilaginous end plates; and the outer annulus fibrosus. 

Laser Scanning Confocal Microscopy: A tool for obtaining high resolution images and 

3-D reconstructions of a variety of biological specimens. Through a x-y deflection 

mechanism a laser light beam is turned into a scanning beam, focussed to a small spot by 

an objective lens onto a fluorescent specimen. A confocal aperture (pinhole) is placed in 

front of the photo detector allowing only light to from a specific focal plane to pass. In 

this way serial sections can be made through the depth of the sample. 
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L4-L5 motion segment: A segment of the spine comprised of the 4 t h and 5 t h lumbar 

vertebrae and the associated intervertebral disc. Numbering of the vertebrae starts with 

L I being closest to the skull and L5 closest to the feet. 

Ligament: A connective tissue joining bones across a joint. 

Lumbar spine: The five largest vertebrae and intervertebral discs of the lower back-bone 

which are responsible for transferring the weight of the upper body to the legs via the 

sacrum (bones of the hip). The ribs do not articulate with the lumbar spine. 

Mechanotransduction: A cell signaling process by which a cell senses and reacts to an 

external mechanical stimulus by detecting a change in the internal structure of the 

cytoskeleton. 

Morphology: Describing the form and gross structure of a biological entity; considered 

synonymous to anatomy. 

Osteophyte: A bony outgrowth. It can occur in arthritic cartilage, and is associated with 

inflammation and pain at the joint. 

Nucleus pulposus: The gelatinous substance at the centre of the intervertebral disc high 

in proteoglycans and water, and well suited to resisting compressive stresses. 

Proteoglycans: A family o f proteins with covalently attached glycosamenoglycan chains 

(a type of sugar molecule). They serve as a source of fixed charge density, endowing the 

tissue with a propensity to imbibe water, and swell. These molecules are normally 

associated with tissues that bear compressive loads such as the articular cartilage of the 

knee joint, or the nucleus pulposus. 

Phenotype: The observable characteristics of an individual (or cell) resulting from the 

genes it possesses. 

Tendon: A connective tissue connecting muscles to bones. 

Tissue matrix: The substance o f a tissue or organ consisting of specialized structures 

such as collagens and proteoglycans in which the cells are embedded. 

Trabeculae: Thin strands o f bone that form the spongy truss like structure of cancellous 

bone, residing at the core o f most bones such as those in the leg or the vertebral bodies. 
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Vertebral bodies: The bones o f the spine, comprised of a spongy core (cancellous bone) 

and a thin hard shell (cortical shell). The vertebrae are also endowed with lateral and 

posterior bony processes that provide lever attachments for ligaments and muscles. 

In Situ: In its native environment. 

In Vivo: In the organism. 

In Vitro: Al ive but made to occur outside of the organism (i.e. in a test tube). 
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CHAPTER 1 INTRODUCTION 

1.1 O V E R V I E W AND G E N E R A L O B J E C T I V E 

Intervertebral disc degeneration is a key factor, directly or indirectly, in the pathogenesis 

of low back pain. The biological and mechanical deterioration of the intervertebral disc is 

a natural consequence of aging. However, many factors such as fitness level, gender, 

occupation, tobacco use, and mechanical injury have all been shown to alter and/or 

accelerate the aging process, leading to intervertebral disc degeneration. (White and 

Panjabi 1990a). 

It has been speculated that one of the underlying factors in the degenerative process is an 

adaptive remodeling response of disc cells to altered mechanical loads. The intervertebral 

disc can be subjected to altered loading due to strenuous work and fatigue in occupational 

tasks, poor muscle tone or to changes in material properties with aging (Kelsey and 

White 1980; Kong et al. 1996). Yet the mechanical stress-strain environment of the cells 

is not well understood and has not been extensively analyzed, either in a healthy or 

degenerated disc. 

The major thrust of this research has been to explore the relationship between the cell 

and the varied mechanical environments within the disc in an effort to better understand 

the stresses and strains experienced by disc cells. Finite element analysis offers the 

potential to model the nonlinear, non-homogeneous and complex environment of the cell, 

yet up ti l l now this effort has not seemed justified due to a lack o f material properties and 

the ability to validate the model predictions. Material property data of cells and the 

surrounding extracellular matrix have recently become available, as well as microscopic 

techniques to visualize the in situ cell behavior. Thus the overall objective of this thesis 

has been to develop a finite element model of cells in the intervertebral disc. This 

research represents a first step in modeling the in situ mechanical environment of cells in 
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the intervertebral disc, and quantifying the cellular stress-strain changes that might occur 

in disc degeneration. 

1.2 A N A T O M Y A N D BIOMECHANICS 

1.2.1 The Lumbar Spine 

The human spine is a columnar structure comprised of bony elements separated by soft 

tissue discs, and stabilized by a family of ligaments (Figure 1.1). The spine extends from 

the base of the skull to the bones of the hip, and thus is responsible for transferring the 

weight of the trunk to the lower limbs. It also serves to protect the spinal cord; articulate 

with the skull, ribs, and hips, and provide attachment for the muscles o f the back. 

There are a total of 26 bony vertebral bodies divided into four regions distinguishable by 

their lateral curvatures (as seen from the side). Figure 1.1 shows the different regions and 

associated vertebra. The lumbar, in contrast to the thoracic vertebrae, are not associated 

with the rib cage. Morphology of the lumbar vertebra is also distinct from that of the 

other regions. Most notably they are larger and increase in size towards the sacrum. The 

vertebral body is cylindrical in shape and is primarily cancellous or spongy bone encased 

within a thin shell of cortical bone (Figure 1.2) 

Integral to the vertebrae are the posterior elements, connected to the bodies via the 

pedicles. The posterior elements of the vertebrae serve primarily as muscle and ligament 

attachments; there are also two additional points of articulation at the facet joints. The 

facet joints are synovial type joints and serve to limit, in the lumbar spine, the allowable 

axial rotation between vertebrae (Adams and Hutton 1981). Each vertebra has a total of 

four facets, two superior and two inferior. 
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Vertebrae 

ic Vertebrae 

Vertebrae 

and Coccyx 

Figure 1.1 Lateral view showing the curvatures and different regions of the spine 
(adopted from Goel and Weinstein 1990). Note that the five lumbar vertebrae are shaded. 



I SF 
TP Lateral V i e w 

SP IF 

L 

V i e w from Below 

Figure 1.2 The 4 and 5 lumbar vertebrae, the two lowest lumbar vertebrae. Note the 
posterior elements and in particular the facet joints, which affect the inter-segmental 
motion between the vertebrae. I V F = intervertebral foramen; SJC = synovial joint capsule 
(facet joint); SP = spinous process; IF = inferior facet; SF = superior facet; T P = 
transverse process; SC = spinal canal; L = lamina.  
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There are seven ligaments spanning between adjacent lumbar vertebrae (Figure 1.3). 

Ligaments are passive fibrous tissues comprised mainly of type I collagen (20%) and 

water (70%) with minimal blood supply and innervation (Frank 1996). The structural 

behavior o f ligaments has been described as non-linear viscoelastic (Waters and Morris 

1973). 
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Figure 1.3 The seven ligaments o f the lumbar spine. S S L = supraspinous ligament; ISL 
= interspinous ligament; C L = capsular ligament; ITL = intertransverse ligament; L F = 
ligamentum flavum; P L L = posterolateral ligament; A L L = anterior longitudinal 
ligament.  
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1.2.2. The Intervertebral Disc 

The intervertebral disc is a soft tissue structure that interconnects adjacent vertebrae. In 

total they account for approximately 25% of the total spinal length (Martin and Guidos 

1990). The disc is the largest avascular tissue in the body, and depends on convection and 

diffusion for nutrient transport (Battels et al. 1998; O'Hara et al. 1990). In vivo tests 

suggest that 10-15% of the total fluid in the disc is lost during daily activity and is 

regained at night during rest (Adams and Hutton 1983). 

The disc has three components: the annulus fibrosus, the nucleus pulposus, and the 

cartilaginous end plates (Figure 1.4). The annulus fibrosus is a fibrous cylindrical 

structure that surrounds the soft pulpy nucleus pulposus. The end plates reside at the 

superior and inferior surfaces of the disc and provide a transition between the vertebral 

body and the nucleus pulposus and when intact, prevent the nucleus from flowing into the 

vertebral tabeculae. Trauma to the end plates can result in migration of the nucleus 

pulposus into the vertebral bodies, identified as Schmorl's nodules (Rolander and Blair 

1975). The annulus fibrosus attaches directly to the vertebral bodies v ia Sharpey's fibres 

(Oegema 1993) similar to the bony attachments o f ligaments and tendons (Frank 1996). 
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A Section through the lumbar spine 

Embedded collagen fibres 
oriented at +/- 60 degrees to 
the vertical axis alternating in 
adjacent lamella 

Figure 1.4 A section through the lumbar spine and a schematic view of the 
intervertebral disc (adopted from Agur and Lee 1999).  
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The three components o f the disc act synergistically to bear compressive, torsional and 

flexural loads. The nucleus pulposus, which is rich in proteoglycans and type II collagen, 

becomes pressurized when the disc is subjected to compression (Iatridis et al. 1999). The 

annulus, reinforced with the ropy type I collagen fibres, restricts the lateral bulging of 

the pressurized nucleus pulposus (McNal ly and Arridge 1995). While the annulus is 

highly orthotropic in its tensile modulus due to the collagen fibre orientation, the 

compression response has been found to be isotropic (Iatridis et al. 1998). The end plates, 

which are somewhat flexible in bending w i l l also bulge vertically causing internal 

deformation of the trabecular structure of the vertebral bodies (Rolander and Blair 1975). 

The load bearing mechanism of the intervertebral disc is achieved by a balance between 

hydrostatic pressure in the nucleus pulposus, and circumferential tensile hoop stresses in 

the annulus fibrosus (Shah et al. 1978; Stokes 1987) (Figure 1.5). 

Compressive Load 

Figure 1.5 The disc under compression - a synergistic interaction between the nucleus 

pulposus under pressure and the annulus fibrosus in tension. 
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The annulus fibrosus has two distinct regions, a fibrocartilaginous inner region or 

transition zone, as well as a ligamentous-like outer region (Errington et al . 1998). The 

annulus is also comprised of a series of approximately 20 - 40 concentrically arranged 

lamella each 0.14 - 0.52 mm thick with embedded type I collagen fibres oriented at 

approximately 60 degrees to the vertical axis (Marchand and Ahmed 1990). In adjacent 

layers the orientation of the fibres alternates between positive and negative 60 degrees 

(Figure 1.4). 

The entire disc is composed mostly of water, contained within the interstitial spaces of 

the tissue matrix. Water content in the annulus fibrosus is 60-70 %, while the nucleus 

pulposus is on the order of 90 % (Oegema 1993). The tissue matrix is considered to be 

primarily comprised of proteoglycan molecules: 10-20 % dry weight in the annulus, and 

50 % in the nucleus. Proteoglycans are associated with fixed negative charges and thus 

have a strong affinity for water (Urban and M c M u l l i n 1988). The nucleus, therefore, 

having such a high concentration of proteoglycans, is especially well suited to resist 

compressive loading. The tissue matrix can also swell substantially; the tissue left 

unconfined can imbibe water to increase it's volume by up to 200% (Iatridis et al. 1996). 

The bulk matrix of the annulus derives it's tensile stiffness and strength through the 

embedded type I collagen fibres; the nucleus pulposus does not contain type I collagen 

(Oegema 1993). 

A n important aspect of the disc, relating to its fluid component, is the hydraulic 

permeability. It has been estimated that the metabolic requirements of the cells are on the 

same order as that of the tissue permeability, this is in contrast to articular cartilage which 

has 50% excess permeability (Maroudas et al. 1975). This is significant for the disc 

because it does not have vasculature to support metabolite transport; furthermore, 

hydraulic permeability has been found to decrease with degeneration (Gu et al. 1998). 
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1.2.3. Intervertebral Disc Cells 

Three morphologically distinct cells in the disc have been described based on microscope 

observations of adult bovine tissue (Errington et al. 1998). The shape variations of the 

cells varied with anatomic region. In the nucleus pulposus, cells were spheroidal with a 

surrounding matrix capsule distinct in composition from the bulk tissue matrix. In the 

outer annulus the cells were elongated and found to be aligned with the collagen fibres. 

Within the inner annulus, or the transition zone, cells became rounded. Similar 

morphology have been described for human disc cells (Maroudas et al. 1975; Pritzker 

1977), rabbit disc cells (Poiraudeau et al. 1999), porcine disc cells (Kaapa et al. 1995), 

and rat and mouse tail disc cells (Iatridis et al. 1999; Lotz et al. 1998). 

Using a laser scanning confocal microscope on live tissue samples, a kinked or bent cell 

shape has also been observed in the outer annulus interspersed among elongated cells. It 

is speculated that these cells assume such a shape to conform to crimping that occurs in 

slackened or unstrained collagen fibre bundles of the outer annulus (Bruehlmann et al. 

2000). Another recent observation describes a spheroidal population of cells in the outer 

annulus (Bruehlmann et al. 2001). These cells were found in the inter-lamellar spaces 

where the two adjacent lamella were populated with the aforementioned elongated cells. 

Cel l phenotype in the disc was found to be consistent with cell shape and biochemistry of 

the surrounding tissue matrix. In the nucleus pulposus, the cells were described as 

chondrocytic (Errington et al. 1998; Maroudas et al. 1975; Pritzker 1977). These cells are 

responsible for maintenance of the type II collagen and proteoglycan rich matrix of the 

nucleus pulposus (Oegema 1993). Some controversy exists over the phenotypic origin of 

the nucleus pulposus cells. It has recently been suggested that nucleus pulposus cells are 

of notochordal rather than mesenchymal origin (Poiraudeau et al. 1999). Notochordal 

cells are associated with development of the spinal column in the early embryo; 

mesenchymal cells, also present in the early embryo, form the skeletal and connective 

tissues including bones and ligaments (Martin and Guidos 1990). 
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In the outer annulus, cells were fibroblast like (Errington et al. 1998; Maroudas et al. 

1975) and thus responsible for production of the type I collagen rich matrix (Oegema 

1993). Transition zone cells were described as being both chondrocyte like and 

fibrocartilaginous (Buckwalter 1982; Pritzker 1977). 

The average cell density in the disc was found to be 5800 cells / m m 3 (Maroudas et al. 

1975). Cel l density was also found to be highest at the periphery (outer annulus and near 

end plates) and decreased to about 1/5* in the nucleus. Compared to the cell density of 

other connective tissues, this was found to be low. In articular cartilage, cell density was 

reported to be on the order of 14,000 to 15,000 cells / m m 3 (Stockwell 1971). Typical 

cell-to-cell separation of cells in the nucleus pulposus in individuals less than 30 years of 

age was found to be 500 |xm; in samples from older subjects, the cells tended to form 

small clusters or "minichondrons" (Pritzker 1977). 

Two biomechanically distinct cell populations have been identified in the intervertebral 

disc (Guilak et al. 1999a). The study used the technique of micro-pipette aspiration 

(Haider and Guilak 1999) on cells isolated from porcine discs to determine mechanical 

stiffness values. In general, cells of the annulus fibrosus and the transition were found to 

be of similar stiffness but were less stiff than those in the nucleus pulposus. 

1.3 L O W B A C K PAIN AND DISC D E G E N E R A T I O N 

Disorders of the low back affect many people and impose tremendous costs to society. 

Clinically, this has proven to be an extremely complex problem to diagnose and treat. 

There are many confounding factors, and the exact sources of pain and causes thereof 

have remained elusive. 

Pain itself is difficult to define and much disagreement still exists in the literature on this 

topic. There are many components to pain and pathophysiology is not always the basis 
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for a pain response. Furthermore, pain is not always observed at the site of injury, nor is 

there a direct correlation to a pain response and the severity of the stimulus (Goel and 

Weinstien 1990c). 

In terms o f low back pain, there are several confounding variables that give rise to a 

general lack o f understanding about the specific causes and mechanisms. It is accepted 

that deterioration o f the intervertebral disc is a contributing factor to back pain; direct 

measurements o f in vivo disc stresses have demonstrated a correlation between 

anomalous loading and painful discs (McNal ly et al. 1996). However, this proves itself to 

be somewhat o f a paradox given that there are no pain receptors in the disc itself other 

than at the periphery (Goel and Weinstien 1990b; White and Panjabi 1990b). It is 

speculated that pain can be caused by damaged or inflamed tissue impinging on 

neighboring nerves around an injury site. Nerves in adjacent tissues may also become 

irritated by an excessively mobile disc. 

Clinically, observable disc trauma is not necessarily a positive indicator of low back pain. 

It has been demonstrated that more than one third of sixty seven subjects, with no history 

of back pain, had substantial abnormalities based on interpretation of magnetic resonance 

scans of the lumbar spine (Boden et al. 1990). It has been speculated, however, that at 

some latter time, such people w i l l become symptomatic (White and Panjabi 1990b). The 

underlying assertion would be that low back pain can result from a degenerative process 

as wel l as a single traumatic event. 

Furthermore, mechanical compression of the nerve roots is not the only causative agent 

for pain. Inflammatory reactions also play an important role as demonstrated by epidural 

application o f autologous nucleus pulposus material in dogs, which resulted in pain 

related changes in the nerve roots (Yabuki et al. 1998). 



14 

1.3.1 Epidemiology 

Industrialized society has a 60 to 80% incidence of low back pain (at some point in an 

individuals life); in non industrialized societies this rate is somewhat less, suggesting the 

influence o f environmental or occupational factors (Bremner et al . 1968; Kellgren and 

Lawrence 1958). In the United States, low back disorders account for most causes o f 

activity limiting conditions in individuals under the age of 45 years; between the ages o f 

45 - 64 years these impairments rank third after heart conditions and arthritis ( N C H S 

1973). 

It has been estimated that among the 55 mil l ion American working men, there has been a 

loss of 217 mill ion missed workdays annually, translating to approximately $11 bill ion 

US in lost wages (Frymoyer et al. 1983). In terms of overall impact including direct plus 

indirect medical costs, it has been estimated that low back pain accounts for a total 

expenditure o f $50-100 bil l ion U S per annum (Frymoyer 1996; Pope 1996). This 

translates to a cost of $5-10 bil l ion C D N per annum in Canada. Moreover, recent 

statistics indicate that 10% of Canadians had significant back problems that limited their 

activities (Hu et al. 1997). 

Back problems in general have also been found to be chronic in nature. Employees with 

back problems who are absent from work for more than six months have only a 50% 

chance of ever achieving productive employment again ( M c G i l l 1968). I f absent for more 

than one year this figure was found to reduce to 25%. 

Early signs of degeneration in the annulus fibrosus are seen to occur most frequently in 

the posterolateral region o f the disc; this may account for the higher rate of herniations 

which occur in this area (Kelsey and White 1980). The lower lumbar discs are also more 

likely to exhibit annular degeneration based on autopsy observations (Farfan et al. 1970). 

From computed tomography (CT) of the lumbar spine in 188 patients with low back pain, 
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the frequency o f disc herniations at the various levels has been determined (Fries et al. 

1982). The results are summarized as follows: 

4 t h 

and 5 t h lumbar: 54% 

5 t h lumbar and sacrum: 38% 

3 r d and 4 t h lumbar: 8% 

1 s t and 2 n d lumbar: < 1% 

2 n d and 3 r d lumbar: <1% 

1.3.2 Etiology 

The intervertebral disc functions as a single unit with multiple components. Injury to one 

locale of the disc has been found, experimentally, to result in measurable degeneration in 

other areas (Kaapa et al. 1995). 

Herniation of the intervertebral disc was first reported in 1858 (Luschka 1858). Since 

then, many in-vitro studies have postulated that the mechanism responsible for this injury 

has not been due to purely compressive loads as one might have initially expected. 

Compression failure is normally manifested in the end plates (Farfan et al. 1970; Farfan 

et al . 1972; Hardy et al . 1958; Perry 1957; Rolander and Blair 1975; Vi rg in 1951). 

Furthermore, it is not likely that herniations result from a single traumatic event but 

rather are caused by a degenerative process (Adams et al. 2000). Annular lesions, it is 

believed, progress outward from the nucleus pulposus towards the disc periphery 

(Brinckmann 1986; Natarajan et al. 1994). Ultimately, material from the nucleus 

pulposus migrates through the lesion and out of the disc, thus causing the herniated 

condition. 

Sudden prolapse of the disc has been observed experimentally in cadavers (Adams and 

Hutton 1982). Failure was produced by applying a sudden compressive load combined 

with lateral bending and forward flexion. Such a configuration would be consistent with 
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hitting your head while bending forward and to one side to pick something off the floor 

starting from the standing position. 

There is much evidence that supports the hypothesis that degeneration o f the disc is 

accelerated by mechanical events. This is evident in the many etiologic factors associated 

with low back pain (Andersson 1981; Battle and Kapiro 1996) (Table 1.1). 

Table 1.1: Etiologic factors associated with low back pain (Andersson 1981; 

Battie and Kapiro 1996) 

Workplace factors Individual factors 

• Heavy work • Age 

• Static work • Height 

• Frequent bending and twisting • Posture 

• Lifting and forceful movements • Strength and fitness 

• Repetitive work • Spinal mobility 

• Vibration exposure • Emotional well being 

• Psychosocial (low job satisfaction) 

• Genetics 

Additionally, smoking has been found to significantly contribute to the occurrence o f low 

back pain (Frymoyer et al. 1983; Kelsey et al. 1984a). Smoking related coughing is 

believed to be one of the mechanisms involved in this relationship. It has also been 

shown that nicotine reduces vertebral blood flow as demonstrated in canine experiments 

(Frymoyer et al . 1983; Urban et al. 1977). 

The disc is the largest avascular structure in the body. Metabolite and nutrient transport is 

generally through the vertebral bodies via the end plates (Maroudas et al. 1975; Urban et 

al. 1977). Disruption of this pathway therefore would be highly detrimental to the proper 

maintenance o f the disc. Thus damage to the endplate or a reduction in vertebral blood 

flow would likely have a degenerative effect on the disc. 
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It has been proposed that disc degeneration begins with decrease in proteoglycan content 

and dehydration in the nucleus pulposus with subsequent formation of tears in the 

annulus fibrosus (Hirsch and Schajowicz 1953). Compressive forces normally borne by 

the pressurization of the nucleus pulposus migrate outwards as this process evolves. In 

severely degenerated discs, pressure within the nucleus pulposus has been found to 

approach zero (Nachemson 1960; Panjabi et al. 1988; Urban and M c M u l l i n 1988). Thus 

the annulus, which normally experiences circumferential hoop tension, begins to 

experience increased levels of hydrostatic compression (Kaapa et al. 1995; Lotz et al . 

1998). Such changes in stress states are deleterious to the structure and function of the 

annulus (Handa et al . 1997; Hutton et al. 1999; Iatridis et al. 1999; Ishihara et al. 1996; 

Lo t ze t a l . 1998). 

This model for disc degeneration is consistent with autopsy observations (Pritzker 1977). 

In summary, three stages have been defined: 

1. The young, healthy disc is associated with intact end plates, distinct separation 

between the nucleus pulposus and annulus fibrosus, and well defined lamella 

within the annulus fibrosus; 

2. In the intermediate stage of degeneration, there is disruption o f the end plates, 

a decrease in nucleus pulposus volume, fraying of the inner annulus, and a 

change in annular cell phenotype from fibrocytic to chondrocytic; 

3. In the degenerated disc there is complete annular and endplate cell failure 

associated with significant narrowing of the disc space and osteophyte 

formation. 

The degenerative changes observed in the annulus, including the changes in cell 

phenotype, are consistent with observations made in other connective tissues. In general, 

fibrocytes were found in regions o f tension such as within ligaments and tendons, 

whereas chondrocytes appeared in areas of compression, as in articular cartilage or 
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compressive regions of a tendon (Matyas et al. 1995; Scapinelli and Little 1970). 

Furthermore, based on biochemical analyses, differences in cell type distribution have 

been observed throughout the degenerated disc as compared to the healthy disc (Inkinen 

et al . 1998). Thus, the observed changes in cell phenotype within the annulus, is not 

surprising when the predominant stresses change from tension to compression. A distinct 

correlation has been observed between cell phenotype and distortional strain history for 

connective tissues in general and has formed the basis of a proposed connective tissue 

remodeling law (Giori et al. 1993) (Figure 1.6). 

Distortional Strain History 

Compression 

Cartilage 

Fibrous Tissue 
Maintenance 

Fibrous Tissue 
Atrophy 

- • Tension 
Hydrostatic Stress History 

Figure 1.6 Proposed connective tissue remodeling laws (Giori et al . 1993). According to 

this model, increased hydrostatic stress and distortional stress in the inner annulus would 

lead to the proliferation of fibrocartilage in that region. This is consistent with the 

observed patterns of disc degeneration (Giori et al. 1993; Lipson 1988; Pritzker 1977; 

Yasumaeta l . 1990). 

The forgoing has focused on the body o f evidence that supports the idea that annular 

degeneration follows disruption of the nucleus pulposus. In support of this hypothesis, 

degeneration o f the annulus fibrosus has been induced experimentally, in-vivo, in mice 

and rat tail discs (Iatridis et al. 1999; Lotz et al. 1998). The experiments involved 

compressive loading of rat tail discs to drive the water out of the nucleus pulposus. 

Healthy discs under high compressive loads (which subjects the annulus of the disc to 

increased hydrostatic compression) exhibited signs of degeneration including apoptosis 
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of nucleus pulposus cells and phenotypic changes of annulus cells. Such changes were 

found to be proportional to the compressive load applied to the disc. 

Evidence also suggests that the degenerative process would be difficult to halt once 

initiated. It has been found that structural properties were different for degenerated discs 

when compared to normal discs (Iatridis et al. 1998; Umehara et al. 1996). Such changes 

would precipitate a change in the mechanical behavior of the spine resulting in more 

unfavorable and potentially deleterious load conditions within the disc. 

Macroscopically, it appears that external stresses can be one mediating factor in tissue 

degeneration. It is reasonable, therefore, to accept as a corollary, that the cells within the 

tissue are in some way responding to mechanical stimuli. It has been suggested that the 

extra-cellular matrix of the disc may be destroyed by degrading enzymes that are 

controlled by the cells as with chondrocytes in articular cartilage (Shinmei et al. 1988). 

Abnormal hydrostatic pressure, has also been found to affect the balance of synthesis and 

degradation of the extracellular matrix as maintained by the cells (Handa et al. 1997; 

Hutton et al. 1999; Ohshima et al . 1995). 

Despite the significant body of circumstantial evidence concerning the ability of 

connective tissue cells to sense and react to their mechanical environment, the exact 

mechanisms by which this occurs are not wel l understood. The soft tissue environment 

surrounding the cell is structurally complex in terms of metabolite gradients, mobile ions, 

fixed charges, and heterogeneity (Maroudas et al. 1975; Oegema 1993). Mechanical 

loading is known to alter this environment in many ways including changes in fluid 

pressure, deformation, fluid flow, shear stress, osmotic pressure, and streaming potentials 

(Maroudas and Bannon 1981; Urban 1994). Cel l deformation has also been observed in 

compressed articular cartilage with cell volume and height decreases of up to 22 %, and 

26% respectively (Guilak 1995; Guilak et al. 1995). 
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While the interaction between the cell and the matrix is certainly complex, cells are 

believed to have the ability to directly perceive and react to deformation. The process is 

termed mechanoreception and involves special receptors at the cell surface that provide 

mechanical coupling between the cell and the matrix (Banes et al. 1995; Ingber 1997). 

Moreover, a description o f cytoskeletal architecture as connected rods and elastic bands 

existing in a state of tensegrity suggests a direct mechanical coupling between the cell 

surface and the nucleus (Ingber 1997). Involvement of the cytoskeleton in transferring 

cell deformation to the nucleus has also been demonstrated in situ (Guilak 1995). These 

observations underscore the need to analyze the in situ mechanical environment of the 

disc cells. 

1.4. SPINE AND C E L L M O D E L S 

1.4.1. Lumbar Spine Models 

Two general types of spine models have been reported in the literature: 1) single or 

multiple motion segment models (vertebra-disc-vertebra construct); and 2) models of the 

entire trunk structure (Pope and Novotny 1993). It is relevant for this study to focus on 

the development o f motion segment models only. In the development of motion segment 

models there have been a number of analytic models (Broberg 1983; M c N a l l y and 

Arridge 1995) as well as several finite element models (Table 1.2). 

These models have been used in a variety o f applications, but primarily to investigate 

motion segment behavior or estimate material coefficients from experiments. Precise 

validation of these models has proven difficult, given the large variation in mechanical 

response o f motion segments in cadaveric experiments not wholly related to morphology 

(Markolf 1972; Schultz et al. 1979). This may not be surprising, however, considering the 

large disparity between the rotational stiffness o f the disc relative to the moment 

generating capacity of the trunk musculature. It has been estimated that the trunk muscles 

are capable o f delivering a lateral bending moment of 30 N m whereas a typical lower 
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lumbar disc w i l l rotate 3-5 degrees in response to a 10 N m moment (Schultz et al. 1979). 

This is consistent with everyday experiences where a typical individual can resist external 

loads much greater than ones own body weight. The motion segment stiffness plays a 

smaller role than the musculature in governing the gross behavior o f the trunk, and thus 

provides an explanation for the observed variability in the structural properties of the disc 

within the motion segment. It is important, therefore, that these limitations be recognized 

when interpreting the results from model simulations. 
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Table 1.2: Summary of finite element models of lumbar motion segments. 

Reference Model Material Details Purpose o f model 
1 (Shirazi-Adl et al. 

1984) 
3d Non linear elastic fluid 

nucleus 
L23+ segment w/ ligaments 
& posterior 

Analyze compression response of the motion segment and compare to 
cadaver experiments.̂  

2 (Simon et al. 1985b) Axi Linear poro-elastic No posterior Investigation of creep response and intra-disc fluid flow compared to 
experiments with Rhesus motion segments. 

3 (Spilker et al. 1986) Axi Linear elastic fluid 
nucleus 

No posterior Parametrically determine orthotropic material constants for the annulus 
by matching gross motion segment behavior. 

4 (Shirazi-Adl 1989a) Axi Linear elastic fluid 
nucleus 

No posterior Difference in modeling the annulus as fibre reinforced composite 
versus homogeneous orthotropic material. 

5 (Natali and Meroi 
1990) 

3d Poro-hyper elastic No posterior Dynamic response of the motion segment under axial load; 
degenerated versus healthy 

6 (Rao and Dumas 
1991) 

3d Linear elastic fluid 
nucleus 

No posterior Parametric study to evaluate the sensitivity of the model to Poisson's 
ratio and Young's modulus. 

7 (Langrana et al. 
1991) 

3d Linear elastic No posterior Model of disc prosthetic replacement to investigate compressive and 
torsional behavior. 

8 (Kimetal. 1991) 3d Linear elastic fluid 
nucleus 

L345* segment w/ 
ligaments & posterior 

Analyze the changes in L3-4* disc stresses caused by degeneration in 
L4-5+ disc.^ 

9 (Laible et al. 1993) 3d Linear poro elastic 
with swelling 

No posterior Implement a swelling model based on a thermal analogy coupled with 
displacement and fluid volume change. 

10 (Natarajan et al. 
1994) 

3d Linear elastic fluid 
nucleus 

No posterior Investigated failure propagation through the annulus under 
compressive axial loading. 

11 (Duncan and Lotz 
1997) 

Axi Poro-hyper elastic Bone-disc-bone sections Predict axial stress-strain response of sample and derive coefficients 
for Moony-Rivlin constitutive equations. 

12 (Lotz et al. 1998) Axi Poro-hyper elastic No posterior (rat tail discs) Predict time dependant response of rat tail discs under axial 
compression to interpret experimental results. 

13 (Argoubi and 
Shirazi-Adl 1996) 

3d Poro non linear elastic L23+ segment w/ ligaments 
& posterior 

Predict time dependant response of the motion segment and investigate 
facet contact in flexion-rotation. 

Key: Axi = Axi-symetric; 2d = 2 dimensional; 3d = 3 dimensional. 
Notes for Table 1.2 
+ L23 describes a motion segment comprised of the 2n d and 3 [ d lumbar vertebra (LI is the topmost in the lumbar vertebral column). 
++ A series of studies were published using this same model (with same principal author) which investigated various modes of motion segment behavior: Flexion-extension - (Shirazi-Adl et al. 1986a); Axial 

torque - (Shirazi-Adl et al. 1986b); Facets in flexion - (Shirazi-Adl and Drouin 1987); Fibre Strain - (Shirazi-Adl 1989b); Facet contact pressures - (Shirazi-Adl 1991)). 
+++ This model has also been used in other studies: Interlaminar shear stresses - (Goel et al. 1995); and Effects of muscle dysfunction - (Kong et al. 1996)). 
** A similar model was used to compare the axial response to radial experiments (Duncan and Lotz 1997). 
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1.4.2. Cell Models 

A number of mathematical models have been devised to investigate the mechanical 

behavior o f cells (Table 1.3). While this review is not meant to be exhaustive, it does 

include all published attempts to model articular cartilage and annulus fibrosus cells. 

Other cell models have been included to give an idea of the breadth of applications and 

methodologies in cell modeling. Since the realization that connective tissue cells are 

influenced by mechanical stimulation there has been a growing interest in the local 

mechanical environment of the cell (Guilak and M o w 2000; Stockwell 1987). This fact is 

underscored by the number of recent studies which have used mathematical modeling to 

achieve this end. 

Modeling the mechanical behavior o f cells has been a relatively recent endeavor. This has 

been due to several factors: a) recent advancements in the characterization of the 

mechanical properties of cells; b) better understanding o f the mechanical behavior of 

connective tissues such as cartilage, and intervertebral disc; and c) advancements in laser 

scanning confocal microscopy that allow quasi-real time observations of live cells in 

tissue subjected to mechanical perturbations. 

Several approaches have been taken in the modeling of cells in gel cultures and in situ. 

Finite element models comprised o f many elements to model both the cell and the matrix 

have been used, however, these models are computationally very expensive due the 

smallness of the cells relative to the tissue. Closed form solutions have been used, but are 

limited to simple material models and geometry. Mul t i scale finite element models using 

a macro, tissue level model to "drive" a micro cell level model have provided a way of 

overcoming some of these difficulties. However, there is an additional level of 

approximation added in stepping from the macro scale to the micro scale. 

O f the twelve models reviewed, six were aimed at interpreting experimental results to 

determine cell structural properties. Only one, to date, has attempted to model annulus 
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fibrosus cells (Baer and Setton 2000). This model, however, was a closed form axi-

symmetric model, limited to uni-axial tensile loading. 



Table 1.3: Summary of cell models. 

_ Reference Cel l 
Type 

Model 
Type 

Material Loading Matrix Description 

(Freeman et al. 
1990) 

Chondrocyte F E M 
2d 

Linear 
Elastic 

Confined 
Compression 

Agarose 
Gel 

Analyzed relative gel-cell stiffness 
properties. 

2 (Guilak et al. 
1991) 

Chondrocyte F E M 
A x i 

Linear 
Biphasic 

Uni-axial 
Compression 

Agarose 
Gel 

Used model to investigate cell matrix 
interactions. 

3 (Zile et al. 1998) Cardiocyte F E M 
Micro 

Nonlinear 
Elastic 

Uni-axial 
Tension 

Agarose 
Gel 

Parametric study to determine cell 
constitutive properties. 

4 (Haider and 
Guilak 1999) 

Chondrocyte F E M 
A x i 

Visco-
elastic 

Aspiration Isolated Analyze micro-pipette aspiration 
experiments to obtain cell stiffness. 

5 (Wuetal. 1999) Chondrocyte F E M 
Micro 

Linear 
Biphasic 

Compression In Vitro Investigate cell deformation and time 
effects. 

6 (McCreadie and 
Hollister 1999) 

Osteocyte F E M 
3d 

Linear 
Elastic 

Compression In Situ Investigate cell deformation within 
trabeculae of the femur. 

7 (Chen and 
Brodland 2000) 

Epithelial F E M Nonlinear 
Elastic 

Uni-axial 
Tension 

Epithelial 
Sheet 

Predict cell shape changes during 
stretching o f sheets of epithelial tissue. 

8 (Barocas and 
Tranquillo 1997) 

Fibroblast F E M Anisotropic 
Biphasic 

Confined 
Compression 

Agarose 
Gel 

Test theory of mechanical interplay in cell 
populated collagen gels. 

9 (Stamenovic and 
Coughlin 2000) 

Adherent 
Cells 

Ten-
segrity 

Linear 
Elastic 

Uni-axial 
Tension 

n/a Test the tensegrity concept of cellular 
architecture as a quantitative model of the 
steady state elastic response of cells. 

10 (Cotton and Grant 
2000) 

Vestibular 
Hair Cel l 

F E M Linear 
Elastic 

Bending n/a Methods to analyze the mechanical 
behavior of hair cell ciliary bundles. 

11 (Baer and Setton 
2000) 

Annulus 
Fibrosus 

Closed 
Form 

Linear 
Elastic 

Uni-axial 
Tension 

n/a Compare the behavior of spheroidal to 
ovoid cells in an anisotropic matrix. 

12 (Guilak and Mow 
2000) 

Chondrocyte F E M 
Micro 

Linear 
Biphasic 

Unconfined 
Compression 

In Situ Ce l l matrix interactions - varying 
stiffness, Poisson's ratio, and permeability 

Key: F E M = finite e 
output of global mode 

ement model; A x i = Axi-symetric; 2c 
1. 

= 2 dimensional; 3d = 3 c imensional; Micro = micro model driven by 
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There is considerable evidence that one of the underlying factors in degenerative disc 

disease is an adaptive remodeling response of disc cells to changing mechanical loads. 

Yet, the mechanical stress-strain environment of the cells is not well understood and has 

not been extensively analyzed. This knowledge is essential to understanding the role of 

mechanical factors in disc degeneration, and provides the motivation for this research. 

The major thrust of this research has been to explore the relationship between cell shape 

and the varied mechanical environments within the disc in an effort to better understand 

the stresses and strains experienced by disc cells. Finite element analysis offers the 

potential to model the nonlinear, non-homogeneous and complex environment of the cell, 

however, up t i l l now this effort has not seemed justified due to a lack of material 

properties and the ability to validate the model predictions. Recent published data on 

material properties o f cells and the surrounding extracellular matrix have become 

available; as well , microscopic techniques to visualize cell response in situ are now 

possible. This research represents a first step in modeling the in situ mechanical 

environment of cells in the intervertebral disc. 
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Overall Objective 

The overall objective of this thesis is to develop a finite element model of cells in the 

intervertebral disc. 

The Thesis has been divided into two parts. The first was aimed at the development of a 

versatile and efficient technique for modeling cells in the disc. The second part was to 

investigate the mechanical response of the cells under physiologic conditions that have 

been observed i n vivo and in vitro. 

L Objective I 

The first objective has been subdivided into three specific aims designed to scale the 

models decrementally from "macro" to "micro" (i.e. spine motion segment -> tissue 

explant -* cell): 

1.1. Construct a 3D finite element mesh of a lumbar motion segment. 

This model is used to establish the stresses in key vulnerable regions of the disc 

under realistic physiologic loading, which are then used as boundary conditions to 

drive the micro-cell models. 

1.2. Construct a 3D finite element mesh of the annulus fibrosus in a bi-axial 

experimental setup at the tissue explant level. 

This model w i l l also be used to drive micro-cell models. This model and 

configuration have been designed to permit validation of the in situ cell 

deformation and intercellular strains in separate experiments with laser scanning 

confocal microscopy. 

1.3. Develop an efficient micro finite element technique to model cells within a fibre-

reinforced representation of extracellular matrix of the annulus. 

This involves a custom program to automatically create finite element meshes of 

cells having ellipsoidal shapes (spheres and ovoids) as wel l as more general 

shapes obtained from laser scanning confocal microscope images. These micro-
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models are then "driven" by the 3D motion segment and bi-axial meshes to 

predict the stress-strain environment in and around the cells. 

II. Objective II 

The second objective is subdivided into six specific aims to conduct a parametric analysis 

of typical cell shapes and arrangements subjected to physiological loads. 

II. 1. Compare the cellular and extracellular stress-strain environment of ovoid versus 

spherical versus curved cell shapes. 

11.2. Compare the effect of isotropic versus orthotropic extracellular matrices on the 

stress-strain response of the embedded cells. 

11.3. Compare the above results from the bi-axial model to the 3d model at four key 

locations in the disc: 

11.3.1. Anterior - outer (ovoid) 

n.3.2. Anterior - inner (spheroid) 

II. 3.3. Posterolateral - outer (ovoid) 

n.3.4. Posterolateral - inner (spheroid) 

11.4. Compare the effect of isolated cells versus grouped cells. 

11.5. Compare the effects o f different common cell arrangements: 

H.5.1. A long fibre 

11.5.2. Between fibre 

11.6. Compare the effect of a poro model to an elastic model. 
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CHAPTER 2 MODEL DEVELOPMENT 

2.1 O V E R V I E W 

The focus of this study has been the development of several finite element models to 

investigate the mechanical behavior of the lumbar spine from the gross tissue level down 

to the micro cellular level. The use o f the finite element method is not new in 

biomechanics; its use has been reported in the literature for nearly a quarter of a century 

(Goel and Gilbertson 1995). In the finite element method, a continuum is divided into a 

number of discrete elements which interact at the points o f attachment, called "nodes". 

The mechanical behavior of the elements is approximated between nodal points by 

imposing various interpolation schemes on the fields used to describe the behavior of the 

element. The method has significant advantages to deal with the non-homogeneous non

linear orthotropic materials, and complex geometry of the musculoskeletal system. 

For this study, several models have been constructed as follows: 1) organ level motion 

segment model; 2) tissue level explant model; 3) micro or cell level model (Figure 2.1). 

A l l models were analyzed with a general 3D non-linear displacement based commercial 

finite element package ( H K S 1997a). For fluid saturated material, porous analysis 

procedures were used which employed the effective stress principal (effective stress = 

material stress + fluid pressure). 

The tissue level model was used to simulate in vitro experiments involving outer annulus 

tissue loaded in bi-axial tension (Bass and Lotz 1999a; Bass and Lotz 1999b). Such 

experiments have aided in the validation o f material model formulations of the outer 

annulus under relevant loading conditions. A s well , with the use of a laser scanning 

confocal microscope, images o f live cells could be observed in loaded tissue providing a 

method to validate the cell model proposed in this thesis (Bruehlmann et al. 2000). The 

cell micro model, used in conjunction with the three dimensional motion segment model, 



30 

was used to predict cell behavior in relevant loading conditions. These models w i l l serve 

as useful tools for interpreting the observed degenerative changes that occur in the spine 

which are believed to be related to abnormal loading. 
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In-vitro (Tissue) Models 
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Figure 2.1: Schematic o f the spatial relationship between the three levels o f models. Note 
the in vitro model represented experiments conducted on tissue samples extracted from 
the anterior region o f the outer annulus fibrosus. Boundary conditions of the cell (micro) 
models were determined by the output of the in vitro or motion segment (global) models. 
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2.2 T H R E E DIMENSIONAL M O T I O N S E G M E N T M O D E L 

The desire to construct a three dimensional spine model with a high degree of predictive 

accuracy is an attractive proposition. There are two previous examples of complete 

lumbar motion segment models as outlined in the previous section. These models have 

been validated by comparison with cadaver experiments of the gross load-displacement 

response, and have been used to investigate gross motion phenomenon such as facet 

contact forces, and the effect o f de-nucleation. These models have also been used to 

predict disc stresses, however, these predictions are suspect given recent advances in 

constitutive models o f the disc. The overall objective of the model developed in this 

study was not to repeat the results o f those previous investigators but to implement an 

improved and updated constitutive model o f the disc. And then to use this model to 

predict the distribution o f strains throughout the annulus fibrosus under "normal" 

physiologic loads to investigate cellular deformation. 

The model was constructed by integrating the most current mechanical property 

descriptions of the various components. The overall response of the motion segment was 

compared to cadaver experiments and the selected results of other finite element models. 

2.2.1 Motion Segment Behavior 

The 4 t h and 5 t h lumbar vertebral joint has been shown to be the site most prone to disc 

herniations (Fries et al. 1982). The posterolateral region of the disc has also been 

determined to be most susceptible to rupture (Kelsey and White 1980). Experimental as 

well as finite element model studies have suggested that this region is under greatest 

strain when the spine is in forward flexion combined with lateral bending, twisting, and 

compression (Farfan et al. 1970; Shirazi-Adl 1989b; White and Panjabi 1990a). Given 

these factors, the L 4 - L 5 motion segment was used for the dimensions of the finite 

element model. A n d the posterolateral region of the disc was established as a "critical" 

region for investigating the mechanical response o f the cell within the disc. 
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The focus of this study was not to study injury to the spine, rather it was to investigate 

degenerative changes in the disc. Therefore, the model was loaded within a "normal" 

range of motion for the lumbar spine, to represent an every day task such as lifting an 

object up from a table and placing it on the ground. 

2.2.1.1 Data From Cadaver Experiments 

Many previous investigators have employed cadaver experiments to quantify the 

deformation response of intervertebral joints subjected to externally applied loads. 

Generally, specimens were collected from routine autopsies; single vertebra-disc-vertebra 

motion segments were isolated and muscles and surrounding tissue removed leaving 

ligaments and posterior elements intact. Standard force displacement tests were then 

undertaken to evaluate the structural behavior of the mechanical system (Table 2.1). 

These results were used to validate the motion segment model. 
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Table 2.1 Summary of cadaver experiments used to validate the 3D motion segment 

finite element model. 

c 
c 

a 
tD 

. a CQ 
CO U c o 

o 
ei « . s 

Reference A
xi

a 
D

is
pl

 

CO 
5 N

uc
li 

Pr
es

s 

Fl
ex

i 

A
xi

a:
 

L
at

er
 

B
en

d 

(Adams etal . 1996) 

(Brinckmann and Grootenboer 1991) 

(Tenceretal. 1982) \S 

(Adams etal. 1980) 

(Berkson et al . 1979) * ^ 

(Nachemson et al. 1979) 

(Schultz et al. 1979) I* 

(Shah eta l . 1978) 

(Panjabi et al. 1977) 

(Markolf 1972) IS 

2.2.1.2 Gross Response of the Motion Segment Model 

Several studies were reviewed to define the motion of the lumbar spine for the model. A 

complete set o f range-of-motion data for the L4-L5 motion segment has been reported in 

the literature (White and Panjabi 1990a) (Table 2.2). 
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Table 2.2 Range o f motion for the 4 t h and 5 t h lumbar joint adopted from the 

literature (White and Panjabi 1990a). 

Combined flexion-extension 
(degrees) 

One side lateral bending 
(degrees) 

One side axial rotation 
(degrees) 

limits Representative Limits Representative Limits Representative 

9-21 16 3-9 6 1-3 2 

Normal flexion-extension movement in the lumbar spine using X-ray analysis of 

asymptomatic subjects has been documented (Pearcy et al. 1984). Subjects were x-rayed 

while standing erect, then again when fully flexed and extended (Table 2.3). These results 

provided the information required to interpolate gross motion of the torso to rotation of 

the 4 t h lumbar vertebra relative to the 5 t h lumbar vertebra. 

Table 2.3 Flexion-extension range o f motion for the 4 t h and 5 t h 

lumbar joint (Pearcy et al. 1984). Results correspond to the subject 

leaning forwards (flexion) and backwards (extension) under their 

own influence to a maximum value without experiencing pain. 

Movement in degrees - Mean (SD) 

Subjects Flexion Extension Flexion/Extension 

T T 13(4) 5(4) 14(5) 

Using the same X-ray method as described previously, normal rotational and lateral 

bending movements in the lumbar spine have also been documented (Pearcy and 

Tibrewal 1984) (Table 2.4). 
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Table 2.4 A x i a l rotation and lateral bending o f the entire lumbar spine as 

well as for the 4 t h and 5 t h lumbar joint (Pearcy and Tibrewal 1984). Results 

correspond to the subject twisting (axial rotation) and sideways bending 

(lateral bending) under their own influence to a maximum value without 

experiencing pain. 

A x i a l Rotation (degrees) Lateral Bending (degrees) 

Mean Range Mean Range 

Entire lumbar spine 8 4-15 35 15-48 

4 t h and 5 t h lumbar 3 1-5 3 1-6 

Note that even within normal, asymptomatic subjects, there was considerable inter-

subject variability in the lumbar spine range of motion. 

Further data comes from a finite element model of an L3-L4 motion segment used to 

investigate the effects of muscle fatigue i n flexion (Kong et al. 1996). For 90 and 60 

degree back angles, they predicted rotations between the 3 r d and 4 t h lumbar vertebra to be 

4.5 and 3.68 degrees respectively; under fatigued conditions the rotations became 7.42 

and 5.89 degrees respectively. This suggests that inter-subject variability, as shown in the 

experimental results, may be further confounded by differences in the level of fatigue 

between individuals at the time o f the test. 

2.2.1.3 Loading of the Motion Segment Model 

To simulate the motion o f the 4 t h and 5 t h lumbar joint under a realistic, and known 

dangerous loading pattern, the model has been subjected to the following displacements 

• A x i a l rotation: 

• Forward flexion: 

• Lateral bending: 

3 degrees 

4.6 degrees 

3 degrees 
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These were applied simultaneously to the 4 t h lumbar vertebra while simultaneously 

holding the 5 t h vertebra in a fixed position. A downward axial displacement o f 1 mm was 

applied to represent an axial pre load of approximately 400 N . The axial pre load was 

applied for a period o f 30 seconds, followed by the combined, three axis rotation, applied 

over a period o f 1.54 seconds to represent a physiologic loading rate (Figure 2.2). This 

loading rate was determined from an analysis of industrial workers performing repetitive 

lifting tasks (Sparto et al. 1997). The pre load duration and magnitude was based on the 

protocol used in motion segment cadaver experiments (Panjabi et al. 1977). 
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Figure 2.2 Gross response o f the lumbar motion segment of the 4 and 5 lumbar 
vertebra corresponding to the action illustrated above (top left). Finite element model 
shown i n the initial and final states (top right). A x i a l rotation, forward flexion, and lateral 
bending were applied simultaneously following a downward axial displacement as shown 
on the graph. Note, the model was run at two lift time periods: 10 seconds and 1.5 
seconds. 
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2.2.2 Bony Structures 

Computed tomography scans o f a 73 year old male (death of an aortal aneurysm) were 

acquired at 3 mm intervals to generate a dimensionally accurate model of the 4 t h and 5 t h 

lumbar vertebrae. Scans were manually digitized with Des ignCAD Pro 2000 (Viagrafix 

2000) (Figure 2.3). Once digitized, the dimensions were normalized to represent average 

adult morphology as reported in the literature (Table 2.5). 
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Slice 1 Slice 2 Slice 3 Slice 4 Slice 5 Slice 6 Slice 7 

A . a \̂  J •s' •> 

Slice 8 Slice 9 Slice 10 Slice 11 Slice 12 Slice 13 Slice 14 

.-'̂  tl * 

Slice 15 Slice 16 Slice 17 Slice 18 Slice 19 Slice 20 Slice 21 

V # * ' 

Slice 22 Slice 23 Slice 24 Slice 25 Slice 26 Slice 27 

Digitization o f the slices Creation of 3 dimensional solid from slices to 
generate finite element mesh. 

Figure 2.3 Computed Tomographic scans o f a human L 4 - L 5 vertebral joint. Slices 1-27 
(shown for L 4 only) were digitized as shown in the lower left image. Only one half o f the 
posterior elements were digitized and mirrored for the complete structure. The size of 
each slice was adjusted to conform to dimensions of an average adult male. The disc and 
vertebral bodies were created by using solids generated from spline surfaces. The 2-
dimensional slices positioned in 3-dimensional space were used as a template to make the 
solid structure shown in the lower right. A finite element mesh was then fit to the solid 
using 20 noded hex elements. 
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Table 2.5: Summary of Lumbar Spine Morphology References. 

Reference Dimensions 
& Measures 

Method Sample 
size 

Subjects 

1 (Gilad and 
Nissan 1985) 

Body & Posterior 
(side only) -
7 parameters 

Radiograph of 
healthy subjects 

157 M 26.8 years(mean) 

2 (Berry et al. 
1987) 

Body & posterior -
27 parameters 

Calipers post 
mortem 

15 M 
1 5 F 

5 0 - 7 0 years 

3 (Scoles et al. 
1988) 

Body & posterior -
12 parameters 

Calipers post 
mortem 

25 M 
25 F 

20 - 40 years 

4 (Ahmed et al. 
1990) 

Facets only -
7 parameters 

C T 2 m m post 
mortem 

25 M 
1 0 F 

48 years(mean) 

5 (Panjabi et al. 
1992) 

Body & posterior -
15 parameters 

D L T post 
mortem 

8 M 
4 F 

46.3 years(mean) 
67.8 kg(mean) 
167.8 cm(mean) 

6 (Panjabi et al. 
1993) 

Facets only - 9 
parameters 

Same as 5. Same 
as 5. 

Same as 5. 

Key: C T 2mm = Computed Tomography - 2mm slice interval; D L T = direct linear 
transformation from 2 radiographs; M = male; F= female. 

The digitized and normalized scans were imported to Patran V 8 ( M S C 1998) and the 

solid finite element model was generated with 20 noded hex solid elements (Figure 2.4). 

A text file describing the model geometry was generated by Patran V 8 to be compatible 

with the A B A Q U S V5.8 input file format. 



Dimension L4(mm) L5(mm) 
A 79 92 
B 47 50 
C 41 41 
D 50 50 
E 83 74 
F 35 34 
G 9 9 
H 26 29 
I 49 42 
J 32 36 
K 35 35 
L 16 17 
M 24 26 
N 8 9 
O 12 12 
P 29 31 

Slice through L4-L5 Segment 

Facet Joint Orientation 

Figure 2.4 Summary of finite element model dimensions adopted from Panjabi et al. 
1992, Berry et al. 1987, Scoles et al. 1988, and Panjabi et al. 1993. Facet orientation 
dimensions taken from Ahmed et al. 1990. 
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The vertebrae, comprised of the vertebral bodies and posterior elements, as well as the 

cartilage endplates, were modeled as linear elastic. Vertebral bodies consisted of a stiff 

cortical shell and a softer core o f cancellous bone (Figure 2.5). Material coefficients for 

the components of the vertebrae were varied in accordance with previous lumbar spine 

finite element models (Table 2.6). To complete both L 4 and L5 vertebrae, excluding the 

disc and ligaments, a total of 5,916 - 20 noded solid brick elements were used. 

Table 2.6 Linear elastic material properties for the bony elements of the 

motion segment (Argoubi and Shirazi-Adl 1996). 

Material Young's Modulus (MPa) Poisson's ratio 

Cortical Bone 10,000 0.3 

Cancellous Bone 100 0.2 

Posterior Elements 3,500 0.25 

Cartilage Endplate 5 0.1 

At the facet joints, contact surfaces were established on the appropriate faces of elements 

on the superior L 5 , and inferior L 4 facets. The contact interaction between these elements 

was modeled as "surface-based contact" which is an available option in A B A Q U S V5.8. 

The basic procedure to implement surface-based contact involved three steps ( H K S 

1997b): 

1. Create or define the contact surfaces by selecting the appropriate element 

faces that may be involved in contact (in this case the selection was based on 

the facet morphology as shown on Figure 2.3); 

2. Specify which surfaces interact with each other; and 

3. Establish the parameters that govern the interaction between the surfaces (in 

this case the assumptions were zero friction, and "hard contact" - pressure is 

transmitted across the surfaces when the clearance reduces to zero, otherwise 

the pressure is zero). 
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A B A Q U S V5.8 requires one surface to be designated as a master and the other as a 

slave. Usually the "harder" surface is the master, however, in this case both surfaces were 

of equivalent stiffness and therefore the assignment of master and slave was arbitrary. 

The distinction has computational significance in that for each node on the slave surface, 

A B A Q U S V5.8 attempts to find the closest point on the master surface, where the normal 

passes through the node on the slave surface. 

Slave nodes are constrained not to penetrate into the master surface; however, the nodes 

of the master surface can penetrate into the slave surface. The allowable penetration can 

be controlled by the " H C R I T " parameter. If during an iteration, the " H C R I T " value is 

exceeded, the increment is attempted with a smaller increment size. For this model 

H C R I T = 0.2 mm, this value was found to yield convergence within a reasonable number 

of iterations. 



Figure 2.5 Finite element model of the 4 l and 5 lumbar vertebrae showing the cortical 
shell, cancellous bone core, and the posterior elements.  
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2.2.3 Ligamentous Structures 

Ligaments are passive tissues that exhibit non-linear viscoelastic properties (Waters and 

Morris 1973). The basic non-linear force-length relationships for the ligaments of the 

lumbosacral joint (L5-Sacrum) have been presented in the literature (Anderson et al. 

1985). The equation was subsequently modified for the 4 t h and 5 t h lumbar joint with 

corrections for pre tension and cross sectional areas as follows ( M c G i l l 1988): 

F ; = M e * ) ] + / > 

Where: 

Fi = Ligament force (N) 

a,P = coefficients 

s = percent strain 

(j) = cross sectional area coefficient = (0.006 x mm 2 ) 

P = Ligament pre-tension (N) 

This equation was used to establish the behavior of non-linear spring elements in the 

finite element model (Table 2.7). Spring elements are 2D elements that share nodes with 

solid elements. Placement of springs was done in a manner that approximated anatomical 

position (Kong et al. 1996) (Figure 2.6). 

These ligament properties were somewhat different from those used by other models 

(Goel et al. 1995; Shirazi-Adl et al. 1986a). Those models used three-point non linear 

force-length relationships for the ligaments which were similar at lower strains 

(approximately 10%) but tended to be softer at higher strains than the current approach 

based on more recent properties. In-situ forces have not been measured directly; 

therefore, it is difficult to know how accurate the predicted in situ ligament forces were in 

either case. 
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Figure 2.6 Ligaments as 2-dimensional spring elements. S S L = supraspinous ligament; 
ISL = interspinous ligament; ISL = interspinous ligament; C L = capsular ligament; ITL = 
intertransverse ligament; L F = ligamentum flavum; P L L = posterolateral ligament; A L L 
= anterior longitudinal ligament.  
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Table 2.7 Ligament properties adopted from the literature (Chazal et al. 

1985 ;McGi l l 1988). 

Material Coefficients 

Ligament a P P 4> 

Supraspinous 2.329 0.272 0.0 0.190 

Interspinous 3.329 0.272 0.0 0.810 

Articular 2.329 0.272 0.0 0.174 

Intertransverse 2.329 0.272 0.0 0.006 

Posterior longitudinal 2.329 0.272 0.0 0.177 

Anterior longitudinal* 2.329 0.272 0.0 0.573 

Ligamentum flavum 1.199 0.064 3.14 1.000 

Key "IvlcGill (1988) did not report properties for the anterior 
longitudinal ligament, the coefficients were derived from results 
reported by Chazal (1985). 

2.2.4 Intervertebral Disc 

The intervertebral disc was modeled as a composite structure having a poro-elastic 

nucleus pulposus and a fibre reinforced poro-hyperelastic annulus. The laminated, fibre 

reinforced, fluid saturated nature of the annulus fibrosus endows it with the orthotropic, 

non linear attributes that have been observed experimentally (Best et al. 1994; Marchand 

and Ahmed 1990). This has made the prospect o f accurately modeling the mechanical 

behavior o f this tissue very challenging. Generally, there have been two approaches. One 

has been to treat the entire tissue complex as an orthotropic continuum, thereby defining 

one set of appropriate engineering constants for the material behavior (Bass and Lotz 

1999a; Bass and Lotz 1999b; Ebara et al. 1996; Elliott and Setton 1999; Elliott and Setton 

2000; Spilker et al. 1986). The second approach, used most generally in current finite 

element models, and the one taken here, has been to treat the material as a composite. 

Experiments have been conducted to define the material behavior of the proteoglycan 
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matrix (Fujita et al. 1997) and the collagen I fibres (Skaggs et al. 1994). However, a full 

3D model based on these recent properties has not been developed. 

The implementation of a full nonlinear orthotropic continuum representation of the 

annulus in a finite element model still requires additional experiments to complete the 

constitutive model. A linear material model has been developed recently, however, it has 

not been validated in the more complex bi-axial loading configuration, and coefficients 

have been developed for the anterior region of the annulus only (Elliott and Setton 2000). 

Furthermore, the authors report that this material model is limited to loading 

configurations that induce tension along the fibre directions only. 

Thus, the composite formulation was chosen, given the availability of a more complete 

set o f material properties for the individual components of the annulus. The one downfall 

of this methodology is the failure of the finite element model to reflect the effect of 

interactions between the fibres and the proteoglycan matrix as has been noted i n the 

literature (Adams and Green 1993). Such interaction, however, would also be absent 

from continuum models as currently formulated (Elliott and Setton 2000). 

2.2.4.1 Proteoglycan Matrix of the Annulus Fibrosus 

Historically, the proteoglycan component of the annulus fibrosus has been modeled as a 

linear elastic material. Recently, however, experimental data has become available to 

support a hyperelastic formulation (Fujita et al. 1997; Iatridis et al. 1998). Based on these 

experiments, six coefficients were derived for an isotropic Mooney-Rivl in hyperelastic 

material. The corresponding polynomial strain energy function (N=2) is given by: 

Where: 
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I l , I 2

 = the deviatoric strain invariants 

J= Volume stain 

Coi = C,o = 0.01 

C02 = Cu = C2o = 0.10 

D} = D2=35.0 

The solid brick elements used to model the annulus fibrosus were fully saturated with a 

mobile fluid. The hyperelastic constitutive formulation was used to represent the solid 

portion only. To characterize the permeability of the solid, a void ratio of 5.25 assuming 

full saturation at 84 % hydration (Skaggs et al. 1994), and an initial permeability of 2.5e-

9mm/s ( G u e t a l . 1998). 

2.2.4.2 Collagen in the Annulus Fibrosus 

The dominant type I collagen fibres of the annulus fibrosus are on the order o f 100 - 1000 

times greater in stiffness than the proteoglycan matrix (Marchand and Ahmed 1990; 

Skaggs et al. 1994). The non-linear material properties of the collagen fibres for this 

model were derived directly from experimental results presented in the literature (Skaggs 

et al. 1994) (Table 2.8). 

A finite element model was constructed to simulate their experiments in which single 

lamella samples were cut with the length parallel to the fibre orientation (Figure 2.7). The 

model was cuboid, having a total length (circumferentially) of 10 mm, height (axially) of 

1.51 mm, and a depth (radially) of 0.63 mm. The material o f the sample was then 

modeled with the proteoglycan matrix defined in the previous section (poro hyper elastic) 

and reinforced with R E B A R elements to represent the collagen fibres. 

R E B A R s are a feature in A B A Q U S V5.8 that allow elements to be reinforced in a 

manner that is analogous to steel reinforcing bars in concrete or belts in rubber tires 
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(Figure 2.8). The inclusion of R E B A R endows the elements with orthotropic properties 

even though the underlying material is isotropic. The material properties of the R E B A R 

is specified separately and can therefore be distinct from that of the underlying solid 

elements. In A B A Q U S V5.8, the R E B A R is are treated as smeared layers within the solid 

element, having a constant thickness equal to the area o f each bar divided by the spacing. 
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Posterolateral 

Single Lamella Test Specimen 

Figure 2.7 Illustration o f uni-axial experimental set up showing location and orientation 
of the single lamella test specimens (Skaggs et al. 1994). The finite element model was 
made to replicate the samples with the collagen oriented along the length of the sample 
and parallel to the direction of uni-axial tension.  
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\ R Orientation in 
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Figure 2.8 R E B A R in a cube element as represented in A B A Q U S V5.8 . The R E B A R in 
the cube portray the collagen fibres embedded i n the tissue matrix. 
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The R E B A R density (bar area * number of bars / element cross sectional area) was 

calculated from the volumetric fraction of collagen (Table 2.8). A hypoelastic material 

model was chosen for the R E B A R . In a hypoelastic material the rate o f stress is defined 

as a tangent modulus matrix multiplying the rate o f change of the elastic strain: 

dv = Del: dzel 

the rate o f change of stress ("true" Cauchy stress in finite-strain); 

the tangent elasticity matrix; and 

: the rate o f change o f the elastic strain. 

In A B A Q U S V5.8 , the entries in D e / are provided by the Young's modulus, E, and 

Poisson's ratio, v , specified as functions of strain invariants. Strain invariants are defined 

as follows: 

11 = trace s e / 

12 = 1 / 2 ( s e / : s e / - I i 2 ) 

13 = det(s e /) 

R E B A R ' s can only carry uni-axial stress so out-of-plane strain components need not be 

computed. Assuming incompressibility of the R E B A R , the strain invariants simplify to: 

Ii = 0; l2 = %{znlf; I 3 = V^u1), where en is the fibre strain. 

where: 

d<y — 

dee' = 
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Table 2.8: Summary o f test results for single lamella specimens of human annulus, in 

uni-axial along fibre loading (Skaggs et al. 1994). 

Location Tangent ^ 
Modulus (MPa) 

Hydration 
(%) 

Collagen Content 
(% dry weight) 

Collagen Content* 
(% Total Volume) 

Anterior 
Outer 

136 ± 5 0 84 ± 3 62.6 ± 7 . 7 10.02 

Anterior 
Inner 

76 ± 5 0 83 ± 3 59.3 ± 6 . 0 10.08 

Posterolateral 
Outer 

82 ± 4 3 82 ± 2 63.0 ± 1 2 . 9 11.34 

Posterolateral 
Inner 

59 ± 4 1 8 6 ± 2 66.6 ± 5 . 9 9.32 

Key: + Calculated from hydration and dry weig it collagen content assuming fully 
saturated and specific gravity of the fluid is 1. For the anterior outer region the 
calculation collagen content = (l-0.84)(0.626) = 0.102. Tangent modulus is given at 
75% of failure strain. 

A series o f strain invariants and Young's moduli were specified to produce a smooth 

curve; the objective was to fit the model response with the overall specimen response. 

The stress-strain relationship for the collagen was developed for the anterior outer region 

only. Generating the hypoelastic material parameters to match the experimental results 

required several trials, and was difficult to automate since the complete stress-strain 

curves were not provided in the report (Skaggs et al. 1994). A s a simplification, rather 

than redefine the hypoelastic material coefficients for each region, the volumetric fraction 

was modulated to incorporate the variation i n net stiffness around the annulus as reported 

(Table 2.8). The properties were linearly interpolated with 12 divisions between the 

anterior and posterior regions, and 7 divisions between the inner and outer regions 

(Figure 2.9). This variation in properties around the annulus has not been included in 

previous models. 
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Sample regions from Skaggs et al. (1994): 
A . Anterior Outer 
B . Anterior Inner Anterior 
C . Posterior Outer 
D . Posterior Inner 

7 elements 

12 elements 

Posterior 

Figure 2.9 Discrete regions o f the annulus fibrosus (as seen from the top). R E B A R 

concentrations were calculated for each element by applying a linear interpolation 

scheme to values between sample points. 

This approach was found to reasonably approximate the overall behavior of the fibre 

matrix composite, because the proteoglycan matrix was found to be on the order of 100-

1000 times softer than the type-1 collagen (Fujita et al. 1997; Skaggs et al. 1994). The 

following equivalent stiffness calculation demonstrates: 

Eeq — ECol X Ccol Epg X (1-Ccol) 

Where: 

E e q = equivalent tangent modulus of the composite (MPa) 

Ecoi = tangent modulus of collagen-1 fibre (MPa) 
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C c o i = volumetric fraction or concentration of type-1 collagen 

E p g = tangent modulus of the proteoglycan matrix (MPa) 

Ecoi = 100 M P a (Skaggs et al. 1994) 

C c o i = 0.10 (Skaggs et al. 1994) 

Epg = 0.2 M P a (Fujita et al. 1997) 

Then: 

E eq W Ecol X Ccoi 

* Ecol X Ccoi 

E y ^ l - Ccol) 

Thus, the stiffness of the composite is governed by the stiffness of the type-1 collagen 

fibres and a change in the concentration would have the same effect, proportionally, as a 

change in the tangent modulus. Therefore, for the annulus fibrosus model, the reported 

variations in tangent moduli were accommodated by an appropriate variation in collagen 

volumetric fraction. 
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2.2.4.3 Nucleus Pulposus 

Material properties for the nucleus pulposus have been difficult to define. It's high 

proteoglycan and associated water content give it the properties of both a fluid and a solid 

(Iatridis et al 1996). This is consistent with the review of finite element models in the 

previous section (Table 1.2) that identified a number of models in which the nucleus was 

represented as an incompressible fluid while others used a poro-elastic formulation. 

Direct measurement of all the engineering properties for the nucleus pulposus has not 

been made in any one study. A n d a review of the literature reveals a wide variation of 

mechanical properties (Gu et al. 1998; Iatridis et al. 1996; Simon et al. 1996; Simon et al. 

1985a; Simon et al. 1985b; Spilker et al. 1986; Umehara et al. 1996; Urban et al. 1977; 

Urban and M c M u l l i n 1988; Wang et al. 2000): 

• E (MPa) = 4 . 5 - 1500 kPa 

• v = 0.1 - 0 . 4 5 

• k = 0.3 x 10"1 5 - 1.0 x 10"1 3 m 4/Nsec 

Based on these values, the nucleus pulposus was modeled with a Young's modulus o f 

I M P a , a Poisson's ratio o f 0.4, and a permeability that was equivalent to that of the 

annulus fibrosus with an initial void ratio,of 5.67 (85% hydration, fully saturated). 

A total of 1792 elements was used to model the disc, 448 of which comprised the nucleus 

pulposus (Figure 2.10) accounting for approximately 50% of the total disc cross section. 
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Nucleus Pulposus 

\ 
Annulus Fibrosus 

B 

C D 

Legend: A . Isometric view. B . Top view. C. Lateral View. D . Posterior view. 

Figure 2.10 Finite element model of the intervertebral disc including the annulus fibrosus 
and the nucleus pulposus  
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2.2.4.4 Cell Properties 

The availability of material properties for cells was found to be sparse in the literature. 

The relative size of the cell presents many challenges to the experimenter, which was 

reflected in the published methods and results. A summary of cell stiffness values and 

measurement methods demonstrated the wide range in values measured to date (Table 

2.9). 

Table 2.9 Summary of cell stiffness values and measurement techniques. 

Reference Cel l Type Elastic 
Modulus 

Poisson's 
Ratio 

Method 

(Jones et al. 
1999) 

Human 
Chondrocyte 

6 5 0 ± 6 3 0 k P a n/a Micropipette aspiration 

(Freeman 
etal. 1994) 

Rat 
Chondrocyte 

4.0 kPa 0.4 Ce l l cultured in agarose gel 
- unconfined compression 

(Jurvelin et 
al. 1997) 

Bovine 
Chondrocyte 

677 ± 2 3 3 kPa 0.185 
± 0 . 0 6 5 

Tissue explant -
unconfined compression 

(Wang et 
al. 1993) 

Endothelial 2-10 Pa n/a Magnetic bead cytometry 

(Zile et al . 
1998) 

Cardiocyte 875 kPa n/a Ce l l cultured in agarose gel 
- uni-axial tension 

(Zahalak et 
al. 1990) 

Leukocyte 0.75-1.02 kPa n/a Ce l l poking"1" 

Key: + The authors suggest that cell poking is more suited to a qualitative measure of cell 
stiffness and that obtaining values for elastic moduli have been unreliable. 

The technique o f micropipette aspiration has also been used to measure the elastic 

modulus o f intervertebral disc cells (Guilak et al. 1999a) (Table 2.10). These values were 

consistent with other cell values and have been used in this study. 
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Table 2.10 Summary of disc cell biomechanical properties (Guilak et al. 
1999a). 

Ce l l Diameter Elastic Modulus 
Nucleus Pulposus 24.5 +/- 7.6 urn -900 +/- 800 Pa 
Annulus Fibrosus 12.3 +/-1.5 urn -300 +/- 200 Pa 
Transition Zone 12.6+/-1.3 urn -300 +/- 200 Pa 
Key: - read from graph, values were not tabulated. 

2.3 SIMULATION O F BI-AXIAL TENSION M O D E L 

Bi-axial tensile testing of annular tissue was desirable, because it allowed tissue samples 

to be loaded in a more relevant and complex stress state than uni-axial tests (Bass and 

Lotz 1999a; Bass and Lotz 1999b; Shah et al. 1978; Stokes 1987). This was significant, 

given the influence o f the network of type I collagen fibres, as demonstrated by a non

linear dependence in axial stiffness to changing sample sizes (Adams and Green 1993). 

The purpose of this model was two fold. First, it was to compare the response of the 

material, modeled as a composite structure having each individual components (collagen 

fibre, and proteoglycan matrix) developed from uni-axial tests (Fujita et al. 1997; Skaggs 

et al. 1994), to the data provided for the total material response in bi-axial tension (Bass 

and Lotz 1999a; Bass and Lotz 1999b). Secondly, the ability to model bi-axial tissue tests 

would allow for the validation of the proposed cell model. Tests could be conducted on 

" l ive" tissue explants while cellular deformation under this complex stress state could be 

quantified from laser scanning confocal microscopy in quasi-real time as done previously 

in articular cartilage (Guilak et al. 1995). Similar experiments are currently being 

developed for annulus tissue by coworkers at the University of Calgary (Bruehlmann et 

al. 2001; Bruehlmann et al. 2000). 

A finite element model was produced in accordance with the specimen dimensions of 

previous bi-axial, tissue level experiments (Bass and Lotz 1999a). To reproduce the 

experimental loading configuration, the sample was constrained at various levels of 
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constant circumferential strain, while loaded axially (Figure 2.11). The circumferential 

strain in the middle of the specimen (the gauge region) was maintained at -2 .5 , 0 or 2.5% 

Lagrangian strain. This required an iterative process to establish the circumferential stress 

applied at the grips needed to maintain the required circumferential strain in the gauge 

region as the model was loaded axially. 
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0 m m Gauge Region 

Typical Specimen Finite Element Model 

0 .15 -

0 . 1 0 -

c 
•5b 0 .05 -u 
Oi u 00 
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T i m e (s) 

Figure 2.11 Typical Specimen used in the experiments of Bass and Lotz 1999a. Also, 
the corresponding finite element model in the deformed configuration corresponding to 
0 circumferential strain in the gauge region with varying axial strain. The graph shows 
the strains in the gauge region of the model. Note how the circumferential strain (in red) 
oscillates about the origin demonstrating the iterative nature of the bi-axial simulation as 
described in the text. 

B i a x i a l S i m u l a t i o n R e s u l t s 
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2.4 C E L L U L A R M I C R O M O D E L 

Two issues distinguish finite element modeling of cells from most other finite element 

models: one is the relative size of the cells to the surrounding tissue structures; and 

second they have irregular shapes with highly curved surfaces. The technique of micro 

modeling was used to accommodate the differing scales of the tissue and the cell. A 

special program was written to automatically create mathematically tractable meshes of a 

variety of ellipsoidal and more general three-dimensional irregular shapes rendered from 

confocal microscope images of the cells in situ (Appendix 1). 

2.4.1 Macro to Micro Modeling 

Connective tissue cells such as chondrocytes, and fibroblasts are on the order of 10 - 50 

| i m in size (Guilak et al. 1995; Guilak et al. 1999b; Heidemann et al. 1999). In contrast, 

the height of a typical disc is approximately 10 mm. This disparity is significant, as 

constructing a conventional finite element model would require the use of an inordinate 

number o f elements. The problem would become computationally cost prohibitive. 

Therefore, to scale from the macro, or tissue level, down to the cell level, a technique 

known as micro modeling, was used. 

In general, the micro modeling technique can be useful for studying part of a model with 

a refined mesh based on interpolation of the solution from an initial, relatively coarse, 

global model. The basic procedure for conducting a micro model analysis in A B A Q U S 

V5.8 involved the following three steps ( H K S 1997b): 

1. Run a global analysis with the larger macro model and store the displacements 

and pore pressures at the nodes that are within the vicinity o f the micro model. 

2. Define the boundary nodes on the micro model that are to be driven by the 

solution o f the global model. 



64 

3. Run the micro model analysis using the output of the global model to "drive" the 

micro model. 

The micro model analysis is, therefore, separate from the global model analysis. The only 

connection between the two is the transfer o f the time dependant variables at active 

degrees o f freedom from the global model, on to the boundary of the micro model (Figure 

2.12). A B A Q U S automatically performed the interpolation o f pore pressures and nodal 

displacements using a linear interpolation scheme. 

Global Model 
Mesh 

-v-

Micro model 
Boundary 

ft Nodes where 
global model 
solution must 
be stored for 
interpolation 

Micro Mode l 
Mesh 

• Driven nodes where 
the global model 
solution must be 
interpolated onto 

Figure 2.12 Illustration of the micro model technique. Nodes have been designated on 
the global model to drive the boundary o f the micro model.  
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2.4.2 Mesh M o r p h i n g 

The general approach to generate meshes o f complex cell shapes was to initially create a 

simple mesh o f a regular grid-like array o f nodes and then to re-arrange the appropriate 

nodes to conform to the desired solid shape. The simplification ensured that element 

definitions could be done easily with nodes in a grid pattern. In the morphing process, the 

node numbering and element definitions were preserved requiring that only node 

locations be modified. This process also enabled the simple merging o f the curved cell 

shape to the rectangular grid on the micro/macro models by encasing the curved cell in a 

rectangular brick. This brick could then easily be inserted anywhere of interest in a 

rectangular mesh, enabling the placement o f cells into complex geometrical meshes. 

Three dimensional solid continuum elements (20-nodes) were used for the mesh. Tet-

elements were not used as A B A Q U S does not allow "poro" analysis with elements of this 

type. This constraint imposed an interesting challenge, because the mesh of the cell 

consisted of an enclosed solid with a curved outer surface. The problem amounts to 

putting a square peg into a round hole. The difficulty arose, because cubic elements that 

have two or more faces along a common continuous surface w i l l be too distorted and 

result in errors and instability in the finite element solution. The mesh was, therefore, 

structured in a way that did not require elements to have such a configuration. The 

regular (un-morphed) mesh was constructed with a cubic core having elements radiating 

outwards (Figure 2.13). 

The entire micro model was comprised of the cell and surrounding matrix. Each of these 

regions had distinct material properties. The material properties o f the surrounding matrix 

were made to match that o f the global model (i.e. fibre reinforced poro hyper elastic), and 

thus distinct from the cell properties. 
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Bad Mesh Good Mesh 

Figure 2.13 Comparison o f "bad" and "good" meshes. The "bad" mesh contains a hex 
element with two faces on a curved surface. The "good" mesh contains the cubic core 
with elements that radiate outwards. Note that the cell is embedded within the 
surrounding matrix. In this model they are assumed to be perfectly bonded.  

Finally, morphing o f the regular mesh required that all nodes lying along the outer 

surface of the cell be identified on the initial configuration. The updated coordinates were 

then determined by calculating the intersection between the surface and a line. The line 

used in the calculation was formed by two points: 1) the origin, at the centroid of the 

solid body; and 2) the initial node location. Some interior elements also required 

adjustment of the nodal locations to ensure the final mesh did not have "inside-out" 

elements. M i d nodes also had to be moved to the geometric half-way point between 

corner nodes to avoid badly skewed element edges (due to quadratic interpolation). M i d 

nodes lying on the surface were not adjusted to ensure that proper curvature could be 

maintained on the surface (Figure 2.14). 
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O Original Node location 

• Morphed Node location 

Ce l l 

Figure 2.14 Mesh morphing process, the dotted lines represent the original configuration, 
the arrows indicate the moving of the nodes to the new node locations on the cell surface. 

2.4.3 Meshing of Regular Shapes 

Basic variations in cell morphology have been identified by several previous 

investigators (Errington et al. 1998; Maroudas et al. 1975; Pritzker 1977). Generally, cells 

were found to be ovoid in shape in the outer annulus, with the long axis running parallel 

to the collagen fibres, and became spheroid towards the central nucleus pulposus. 

Thus, for the meshing of ovoid and spheroid cells, the surface of the cell was described in 

three dimensional space by the equation of an ellipsoid. The orientation of which was 

controlled by the application of a rotation matrix. Various shapes could then be easily 

described by four parameters: three o f which controlled the cell dimensions along the 

three principal axes, and the fourth controlled the rotation about the axis transverse to the 

normal orientation of the type-1 collagen. A line from the initial node location to the 

origin provided the trajectory along which the node could be moved to its final location. 

The new location was determined to be at the point where the line intersected with the 

ellipsoid in 3-dimensional space (Figure 2.15). 
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Equation 1 (Ellipsoid): Equation 2 (Line parameterized in /): 

Ax2 + Dxy + By2 + Cz2 = 1 x(t) = (p,)* * t 

Where: y{t) = fo)>> * f 

A = (cos 2e/a 2)+(sin 26/b 2) z(f) = (p,)z * t 

5 = (sin 2e/a 2)+(cos 26/b 2) 

C = 1/c2 

Z) = 2cosesin9(l/a 2 -l/b 2 ) 

Equation 3 The new node location, pf, is found from the solution of the above equations 
mt: 

Figure 2.15 The new node location on the cell surface found by the intersection of a line 
and an ellipsoid as illustrated in the diagram above. The equation of the ellipsoid, used to 
describe the cell, is given in Eqn. 1. The equation o f a line, from the origin to the original 
node location, parameterized in t is given in Eqn.2. The new node location was found by 
solving Eqn . l and Eqn.2 in terms of the parameter t as shown in Eqn.3.  

A n example of the morphed meshes for typical ovoid and spheroid cells of the annulus 

fibrosus is provided in Figure 2.16. Wi th this process, any ovoid or spheroid cell could be 

generated ready for analysis in any complex rectangular finite element mesh. 
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Initial Configuration 

0.14 mm 

Figure 2.16 Micro model finite element meshes in the initial configuration and morphed 
to the shape o f a typical spheroid cell within the annulus fibrosus. Note that the meshes 
are shown as 2 dimensional projections.  
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Meshing of Irregular Shapes From Laser Scanning Confocal Microscope Images 

While many cells can be described as ellipsoids, other cells are more complex and less 

uniform. A recent view of cells in the outer annulus through confocal laser scanning 

microscopy have identified cells with a bent or curved morphology (Bruehlmann et al 

2001). Such a shape would not easily be characterized by a continuous mathematical 

equation in three space. In an attempt to address these issues, a technique was developed 

to create three dimensional finite element meshes from reconstructed solid images 

collected with a laser scanning confocal microscope. 

The first step was to collect the image data of live bovine outer annulus cells using a 

LSM510 Kar l Zeiss (Germany) laser scanning confocal microscope. The tissue sample 

was stained with cyto-13, which caused the cytoplasm of the cell to become visible. This 

allowed live cells within the tissue to be identified. Serial scans were then made through 

the depth o f the target cell at an interval of 0.5 |xm. 

The serial images or "image stack" were read into a visualization software utility 

AVS/Express ( A V S 1999). to allow for three dimensional rendering. The program 

generated a text file containing the surface geometry prescribed by a set of triangular 

patches, the vertices of which would all lie on the surface of the cell. Each vertex had 

coordinates in three space. The format of this file is commonly referred to as V R M L 

(Virtual Reality Modeling Language). 

The process of meshing these irregular shapes was similar to that of the regular shapes 

described in the previous section. However, instead of an equation describing an ellipsoid 

the shapes were described by a cloud o f points organized into triangular patches. A 

program was developed that found the new node location on the surface by searching 

through the list o f patches, and finding the one that intersected with the vector formed by 

the nodal coordinate on the un-morphed mesh and the origin (Figure 2.17). This 
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technique enabled the automatic generation of a finite element mesh, ready for analysis, 

of a complex cell shape in its in situ environment (Figure 2.18). 

Step 1: Intersection of a line with a plane: 

Plane defined by nh n2, & n3: 

Ax + By + Cz=D 

Where: 

Triangular 
patches 
that lie on 
the surface 

n,n2 x ntn3 = Ai + By + CA: 

D =An,x + Bn,y + Cn,: 

Line parameterized in t: 

x{i)=pix*t 

At) =pi? * t 

z(i) = pi: * t Cell surface Circumferential (x) 

• Radial (z) 

f = 

The point, pp, on the plane defined by the patch, was found from the solution of the above equations in /: 

D-(A + B + C) 

Step 2: Check if vn lies within the patch: 

Calculate patch area from the cross product: 

Areapatch = V2 | n,n2x n,n31 

Areas of the three triangles from pp to each vertex 

(nl,n2,n3): 

Area! = Vi\l\xl2\ 

Area2 = Vi \ h x /31 

Area3 = Vi \ i2 x l3 \ 

If: 

(Areaj + Area2 + Area3) = Area^^ 

The point must lie within the patch and the new node location is given by pf= pp. 

Figure 2.17 There were two steps in locating the new node location on a surface 
described by a set o f triangular patches. Step 1: For each patch, determine the point on 
the plane defined by the patch vertices. The process involves finding the intersection of a 
line with a plane. The line being defined by the original node location and the origin; 
Step 2: Determine i f the point on the plane is within the boundary of the patch by 
comparing the patch area with the total area defined by the three triangles formed by the 
point on the plane and the three points of the patch.  
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Slice 1 Slice 8 

Slice 2 

Slice 6 

Slice 7 

Slice 9 

Slice 13 

Slice 14 

3D rendering o f image 
stack in A V S Express 

Finite element model - undeformed 

N O T E S : 
Laser scanning confocal microscope 
image slices: 64X magnification; slice 
thickness of 0.5 um; tissue from 
bovine outer annulus; flourescent stain 
Cyto-13. 

Figure 2.18 Image stack (slice 1-14) processed and rendered in 3D with A V S 
Express and in finite element model form.  
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2.4.5 Single Cells in Bi-axial Tension 

Three cell shapes were investigated: 

1. Sphere: r=6.3 um; vol=1047 urn 3 

2. Ovoid: a=23 um; b=c=7.5 um; vol=5415 um 3 

3. Curved: a ~ 22um; b«c« 9um; bend angle=145°; vol=7130 um 3 

These dimensions were consistent for all cell models used throughout this study. 

The global (or bi-axial) model was used to drive the cell micro models in three distinct 

states of bi-axial strain: 

1. Circumferential strain = -2.5 % in the region of the cell; 

2. Circumferential strain = 0 % in the region of the cell; 

3. Circumferential strain = 2.5 % in the region o f the cell. 

A x i a l strain was applied at a rate of 0.001 per second. 

Two material models were also considered for the global solution: 

1. A fibre reinforced composite comprised of an isotropic matrix, orthotropically 

reinforced with collagen fibres (as R E B A R S ) . 

2. A strictly isotropic matrix ( R E B A R S turned off). 

To expose the cells to the desired state of bi-axial strain, the micro models required a 

translation in 3 space such that the centroid of the cell was in the middle o f the gauge 

region o f the bi-axial model. The appropriate nodes were then assigned as "global 

solution" nodes which provided displacement and pressure history that A B A Q U S 

interpolates onto the "driven nodes" of the micro model boundary. 
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2.4.6 Single Cells in the Disc 

The motion segment was loaded as previously described, to simulate a known dangerous 

motion for the low back (Figure 2.2). In order to investigate the effects of this loading to 

the cells within the disc, four regions of interest were chosen. The strain history within 

each o f these regions was used to drive the cell micro models. To be consistent with 

known anatomical variations in cell shape, ovoid cells were used in the outer annulus of 

the disc, and spheroid cells were used in the inner annulus (Figure 2.19). 

Selection of the four regions o f interest was based on clinical observations of location 

specific degeneration patterns in the disc. The posterolateral region has been found to 

have the highest incidents of disc prolapse and usually the site of most advanced tissue 

degeneration (Farfan et al. 1970). Conversely, the anterior region tended to be associated 

with healthier tissue. 

A s with the micro models in the bi-axial tensile simulations, the micro models required 

re-positioning within the disc. Both translation and rotation was required to ensure that 

the micro models were oriented correctly (Figure 2.19). 
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Section A - A Through M i d Disc 
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Figure 2.19: Positioning of micro model in the four critical regions of the disc. In order 
to make the micro model and motion segment be in the same coordinate system, the 
micro model required translation and rotation.  

2.4.7 Multi Cell Arrangements 

To investigate various cell-cell configurations, several cases for sphere and ovoid cells 

were considered (Figure 2.20). 

A A x i a l A 

Circumferential 

o 

1 layer of 
^ / collagen fibres t 

1 1 
1. Above-Below 2. Side-by-Side 3. Along Fibre 

Figure 2.20: Three cell-cell configurations. 
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For all multi cell models, the loading was bi-axial with varying axial strain and zero 

constant circumferential strain. In the above-below configuration, the cells were oriented 

along the direction o f the applied axial strain. In the side-by-side configuration, the cells 

were oriented along the circumferential axis. In the along fibre configuration, the cells 

were aligned along the collagen fibre axis (60 degrees from axial). 

2.4.8 Poro-elastic Cell Model 

Cell permeability values were varied to be equal to, less than, and greater than that of the 

matrix (Table 2,11). 

Table 2.11: Summary of poro-elastic response analyses. Run ID's can be 
referenced on Figure 4.6. 

Permeability (mm/s) 

Run ID Cel l Stiffness (MPa) Cel l Matrix 

Base 0.0005 0 2.5e-9 

N P 0.5 0 2.5e-9 

PI 0.5 2.5e-9 2.5e-9 

P2 0.5 2.5 2.5e-9 

P2 0.5 2.5 2.5 

With a cell stiffness o f 500 Pa, the solution was non-convergent when made porous due 

to excessive distortion of elements in the cell. Increasing cell stiffness to 0.5 M P a 

resulted i n adequate convergence over the strain values o f interest. The analyses were 

conducted with a sphere shaped cell only, in bi-axial tension with the circumferential 

strain held constant at 0 %. 
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2.5 M O D E L S U M M A R Y 

Three models were constructed in accordance with the aims of objective I: 

• Motion segment model - Obj ective 1.1; 

• Tissue model (bi-axial and uni-axial) - Objective 1.2; and 

• Cel l micro models (ovoid, sphere, and curved) - Objective 1.3. 

A table was devised to summarize the numerous permutations of models and loading 

configurations to fulfil the aims of objective II (Table 2.12). The runs were organized as 

follows: 

• 1-10: Model calibration and validation; 

• 11-17: Objective II. 1 - Ovoid to sphere to curved shaped cell in orthotropic 

matrix; 

• 18-20: Objective II.2 - Sphere in orthotropic versus isotropic matrix; 

• 21-26: Objective II.3 - Cells of different shape in different regions of the disc in 

known dangerous loading configurations; 

• 27-34: Objectives II.4 & II.5 - Sphere in pairs at different separation distances 

and in various configurations; and 

• 34-40: Objective II.6 - Sphere in various permeability scenarios. 



Table 2.11 Summary of simulations constructed from the various permutations of model types, materials, loading schemes, cell 
configurations and cell properties. The first ten, indicated by the arrows, correspond to calibration/validation and are discussed in 
Chapter 3. The remainder are discussed in Chapter 4 - Results. 

-Skaggs etal (1994) 
-Bass and Lotz (1999) 

I i oration 
Bass and Lotz (1999) 

MS Calibratioi 

11 * J T 
-Baer and Setton (2000) 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 
Model 
Uni-axial 
Bi-axial 
Motion Segment (MS) 

X X X 
X X X 

X X X X 
X X X X X X X X X X 

X X X X X X 
X X X X X X X X X X X X X X 

Material Model 
Isotropic 
Rebar + Hyperelastic Matrix X X X X X X X X X X X X X X X X X 

X X X 
x x x x x x x x X X X X X X 

Cell Shape 
Sphere 
Ovoid 
Curved 

na na na na na na na na 
X 

X 
X X X 

X X X 
X 

X X X X X 
X X X X 

X X X X X 
X X X 

X X X X X X 

Loading 
Uniaxial along fibre 
Biaxial (e22=0) 
Biaxial (e22=-2.5) 
Biaxial (e22=+2.5) 
MS in axial compression 
MS in axial rotation 
MS in flexion 
MS in lateral bending 
MS in rotation+flexion+bend 10s 
MS in rotation+flexion+bend 1.5s 

X X X 
X 

X 
X 

X 
X 

X 
X 

X X X 
X X 

X X 

X 
X 

X 

X X X X 
x x 

X X X X X X X X X X X X X X 

Cell Configuration 
Single Cell 
2 cells vertical 
2 cells circumferential 
2 cells along collagen fibre 
Separation (um) 
Anterior Outer in MS 
Anterior Innet in MS 
Posterolateral Outer in MS 
Posterolateral Inner in MS 

na na na na na na na na 
X X X X X X X X X X X X 

x 
X 

X 
X 

X X X X 
X X 

X X 
60 130 160 110 110 60 80 110 

X X X X X X 

Permeability 
Cell non-porous 
Ecell=Ematrix; kcell=kmatrix 
Ecell=Ematrix; kcell>kmatrix 
Ecell=Ematrix; kcell<kmatrix 
Ecell<Ematrix; kcell=kmatrix 
Ecell<Ematrix; kcetl>kmatrix 
EcelKEmatrix; kcell<kmatrix 

na na na na na na na na 
X X X X X X X X X X X X X X X X 

X 
X 

X 
X 

X 
X 

Objective H.4&S Objective II.6 

Key: MS = Motion Segment; Ecell=Stifihess of cell; Ematrix=Stiffness of matrix, kcell=permeability of cell; kmatrix=permeabiiity of matrix. 
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CHAPTER 3 MODEL VALIDATION 

The first step in creating the tissue level models was to develop the non-linear elastic 

response of the type I collagen fibres from the latest uni-axial experimental data. This 

material property information was incorporated into a complete model o f the disc using 

the hyper-elastic formulation of the proteoglycan matrix (Duncan and Lotz 1997). This 

model was then used to compare the predicted response of the tissue in bi-axial tension to 

recent experimental data (Bass and Lotz 1999b). Finally the new disc model was used to 

complete the L 4 - L 5 motion segment model. The predicted response was then used to 

compare to available cadaver study data. 

For the cell level micro models, shape, size, and the difference in material properties 

between the cell and the matrix were the areas of concern. Mesh convergence was 

established by a parametric evaluation of changing the number of elements and the size 

of the micro model boundaries relative to the cell. 

3.1 V A L I D A T I O N O F C O L L A G E N PROPERTIES 

Uni-axial tests provided the inhomogeneous non-linear elastic characteristics o f the type I 

collagen in the annulus fibrosus as described in Chapter 2 (Skaggs et al. 1994). A 

comparison of the behavior o f the annulus fibrosus in bi-axial tension, a more complex 

and realistic loading than uni-axial, has indicated how wel l the composite model 

approximated the "real" situation. It has also provided a test of the assertion that the 

material as a whole w i l l behave as the sum of its individual parts. 

3.1.1 Comparisons with Uni-axial Tensile Experiments 

The finite element model o f the single lamella, along fibre, uni-axial experiment was run 

with several collagen content values (Skaggs et al. 1994). The stress-strain relationship 
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was first defined on the basis of the anterior-outer region by matching, as closely as 

possible, the reported tangent modulus and failure strain. For the collagen behavior in the 

other three regions, the stress-strain relationship was proportioned relative to the tangent 

modulus values (Figure 3.1). 

A s described previously, changing collagen content by changing the R E B A R area was 

used as a convenient means o f varying the effective collagen stiffness that has been 

observed throughout the disc. This method was validated by comparing the models 

response with adjustments made to the actual stiffness values to adjustments made to the 

R E B A R content. For example, a 20% reduction in R E B A R area was considered 

equivalent to a 20% reduction in tangent stiffness modulus values (i.e. hypoelastic 

constants). A trial with the model demonstrated that stress-strain results were identical for 

both formulations; the result of the modified tangent stiffness simulation was not shown. 

The model was also run with collagen properties reported by another author used in his 

creation of an L 2 - L 3 motion segment model (Shirazi-Adl et al. 1986b). The collagen 

properties used for that model resulted in a stiffer response for strain values less than 8 

%, and then became softer. This suggested that the current model presented an 

improvement over the existing motion segment model both in terms o f the non-linear 

behavior o f the material as wel l as the distribution of collagen properties throughout the 

disc. 
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Legend Key: 
A O = Anterior Outer Annulus; A l = Anterior Inner Annulus; PIO = Posterolateral Outer 
Annulus; P1I = Posterolateral Inner Annulus; Etan = Tangent Modulus; Failure = 
(stress,strain) value. 

Figure 3.1 The along fibre stress-strain behavior o f the finite element model simulating 
the experiments Skaggs et al. 1994. Note that the curve fits to the points given for slope 
(elastic modulus) at 0.75 failure strain as wel l as the failure strain and stress. Shown also 
is the response o f the model with rebar properties used by Shirazi-Adl et al. 1986a. 
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3.1.2 Comparisons with Bi-axial Tensile Experiments 

To establish bi-axial tension in the finite element model, the protocol used in the 

experiments was duplicated (Bass and Lotz 1999a; Bass and Lotz 1999b). Bi-axial stress 

was induced within a small region at the centre of the sample by varying displacement on 

all four edges. A x i a l strain, monitored in the centre of the tissue, was increased at a 

constant rate while the circumferential strain was maintained at discrete, constant values 

of 2.5%, 0%, and -2 .5%. A x i a l stress applied to the superior and inferior grips, and 

circumferential stress applied to the lateral grips were plotted against the axial strain (in 

the centre region) for various values o f constant circumferential strain and compared to 

the reported experimental results (Bass and Lotz 1999b) (Figure 3.2). While compressive 

circumferential strains existed within a small region, the strain applied at both axial and 

circumferential grips was always tensile (positive). 

The model over-predicted the measured bi-axial tension response suggesting that the 

contribution from the collagen fibers was too great in the model. These differences were 

likely related in part to difficulty in establishing a similar starting configuration as well as 

capturing the fibre - matrix interactions. Overall, the main differences between model and 

experiment occurred with multi-lamellae models when the collagen was strained. Since 

the model matched the response o f a single lamella, this suggested that the problems were 

related to interactions between the collagen fibers of different lamellae. 
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Legend Key: 
F E = Finite Element; E l 1 = A x i a l Strain; E22 = Circumferential Strain; SI 1 = Ax ia l 
Stress; S22 = Circumferential Stress. 

Figure 3.2 Comparison of the bi-axial finite element model with the experimental results 
o f Bass and Lotz 1999b. The model was loaded in bi-axial tension, while the materials 
used in the model were based on uni-axial experiments.  
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3.2 V A L I D A T I O N O F T H E T H R E E DIMENSIONAL M O T I O N S E G M E N T 

M O D E L 

To validate the three dimensional motion segment model, results from several cadaver 

experiments involving lower lumbar motion segments were used for comparison. The 

model did not include muscles, thus displacement control was used in all analyses. This 

was consistent with the experimental protocol o f the studies reviewed and used for 

comparison. 

The lower vertebral body (L5) was fixed at the inferior surface. Displacements were 

applied to the superior surface of the upper vertebral body (L4) o f the motion segment. 

The instantaneous axes of rotations were consistent with those defined in the literature 

(White and Panjabi 1990a). 

Vertebral deformation was negligible compared to that of the disc and ligaments. At 3.5 

degrees axial rotation at the top surface o f the 4 t h lumbar vertebra, there was 

approximately 2.6 degrees axial rotation at the bottom surface the difference being taken 

up by deformation in the vertebral body. This finding was consistent with other motion 

segment finite element model results (Shirazi-Adl et al. 1986b). Four loading 

configurations were used to generate the calibration data (Figure 3.3): 

1. axial displacement; 

2. forward flexion; 

3. axial rotation; and 

4. lateral bending. 
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A D 

Lumbar motion segment fixed at 
bottom surface of 5 t h vertebra 

Figure 3.3 Displacement control o f the 4 and 5 lumbar motion segment: nomencalture 

and sign conventions. A D = axial displacement; A R = axial rotation; F F = forward 

flexion; L B = lateral bending. Figures adopted from White and Panjabi 1990. 
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Several parameters were chosen, based on the availability of data in the literature for 

comparisons of predicted to measured responses of the motion segment: 

1. Downward displacement versus applied axial load (Figure 3.4); 

2. Disc bulge versus applied axial load (Figure 3.5); 

3. Pressure in the nucleus pulposus versus applied axial load (Figure 3.6); 

4. Applied forward moment versus forward flexion (Figure 3.7); and 

5. Applied torque versus axial rotation (Figure 3.8); 

6. Applied sideways moment versus lateral bending (Figure 3.9). 

In general, the model was found to be in reasonably close agreement to experimental 

results from cadaver studies. This has given some confidence in using material property 

data for the various components of the motion segment from many different sources ( i.e. 

ligaments, bone, as well as the collagen and matrix of the disc). 

Parametric changes to material properties of the motion segment were not attempted to 

get closer agreement to the cadaver experiments. Matching the cadaver results was not a 

priority for this study, especially given the high variability in the reported results. It has 

been reported that the mechanical stiffness of the motion segment is far less than the 

force generating capacity o f the trunk musculature (Schultz et al . 1979). This suggests 

that properties of the motion segment do not govern the gross response o f the spine to 

mechanical perturbation. 

Important for this study, however, was the need to, as accurately as possible, represent 

the distribution of stress and strain throughout the disc during physiologic movements of 

the spine and back. With the improved col lagen-REBAR formulation, and anatomic 

variation o f the collagen material properties, this aim has been successfully achieved. 



3.2.1 A x i a l Displacement 
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A x i a l displacement in the motion segment was produced by applying a downward 

displacement to the superior surface of L 4 while holding the inferior surface of L5 fixed. 

The model was soft in comparison to most o f the experimental data but was within one 

standard deviation o f the results of (Markolf 1972) based on 26 specimens. Data shown 

for the two previous models ( K i m et al. 1991; Shirazi-Adl et al. 1984) were more closely 

matched to the experimental data, however, those models were adjusted to achieve this 

end. 
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Figure 3.4 Downward displacement o f 4 t h with respect to 5 t h lumbar vertebra as a 
function of the total applied force. 



3.2.2 Disc bulge in axial compression 
38 

Bulging of the intervertebral disc was measured as the average increase in the disc radius 

at mid height resulting from a downward pressure applied to the superior surface of the 

L 4 vertebra while L 5 was fixed. The model exhibited greater bulge than the experimental 

values as wel l as the other model shown (Shirazi-Adl et al. 1984). This was consistent 

with the overall softer response in axial compression. This also suggested that the 

confinement o f the annulus fibrosus in the model may not be adequate. It may have also 

been related to the difficulty in accurately measuring the disc bulge as reported (Shah et 

al. 1978). 
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Figure 3.5 Disc bulge as a function of the total applied force. 
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3.2.3 Nucleus Pulposus Pressure in Axial Compression 

Nucleus pulposus pressure was measured at the centre of the disc. The model matched, 

very closely, the results o f (Brinckmann and Grootenboer 1991) as well as (Adams et al. 

1996). Those experiments were based on needle pressure gauges inserted into the lumbar 

discs of human subjects. The model of ( K i m et al. 1991) also gave similar results. The 

data of (Berkson et al. 1979) was not consistent with other experiments, however, their 

measuring protocol was slightly different than that of the others as they recorded changes 

in pressure following a 400 N pre load. 

2100 

0 > 

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25 

Nucleus Pulposus Pressure (MPa) 

Figure 3.6 Maximum pore pressure in the nucleus pulposus as a function of the 
downward axial load. 



3.2.4 Forward Flexion 
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Flexion is the forward rotation of the trunk. The superior surface of L 4 was rotated while 

the inferior surface of L5 was fixed. The moment was calculated from the reaction force 

couple at the points of the applied displacement. The model output was within the 

experimental values. In comparison to the model of (Argoubi and Shirazi-Adl 1996), this 

model was more stiff up to 5 degrees of flexion. This difference was attributable to the 

greater stiffness of the posterior ligaments. 

Forward Flexion (degrees) 

Figure 3.7 Applied moment versus forward flexion. 



3.2.5 A x i a l rotation 
91 

A x i a l rotation of the trunk can be described as a twist about the vertical axis. The model 

was "softer" than the experimental values but was within the bounds of the available 

experimental values. In contrast to the flexion response, the model is much softer than the 

model of (Argoubi and Shirazi-Adl 1996). This could be attributed to the differences in 

collagen properties in the disc which were softer in this model at lower collagen strain 

(see Figure 3.1). A x i a l rotation involves the collagen fibres more, due to their oblique 

orientation. Flexion on the other hand induced greater strain in the posterior ligaments 

which were stiffer in this model, thus explaining the apparent paradox. It may also be that 

facet contact in the model happens later than it should as indicated by the prolonged toe 

region. 

A x i a l Rotation (degrees) 

Figure 3.8 Applied moment versus axial rotation. 



3.2.6 La te ra l Bending 
92 

Lateral bending can be described as a rotation of the trunk about the belly button. A 

bending motion was applied to the superior surface of the L4 while the inferior surface of 

L5 was fixed. Response of the model in lateral bending was in close agreement to the 

available experimental results, however, at higher degrees of rotation, the slope was not 

increasing as rapidly as those of the experimental values. This may suggest that the 

transverse ligaments in the model did not have sufficient curvature to the force-

displacement curves. 

Figure 3.9 Applied moment versus lateral bending. 
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3.3 C E L L U L A R M I C R O M O D E L 

3.3.1 Mesh Convergence 

There were two factors that governed the convergence behavior of the micro model. The 

first was the relative size of the cell to the entire micro model (including the surrounding 

matrix). The second issue was the use of a sufficient number o f elements to ensure 

adequate interpolation of the solution. 

Material properties of the cell were different than those of the matrix. The stiffness of the 

cell was several orders of magnitude lower than the matrix. Furthermore, the cell was 

isotropic, elastic, and usually non porous. Therefore, the overall size of the micro model 

had a notable effect on the behavior of the cell-matrix micro model system. The micro 

model needed to be large enough to overcome the effect of the cell . For reliable micro 

modeling, the gross behavior of the micro model should be unaffected by the inclusion of 

the cell. Conversely, the response of the cell should be independent of the size o f the 

micro model. 

A theoretical calculation was carried out to determine the relationship between size effect 

(relative sizes o f the cell to the micro model) and convergence of the force displacement 

solution (Figure 3.10). The calculations were based on a bar, with a defect 5X10"6 less 

stiff than the bar, in uni-axial tension (Figure 3.1 la) . A t a size of ratio of 0.25 (defect % 

the size o f the bar), the convergence ratio (elongation of bar due to axial tension with 

defect relative to elongation without defect) was 1.083. A t size ratios of 0.1 and 0.05 the 

convergence ratios were 1.011 and 1.0026 respectively. When the defect was less than 10 

% of the bar size, the defect had a negligible effect on the gross response of the bar. 

To test the micro finite element model, several trials were attempted with varying micro 

model outer dimensions (Figure 3.11b). The micro model was equal in all 3 dimensions. 
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The volume of the sphere and ovoid shaped cells (r = 6.3 urn; and a=23 um b=c= 7.5 um) 

at 12% axial strain in the global model, with circumferential strain constant at 0%, was 

plotted against the micro model outer dimension. It was found that when the ratio of cell 

length to micro model overall dimension was approximately 0.06 for the ovoid and 0.02 

for the sphere, consistent volume changes were observed. Therefore, the inclusion o f the 

cell no longer affected the behavior of the micro model system. These findings were 

consistent with the bar analogy which demonstrated that a size ratio of less than 10 % 

produced reasonable convergence. 

Let: Bar with elasticity E D 

Defect (1 x w x h) with elasticity E n L=frl 
W=fww 
H=fH-h withfH=l 
Eb=fE'E„ 
A=LWH 

Then, the elongation of the bar resulting from P is as follows: 

ft A = P 
f L A 

AE, b J 
( i - A ) + 

If the defect is removed, the elongation of the bar resulting from P becomes: 

A' = P 
( L ^ 

To test the convergence behavior of the system as a function of the defect dimensions, the 
bar and defect stiffness must be set. In order to make the calculations equivalent to the 
intervertebral disc cell and matrix, any^ o f 5xl0" 3 (=500Pa/lMpa) was chosen. 

Plotting A7A as a function of both fi, and fw shows the convergence o f the system, where 
convergence has been defined as the point at which the notch does not significantly effect 
the behavior of the bar (see Figure 3.11a). 

Figure 3.10: Derivation of the micro-model size convergence effect. 
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The number of elements used to model the cell also affected mesh convergence. Several 

trials were conducted with a micro model of appropriate dimension with varying numbers 

of elements. Volume changes in the cell at a global axial strain of 12% with the 

circumferential strain held constant at 0%, for both a spheroid and ovoid, were plotted as 

functions of the number of elements in the cell (Figure 3.12). 

Based on the validation results for the cell micro models, the following was used in this 

study: 

1280 elements in each cell (for both sphere and ovoid); 

6427 elements in the surrounding matrix o f the micro models; and 

Outer micro model dimensions of: 960 x 960 x 960 urn 
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CHAPTER 4 RESULTS 
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A summary of all the models and simulations is provided at the end o f Chapter 2 (Table 

2.11). The results of the simulations are presented in accordance with the specific aims of 

Objective II. There are three general sub-sections as follows: 

1. A Single cell in various tissue and motion segment environments under 

different loading conditions (Objectives II. 1-11.3); 

2. Effect o f multi cell arrangements (Objectives 11.4 & II. 5); and 

3. Poro effects on cell behavior (Objective II.6). 

4.1 SINGLE C E L L S IN VARIOUS M A T R I X A N D L O A D I N G CONDITIONS 

4.1.1 Effect of Cell Shape in an Orthotropic Matrix (In Vitro Predictions) 

Two loading conditions were considered for the effect of cell shape in an orthotropic 

matrix. For uni-axial loading, the finite element model results are compared to recently 

published closed form solution results (Baer and Setton 2000). For bi-axial loading, the 

results are presented in a way that w i l l allow for validation through bi-axial tissue level 

experiments. Such experiments, which are currently being developed (Bruehlmann et al. 

2001; Bruehlmann et al. 2000), w i l l provide quasi real-time measurements o f live cells 

within outer annulus tissue deforming under bi-axial tensile loading. 

4.1.1.1 Uni-axial Tension 

A micro finite element analysis of cells in annulus fibrosus tissue, subjected to uni-axial 

tension, was conducted. Uni-axial tension loading is a simplified condition in comparison 

to the actual in vivo condition which is known to be bi-axial tension (Stokes 1987). 
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The model setup involved the use of a modified version of the bi-axial model. Tension 

was applied in one direction only (i.e. uni-axial tension) (Figure 4.1). 

A closed form solution has been developed to investigate the micromechanical 

environment o f the cells within the intervertebral disc (Baer and Setton 2000). The model 

was comprised o f a transversely orthotropic matrix subjected to uni-axial tension applied 

along the direction o f greatest stiffness, corresponding to the orientation o f the type I 

collagen fibres in the annulus fibrosus. Cells with spherical and ovoid shapes were 

embedded in the matrix assuming complete adherence between the cell surface and the 

matrix. A linear elastic material model was used. Consolidation was not considered; 

therefore, fluid effects were not included in their analysis. 

11 m m 

Modified bi-axial model 
in uni-axial tension 

Dashed lines represent 
rebar (collagen fibres) 

I 

101 I { 

23 um 960 pm 

1 

Cel l micro model 
showing ovoid cell 

Figure 4.1 Mic ro modeling o f cells in uni-axial tensile loading. 

Finite element model results for volume changes and cell length changes, along, and 

transverse to the collagen fibres, were compared to the published closed form solution 

results (Baer and Setton 2000) (Table 4.1). 
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Table 4.1: Comparison of finite element model to closed form solution for cells in uni
axial tension with 5% matrix strain along the fibre direction (Baer and Setton 2000). 

C F S F E M 

Sphere Ovoid (1:10) Sphere Ovoid (1:3) 

Volume Change 8.0 % -29.0 % 28.0 % 16.0 % 

Change in along Fibre Cel l Length 74.0 % 11.0% 49.0 % 38.0 % 

Change in Transverse Ce l l Length -33.0 % -20.0 % -4.8 % -4.3 % 

K e y : C F S = Closed form solution (Baer and Setton 2000); F E M = Finite element model; 
(1:3) = across fibre length : along fibre length. 

Both models indicated obvious differences in the cell behavior due to differences in 

shape. In general, ovoid shaped cells showed smaller length changes and less volume 

changes. However, in the closed form solution, the ovoid cell decreased in volume. In the 

finite element model, the cell aspect ratio was limited to 1:3, whereas the cell in closed 

form model had an aspect ratio o f 1:10. This suggests that cells more ovoid in shape have 

a greater "resistance" to volume increases. To achieve larger aspect ratios with the finite 

element model, a prohibitive number elements would have been required to avoid 

excessively distorted elements in the cell. 

In the closed form model, the volume change of the sphere was less but the along fibre 

elongation was greater, in comparison to the finite element model. This paradox can be 

accounted for by the greater shrinkage of the cell along the transverse axis in the closed 

form model. While the shape and loading parameters were the same for the sphere in both 

models, there were other factors to explain these apparent discrepancies. 

Matrix conditions were not identical in both models. The closed form solution model was 

based on linear material properties with an along fibre modulus of 30 M P a , and a 

transverse modulus of 0.25 M P a . In contrast, the finite element model was non linear 

with an initial along fibre tangent modulus of approximately 2 M P a ; at 2 % strain, 30 

M P a ; and at 5 % strain, 112 M P a . The transverse stiffness was initially 0.22 M P a and 

increased to 0.49 M P a at approximately 3% strain. 
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Some differences also existed in the cell properties. The cell stiffness in the closed form 

solution model was 300 Pa, whereas it was 500 Pa in the finite element model. 

Furthermore, the Poisson's ratio was 0.45 in the closed form solution and 0.4 in the finite 

element model. There was little explanation for these differences, as both models cite the 

same references. 

4.1.1.2 B i - ax i a l Tension 

Cel l shape has been shown to be an important factor which influenced the mechanical 

response of the cells to uni-axial tissue strain. In situ tissue strain, however, is more 

complex than uni-axial tension. Cadaver studies have demonstrated that the outer annulus 

undergoes bi-axial tension when the vertebrae-disc-vertebrae joint is subjected to axial 

compression (Stokes 1987). It was, therefore, of greater clinical significance to undertake 

a more detailed examination o f cell shape changes in tissue subjected to bi-axial tension. 

In general, cell strains were greater than the local tissue matrix strain. For a 

circumferential strain of 0%, the spheroid cell stretched approximately 2.5 times that of 

the local matrix axial strain; the ovoid elongation was 1.25 times the local axial strain. 

Conceptually, these findings appear reasonable. Consider a 2-dimensional analogy 

consisting of a sheet o f rubber with a hole punched in it. If the material were constrained 

horizontally and pulled vertically, the hole would expand more than the material around 

it. The cell was on the order of 10 5 times softer than the tissue, acting in essence like a 

hole in the tissue. 

Cells were also found to expand circumferentially more than the matrix. In particular, 

when the matrix circumferential strain was held at 0%, there was a notable positive 

circumferential strain in the cell (Figure 4.2). In the radial direction, or out of plane of the 

tissue specimen, cell diameter decreased due to Poisson's ratio. This resulted in a 
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circumferential expansion of the cell greater than that of the matrix, suggesting that the 

cell was more compressible than the matrix. 

A qualitative examination of the cells in their deformed configuration, shows readily 

observable differences between spheres and ovoids. In particular, ovoids tended to 

undergo rotation, where spheres did not. (Figure 4.2). 
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Figure 4.2 Illustration of cells in bi-axial tension. R E D (light) = un-deformed; 
B L A C K (dark) = deformed. Note clockwise rotation of ovoid cells and 
circumferential expansion in all cells 
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Deformation index has been defined as the ratio o f the cell lengths along principal axes 

(Lee and Bader 1995) (Figure 4.3). For spheres, the deformation index was the length of 

the cell in the axial direction to the length in the circumferential direction, a positive 

slope indicated an overall elongation along the axial direction (Figure 4.4b). For ovoids, 

the deformation index was the length along the fibre direction (long axis of cell) relative 

to the length transverse to the fibres (Figure 4.4c). In general, spheres became more like 

ovoids (increase in deformation index), and ovoids became more like spheres(decrease in 

deformation index). 

/ / y Length 1 

/C/ ( ) Undeformed 
/ y Length 2 V J 

CJSIZZ-' Deformed 

Length 2 

L ^ N \ Deformation index = Length 1 
i s Length 1 Length 2 

Figure 4.3 Definition of the deformation index. Deformation index has been defined as 
the ratio of the length of the cells in the axial direction (direction of load) to the length of 
cells in the circumferential direction (Lee and Bader 1995). 

Volume changes were found to be different between the various cell shapes (Figure 4.4a). 

The difference between the sphere and ovoid were similar to those found in uni-axial 

tension: volume changes in spheres were greater than those in ovoids. Surprisingly, the 

curved cell underwent volume changes more similar to that of the sphere, even though 

it's original shape was more similar to that of the ovoid. In examining the volume 
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changes for each different shape relative to their initial volumes it is evident that volume 

changes were dependant on shape rather than initial volume (Table 4.2). The sphere had 

the second largest volume change but the lowest initial volume. Conversely, the ovoid 

had the lowest volume change but was ranked second in terms of its initial volume. 

Table 4.2: Ce l l volume changes at 6% matrix axial with circumferential 
strain held constant at 0%. 
Description 
(cell shape) 

Initial Volume Volume change 
(at 6 % axial strain) 

Sphere 1047 u m J +20 % 

Ovoid 5415 u m J +17 % 

Curved 7130 u m J +21 % 

While the model did not account for direct interaction between the fibres and the cells, it 

was expected that the curved cells would straighten out when stretched (indicated by an 

increase in bend angle). This was not true for the 0 % and - 2.5 % circumferential strain 

states as indicated by slight decreases in the angle (Figure 4.4d). Wi th 2.5 % 

circumferential strain, there was an overall straightening of the cell most evident when 

the matrix axial strain was negative. This negative strain in the axial direction was a 

result of Poisson's ratio. Initial stretching in the circumferential direction was necessary 

to achieve the required 2.5 % strain resulting in the observed negative axial strain. 

Rotation occurred in the ovoid cells but not measurably in the spheres. The rate of ovoid 

rotation was approximately 1 degree for every 2% of axial strain for all three states of 

circumferential strain. 
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Figure 4.4: Cells in bi-axial tension in an orthotropic matrix. A l l parameters are plotted against matrix axial strain, (a) Cel l volume 
changes for the ovoid, sphere, and curved cells in all three states of bi-axial tension, (b) Deformation index for the sphere only. Note 
the positive slope indicating elongation, (c) Deformation index for the ovoid. Note the negative slope indicating that the cells are 
becoming more spheroid in shape, (d) Bend angle in the curved shape cell.  
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4.1.2 Effect of Matrix Isotropy 

Reinforcing elements ( R E B A R S ) were deleted from the previous bi-axial model and cell 

micro model to investigate the behavior of cells in an isotropic matrix. Removing the 

reinforcing resulted in a reduction to the overall stiffness of the tissue matrix. Only the 

condition of circumferential strain held constant at 0% was investigated. 

In general, changes in cell volume and deformation index were not qualitatively different 

when comparing between orthotropic and isotropic matrixes: spheres increased in volume 

more than ovqids; the curved shaped cell showed the greatest volume increase; and 

spheres elongated and ovoids became more spheroid. Magnitudes of volume change and 

deformation were lower in the isotropic matrix (Figure 4.5a & b). This was expected 

given the reduced matrix stiffness. A decrease in bend angle in the curved cell was also 

observed (Figure 4.5c). 

The effect of orthotropy in the matrix had a less significant effect than the loading 

configuration. Comparing results for uni-axial to bi-axial loading, it was evident that b i 

axial loading seemed to "counteract" the orthotropy (Table 4.3). In creating bi-axial 

tension, the in-plane strains (axial and circumferential) must be controlled within a small 

region as shown in Chapter 2 (Figure 2.11). Regardless of the matrix composition, be it 

orthotropic or isotropic, the local strains within the region of bi-axial tension wi l l be the 

same. This is the very definition of bi-axial strain. The only differences then would be the 

relative magnitudes of applied axial and circumferential stresses. 

This finding might be quite different in reality, however, i f cells are found to be bound 

directly to the collagen type I fibres. Both spheroid and ovoid shaped cells would then be 

expected to elongate along the fibres as the fibres stretched. In this model, the collagen 

fibres were represented as R E B A R s , which simply provided increased stiffness in the 

matrix, along a specified direction. There was no discrete element that physically 
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represented an actual fibre, thus there could be no connection modeled between it and the 

cell. 

Table 4.3: Compare bi-axial loading of cells in an isotropic and orthotropic matrix to uni
axial along fibre loading  

Uni-axial along fibre Bi-axial Loading 

Parameter Isotropic Matrix Orthotropic Matrix Isotropic Matrix 

Ovoid - Shape Becomes more ovoid Becomes like a sphere Same as orthotropic 

Sphere - Shape Becomes an ovoid Becomes an ovoid Same as orthotropic 

Deformation+ Ovoid < Sphere Ovoid > Sphere Same as orthotropic 

K e y : + Deformation = change in deformation index (long axis : short axis) 
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4.1.3 Cells Within the Intervertebral Disc (In Vivo Predictions) 

4.1.3.1 Axial and Circumferential Strains in the Four "Critical" Regions of the L4-

L5 Disc 

Based on the motion segment simulation of a known dangerous loading condition 

(bending, twisting, and flexion), strain histories were produced for the four critical 

regions of the disc. The four regions are: posterolateral inner and outer (areas of highest 

observed incidents o f tissue degeneration); and anterior inner and outer (areas of lowest 

observed incidents o f tissue degeneration). The strains are defined relative to an anatomic 

coordinate system (Figure 4.6). 

i A x i a l direction -> foot to head 

V jr Radial —> towards periphery 

/jri Circumferential —> around disc 

Figure 4.6: Anatomic coordinate system for strains in the annulus 

It has been reported that a realistic lifting rate is on the order o f 1.5 seconds per lift 

(Sparto et al. 1997). Under these conditions, it was discovered that the cell micro model 

failed to converge in the posterolateral inner region of the disc where strains were 

highest. In order to obtain a complete set of data for the four regions, the lifting rate was 

reduced to 10 seconds. A t the faster lifting rate, simulations were completed for the 

anterior and posterolateral outer regions only. 

Forward flexion, lateral bending, and axial rotation in conjunction with the disc 

geometry, resulted in non-symmetric strains throughout the disc (Figure 4.7). During the 
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pre-load phase (essentially a straight downward push), radial and circumferential strains 

increased and axial strains decreased. During the lift phase, the axial strains in the 

posterolateral region increased; radial and circumferential strains decreased. In the 

anterior region, axial strains decreased, whereas radial and circumferential strains 

increased. This is consistent with the front of the disc compressing and the rear of the 

disc stretching during a forward bending, or flexion type of motion. 
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flexion, axial rotation, and lateral bending as a function o f time corresponding to the lift 
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4.1.3.2 Cell Behavior in the Four "Critical" Regions of the L4-L5 Disc 

The results o f the micro cell models in the disc are presented for the slower lift rate of 10 

seconds. A s discussed previously, the micro cell model would not converge at the faster 

lift rate within the inner posterolateral region. Results were obtained, however, at the 1.5 

second lift time for the anterior and posterolateral outer regions, and are presented for 

comparisons. 

Cel l volume changes and deformation indexes were used to compare the behavior of 

ovoid shaped cells in the posterolateral and anterior outer regions, to that of sphere 

shaped cells in the inner regions. 

Cel l volume change results indicated that cells responded quite differently to the varied 

strain environments within the disc (Figure 4.8). The volume changes were generally 

positive during the axial compression phase, except in the anterior outer region. This was 

consistent with the lowest axial strain observed in the anterior outer region o f the disc 

during the pre load phase. During the lift and twist phase, a definite pattern arose, where 

the cells in the posterolateral region decreased in volume and the cells in the anterior 

region increased in volume. 

Deformation index also indicated a clear distinction between cell behavior in the anterior 

as compared with the posterolateral regions o f the disc (Figure 4.9). Cells in the anterior 

region of the disc tended to undergo less deformation in terms of both amplitude and 

variability throughout the entire range of motion. 

The volume change characteristics o f cells in the outer region of the disc were 

qualitatively similar when comparing the fast to the slow lifting speed. The magnitudes of 

the volume changes, however, were approximately 5-10 % larger for the 1.5 second lift. 

This is consistent with the assertion that at the faster lift rate, disc strains were higher 

resulting in non-convergence of the micro model in the inner posterolateral region. 



Time (s) 

Figure 4.8: Volume change results for the cells within the four regions of the intervertebral disc for 10 s lift time. Cells decreased 
in volume within the posterolateral region, and increased i n volume within the anterior region.  
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4.2 M U L T I C E L L CONFIGURATIONS 

Intervertebral disc cells have been found singly, separated by an average distance of 500 

U-m from a neighboring cell , or in small clusters (Pritzker 1977). Mic ro finite element 

models comprised of two cells in various configurations were generated to investigate the 

interactions between neighboring cells. Ovoid and sphere shaped cells were loaded in bi

axial tension with circumferential strain held constant at 0 %. 

Three different multi cell configurations were used (as defined in Chapter 2): 

1. Above-below: cells aligned in axial direction; 

2. Side -by-side: cells aligned in circumferential direction; and 

3. A long fibre: cells aligned with collagen fibres. 

4.2.1 Cell to Cell Proximity 

In order to establish a threshold separation distance, at which point adjacent cells did not 

affect each other, several trials were undertaken with two sphere shpated cells at various 

separation distances. The above-below configuration with circumferential strain held at 0 

% was used for these trials. 

The cell matrix construct was found to "soften" as the cells were positioned closer to one 

another. To examine this effect intercellular strain was defined as the change in distance 

between two cells. A t an initial separation of 80 urn (approximately 6 cell diameters), 

intercellular strain was more than the tissue axial strain. When the initial separation was 

130 urn and 180 pm, the intercellular strain equaled the tissue strain. 

Elongation of the cell along the direction of applied axial tensile strain was another 

parameter used to demonstrate the local softening effect of the matrix due to cell 

proximity. It was found that at 80 urn initial separation, cell elongation was 
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approximately 22 % when the matrix axial strain was 8 %. A t both 130 um, and 180 urn 

initial separation, cell elongation was 26 % when the matrix axial strain was 8 %. This 

was the same as the cell elongation of a single cell under the same loading conditions 

(Figure 4.10). 

Cell elongation at 8% 
axial strain & 0 % 

circumferential strain 
30% + 

20% - -

10% - -

Cell elongation for a single cell 

ir I 

4-
100 200 

Initial separation distance (um) 

Figure 4.10: Elongation of multiple and single cells along the 
direction of applied strain (axial) at an axial strain o f 8 % while the 
circumferential strain is held constant at 0 %. 

Both the intercellular strain and cell elongation results suggest that the threshold for 

proximity effects to be noticeable occurs at an intercellular separation distance between 

80 um and 130 um. A t the threshold value, multiple cells would be expected to behave as 

single cells. 

4.2.2 C e l l Arrangement 

Cellular volume changes for both ovoid and sphere shaped cells, in the along fibre 

configuration, produced results similar to those for the single cell simulations. A t 10 % 

axial strain, the above-below configuration resulted in 2.5 % higher volume changes than 

when cells were oriented along a collagen fibre. Conversely, the side-by-side 

configuration resulted in 1.5 % lower volume changes than the along fibre arrangement. 
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Cel l shape did not affect intercellular strain, as a function o f axial strain in the tissue. 

Orientation did, however, play a role in the intercellular strain. Intercellular strain values 

at 10 % axial strain (with circumferential strain held at 0 %) are summarized as follows: 

• Above-Below: 13 % (intercellular strain at 10 % axial strain) 

• Side-by-Side: 5 % 

• Along Fibre: 3 % 

The side-by-side orientation o f the cells corresponded to the cells lying along the 

circumferential direction. The intercellular strain was higher than the matrix 

circumferential strain which was held at 0 % (in the vicinity o f the cells). This further 

demonstrated the local "softening" of the tissue-cell construct. 

Clusters o f sphere shaped cells responded differently than clusters of ovoid shaped cells 

(Figure 4.11 a & b). Overall, the ovoid shaped cells exhibited higher deformation indexes, 

however, sphere shaped cells had higher sensitivity to the cell-cell configurations. 

Somewhat anomalous was the "switch" in relative magnitudes of the deformation index 

in the side-by-side and along fibre configurations, when comparing the behavior o f two 

spheres to two ovoids. For the sphere, the deformation index was greatest in the side-by-

side configuration, whereas for the ovoid it was greatest in the along fibre orientation. 

The two adjacent spheres in the side-by-side configuration reduced the circumferential 

constraint, consequently, the spheres became more ovoid in shape (increase in 

deformation index). In the along fibre orientation, the two cells were offset, maximizing 

the effect o f both the circumferential constraint and the axial stretch, causing the ovoids 

to become more spherical (decrease in deformation index). 

Rotation o f the ovoid cells was highest in the above-below configuration, and lowest in 

the side-by-side configuration (Figure 4.11c). Ce l l rotation in the along fibre 

configuration was similar to that of the single ovoid cell in bi-axial tension with the 

circumferential strain held constant at 0 %. 
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Figure 4.11: Cel l to cell configuration results for 0 % circumferential strain (a) 
Deformation-index for the sphere shaped cells; (b) Deformation index for the ovoid 
shaped cells; (c) Rotation of the ovoid shaped cells. Note how the deformation index is 
greatest for the sphere in the side-by-side configuration, whereas for the ovoid it is 
greatest in the along fibre configuration. Also , rotation in the ovoid cell in the along fibre 
configuration is similar to the single cell rotation. 
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4.3 P O R O - E L A S T I C C E L L S 

Permeability values for intervertebral disc cells are currently not available in the 

literature. Therefore, in order to gain some understanding of the fluid interaction between 

the cell and the matrix, a parametric analysis was undertaken. 

It was found that pore pressure did not vary throughout the cell and was generally 

equivalent to that of the matrix in the region around the cell (Figure 4.12a). Non porous 

cells were less stiff than porous cells and consequently exhibited greater volume changes 

(Figure 4.12b & c ) . 

Altering the permeability of the cell did not affect cell pore pressures or volume changes. 

Increasing the matrix permeability by a factor o f 10 9 while keeping the cell permeability 

constant, resulted in increased pore pressure and a slightly elevated volume change. 

Comparing P2 to P3 at 8 % axial strain, pore pressure increased by 2.3 % and volume 

increased by 0.02% (Figure 4.12a & b). 



120 
0.00 0.02 0.04 0.06 0.08 0.10 0.12 

0.00 0.02 0.04 0.06 0.08 0.10 0.12 

1.16 _ 

0.00 0.02 0.04 0.06 0.08 0.10 0.12 

A x i a l Strain in Global Model 

Figure 4.12: Permeability effects to a sphere shaped cell in bi-axial tension with constant 
circumferential strain held at 0 %: (a) Pore Pressures; (b) Ce l l Volume Changes; (c) Ce l l 
deformation index. Comparing N P to P I , cell volume changes are less in a porous cell 
with equal stiffness. Changing cell permeability has no effect on pore pressure or volume 
change, however, changes in matrix permeability show minimal effects. 
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CHAPTER 5 DISCUSSION 

The overall goal of this work has been to exploit newly available material property data 

in the development of the "next generation" of finite element models for the purpose of 

studying intervertebral disc degeneration. 

A much improved model of the intervertebral disc tissue has been developed with the 

recent hyper-elastic formulation of the proteoglycan matrix (Duncan and Lotz 1997), and 

non-linear elastic characterization of the type I collagen fibres (Skaggs et al. 1994). 

Incorporated into the motion segment model, the new disc model has been relied upon to 

reproduce, with greater fidelity, the strain distribution throughout the disc during 

physiologic movements. 

Novel experiments have made cell stiffness values available. A n d with the advent of 

micro modeling techniques, it was possible to investigate the in situ cell responses to a 

variety of loading conditions. 

With these new and improved tools, a relevant study o f how cells respond to their 

mechanical environment has been undertaken. The modeling o f tissue experiments has 

been done in such a way that allows for the proper validation of the models once the data 

becomes available. Furthermore, with the use of the motion segment model it has become 

possible to investigate in vivo cellular responses, something that would not be attainable 

by experimentation. 

5.1 LIMITATIONS 

N o reasonable interpretation of finite element modeling results should be without 

reflection on the limitations o f such studies. Because so much effort is put into 

developing and validating a finite element model, the temptation is strong to answer too 
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many questions with undue confidence. It is therefore the intention o f this author to 

outline a number of specific caveats to consider prior to a discussion of the results. 

Two underlying assumptions were made in developing the tissue model of the annulus 

fibrosus. First, in order to use the finite element approach, it was assumed that the 

behavior o f the tissue could be reasonably approximated by a continuum formulation. 

Secondly, the model was simplified to reflect three basic components of the tissue: tissue 

matrix, collagen reinforcement, and mobile fluid. The model, built up from these three 

components, was a composite structure with a very limited ability to reflect the 

interactions between the components. In particular, the interaction between the collagen 

fibres and the matrix was not included. Both of these factors were evident in the disparity 

between model and experimental stress-strain results for the tissue in bi-axial tension 

(Bass and Lotz 1999b). 

Fluid-solid interactions were limited to the use of a mixture approach. The fluid and solid 

components were modeled to occupy discrete regions of space. The mathematical 

formulation only allowed for the simultaneous calculation of stress (solid and fluid) and 

velocity o f the fluid relative to the solid. Flow paths that may develop through the tissue, 

such as through void spaces between slack collagen fibres, could not be modeled. Instead, 

flow through the tissue was governed by an effective permeability, which again is a 

continuum parameter. 

Another deficiency in the model with respect to the fluid behavior is the inability to 

incorporate mobile ions. It is known that the tissue matrix is endowed with fixed negative 

charges while contained within the fluid are mobile ions (Urban and M c M u l l i n 1988). 

Together these components interact and cause the tissue to swell. Fluid is drawn to areas 

within the tissue with higher fixed charge densities. This phenomenon causes internal 

stresses within the tissue to be dependant on volumetric changes that alter the local 

density o f fixed charges. This may be important for this model, because understanding 

the mechanical behavior o f the cells within the tissue relies upon accurate estimation of 
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internal stresses. Swelling, however, is considered a second order effect and may turn out 

to have minimal impact on the behavior of cells. Proceeding without the inclusion of 

swelling effects offers a good starting point for base comparisons. 

On a more pragmatic level, there are issues surrounding the use of a step down or micro 

modeling approach to analyzing the cell. The need to interpolate results from one scale 

down to a smaller one, introduces another source of mathematical error (in addition to 

those normally associated with the finite element method). This effect was limited by 

ensuring that the micro model was at least as large as the smallest element in the global 

solution, which minimized the interpolation distance. 

Furthermore, distortion of elements was unavoidable when curved surfaces were 

encountered. Such distortion o f elements can introduce errors to the finite element 

solution. A B A Q U S V5.8 considered a distorted element to have an angle between 

isoparametric lines greater than 135° or less than 45°. Techniques to limit the magnitude 

of element distortion were used in the mesh generation algorithm. Mesh density was 

increased in regions of high curvature. Also , an outwardly radiating grid was used to 

establish the framework of the finite element mesh. 

In terms of the cell-matrix interactions, a certain liberty was taken with the model due to 

the lack of experimental data. It was assumed that cells were attached directly to the 

matrix with a perfect and continuous bond between the two surfaces. This was consistent 

with the approach of other cell models (Baer and Setton 2000; Guilak and M o w 2000; 

W u et al. 1999). There is, however, evidence of discrete attachment sites between the cell 

surface and the matrix referred to as focal adhesion complexes (Ingber 1991; Turner and 

Burridge 1991; Wang et al. 1993). Therefore, it is a reasonable assumption that a strong 

bond does exist. However, the exact nature of the contact and its effects on the stress 

transfer across the cell-matrix boundary remains unknown. 
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Permeability simulations were not straightforward. The model was not able to converge 

when the cell was made permeable, without also adjusting the cell stiffness. B y 

increasing the cell stiffness from 500 Pa to 5 x l 0 5 kPa, the model became convergent. A t 

the lower stiffness, with the permeability turned on (consolidation analysis in the cell), 

the cell became too deformed and caused numerical instabilities. This suggests that the 

linear elastic assumption limits the deformation of the cell. A hyper-elastic type of 

material might be more suitable for an analysis that incorporates a permeable cell. 

The cells were considered as passive and there was no accounting for volume or shape 

regulatory mechanisms. It is known that cells have an ability to control the flow of fluid 

across the outer membrane (Mow et al. 1999; Urban 1994; Urban et al. 1993). The 

cytoskeleton can also undergo structural changes in reaction to mechanical perturbation 

(Lee et al. 2000). This ability to change cytoskeleton architecture has been found to 

endow the cell with non-linear stiffness characteristics (Wang et al. 1993). Deformation 

measured at the cell surface has also been shown to translate to deformation of the 

nucleus via the microtubules of the cytoskeleton suggesting a possible mechanism for 

sensing and reacting to mechanical stimulation (Banes et al. 1995; Guilak 1995; Ingber 

1997). Once these phenomena are better understood, it is possible that constitutive 

relationships could be established and ultimately added to the finite element formulation 

of the cell. A t present, experimental data permits only a linear elastic continuum model of 

the cell. 

In terms of the motion segment model, the most obvious limitation was the use of 

displacement control to induce movement rather than actual muscle forces. Muscles were 

not modeled. However, muscle function has been found to be an important contributor to 

altered force sharing between the varied passive structures such as the disc and the 

ligaments. Muscle fatigue has been found to induce heightened intradiscal pressures 

(Kong et al. 1996). Despite the foregoing, the motion segment model is currently well 

validated and suits the current demand very well . Ultimately, a suitable muscle model 
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could be incorporated but this would be a difficult task as the muscular system, due to its 

high redundancy, is a very complex mechanical system. 

Inter-subject variability in spinal morphology is also a feature of clinical significance to 

low back pain; however, this model was built on the basis of average dimensions. Thus, 

stress concentrations due to certain patient specific features such as increased spinal 

curvature have not been reflected in these results. This particular limitation in the model 

was not a problem as the focus of the study was on general patterns of disc degeneration. 

Having read the foregoing, the reader should not be discouraged from continuing. The 

results have provided some useful and novel conclusions. It has become evident that cell 

shape plays an important role in the behavior of the cell. This finding suggests that shape 

can account for some inherent ability o f the cell to sense and react to its mechanical 

environment. It is known that cell morphology is closely linked to phenotype (i.e. 

spheroid cells in cartilage, and ovoid cells in ligaments). Also , predicted patterns of tissue 

strain and cellular deformation throughout the disc were translatable to clinical 

observations o f disc degeneration. 

Such findings are especially reassuring to the belief that the use of finite element models 

to study disc degeneration is a meaningful pursuit. This belief, however, should be 

tempered with one important caveat: the predictive ability of the model was limited to 

mechanical characteristics defined by the most currently available material property data. 

5.2 E F F E C T O F C O L L A G E N O N C E L L B E H A V I O R 

The influence o f collagen was investigated by comparing cell behavior in bi-axial tension 

for isotropic and orthotropic conditions in the tissue matrix. Isotropy was induced by 

simply "turning o f f the R E B A R s . 
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The most notable difference between these conditions was that volume change in the cell 

was much less in the isotropic case. This was not surprising considering the reduction in 

overall matrix stiffness without the collagen. In general, however, little difference was 

observed in the pattern o f cell behavior in terms of volume change, rotation, or 

deformation when comparing between the two matrix conditions. 

The presence o f collagen fibres was expected to result in increased rotation and along-

fibre elongation of the cells under bi-axial loading. In the case of uni-axial loading, such 

effects were evident. Trials were conducted with the orthotropic tissue model subjected to 

uni-axial tension applied circumferentially (these results were not included). The results 

demonstrated that fibre rotation occurred as an observable change in R E B A R orientation. 

This was supported by observations of tissue explants from bovine outer annulus that 

exhibited obvious collagen fibre rotation (visible without magnification) when stretched 

circumferentially. Such loading was not considered in detail; however, as this would not 

have been physiologically relevant (Stokes 1987; White and Panjabi 1990a). 

The fact that cell deformation was qualitatively similar within both the orthotropic and 

isotropic matrixes under bi-axial loading, has physiologic relevance. Recently, it has been 

observed that a population of cells reside between the lamella of the annulus fibrosus 

(Bruehlmann et al. 2001). This region is thought to be isotropic, as it contains minimal 

type I collagen. The results of the model suggest that it is an inherent property of the 

system to ensure that cells in both the lamella and inter-lamellar regions receive similar 

strain signaling under bi-axial loading. This would not be the case under uni-axial 

loading. 

These findings also suggest that uni-axial loading, along the fibre direction would likely 

produce non-physiologic conditions. Modeling of cells in orthotropic tissues should use 

bi-axial loading. From the closed form solution model, which was based on uni-axial 

along fibre tension, it was determined that both spheres and ovoids elongated (Baer and 

Setton 2000). In bi-axial tension, however, it was shown that this was not the case. 
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5.3 E F F E C T O F SHAPE O N C E L L B E H A V I O R 

Cell shape affected both changes in volume and deformation index of the cells within the 

tissue. Sphere shaped cells tended to undergo greater volume changes than did ovoid 

cells. This was evident under all three states of bi-axial strain investigated. These findings 

were consistent with the closed form solution results (Baer and Setton 2000). Given the 

regional variation in cell morphology throughout the disc, as well as in other connective 

tissues, this finding offers further support to the hypothesis that cell shape is related to its 

function. Furthermore, there may also be some link to the geometry of the cell and its 

ability to sense .and react to mechanical perturbation. Understanding such a link may be 

important in discovering some key aspects of connective tissue degeneration. 

The magnitude of predicted volume changes in the cells was high, up to a 40% increase; 

however, these values were not unreasonable. In one experiment, involving cartilage 

cells, within knee joint cartilage explants under compression, a 20 % decrease in ceil 

volume was observed (Lee et al. 2000). In another similar experiment, cell height and 

volume decreases of 26 % and 22 % respectively were reported (Guilak et al. 1995). This 

suggests that the cells can undergo relatively large volume changes. The linear elastic 

assumption for the material properties of the cells may have caused the volume changes 

to be under-predicted. 

A n interesting aside to the main result, was the relationship between local tissue 

dilatation and cell volume changes. In general they were not the same. Ce l l volume 

changes tended to be greater than tissue dilatation. However, the patterns were always the 

same. If dilatation in the tissue was increasing then so was the cell volume change and 

visa versa. This indicated the relevance of differences in material property between the 

cell and the tissue such as stiffness, Poisson's ratio, and fluid effects. 
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In terms of cellular deformation, it was found that spheres tended to become more ovoid 

with elongation occurring primarily along the direction o f stretch (i.e. axially). This was 

the case for both the orthotropic and isotropic cases. A more interesting finding, however, 

was that the ovoid cells tended to become more like spheres, elongating more along the 

secondary axis rather than the principal axis. The ovoid cells were expected to elongate 

along the fibre (or along the principal axis) in accordance with the collagen fibre 

stretching. This was not the case, as the effect of the elongation perpendicular to the 

fibres due to bi-axial loading, counteracted the along fibre stretch. 

Rotation was observed in the ovoid cell but not in the spheroid cell. This was reasoned by 

the fact that the angled orientation of the ovoid cell induced an imbalance in the traction 

along the opposing faces o f the cell , thus inducing a moment about the centroid. Such an 

imbalance would not have existed in the sphere, because of its symmetry about the plane 

perpendicular to the principal direction of stretch. 

5.4 IN V I V O B E H A V I O R O F C E L L S IN T H E I N T E R V E R T E B R A L DISC AND 

DISC D E G E N R A T I O N 

Many investigators have found that lifting heavy objects in conjunction with bending and 

twisting can be deleterious to the intervertebral disc (Farfan et al. 1970; Kelsey et al. 

1984b; Schultz et al. 1979). Such observations have instigated a belief that disc 

degeneration and associated back pain are closely related to biomechanical factors 

(Urban 1994). Further support to this hypothesis has been provided by in vivo and in 

vitro experiments that have demonstrated biophysical changes resulting from the direct 

application of mechanical stimulation (Guilak et al. 1994; Handa et al. 1997; Iatridis et al. 

1999; Ishihara et al. 1996; Lotz et al. 1998). These studies, however, have not addressed 

the mechanical events occurring at the cellular level. For the first time, the strain 

environment throughout the disc, has been reproduced for a known dangerous movement 

and used to analyze the mechanical behavior of annulus cells. This modeling paradigm, 
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that steps down from the organ level to the cell provides the ability to link in vivo 

physiologic events to cellular mechanical responses. 

Based on the results for volume and shape changes in different regions of the disc, it was 

apparent that cellular response was regionally varied. Cells in the posterolateral region 

tended to undergo a reduction in volume while cells in the anterior region increased in 

volume. Furthermore, cells in the posterolateral region experienced greater shape 

changes. 

Epidemiological evidence suggests that disc degeneration in humans is most prevalent in 

the posterolateral quadrant of the disc. It has also been shown that connective tissue cells 

can process and react to mechanical signals. These factors together support the assertion 

that regional variation of strain throughout the disc can be linked to the variability in the 

health o f the tissue. The model has demonstrated a clear difference between cell behavior 

in the anterior and posterolateral regions o f the disc. Regardless o f the exact magnitudes 

of these differences, the fact that there is a demonstrable difference lends credibility to 

the hypothesis that a particular loading regime can be related to tissue degeneration. 
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5.5 E F F E C T O F PROXIMITY O N C E L L B E H A V I O R 

Cells within the young healthy disc were reportedly not found in clusters, but were more 

likely to be dispersed at an approximate intercellular spacing of 500 um. Cel l clusters 

were found to be more typical in discs o f more mature individuals (Pritzker 1977). A 

cursory examination of sections through annular tissue has shown that cells can be found 

in small groups as wel l as in isolation (Bruehlmann et al. 2001; Bruehlmann et al. 2000). 

In looking at the behavior of groups of two cells in various relative orientations, it was 

found that differences did exist when the tissue was subjected to bi-axial tension with the 

circumferential strain held constant at 0 %. When cells were adjacent to one another and 

aligned perpendicular to the direction of principal stretch (i.e. axial), cell shape changes 

were minimized. This may suggest that tissues with cells grouped in particular 

orientations might receive afferent mechanical signals, either by getting too much or too 

little information about the local strain environment. 

It has been suggested that the effect o f chondrocytes on the mechanical behavior o f 

cartilage was not negligible, and therefore warranted the use of a homogenized approach 

to modeling the cells within the tissue matrix (Wu et al. 1999). The cellular volumetric 

fraction has been found to be as much as 10 % in cartilage (Stockwell 1971). In the disc, 

however, the situation is different. Cellular density in the disc has been found to be 

approximately 2.5 times less on average than in cartilage (Maroudas et al. 1975). The 

model indicated that when cellular spacing exceeded 80 um, proximity effects became 

negligible, further supporting the validity of using the micro modeling technique as 

opposed to using the homogenized approach. Furthermore, a recently published micro 

finite element study on chondrocytes in cartilage, contradict the assertion that cell density 

in cartilage affects the mechanical behavior of the tissue as a whole (Guilak and M o w 

2000). Their model of chondrocytes in cartilage used a micro modeling technique 

identical to the one used here. 
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Simulations with the stiffer cell showed that changing permeability (even by 9 orders of 

magnitude) had less effect than did changes in cell stiffness (by 3 orders o f magnitude) in 

influencing the behavior of the cell. Overall, changing permeability of the cell did not 

significantly effect the volume changes or deformation of the cells in bi-axial tension. 

However, increasing matrix permeability resulted in small increases in cell volume 

change and pore pressure. 

internal pore pressures within the cell were uniform and negative. This was consistent 

with the observed volume increases. Cell volume increases would be accompanied by an 

influx of fluid. The process would be akin to the uptake of fluid into a syringe by the 

outward displacement of the plunger. 

It is interesting that similar findings were recently presented for a micro finite element 

model o f chondrocytes in cartilage subjected to uni-axial unconfined compression 

(Guilak and M o w 2000). It was reasoned that the small size of the cell resulted in rapid 

equilibration of the fluid pressure gradients within the cell. It was concluded that the 

mechanical response of the cells was governed more by the properties o f the matrix rather 

than those of the cell. 
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CHAPTER 6 CONCLUSIONS AND 

RECOMMENDATIONS 

The main accomplishments of this work are three fold, in accordance with the aims of 

objective I. Firstly, a validated 3-dimensional L 4 - L 5 motion segment model was created 

which incorporated recent material property data for the disc. Secondly, a model was 

developed to simulate tissue level bi-axial tensile tests. A n d finally, a micro finite 

element model technique, including rapid mesh generation of 3-dimensional image data 

of cells, was developed. Wi th the bi-axial tissue model, future validation o f the cell micro 

models w i l l be possible when experimental data becomes available. 

The main findings are generated from the exploration of cell behavior in the different 

environments created by the bi-axial tissue model and the motion segment model. There 

are six main conclusions, which meet the aims of objective II. 

I. Cell Shape Ce l l shape was found to be an important factor influencing the mechanical 

behavior o f cells in both uni-axial and bi-axial tension. Ovoid shaped cells experienced 

lower volume changes than sphere shaped cells. Ovoid cells rotated under bi-axial tensile 

loads, however, sphere shaped cells did not. From the analysis of deformation indexes in 

bi-axial loading, it was found that ovoid cells became more spheroid, while spheroid cells 

became more ovoid in shape. In contrast, under uni-axial loading, both cell types 

experienced an elongation and therefore became more ovoid. 

II. Effect of Matrix Material Model When comparing between orthotropic and 

isotropic matrix configurations, cellular responses in bi-axial tension were not 

quantitatively different. This presents an interesting paradigm in respect of the 

differences observed in cellular responses between uni-axial and bi-axial loading. Tissue 
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loading appears to affect cell mechanics more than does the orthotropy / isotropy of the 

matrix. 

III. Cell Location in the Disc Ce l l behavior within the disc was found to vary regionally 

during a typical lifting motion. Cells in the posterolateral region decreased in volume, 

whereas cells in the anterior region increased in volume. Cells in the posterolateral region 

also experienced higher deformation index changes. Overall the posterolateral region of 

the disc seemed to produced the highest cell strains. 

IV. Cell Grouping A group o f two cells was found to "soften" the mechanical response 

of the cells within the tissue. This grouping effect disappeared when the separation 

distance was greater than 80 um but less than 130 um. This suggests that modeling single 

cells in the disc is a meaningful exercise as cells in situ are often found in relative 

isolation, having an average o f 500 um separation from neighboring cells (Pritzker 1977). 

V. Cell Arrangement Spheres and ovoids can also be found in groups where spacing is 

less than 130 um. Therefore, three general arrangements were considered for groups of 

two cells: above-below, side-by-side, and along fibre. In the side-by-side configuration, 

where cells are aligned along a line perpendicular to the applied tissue strain (axial with 

circumferential held at 0%), cell shape changes were minimized. Spheres also tended to 

be more sensitive in terms o f deformation index, to variation in alignment than did 

ovoids. 

VI. Cell Material Model When cells were modeled as poro-elastic rather than elastic, 

cells became more stiff (even at equivalent modulus values), and exhibited smaller 

changes in volume and in deformation index. Changing cell permeability was found not 

to have a significant effect on cell behavior, whereas changing the matrix permeability 

did have an effect. The size of the cell in relation to the surrounding tissue causes 

properties o f the matrix to dominate. 
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These findings demonstrate that shape, proximity, fluid effects, and tissue loading are 

important factors which influence the mechanical behavior of cells. Furthermore, it has 

been shown that distinct differences in cell behavior between anterior and posterolateral 

regions of the disc during known dangerous movements can be correlated to observed 

patterns o f degeneration throughout the disc. While, the role of mechanics in causing disc 

degeneration is not well understood, one part to answering this question w i l l no doubt 

involve accurate models of tissue and cell interactions. The model developed in this study 

takes some important first steps towards this end. 

The key to successfully advancing this model to its full potential w i l l be more thorough 

validation. Completion of the bi-axial tissue experiments and acquisition of real time, in 

vitro cellular deformation wi l l be essential. 

There are of course many other improvements than can be made and countless 

parameters to better define. Swelling effects should be incorporated into both tissue and 

cell definitions. A s well , a hyper-elastic definition of the cell should be implemented to 

better reflect the true non-linear behavior. More efficient mesh generation schemes 

should be explored with the goal to reduce the number o f elements while allowing for a 

greater range of shapes. In terms of the tissue model, some more work is required to 

explore the use of a full orthotropic continuum formulation. 

There are also other areas that could be explored with the model. B y adding muscles to 

the motion segment, muscle activation strategies, and fatigue effects could be 

investigated. Different movements could also be modeled to establish more benign lifting 

techniques. And , the effects o f local tissue damage and degeneration in changing the cell 

behavior throughout the disc could be investigated. 

A fully developed model could be relied upon to give a broader understanding of the 

phenomenon known as intervertebral disc degeneration. The hope is that such 

understanding might lead to the development of novel treatment and repair strategies. 
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Ultimately, the goal is to aid in finding relief for some of the many sufferers of low back 

pain. 



136 

REFERENCES 
Adams, M. A., Freeman, B. J., Morrison, H. P., Nelson, I. W., and Dolan, P. (2000). "Mechanical initiation of 

intervertebral disc degeneration." Spine, 25(13), 1625-36. 

Adams, M. A., and Green, T. P. (1993). "Tensile Properties of the Annulus Fibrosus The Contribution of Fibre-

matrix Interactions to Tensile Stiffness and Strength." European Spine Joumal(2), 203-208. 

Adams, M. A., and Hutton, W. C. (1981). "The relevance of torsion to the mechanical derangement of the 

lumbar spine." Spine, 6(3), 241-8. 

Adams, M. A., and Hutton, W. C. (1982). "Prolapsed intervertebral disc. A hyperflexion injury 1981 Volvo 

Award in Basic Science." Spine, 7(3), 184-91. 

Adams, M. A., and Hutton, W. C. (1983). "The effect of posture on the fluid content of lumbar intervertebral 

discs." Spine, 8(6), 665-71. 

Adams, M. A., Hutton, W. C , and Stott, J. R. (1980). "The resistance to flexion of the lumbar intervertebral 

joint." Spine, 5(3), 245-53. 

Adams, M. A., McNally, D. S., and Dolan, P. (1996). "'Stress' distributions inside intervertebral discs. The 

effects of age and degeneration." J Bone Joint Surg Br, 78(6), 965-72. 

Agur, A. M. R., and Lee, M. J. (1999). "Ligaments of Vertebral Column and Intervertebral Disc." Grant's Atlas 

of Anatomy, 10th Edition, Lippincott Williams and Wilkins, 264-268. 

Ahmed, A. M., Duncan, N. A., and Burke, D. L. (1990). "The effect of facet geometry on the axial torque-

rotation response of lumbar motion segments." Spine, 15(5), 391-401. 

Anderson, C. K., Chaffm, D. B., Herrin, G. D., and Matthews, L. S. (1985). "A biomechanical model of the 

lumbosacral joint during lifting activities." J Biomech, 18(8), 571-84. 

Andersson, G. B. (1981). "Epidemiologic aspects on low-back pain in industry." Spine, 6(1), 53-60. 

Argoubi, M., and Shirazi-Adl, A. (1996). "Poroelastic creep response analysis of a lumbar motion segment in 

compression." J Biomech, 29(10), 1331-9. 

AVS. (1999). "AVS/Express Developers Edition." , Advanced Visual Systems Inc. 

Baer, A. E., and Setton, L. A. (2000). "The micromechanical environment of intervertebral disc cells: effect of 

matrix anisotropy and cell geometry predicted by a linear model [In Process Citation]." J Biomech Eng, 

122(3), 245-51. 

Banes, A. J., Tsuzaki, M., Yamamoto, J., Fischer, T., Brigman, B., Brown, T., and Miller, L. (1995). 

"Mechanoreception at the cellular level: the detection, interpretation, and diversity of responses to 

mechanical signals." Biochem Cell Biol, 73(7-8), 349-65. 

Barocas, V. H., and Tranquillo, R. T. (1997). "An anisotropic biphasic theory of tissue-equivalent mechanics: the 

interplay among cell traction, fibrillar network deformation, fibril alignment, and cell contact 

guidance." J Biomech Eng, 119(2), 137-45. 



Bartels, E. M , Fairbank, J. C , Winlove, C. P., and Urban, J. P. (1998). "Oxygen and lactate concentrations 

measured in vivo in the intervertebral discs of patients with scoliosis and back pain." Spine, 23(1), 1-7; 

discussion 8. 

Bass, E. C , and Lotz, J. C. (1999a). "Biaxial Behavior of the Annulus Fibrosus in Tension." Proceedings of the 

45th Annual Meeting of the Orthopaedic Research Society, 1035. 

Bass, E. C , and Lotz, J. C. (1999b). "A Strain Energy Function for the Annulus Fibrosus Specified Using 

Biaxial Experimental Data." BED Adv Bio, 221. 

Battie, M. C , and Kapiro, J. (1996). "The Role of Genetic Influences in Disk Degeneration and Herniations." 

Low Back Pain, J. W. Weinstein and S. L. Gordon, eds., AAOS, Illinois. 

Berkson, M. H., Nachemson, A., and Schultz, A. B. (1979). "Mechanical Properties of Human Lumbar Spine 

Motion Segments - Part 2: Responses in Compression and Shear; Influence of Gross Morphology." 

Journal of Biomechanincal Engineering, 101 (February), 53-57. 

Berry, J. L., Moran, J. M., Berg, W. S., and Steffee, A. D. (1987). "A morphometric study of human lumbar and 

selected thoracic vertebrae." Spine, 12(4), 362-7. 

Best, B. A., Guilak, F., Setton, L. A., Zhu, W., Saed-Nejad, F., Ratcliffe, A., Weidenbaum, M., and Mow, V. C. 

(1994). "Compressive mechanical properties of the human anulus fibrosus and their relationship to 

biochemical composition." Spine, 19(2), 212-21. 

Boden, S. D., Davis, D. O., Dina, T. S., Patronas, N. J., and Wiesel, S. W. (1990). "Abnormal magnetic-

resonance scans of the lumbar spine in asymptomatic subjects. A prospective investigation." J Bone 

Joint Surg [Am], 72(3), 403-8. 

Bremner, J. M., Lawrence, J. S., and Miall, W. E. (1968). "Degenerative joint disease in a Jamaican rural 

population." Ann Rheum Dis, 27(4), 326-32. 

Brinckmann, P. (1986). "Injury of the annulus fibrosus and disc protrusions. An in vitro investigation on human 

lumbar discs." Spine, 11(2), 149-53. 

Brinckmann, P., and Grootenboer, H. (1991). "Change of disc height, radial disc bulge, and intradiscal pressure 

from discectomy. An in vitro investigation on human lumbar discs." Spine, 16(6), 641-6. 

Broberg, K. B. (1983). "On the mechanical behaviour of intervertebral discs." Spine, 8(2), 151-65. 

Bruehlmann, S. B., Hulme, P., and Duncan, N. A. (2001) "Intercellular Strain in the Outer Annulus is 

Nonuniform and is Affected by Collagen Fibre Sliding and Lamellar Layers." 47th Annual Meeting , 

Orthopaedic Research Society, San Francisco, California. 

Bruehlmann, S. B., Young, D. J., and Duncan, N. A. (2000) "The Local Strain Environment of Intervertebral 

Disc Cells is Influenced by Collagen Fiber Behaviour: A Comparison of The Inner and Outer Annulus 

Fibrosus." 46th Annual Meeting, Orthopaedic Research Society, Orlando, Florida. 

Buckwalter, J. A. (1982). "The Fine Structures of the Intervertebral Disc." Idiopathic Low Back Pain, A. A. 

White and S. L. Gordon, eds., C.V. Mosby, St Louis, 108-143. 



138 

Chazal, J., Tanguy, A., Bourges, M., Gaurel, G., Escande, G., Guillot, M., and Vanneuville, G. (1985). 

"Biomechanical properties of spinal ligaments and a histological study of the supraspinal ligament in 

traction." J Biomech, 18(3), 167-76. 

Chen, H. H., and Brodland, G. W. (2000). "Cell-level finite element studies of viscous cells in planar aggregates 

[In Process Citation]." J Biomech Eng, 122(4), 394-401. 

Cotton, J. R., and Grant, J. W. (2000). "A finite element method for mechanical response of hair cell ciliary 

bundles." J Biomech Eng, 122(1), 44-50. 

Duncan, N. A., and Lotz, J. C. "Experimental Validation of a Porohyperelastic Finite Element Model of the 

Annuls Fibrosus." 3rd International Symposium on Computer Methods in Biomechanics & Biomedical 

Engineering, Barcelona, 1-7. 

Ebara, S., Iatridis, J. C , Setton, L. A., Foster, R. J., Mow, V. C , and Weidenbaum, M. (1996). "Tensile 

properties of nondegenerate human lumbar anulus fibrosus." Spine, 21(4), 452-61. 

Elliott, D. M., and Setton, L. A. (1999). "Direct Measurement of a Complete Set of Orthotropic Material 

Properties for the Human Annulus Fibrosus in Tension." Proceedings of the ASME Bioengineerin 

Conference, 42(BED). 

Elliott, D. M., and Setton, L. A. (2000). "A linear material model for fiber-induced anisotropy of the anulus 

fibrosus." J Biomech Eng, 122(2), 173-9. 

Errington, R. J., Puustjarvi, K., White, I. R., Roberts, S., and Urban, J. P. (1998). "Characterisation of cytoplasm-

filled processes in cells of the intervertebral disc." JAnat, 192(Pt 3)), 369-78. 

Farfan, H. F., Cossette, J. W., Robertson, G. H., Wells, R. V., and Kraus, H. (1970). "The effects of torsion on 

the lumbar intervertebral joints: the role of torsion in the production of disc degeneration." J Bone Joint 

Surg [Am], 52(3), 468-97. 

Farfan, H. F., Huberdeau, R. M., and Dubow, H. I. (1972). "Lumbar intervertebral disc degeneration: the 

influence of geometrical features on the pattern of disc degeneration—a post mortem study." J Bone 

Joint Surg [Am], 54(3), 492-510. 

Frank, C. B. (1996). "Ligament injuries: Pathophysiology and healing." Athletic Injuries and Rehabilitation, J. E. 

Zachazewski, D. J. Magee, and W. S. Quillen, eds., W.B. Saunders Company, 9-25. 

Freeman, P. M., Natarajan, R. N., Kimura, J. H., and Andriacchi, T. P. (1994). "Chondrocyte cells respond 

mechanically to compressive loads." J Orthop Res, 12(3), 311-20. 

Freeman, P. M., Schneiderman, R., Natarajan, R., Grodzinsky, A. J., Kimura, J. H., and Andriacchi, T. P. (1990). 

"Analysis of Chondrocyte Deformation Under Load." , Proceedings of the 36th Annual Meeting of the 

Orthopaedic Research Society, 85. 

Fries, J. W., Abodeely, D. A., Vijungco, J. G., Yeager, V. L., and Gaffey, W. R. (1982). "Computed tomography 

of herniated and extruded nucleus pulposus." J Comput Assist Tomogr, 6(5), 874-87. 

Frymoyer, J. W. (1996). Magnitude of the Problem, Saunders, Philadelphia. , 



Frymoyer, J. W., Pope, M. H., Clements, J. H., Wilder, D. G., MacPherson, B , and Ashikaga, T. (1983). "Risk 

factors in low-back pain. An epidemiological survey." J Bone Joint Surg [Am], 65(2), 213-8. 

Fujita, Y., Duncan, N. A., and Lotz, J. C. (1997). "Radial tensile properties of the lumbar annulus fibrosus are 

site and degeneration dependent." JOrthop Res, 15(6), 814-9. 

Gilad, I., and Nissan, M. (1985). "Sagittal radiographic measurements of the cervical and lumbar vertebrae in 

normal adults." Br J Radiol, 58(695), 1031-4. 

Giori, N. J., Beaupre, G. S., and Carter, D. R. (1993). "Cellular shape and pressure may mediate mechanical 

control of tissue composition in tendons." J Orthop Res, 11(4), 581-91. 

Goel, V. K., and Gilbertson, L. G. (1995). "Applications of the finite element method to thoracolumbar spinal 

research—past, present, and future." Spine, 20(15), 1719-27. 

Goel, V. K., Monroe, B. T., Gilbertson, L. G., and Brinckmann, P. (1995). "Interlaminar shear stresses and 

laminae separation in a disc. Finite element analysis of the L3-L4 motion segment subjected to axial 

compressive loads." Spine, 20(6), 689-98. 

Goel, V. K., and Weinstien, J. N. (1990a). "Anatomy of the Lumbar Spine." Biomechanics of the Spine: Clinical 

and Surgical Perspective, W. R. Miely, R. McLain, J. N. Weinstein, V. K. Goel, and E. M. Found, eds., 

CRC Press Inc., Boca Raton, 7-36. 

Goel, V. K., and Weinstien, J. N. (1990b). "Mechanisms of Pain." Biomechanics of the Spine: Clinical and 

Surgical Perspective, J. N. Weinstein, V. K. Goel, and H. R. Sayre, eds., CRC Press Inc., Boca Raton, 

1-6. 

Goel, V. K., and Weinstien, J. N. (1990c). "Role of Mechanics in Lumbar Spine Disease." Biomechanics of the 

Spine: Clinical and Surgical Perspective, V. K. Goel and J. N. Weinstein, eds., CRC Press Inc., Boca 

Raton, 1-6. 

Gu, W. Y., Mao, X. G., Rawlins, B. A., Foster, R. J., and Weidenbaum, M. (1998). "Hydraulic Permeability of 

Human Lumbar Anulus Fibrosus Depends on Direction and Degeneration." Proceedings of the 44th 

Annual Meeting of the Orhopaedic Research Society, 299. 

Guilak, F. (1995). "Compression-induced changes in the shape and volume of the chondrocyte nucleus." J 

Biomech, 28(12), 1529-41. 

Guilak, F., and Mow, V. C. (2000). "The mechanical environment of the chondrocyte: a biphasic finite element 

model of cell-matrix interactions in articular cartilage." J Biomech, 33(12), 1663-1673. 

Guilak, F., Ratcliffe, A., Hunziker, E. B., and Mow, V. C. (1991). "Finite Element Modeling of Articular 

Cartilage Chondrocytes Under Physiological Loading Conditions." , Proceedings of the 37th Annual 

Meeting of the Orthopaedic Research Society, 366. 

Guilak, F., Ratcliffe, A., Lane, N., Rosenwasser, M. P., and Mow, V. C. (1994). "Mechanical and biochemical 

changes in the superficial zone of articular cartilage in canine experimental osteoarthritis." J Orthop 

Res, 12(4), 474-84. 



140 

Guilak, F., Ratcliffe, A., and Mow, V. C. (1995). "Chondrocyte deformation and local tissue strain in articular 

cartilage: a confocal microscopy study." J Orthop Res, 13(3), 410-21. 

Guilak, F., Ting-Beal, H. P., Baer, A. E., Erickson, G. R., Jones, W. R., Pearsall, R. L., and Setton, L. A. 

(1999a). "Identification of Two Biomechanically Distinct Cell Populations in the Intervertebral Disc." 

Proceedings of the ASME Bioengineering Conference, 42(BED), 337-338. 

Guilak, F., Ting-Beall, H. P., Baer, A. E., Trickey, W. R., Erickson, G. R., and Setton, L. A. (1999b). 

"Viscoelastic properties of intervertebral disc cells. Identification of two biomechanically distinct cell 

populations." Spine, 24(23), 2475-83. 

Haider, M. A., and Guilak, F. (1999). "A Viscoelastic Boudary Element Model of Contact in the Micropipette 

Aspiration Test." Preceedings of the ASME Bioengineering Conference, 42(BED), 339-340. 

Handa, T., Ishihara, H., Ohshima, H., Osada, R., Tsuji, H., and Obata, K. (1997). "Effects of hydrostatic pressure 

on matrix synthesis and matrix metalloproteinase production in the human lumbar intervertebral disc." 

Spine, 22(10), 1085-91. 

Hardy, W. G., Lissner, H. R., Webster, J. E., and Gurdijian, E. S. (1958). "Repeated Loading Tests of the 

Lumbar Spine." Surg. Forum, 9, 690. 

Heidemann, S. R., Kaech, S., Buxbaum, R. E., and Matus, A. (1999). "Direct observations of the mechanical 

behaviors of the cytoskeleton in living fibroblasts." J Cell Biol, 145(1), 109-22. 

Hirsch, C , and Schajowicz, F. (1953). "Studies on Structural Changes in the Lumbar Annulus Fibrosus." Acta 

Orthop Scand, 22, 184-231. 

HKS. (1997a). "ABAQUS." , Hibbitt, Karlsson & Sorensen, Inc., Pawtucket. 

HKS. (1997b). ABAQUS/Standard User's Manual, Hibbitt, Karlsson & Sorensen, Inc., Pawtucket. 

Hu, R. W., Jaglal, S., Axcell, T., and Anderson, G. (1997). "A population-based study of reoperations after back 

surgery." Spine, 22(19), 2265-70; discussion 2271. 

Hutton, W. C , Elmer, W. A., Boden, S. D., Hyon, S., Toribatake, Y., Tomita, K., and Hair, G. A. (1999). "The 

effect of hydrostatic pressure on intervertebral disc metabolism." Spine, 24(15), 1507-15. 

Iatridis, J. C , Mente, P. L., Stokes, I. A., Aronsson, D. D., and Alini, M. (1999). "Compression-induced changes 

in intervertebral disc properties in a rat tail model." Spine, 24(10), 996-1002. 

Iatridis, J. C , Setton, L. A., Foster, R. J., Rawlins, B. A., Weidenbaum, M., and Mow, V. C. (1998). 

"Degeneration affects the anisotropic and nonlinear behaviors of human anulus fibrosus in 

compression." J Biomech, 31(6), 535-44. 

Iatridis, J. C , Weidenbaum, M., Setton, L. A., and Mow, V. C. (1996). "Is the nucleus pulposus a solid or a 

fluid? Mechanical behaviors of the nucleus pulposus of the human intervertebral disc." Spine, 21(10), 

1174-84. 

Ingber, D. (1991). "Integrins as mechanochemical transducers." Curr Opin Cell Biol, 3(5), 841-8. 

Ingber, D. E. (1997). "Tensegrity: the architectural basis of cellular mechanotransduction." Annu Rev Physiol, 

59, 575-99. 



Inkinen, R. I., Lammi, M. J., Lehmonen, S., Puustjarvi, K., Kaapa, E., and Tammi, M. I. (1998). "Relative 

increase of biglycan and decorin and altered chondroitin sulfate epitopes in the degenerating human 

intervertebral disc." J Rheumatol, 25(3), 506-14. 

Ishihara, H., McNally, D. S., Urban, J. P., and Hall, A. C. (1996). "Effects of hydrostatic pressure on matrix 

synthesis in different regions of the intervertebral disk." JAppl Physiol, 80(3), 839-46. 

Jones, W. R, Ting-Beall, H. P., Lee, G. M., Kelley, S. S, Hochmuth, R. M., and Guilak, F. (1999). "Alterations 

in the Young's modulus and volumetric properties of chondrocytes isolated from normal and 

osteoarthritic human cartilage." J Biomech, 32(2), 119-27. 

Jurvelin, J. S., Buschmann, M. D., and Hunziker, E. B. (1997). "Optical and mechanical determination of 

Poisson's ratio of adult bovine humeral articular cartilage." J Biomech, 30(3), 235-41. 

Kaapa, E., Han, X., Holm, S., Peltonen, J., Takala, T., and Vanharanta, H. (1995). "Collagen synthesis and types 

I, III, IV, and VI collagens in an animal model of disc degeneration." Spine, 20(1), 59-66; discussion 

66-7. . 

Kellgren, J. H., and Lawrence, J. S. (1958). "Osteo-Arthritis and Disk Degeneration in an Urban Population." 

Annuls of Rheumatalogic Disorders, 17, 388-397. 

Kelsey, J. L., Githens, P. B., O'Conner, T., Weil, U., Calogero, J. A., Holford, T. R., White, A. A. d., Walter, S. 

D., Ostfeld, A. M., and Southwick, W. O. (1984a). "Acute prolapsed lumbar intervertebral disc. An 

epidemiologic study with special reference to driving automobiles and cigarette smoking." Spine, 9(6), 

608-13. 

Kelsey, J. L., Githens, P. B., White, A. A. d., Holford, T. R., Walter, S. D., O'Connor, T., Ostfeld, A. M., Weil, 

U., Southwick, W. O., and Calogero, J. A. (1984b). "An epidemiologic study of lifting and twisting on 

the job and risk for acute prolapsed lumbar intervertebral disc." J Orthop Res, 2(1), 61-6. 

Kelsey, J. L., and White, A. A. d. (1980). "Epidemiology and impact of low-back pain." Spine, 5(2), 133-42. 

Kim, Y. E., Goel, V. K , Weinstein, J. N., and Lim, T. H. (1991). "Effect of disc degeneration at one level on the 

adjacent level in axial mode." Spine, 16(3), 331-5. 

Kong, W. Z., Goel, V. K., Gilbertson, L. G., and Weinstein, J. N. (1996). "Effects of muscle dysfunction on 

lumbar spine mechanics. A finite element study based on a two motion segments model." Spine, 

21(19), 2197-206; discussion 2206-7. 

Laible, J. P., Pilaster, D. S., Krag, M. H., Simon, B. R., and Haugh, L. D. (1993). "A poroelastic-swelling finite 

element model with application to the intervertebral disc." Spine, 18(5), 659-70. 

Langrana, N. A., Lee, C. K., and Yang, S. W. (1991). "Finite-element modeling of the synthetic intervertebral 

disc." Spine, 16(6 Suppl), S245-52. 

Lee, D. A., and Bader, D. L. (1995). "The development and characterization of an in vitro system to study strain-

induced cell deformation in isolated chondrocytes." In Vitro CellDev Biol Anim, 31(11), 828-35. 



142 

Lee, D. A., Knight, M. M., Bolton, J. F., Idowu, B. D., Kayser, M. V., and Bader, D. L. (2000). "Chondrocyte 

deformation within compressed agarose constructs at the cellular and sub-cellular levels." J Biomech, 

33(1), 81-95. 

Lipson, S. J. (1988). "Metaplastic proliferative fibrocartilage as an alternative concept to herniated intervertebral 

disc." Spine, 13(9), 1055-60. 

Lotz, J. C , Colliou, O. K., Chin, J. R., Duncan, N. A., and Liebenberg, E. (1998). "Compression-induced 

degeneration of the intervertebral disc: an in vivo mouse model and finite-element study." Spine, 

23(23), 2493-506. 

Luschka, H. (1858). Die Halbgelenke des Menschlichen Korpers., G. Reimers, Berlin. 

Marchand, F., and Ahmed, A. M. (1990). "Investigation of the laminate structure of lumbar disc anulus 

fibrosus." Spine, 15(5), 402-10. 

Markolf, K. L. (1972). "Deformation of the thoracolumbar intervertebral joints in response to external loads: a 

biomechanical study using autopsy material." J Bone Joint Surg [Am], 54(3), 511-33. 

Maroudas, A., and Bannon, C. (1981). "Measurement of swelling pressure in cartilage and comparison with the 

osmotic pressure of constituent proteoglycans." Biorheology, 18(3-6), 619-32. 

Maroudas, A., Stockwell, R. A., Nachemson, A., and Urban, J. (1975). "Factors involved in the nutrition of the 

human lumbar intervertebral disc: cellularity and diffusion of glucose in vitro." JAnat, 120(1), 113-30. 

Martin, E. A., and Guidos, B. (1990). "The Bantam Medical Dictionary." , Bantam Books. 

Matyas, J. R., Anton, M. G., Shrive, N. G., and Frank, C. B. (1995). "Stress governs tissue phenotype at the 

femoral insertion of the rabbit MCL [see comments]." J Biomech, 28(2), 147-57. 

McCreadie, B. R., and Hollister, S. J. (1999). "Confocal Microscopy Based Digital Finite Element Analysis of 

Local Strains in and Around In Situ Osteocytes." Proceedings of the 45th Annual Meeting of the 

Orthopaedic Research Society, 239. 

McGill, C. M. (1968). "Industrial Back Problems a Control Program." J Occup Med, 10,174-178. 

McGill, S. M. (1988). "Estimation of force and extensor moment contributions of the disc and ligaments at L4-

L5." Spine, 13(12), 1395-402. 

McNally, D. S., and Arridge, R. G. (1995). "An analytical model of intervertebral disc mechanics." J Biomech, 

28(1), 53-68. 

McNally, D. S., Shackleford, I. M., Goodship, A. E., and Mulholland, R. C. (1996). "In vivo stress measurement 

can predict pain on discography." Spine, 21(22), 2580-7. 

Mow, V. C , Wang, C. C , and Hung, C. T. (1999). "The extracellular matrix, interstitial fluid and ions as a 

mechanical signal transducer in articular cartilage." Osteoarthritis Cartilage, 7(1), 41-58. 

MSC. (1998). "MCS.Patran." , MSC.Software, Sydney. 

Nachemson, A. (1960). "Lumbar Intradiscal Pressure." Acta. Orthopaedic Scandinivia Supplement, 43, 100-104. 

Nachemson, A. L., Schultz, A. B., and Berkson, M. H. (1979). "Mechanical properties of human lumbar spine 

motion segments. Influence of age, sex, disc level, and degeneration." Spine, 4(1), 1-8. 



143 

Natali, A., and Meroi, E. (1990). "Nonlinear analysis of intervertebral disk under dynamic load." J Biomech Eng, 

112(3), 358-63. 

Natarajan, R. N., Ke, J. H., and Andersson, G. B. (1994). "A model to study the disc degeneration process." 

Spine, 19(3), 259-65. 

NCHS. (1973). "Limitation of Activity Due to Chronic condintions, United States." Series 10, Number 80, 

National Centre for Health Statistics. 

Oegema, T. R., Jr. (1993). "Biochemistry of the intervertebral disc." Clin Sports Med, 12(3), 419-39. 

O'Hara, B. P., Urban, J. P., and Maroudas, A. (1990). "Influence of cyclic loading on the nutrition of articular 

cartilage." Ann Rheum Dis, 49(7), 536-9. 

Ohshima, H., Urban, J. P., and Bergel, D. H. (1995). "Effect of static load on matrix synthesis rates in the 

intervertebral disc measured in vitro by a new perfusion technique." J Orthop Res, 13(1), 22-9. 

Panjabi, M., Brown, M., Lindahl, S., Irstam, L., and Hermens, M. (1988). "Intrinsic disc pressure as a measure of 

integrity of the lumbar spine." Spine, 13(8), 913-7. 

Panjabi, M. M., Goel, V., Oxland, T., Takata, K., Duranceau, J., Krag, M., and Price, M. (1992). "Human lumbar 

vertebrae. Quantitative three-dimensional anatomy." Spine, 17(3), 299-306. 

Panjabi, M. M., Krag, M. H., White, A. A. d., and Southwick, W. O. (1977). "Effects of preload on load 

displacement curves of the lumbar spine." Orthop Clin North Am, 8(1), 181-92. 

Panjabi, M. M., Oxland, T., Takata, K., Goel, V., Duranceau, J., and Krag, M. (1993). "Articular facets of the 

human spine. Quantitative three-dimensional anatomy." Spine, 18(10), 1298-310. 

Pearcy, M., Portek, I., and Shepherd, J. (1984). "Three-dimensional x-ray analysis of normal movement in the 

lumbar spine." Spine, 9(3), 294-7. 

Pearcy, M. J., and Tibrewal, S. B. (1984). "Axial rotation and lateral bending in the normal lumbar spine 

measured by three-dimensional radiography." Spine, 9(6), 582-7. 

Perry, O. (1957). "Fracture of the Vertebral End-Plate in the Lumbar Spine." Acta. Orthop. Scand., 25(Suppl). 

Poiraudeau, S., Monteiro, I., Anract, P., Blanchard, O., Revel, M., and Corvol, M. T. (1999). "Phenotypic 

characteristics of rabbit intervertebral disc cells. Comparison with cartilage cells from the same 

animals." Spine, 24(9), 837-44. 

Pope, M. H. (1996). "Occupational Hazards for Low Back Pain." Low Back Pain, J. W. Weinstein and S. L. 

Gordon, eds., AAOS, Illinois. 

Pope, M. H., and Novotny, J. E. (1993). "Spinal biomechanics." J Biomech Eng, 115(4B), 569-74. 

Pritzker, K. P. (1977). "Aging and degeneration in the lumbar intervertebral disc." Orthop Clin North Am, 8(1), 

66-77. 

Rao, A. A., and Dumas, G. A. (1991). "Influence of material properties on the mechanical behaviour of the L5-

Sl intervertebral disc in compression: anonlinear finite element study." JBiomedEng, 13(2), 139-51. 

Rolander, S. D., and Blair, W. E. (1975). "Deformation and fracture of the lumbar vertebral end plate." Orthop 

Clin North Am, 6(1), 75-81. 



144 

Scapinelli, R., and Little, K. (1970). "Observations on the mechanically induced differentiation of cartilage from 

fibrous connective tissue." J Pathol, 101(2), 85-91. 

Schultz, A. B., Warwick, D. N., Berkson, M. H., and Nachemson, A. L. (1979). "Mechanical Properties of 

Human Lumbar Spine Motion Segments - Part 1: Response in Flexion, Extension, Lateral Bending, and 

Torsion." Journal of Biomechanical Engineering, lOl(February), 45-57. 

Scoles, P. V., Linton, A. E., Latimer, B., Levy, M. E., and Digiovanni, B. F. (1988). "Vertebral body and 

posterior element morphology: the normal spine in middle life." Spine, 13(10), 1082-6. 

Shah, J. S., Hampson, W. G., and Jayson, M. I. (1978). "The distribution of surface strain in the cadaveric 

lumbar spine." J Bone Joint Surg [Br], 60-B(2), 246-51. 

Shinmei, M., Kikuchi, T., Yamagishi, M., and Shimomura, Y. (1988). "The role of interleukin-1 on proteoglycan 

metabolism of rabbit annulus fibrosus cells cultured in vitro." Spine, 13(11), 1284-90. 

Shirazi-Adl, A. (1989a). "On the fibre composite material models of disc annulus—comparison of predicted 

stresses." J Biomech, 22(4), 357-65. 

Shirazi-Adl, A. (1989b). "Strain in fibers of a lumbar disc. Analysis of the role of lifting in producing disc 

prolapse." Spine, 14(1), 96-103. 

Shirazi-Adl, A. (1991). "Finite-element evaluation of contact loads on facets of an L2-L3 lumbar segment in 

complex loads." Spine, 16(5), 533-41. 

Shirazi-Adl, A., Ahmed, A. M., and Shrivastava, S. C. (1986a). "A finite element study of a lumbar motion 

segment subjected to pure sagittal plane moments." J Biomech, 19(4), 331-50. 

Shirazi-Adl, A., Ahmed, A. M., and Shrivastava, S. C. (1986b). "Mechanical response of a lumbar motion 

segment in axial torque alone and combined with compression." Spine, 11(9), 914-27. 

Shirazi-Adl, A., and Drouin, G. (1987). "Load-bearing role of facets in a lumbar segment under sagittal plane 

loadings." J Biomech, 20(6), 601-13. 

Shirazi-Adl, S. A., Shrivastava, S. C , and Ahmed, A. M. (1984). "Stress analysis of the lumbar disc-body unit in 

compression. A three-dimensional nonlinear finite element study." Spine, 9(2), 120-34. 

Simon, B. R., Laible, J. P., Pflaster, D., Yuan, Y., and Krag, M. H. (1996). "A poroelastic finite element 

formulation including transport and swelling in soft tissue structures [see comments]." J Biomech Eng, 

118(1), 1-9. 

Simon, B. R., Wu, J. S., Carlton, M. W., Evans, J. H., and Kazarian, L. E. (1985a). "Structural models for human 

spinal motion segments based on a poroelastic view of the intervertebral disk." J Biomech Eng, 107(4), 

327-35. 

Simon, B. R., Wu, J. S., Carlton, M. W., Kazarian, L. E., France, E. P., Evans, J. H., and Zienkiewicz, O. C. 

(1985b). "Poroelastic dynamic structural models of rhesus spinal motion segments." Spine, 10(6), 494-

507. 



Skaggs, D. L., Weidenbaum, M., Iatridis, J. C , Ratcliffe, A., and Mow, V. C. (1994). "Regional variation in 

tensile properties and biochemical composition of the human lumbar anulus fibrosus [see comments]." 

Spine, 19(12), 1310-9. 

Sparto, P. J., Pamianpour, M., Reinsel, T. E., and Simon, S. (1997). "The effect of fatigue on multijoint 

kinematics and load sharing during a repetitive lifting test." Spine, 22(22), 2647-54. 

Spilker, R. L., Jakobs, D. M., and Schultz, A. B. (1986). "Material constants for a finite element model of the 

intervertebral disk with a fiber composite annulus." J Biomech Eng, 108(1), 1-11. 

Stamenovic, D., and Coughlin, M. F. (2000). "A quantitative model of cellular elasticity based on tensegrity." J 

Biomech Eng, 122(1), 39-43. 

Stockwell, R. A. (1971). "The interrelationship of cell density and cartilage thickness in mammalian articular 

cartilage." JAnat, 109(3), 411-21. 

Stockwell, R. A. (1987). "Structure and Function of the Chondrocyte Under Mechanical Stress." Joint Loading: 

Biology and Health of Articular Structures, H. J. Helminen, I. Kiviranta, and M. Tammi, eds., Wright 

and Sons, Bristol, 126-148. 

Stokes, I. A. (1987). "Surface strain on human intervertebral discs." J Orthop Res, 5(3), 348-55. 

Tencer, A. F., Ahmed, A. M., and Burke, D. L. (1982). "Some static mechanical properties of the lumbar 

intervertebral joint, intact and injured." J Biomech Eng, 104(3), 193-201. 

Turner, C. E., and Burridge, K. (1991). "Transmembrane molecular assemblies in cell-extracellular matrix 

interactions." Curr Opin Cell Biol, 3(5), 849-53. 

Umehara, S., Tadano, S., Abumi, K., Katagiri, K., Kaneda, K., and Ukai, T. (1996). "Effects of degeneration on 

the elastic modulus distribution in the lumbar intervertebral disc." Spine, 21(7), 811-9; discussion 820. 

Urban, J. P. (1994). "The chondrocyte: a cell underpressure." Br J Rheumatol, 33(10), 901-8. 

Urban, J. P., Hall, A. C , and Gehl, K. A. (1993). "Regulation of matrix synthesis rates by the ionic and osmotic 

environment of articular chondrocytes." J Cell Physiol, 154(2), 262-70. 

Urban, J. P., Holm, S., Maroudas, A., and Nachemson, A. (1977). "Nutrition of the intervertebral disk. An in 

vivo study of solute transport." Clin Orthop(l29), 101-14. 

Urban, J. P., and McMullin, J. F. (1988). "Swelling pressure of the lumbar intervertebral discs: influence of age, 

spinal level, composition, and degeneration." Spine, 13(2), 179-87. 

Viagrafix. (2000). "DesignCAD Pro 2000." , Viagraphfix Corp., Pryor. 

Virgin, W. (1951). "Experimental Investigations into Physical Properties of Intervertebral Disc." J. Bone Joint 

Surg, 33B, 607. 

Wang, J. L., Pamianpour, M., Shirazi-Adl, A., and Engin, A. E. (2000). "Viscoelastic finite-element analysis of a 

lumbar motion segment in combined compression and sagittal flexion. Effect of loading rate." Spine, 

25(3), 310-8. 

Wang, N., Butler, J. P., and Ingber, D. E. (1993). "Mechanotransduction across the cell surface and through the 

cytoskeleton [see comments]." Science, 260(5111), 1124-7. 



Waters, R. L., and Morris, J. M. (1973). "An in vitro study of normal and scoliotic interspinous ligaments." J 

Biomech, 6(4), 343-8. 

White, A. A., and Panjabi, M. M. (1990a). "Kinematics of the Spine." Clinical Biomechanics of the Spine, A. A. 

White and M. M. Panjabi, eds., J.B. Lippincott Company, Philadelphia, 85-127. 

White, A. A., and Panjabi, M. M. (1990b). "Physical Properties and Functional Biomechanics of the Spine." 

Clinical Biomechanics of the Spine, A. A. White and M. M. Panjabi, eds., J.B. Lippincott Company, 

Philadelphia, 1-85. 

Wu, J. Z., Herzog, W., and Epstein, M. (1999). "Modelling of location- and time-dependent deformation of 

chondrocytes during cartilage loading." J Biomech, 32(6), 563-72. 

Yabuki, S., Kikuchi, S., Olmarker, K., and Myers, R. R. (1998). "Acute effects of nucleus pulposus on blood 

flow and endoneurial fluid pressure in rat dorsal root ganglia." Spine, 23(23), 2517-23. 

Yasuma, T., Koh, S., Okamura, T., and Yamauchi, Y. (1990). "Histological changes in aging lumbar 

intervertebral discs. Their role in protrusions and prolapses." J Bone Joint Surg Am, 72(2), 220-9. 

Zahalak, G. I., McConnaughey, W. B., and Elson, E. L. (1990). "Determination of cellular mechanical properties 

by cell poking, with an application to leukocytes." J Biomech Eng, 112(3), 283-94. 

Zile, M. R., Cowles, M. K., Buckley, J. M., Richardson, K., Cowles, B. A., Baicu, C. F., Cooper, G. I., and 

Gharpuray, V. (1998). "Gel stretch method: a new method to measure constitutive properties of cardiac 

muscle cells." Am J Physiol, 274(6 Pt 2), H2188-202. 



147 

APPENDIX 1: Mesh morphing program 

code 
Shown below are an example input file "control file" and main program source code. The input file 
instructs the program to generate a micro model ABAQUS V5.8 file of a cell whose shape corresponds to 
the data contained in the file named "cell3-10-18fl.wri". This file should contain the processed image data 
from a confocal microscope in VRML format. Other parameters control the mesh dimensions, grading 
factors, number of cells to include, and location of the cell within the micro model. 

The mesh generating program "genmesh3a" was written in c++. Only the main program was included for 
brevity. The remaining modules filled a total of 57 pages (single spaced, 10 pt font) and has been bound as 
a separate document not included with the thesis. 

Control file 
* 01_bias2_41 basemesh f i l e , 4 l a y e r s 
* one c e l l with mesh bias towards corners 
c e l l x l 0 1 n a t 3 
5.5,7.0,0.8 
22,0.01 
18,0.01 
14,0.01 
6.8333,10.25,17.0 
0.10,60 
1 
1 
0.0,0.0,0.0 
8,15 
6,13 
4,11 
4 
c e l l 3 - 1 0 - 1 8 f l . w r i 
0.025000,0.025000,0.025000 
0.019000,0.019000,0.019000 
0.013000,0.013000,0.013000 
0.007000,0.007000,0.007000 

genmesh3a.c (MAIN PROGRAM) 
• i n c l u d e 
• i n c l u d e 
• i n c l u d e 
• i n c l u d e 
• i n c l u d e 
• i n c l u d e 
• i n c l u d e 
•include 
•include 

<stdio.h> 
<stdlib.h> 
<math.h> 
"constants.h" 
"extvar.h" 
" c t r l i n . c " 
"mkframe.c" 
" i n s e r t c e l l . c " 
"mkinp.c" 

•in c l u d e " e x t i n i . h " 
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in t main() 
{ 

i n t c e l l count ; 
i n t e l i d [ M a x E l ] ; 
i n t e l n o d e [ M a x E l ] [ 2 0 ] ; 
i n t nodeid[MaxNodes]; 
double xyz[MaxNodes][3]; 
i n t ce l l s e t [MaxCel l s ] [MaxCEl ] ; 

c o n t r o l i n ( ) ; 
contro lecho( ) ; 
mkframe(e l id ,e lnode ,nodeid ,xyz) ; 
f p r i n t f (msgfile, " \n") ; 
for(ce l lcount=0;cel lcount<numcel ls ;ce l lcount++) { 

f p r i n t f ( m s g f i l e , " i n s e r t i n g c e l l %d, of type %d\n", 
c e l l c o u n t , c e l l t y p e [ c e l l c o u n t ] ) ; 

i f ( c e l l t y p e [ c e l l c o u n t ] = = 0 ) 
i n s c e l l ( e l i d , e l n o d e , n o d e i d , x y z , c e l l s e t , ce l lcount) ; 

e lse i f (ce l l type[ce l l count ]==1) 
i n s c e l l ( e l i d , e l n o d e , n o d e i d , x y z , c e l l s e t , ce l lcount) ; 

e lse 
f p r i n t f ( m s g f i l e , "ERROR: c e l l * %d i s not a v a l i d c e l l type\n", 

c e l l c o u n t ) ; 
} 
mkinp(e l id , elnode, nodeid,xyz, c e l l s e t ) ; 
fc lose(msgf i le ) ; 
re turn(1) ; 
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APPENDIX 2: Micro model ABAQUS 

V5.8 input file example 
*HEADING,SPARSE 
ABAQUS job automatic submodel f i l e 
* * 

*NODE,INPUT=cellxl01natl_nod.dat 

•ELEMENT,TYPE=C3D20, ELSET=CELL, I N P U T=cellxl01natl_CEl.dat 

*ELEMENT,TYPE=C3D20P,ELSET=PERICELL,INPUT=cellxl01natl_FEl.dat 
* * 
•INCLUDE,INPUT=cellxl01natl_set.dat 
* * 
*INCLUDE,INPUT=cellxlOlnatl_bar.dat *+ 
*NSET, NSET=PERIPOR, ELSET=PERICELL 
•NSET, NSET=CELPOR, ELSET=CELL 
* N S E T , NSET=PERIM 

PERIMCOR, PERIMMID 
** : 

•• ANNULUS MATERIAL PROPERTIES 
* * 
*SOLID SECTION, ELSET=PERICELL, MATERIAL=PGMATRIX 
*MATERIAL, NAME=PGMATRIX 
•HYPERELASTIC, N=2 

0.01, 0.01, 0.1, 0.1, 0.1, 35.0, 35.0 
+ * 
** spec=N/mm3 perm=mm/s 
•PERMEABILITY, SPECIFIC=9.965E-6 

2.5E-9, 5.25 
•INITIAL CONDITIONS, TYPE=RATIO 

PERIPOR, 5.25 
** 
•• CELL MATERIAL PROPERTIES 
* * 
•SOLID SECTION, ELSET=CELL, MATERIAL=CYTO 

1., 
•MATERIAL, NAME=CYTO 
•ELASTIC, TYPE=ISO 

0.0005, 0.40 
•• spec=N/mm3 perm=mm/s 
** *PERMEABILITY, SPECIFIC=9.965E-6 
•• 2.5E-9, 5.25 
•• ^INITIAL CONDITIONS, TYPE=RATIO 
•• CELPOR, 5.25 
* * •SUBMODEL 
PERIM 



* * 
*PREPRINT, ECHO=NO 
* R E S T A R T , W R I T E , FREQUENCY=3 
*FILE FORMAT, ZERO INCREMENT 
+ * 
* * 
** LOAD STEP DEFINITION step 1 

*STEP, NLGEOM, INC=100, AMPLITUDE=RAMP 
*SOILS, CONSOLIDATION, UTOL=l.0 

10, 100 
* * 
*NODE PRINT, FREQUENCY=3 
*NODE PRINT 

0 
RF 

*EL FILE, FREQUENCY=1 
*EL PRINT, FREQUENCY=3 
*EL PRINT 

S, MISES 
E 

* * 
*BOUNDARY, SUBMODEL, STEP=1 
PERIM,1,2,3 
PERIMCOR,8 
*BOUNDARY 
CLINE,3,,0. 
* * 

*ELFILE, ELSET=CELL 
EVOL 
*ELFILE, ELSET=PERICELL 
EVOL 
*END STEP 
* * 
** LOAD STEP DEFINITION step 2 
* * 
*STEP, NLGEOM, INC=100, AMPLITUDE=RAMP 
*SOILS, CONSOLIDATION, UTOL=l.0 

10, 200 
** 
•BOUNDARY, SUBMODEL, STEP=2 
PERIM,1,2,3 
PERIMCOR,8 
•BOUNDARY 
CLINE,3,,0. 
*+ — 

*ELFILE, ELSET=CELL 
EVOL 
*ELFILE, ELSET=PERICELL 
EVOL 
*END STEP 
** 
** LOAD STEP DEFINITION step 3 
* * 
*STEP, NLGEOM, INC=100, AMPLITUDE=RAMP 



•SOILS, CONSOLIDATION, UTOL=1.0 
20, 300 

* * 
•BOUNDARY, SUBMODEL, STEP=3 
PERIM,1,2,3 
PERIMCOR,8 
•BOUNDARY 
CLINE,3, , 0 . 
* * 
•ELFILE, ELSET=CELL 
EVOL 
•ELFILE, ELSET=PERICELL 
EVOL 
•END STEP 
•*• * 

•• LOAD STEP DEFINITION step 4 
* * 
•STEP, NLGEOM, INC=100, AMPLITUDE=RAMP 
•SOILS, CONSOLIDATION, UTOL=l.0 

20, 300 
* * 
•BOUNDARY, SUBMODEL, STEP=4 
PERIM,1,2,3 
PERIMCOR,8 
•BOUNDARY 
CLINE,3,,0. 
*•*• 

•ELFILE, ELSET=CELL 
EVOL 
•ELFILE, ELSET=PERICELL 
EVOL 
•END STEP 
** 
•• LOAD STEP DEFINITION step 5 
** 
•STEP, NLGEOM, INC=100, AMPLITUDE=RAMP 
•SOILS, CONSOLIDATION, UTOL=l.0 

20, 300 
* * 
•BOUNDARY, SUBMODEL, STEP=5 
PERIM,1,2,3 
PERIMCOR,8 
•BOUNDARY 
CLINE,3,,0. 
** 
*ELFILE, ELSET=CELL 
EVOL 
•ELFILE, ELSET=PERICELL 
EVOL 
•END STEP 
** 
•• LOAD STEP DEFINITION step 6 
+ + 
•STEP, NLGEOM, INC=100, AMPLITUDE=RAMP 
•SOILS, CONSOLIDATION, UTOL=l.0 



20, 300 
* * 
•BOUNDARY, SUBMODEL, STEP=6 
PERIM,1,2,3 
PERIMCOR,8 
•BOUNDARY 
CLINE,3,,0. 
** 
•ELFILE, ELSET=CELL 
EVOL 
•ELFILE, ELSET=PERICELL 
EVOL 
•END STEP 
* * 
•• LOAD STEP DEFINITION step 7 
* * 
•STEP, NLGEOM, INC=100, AMPLITUDE=RAMP 
•SOILS, CONSOLIDATION, UTOL=l.0 

20, 300 
* * 
•BOUNDARY, SUBMODEL, STEP=7 
PERIM,1,2,3 
PERIMCOR,8 
•BOUNDARY 
CLINE,3,,0. 
* * 
•ELFILE, ELSET=CELL 
EVOL 
•ELFILE, ELSET=PERICELL 
EVOL 
** 
•END STEP 

REBAR DATA FILE (cellx101nat1 bar.dat) 
•ELSET, ELSET=COL0 

"Numbers Exluded" 

ELSET=COL0_FF 

"Numbers Exluded" 

•ELSET, ELSET=COL0_BF 

"Numbers Exluded" 

•ELSET, ELSET=COL0_E 

"Numbers Exluded" 

•ELSET, 
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*ELSET, ELSET=C0L1 

"Numbers Exluded" 

*ELSET, ELSET=C0L1_FF 

"Numbers Exluded" 

* * 
*ELSET, ELSET=C0L1_BF 

"Numbers Exluded" 

** 

*ELSET, ELSET=C0L1_E 

"Numbers Exluded" 

* * 
*ELSET, ELSET=C0L2 

"Numbers Exluded" 

*ELSET, ELSET=C0L2_FF 

"Numbers Exluded" 

* -k 

*ELSET, ELSET=C0L2_BF 

"Numbers Exluded" 

*ELSET, ELSET=C0L2_E 

"Numbers Exluded" 

*ELSET, ELSET=C0L3 

"Numbers Exluded" 

*ELSET, ELSET=C0L3_FF 

"Numbers Exluded" 

* + 

*ELSET, ELSET=C0L3_BF 

"Numbers Exluded" 



*ELSET, ELSET=C0L3_E 

"Numbers Exluded' 

•• t h i s s e c t i o n defines the rebar to represent 
** the collagen network i n the anulus 

*REBAR, ELEMENT=CONTINUUM, MATERIAL=COLLAGEN, 
GEOMETRY=ISOPARAMETRIC, NAME=L0_1 
COL0_FF, 2.111465e-05, 0.005, 60.00, 0, 4, 1 

*REBAR, ELEMENT=CONTINUUM, MATERIAL=COLLAGEN, 
GEOMETRY=ISO PARAMETRIC, NAME=L0_2 
COL0_FF, 2.111465e-05, 0.005, -60.00, 0, 4, 1 

*REBAR, ELEMENT=CONTINUUM, MATERIAL=COLLAGEN, 
GEOMETRY=ISOPARAMETRIC, NAME=L0_3 
COL0_FF, 2.111465e-05, 0.005, 60.00, 0.5, 4, 1 

*REBAR, ELEMENT=CONTINUUM, MATERIAL=COLLAGEN, 
GEOMETRY=ISOPARAMETRIC, NAME=L0_4 
COLO FF, 2.111465e-05, 0.005, -60.00, 0.5, 4, 1 

*REBAR, ELEMENT=CONTINUUM, MATERIAL=COLLAGEN, 
GEOMETRY=ISOPARAMETRIC, NAME=L0_5 
COLO, 1.242038e-06, 0.005, 60.00, 0, 4, 1 

*REBAR, ELEMENT=CONTINUUM, MATERIAL=COLLAGEN, 
GEOMETRY=ISOPARAMETRIC, NAME=L0_6 
COLO, 1.242038e-06, 0.005, -60.00, 0, 4, 1 

•REBAR, ELEMENT=CONTINUUM, MATERIAL=COLLAGEN, 
GEOMETRY=ISOPARAMETRIC, NAME=L0_7 
COLO, 1.242038e-06, 0.005, 60.00, 0.5, 4, 1 

•REBAR, ELEMENT=CONTINUUM, MATERIAL=COLLAGEN, 
GEOMETRY=ISOPARAMETRIC, NAME=L0_8 
COLO, 1.242038e-06, 0.005, -60.00, 0.5, 4, 1 

•REBAR, ELEMENT=CONTINUUM, MATERIAL=COLLAGEN, 
GEOMETRY=ISOPARAMETRIC, NAME=L0_9 
COL0_E, 1.242038e-06, 0.005, 60.00, 1.0, 4, 1 

•REBAR, ELEMENT=CONTINUUM, MATERIAL=COLLAGEN, 
GEOMETRY=ISOPARAMETRIC, NAME=L0_10 
COLO E, 1.242038e-06, 0.005, -60.00, 1.0, 4 , . l 

•REBAR, ELEMENT=CONTINUUM, MATERIAL=COLLAGEN, 
GEOMETRY=ISOPARAMETRIC, NAME=L0_11 
COL0_BF, 2.111465e-05, 0.005, 60.00, 0.5, 4, 1 

•REBAR, ELEMENT=CONTINUUM, MATERIAL=COLLAGEN, 
GEOMETRY=ISOPARAMETRIC, NAME=L0_12 
COL0_BF, 2.111465e-05, 0.005, -60.00, 0.5, 4, 1 

•REBAR, ELEMENT=CONTINUUM, MATERIAL=COLLAGEN, 
GEOMETRY=ISOPARAMETRIC, NAME=L0_13 
COL0_BF, 2.111465e-05, 0.005, 60.00, 1.0, 4, 1 

•REBAR, ELEMENT=CONTINUUM, MATERIAL=COLLAGEN, 
GEOMETRY=ISOPARAMETRIC, NAME=L0 14 
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COL0_BF, 2.111465e-05, 0.005, -60.00, 1.0, 4, 1 
*REBAR, ELEMENT=CONTINUUM, MATERIAL=COLLAGEN, 

GEOMETRY=ISOPARAMETRIC, NAME=L1_1 
COLl_FF, 2.111465e-05, 0.005, 49.11, 0, 4, 1 

*REBAR, ELEMENT=CONTINUUM, MATERIAL=COLLAGEN, 
GEOMETRY=ISOPARAMETRIC, NAME=L1_2 
C0L1_FF, 2.111465e-05, 0.005, -49.11, 0, 4, 1 

*REBAR, ELEMENT=CONTINUUM, MATERIAL=COLLAGEN, 
GEOMETRY=ISOPARAMETRIC, NAME=L1_3 
COLl_FF, 2.111465e-05, 0.005, 49.11, 0.5, 4, 1 

*REBAR, ELEMENT=CONTINUUM, MATERIAL=COLLAGEN, 
GEOMETRY=ISOPARAMETRIC, NAME=L1_4 
COL1 FF, 2.111465e-05, 0.005, -49.11, 0.5, 4, 1 

*REBAR, ELEMENT=CONTINUUM, MATERIAL=COLLAGEN, 
GEOMETRY=ISOPARAMETRIC, NAME=L1_5 
COL1, 1.242038e-06, 0.005, 49.11, 0, 4, 1 

*REBAR, ELEMENT=CONTINUUM, MATERIAL=COLLAGEN, 
GEOMETRY=ISOPARAMETRIC, NAME=L1_6 
COL1, 1.242038e-06, 0.005, -49.11, 0, 4, 1 

*REBAR, ELEMENT=CONTINUUM, MATERIAL=COLLAGEN, 
GEOMETRY=ISOPARAMETRIC, NAME=L1_7 
COL1, 1.242038e-06, 0.005, 49.11, 0.5, 4, 1 

*REBAR, ELEMENT=CONTINUUM, MATERIAL=COLLAGEN, 
GEOMETRY=ISOPARAMETRIC, NAME=L1_8 
COL1, 1.242038e-06, 0.005, -49.11, 0.5, 4, 1 

*REBAR, ELEMENT=CONTINUUM, MATERIAL=COLLAGEN, 
GEOMETRY=ISOPARAMETRIC, NAME=L1_9 
COLl_E, 1.242038e-06, 0.005, 49.11, 1.0, 4, 1 

*REBAR, ELEMENT=CONTINUUM, MATERIAL=COLLAGEN, 
GEOMETRY=ISOPARAMETRIC, NAME=L1_10 
COL1 E, 1.242038e-06, 0.005, -49.11, 1.0, 4, 1 

*REBAR, ELEMENT=CONTINUUM, MATERIAL=COLLAGEN, 
GEOMETRY=ISOPARAMETRIC, NAME=L1_11 
COLl_BF, 2.111465e-05, 0.005, 49.11, 0.5, 4, 1 

*REBAR, ELEMENT=CONTINUUM, MATERIAL=COLLAGEN, 
GEOMETRY=ISOPARAMETRIC, NAME=L1_12 
COLl_BF, 2.111465e-05, 0.005, -49.11, 0.5, 4, 1 

*REBAR, ELEMENT=CONTINUUM, MATERIAL=COLLAGEN, 
GEOMETRY=ISOPARAMETRIC, NAME=L1_13 
COLl_BF, 2.111465e-05, 0.005, 49.11, 1.0, 4, 1 

*REBAR, ELEMENT=CONTINUUM, MATERIAL=COLLAGEN, 
GEOMETRY=ISOPARAMETRIC, NAME=L1_14 
COLl_BF, 2.111465e-05, 0.005, -49.11, 1.0, 4, 1 

*REBAR, ELEMENT=CONTINUUM, MATERIAL=COLLAGEN, 
GEOMETRY=ISOPARAMETRIC, NAME=L2_1 
COL2_FF, 2.111465e-05, 0.005, 9.59, 0, 4, 1 

*REBAR, ELEMENT=CONTINUUM, MATERIAL=COLLAGEN, 
GEOMETRY=ISOPARAMETRIC, NAME=L2_2 
COL2_FF, 2.111465e-05, 0.005, -9.59, 0, 4, 1 

*REBAR, ELEMENT=CONTINUUM, MATERIAL=COLLAGEN, 
GEOMETRY=ISOPARAMETRIC, NAME=L2 3 
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COL2_FF, 2.111465e-05, 0.005, 9.59, 0.5, 4, 1 
*REBAR, ELEMENT=CONTINUUM, MATERIAL=COLLAGEN, 

GEOMETRY=ISOPARAMETRIC, NAME=L2_4 
COL2 FF, 2.111465e-05, 0.005, -9.59, 0.5, 4, 1 

*REBAR, ELEMENT=CONTINUUM, MATERIAL=COLLAGEN, 
GEOMETRY=ISOPARAMETRIC, NAME=L2_5 
COL2, 1.242038e-06, 0.005, 9.59, 0, 4, 1 

*REBAR, ELEMENT=CONTINUUM, MATERIAL=COLLAGEN, 
GEOMETRY=ISOPARAMETRIC, NAME=L2_6 
COL2, 1.242038e-06, 0.005, -9.59, 0, 4, 1 

*REBAR, ELEMENT=CONTINUUM, MATERIAL=COLLAGEN, 
GEOMETRY=ISOPARAMETRIC, NAME=L2_7 
COL2, 1.242038e-06, 0.005, 9.59, 0.5, 4, 1 

*REBAR, ELEMENT=CONTINUUM, MATERIAL=COLLAGEN, 
GEOMETRY=ISOPARAMETRIC, NAME=L2_8 
COL2, 1.242038e-06, 0.005, -9.59, 0.5, 4, 1 

*REBAR, ELEMENT=CONTINUUM, MATERIAL=COLLAGEN, 
GEOMETRY=ISOPARAMETRIC, NAME=L2_9 
COL2_E, 1.242038e-06, 0.005, 9.59, 1.0, 4, 1 

*REBAR, ELEMENT=CONTINUUM, MATERIAL=COLLAGEN, 
GEOMETRY=ISOPARAMETRIC, NAME=L2_10 
COL2 E, 1.242038e-06, 0.005, -9.59, 1.0, 4, 1 

*REBAR, ELEMENT=CONTINUUM, MATERIAL=COLLAGEN, 
GEOMETRY=ISOPARAMETRIC, NAME=L2_11 
COL2_BF, 2.111465e-05, 0.005, 9.59, 0.5, 4, 1 

*REBAR, ELEMENT=CONTINUUM, MATERIAL=COLLAGEN, 
GEOMETRY=ISOPARAMETRIC, NAME=L2_12 
COL2_BF, 2 .111465e-05, 0.005, - 9 . 5 9 , 0 .5 , 4, 1 

*REBAR, ELEMENT=CONTINUUM, MATERIAL=COLLAGEN, 
GEOMETRY=ISOPARAMETRIC, NAME=L2_13 
COL2_BF, 2.111465e-05, 0.005, 9.59, 1.0, 4, 1 

*REBAR, ELEMENT=CONTINUUM, MATERIAL=COLLAGEN, 
GEOMETRY=ISOPARAMETRIC, NAME=L2_14 
COL2_BF, 2.111465e-05, 0.005, -9.59, 1.0, 4, 1 

*REBAR, ELEMENT=CONTINUUM, MATERIAL=COLLAGEN, 
GEOMETRY=ISOPARAMETRIC, NAME=L3_1 
COL3_FF, 2.111465e-05, 0.005, 85.17, 0, 4, 1 

*REBAR, ELEMENT=CONTINUUM, MATERIAL=COLLAGEN, 
GEOMETRY=ISOPARAMETRIC, NAME=L3_2 
COL3_FF, 2.111465e-05, 0.005, -85.17, 0, 4, 1 

*REBAR, ELEMENT=CONTINUUM, MATERIAL=COLLAGEN, 
GEOMETRY=ISOPARAMETRIC, NAME=L3_3 
COL3_FF, 2.111465e-05, 0.005, 85.17, 0.5, 4, 1 

*REBAR, ELEMENT=CONTINUUM, MATERIAL=COLLAGEN, 
GEOMETRY=ISOPARAMETRIC, NAME=L3_4 
COL3 FF, 2.111465e-05, 0.005, -85.17, 0.5, 4, 1 

*REBAR, ELEMENT=CONTINUUM, MATERIAL=COLLAGEN, 
GEOMETRY=ISOPARAMETRIC, NAME=L3_5 
COL3, 1.242038e-06, 0.005, 85.17, 0, 4, 1 
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*REBAR, ELEMENT=CONTINUUM, MATERIAL=COLLAGEN, 
GEOMETRY=ISOPARAMETRIC, NAME=L3_6 
COL3, 1.242038e-06, 0.005, -85.17, 0, 4, 1 

*REBAR, ELEMENT=CONTINUUM, MATERIAL=COLLAGEN, 
GEOMETRY=ISOPARAMETRIC, NAME=L3_7 
COL3, 1.242038e-06, 0.005, 85.17, 0.5, 4, 1 

*REBAR, ELEMENT=CONTINUUM, MATERIAL=COLLAGEN, 
GEOMETRY=ISOPARAMETRIC, NAME=L3_8 
COL3, 1.242038e-06, 0.005, -85.17, 0.5, 4, 1 

*REBAR, ELEMENT=CONTINUUM, MATERIAL=COLLAGEN, 
GEOMETRY=ISOPARAMETRIC, NAME=L3_9 
COL3_E, 1.242038e-06, 0.005, 85.17, 1.0, 4, 1 

*REBAR, ELEMENT=CONTINUUM, MATERIAL=COLLAGEN, 
GEOMETRY=ISOPARAMETRIC, NAME=L3_10 
COL3_E, 1.242038e-06, 0.005, -85.17, 1.0, 4, 1 

*REBAR, ELEMENT=CONTINUUM, MATERIAL=COLLAGEN, 
GEOMETRY=ISOPARAMETRIC, NAME=L3_11 
COL3_BF, 2.111465e-05, 0.005, 85.17, 0.5, 4, 1 

*REBAR, ELEMENT=CONTINUUM, MATERIAL=COLLAGEN, 
GEOMETRY=ISOPARAMETRIC, NAME=L3_12 
COL3_BF, 2.111465e-05, 0.005, -85.17, 0.5, 4, 1 

*REBAR, ELEMENT=CONTINUUM, MATERIAL=COLLAGEN, 
GEOMETRY=ISOPARAMETRIC, NAME=L3_13 
COL3_BF, 2.111465e-05, 0.005, 85.17, 1.0, 4, 1 

*REBAR, ELEMENT=CONTINUUM, MATERIAL=COLLAGEN, 
GEOMETRY=ISOPARAMETRIC, NAME=L3_14 
COL3_BF, 2.111465e-05, 0.005, -85.17, 1.0, 4, 1 

*MATERIAL, NAME=COLLAGEN 
*HYPOELASTIC 

0.005,0.3,0,0.0075,-0.00025 
0.005,0.3,0,0.00608,-0.000182 
0.005,0.3,0,0.004 8,-0.000128 
0.005,0.3,0,0.00368,-0.0000858 
0.005,0.3,0,0.0027,-0.000054 
0.005,0.3,0,0.00188,-0.0000313 
0.01,0.3,0,0.0012,-0.000016 
0.01,0.3,0,0.000675,-0.00000675 
0.01,0.3,0,0.0003,-0.000002 
0.01,0.3,0,0.000075,-0.00000025 
0.02,0.3,0,0.0000188,-3.13E-08 
0.04,0.3,0,0.000004 69,-3.91E-09 
0.06,0.3,0,0.00000117,-4.88E-10 
0.08,0.3,0,0.000000293,-1.83E-10 
0.1,0.3,0,0,0 
1,0.3,0,0.000000293,1.83E-10 
10,0.3,0,0.00000117,4.88E-10 
120,0.3,0,4.6875E-06,3.9063E-09 
218.050539,0.3,0,0.0003,0.000002 
28 6.2782434,0.3,0,0.0004 69,0.00000391 
368.597 943,0.3,0,0.000675,0.00000675 
4 64.94 65207,0.3,0,0.000919,0.0000107 
576.47667,0.3,0,0.0012,0.000016 



7 02.242 6533,0.3,0,0.00152,0.000 0228 
842.470174 6,0.3,0,0.00188,0.0000313 
995.8798432, 0.3, 0, 0.00227, 0.0000416 
1100,0.3,0,0.0027,0.000054 
1250,0.3,0,0.00317,0.0000687 
1480,0.3,0,0.00368,0.0000858 
1660,0.3,0,0.00422,0.000105 
1900,0.3,0,0.0048,0.000128 
2225.68184 5, 0.3, 0, 0.00542, 0.000154 
24 73.68 656,0.3,0,0.00608,0.000182 
3500,0.3,0,0.00677,0.000214 
2400,0.3,0,0.0075,0.00025 
2000,0.3,0,0.00827,0.00028 9 
1500,0.3,0,0.00908,0.000333 
1350,0.3,0,0.00992,0.00038 
1200,0.3,0,0.0108,0.000432 
1000,0.3,0,0.0117,0.0004 88 
800,0.3,0,0.0127,0.000549 
600,0.3,0,0.0137,0.000615 
400,0.3,0,0.0147,0.000686 
200,0.3,0,0.0158,0.0007 62 




