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Abstract 

Life expectancy continuously increases but our society faces age-related conditions. Among 

musculoskeletal diseases, osteoporosis associated with risk of vertebral fracture and 

degenerative intervertebral disc (IVD) are painful pathologies responsible for tremendous 

healthcare costs. Hence, reliable diagnostic tools are necessary to plan a treatment or follow 

up its efficacy. Yet, radiographic and MRI techniques, respectively clinical standards for 

evaluation of bone strength and IVD degeneration, are unspecific and not objective. 

Increasingly used in biomedical engineering, CT-based finite element (FE) models constitute 

the state-of-art for vertebral strength prediction. However, as non-invasive biomechanical 

evaluation and personalised FE models of the IVD are not available, rigid boundary 

conditions (BCs) are applied on the FE models to avoid uncertainties of disc degeneration 

that might bias the predictions. Moreover, considering the impact of low back pain, the 

biomechanical status of the IVD is needed as a criterion for early disc degeneration. 

Thus, the first FE study focuses on two rigid BCs applied on the vertebral bodies during 

compression test of cadaver vertebral bodies, vertebral sections and PMMA embedding. 

The second FE study highlights the large influence of the intervertebral disc’s compliance on 

the vertebral strength, damage distribution and its initiation. The third study introduces a 

new protocol for normalisation of the IVD stiffness in compression, torsion and bending 

using MRI-based data to account for its morphology. In the last study, a new criterion (Otsu 

threshold) for disc degeneration based on quantitative MRI data (axial T2 map) is proposed.  

The results show that vertebral strength and damage distribution computed with rigid BCs 

are identical. Yet, large discrepancies in strength and damage localisation were observed 

when the vertebral bodies were loaded via IVDs. The normalisation protocol attenuated the 

effect of geometry on the IVD stiffnesses without complete suppression. Finally, the Otsu 

threshold computed in the posterior part of annulus fibrosus was related to the disc 

biomechanics and meet objectivity and simplicity required for a clinical application.  

In conclusion, the stiffness normalisation protocol necessary for consistent IVD comparisons 

and the relation found between degeneration, mechanical response of the IVD and Otsu 

threshold lead the way for non-invasive evaluation biomechanical status of the IVD. As the 

FE prediction of vertebral strength is largely influenced by the IVD conditions, this data 

could also improve the future FE models of osteoporotic vertebra.  
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 Introduction Chapter 1:

 

 Motivations 1.

Thanks to the progress of science, life expectancy continuously increases but frequent age-

related diseases are an issue of our societies. Amongst the common musculoskeletal 

diseases, the back conditions are particularly invalidating and responsible for tremendous 

healthcare costs. The spinal column provides support for the body via the vertebrae while 

the intervertebral discs ensure sufficient mobility and contribute to stability of the whole 

with the ligaments and muscles. Hence, any alterations of either bone or disc can have 

severe consequences in the quality of life of the patients.  

Osteoporosis is a bone condition characterised by low bone density and degradation of the 

bone architecture involved in more than 500000 vertebral fractures in Europe a year. 

Reliable diagnostic tools are therefore necessary to plan a treatment. Nowadays, 

radiographic techniques represent the clinical standard for non-invasive bone strength 

prediction. However, if those methods can assess the bone density, the current tools do not 

account for its local variation or the bone morphology. Finite element analysis (FEA) is a 

numerical method increasingly used in biomedical engineering. In osteology, patient-specific 

finite element models constitute the current state-of-art for vertebral strength prediction. 

Thanks to their ability to compute bone strength within few minutes on a standard PC and 

the possibility to simulate various loading scenarios, the FE models are already used in 

clinical follow-up studies. Nowadays, rigid boundary conditions such as embedding of the 

endplates in polymethylmethacrylate (PMMA) are chosen to simplify the experimental 

validation and avoid the uncertainties of various degrees of disc degeneration in elderly 

spines but the boundary conditions have influence on the FE predictions of vertebral 

strength and should be accounted for. 

Besides osteoporosis, at least half of the elderly suffers from degenerated intervertebral 

disc disease. This condition modifies the structure and biochemical constitution of the disc, 

affecting the spine stability, modifying the load distribution on the vertebra and sometimes 

inducing low back pain. Hence, effort has been put in developing non-invasive methods for 
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detection and evaluation of degeneration based on qualitative clinical MRI (magnetic 

resonance imaging) or quantitative MRI. Nonetheless, the standard procedure consisting in 

discrete grading of the degeneration is unspecific and subjected to the clinicians’ 

experience. As degeneration occurs, the pressure in the dehydrated disc drops, its height 

reduces and its collagen structure modified, eventually leading to initiation of lesions and 

protrusions. The stability of the whole segment is then affected by consequent alterations 

of the range of motion and stiffness, eventually inducing low back pain and abnormal load 

distribution on the endplates. Yet, albeit the degenerative process alters the mechanics of 

the spinal segment, none of the current assessment techniques is able to evaluate 

objectively how.  

Therefore, considering the socio-economic impact of low back pain, the advantage of an 

objective technique for early disc degeneration related to its mechanics is obvious. Not only, 

the biomechanical status of intervertebral disc is possibly related to low back pain but such 

data could be included in the future FE models of osteoporotic vertebral bodies to avoid 

assumptions on the boundary conditions that potentially bias the strength predictions.  

 Anatomy  2.

This part mainly refers to the work of Bogduk 2005, Adams and Dolan 2005, Prithvi Raj et al. 

2008 and introduces briefly the anatomical structures under study. 

2.1 The lumbar spine 

The spine forms a solid pillar supporting the body weight. Apart from the sacrum, composed 

of fused bones, the 3 other sections of the human spine (cervical, thoracic and lumbar) are 

articulated around 24 vertebrae separated by the fibro-cartilaginous intervertebral discs 

responsible for the spine overall flexibility. The lumbar spine can be segmented in a 

succession of articulations called intervertebral segments consisting in two successive 

vertebrae bound by ligaments, muscles and intervertebral disc. The segments are often 

referred to as functional spinal unit (FSU), the smallest element exhibiting the 

biomechanical function of the entire lumbar column (Roh et al. 2005) (Fig. 1). 
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Fig. 1. The human spine and intervertebral segment. (Schünke et al.2007) 

   

Fig. 2. Schematic (www.back.com) and CT image of a lumbar vertebra (from our study).  

 

Fig. 3. The intervertebral disc content (Prithvi Raj et al. 2008). 
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2.2 The vertebra 

Three main structures compose the vertebra: the vertebral body supports the loads, the 

vertebral arch houses the spinal cord, a delicate and vital bundle of nerve fibres connecting 

the brain to the rest of the body and part of the Central Nervous System (CNS). The spinous 

and transverse processes, anchorage area for many muscles and ligaments, allow 

respectively motions in extension and torsion. The area of contact between processes, 

covered by smooth cartilage is called facet joint. The vertebral body consists of trabecular 

(or cancellous) core (~70 % of the weight) surrounded by a lateral cortical wall (cortex) and a 

caudal and cranial cortical endplates (< 500 µm in thickness). The trabecular bone, filled 

with marrow, is acting as a hydraulic cushion under high compressive loads (Fig. 2). 

2.3 The intervertebral disc 

The intervertebral disc (IVD) is a large avascular cartilaginous tissue tiding the vertebrae 

together. The healthy IVD is mainly composed of water (~70%), features a highly rate-

dependent mechanical behaviour (Kurutz and Oroszvary. 2010) and is characterised by a 

gelatinous nucleus pulposus surrounded by the concentric layers of collagen fibres of the 

fibrous annulus fibrosus. Embedded in the ground substance of the annulus, the collagen 

fibres are alternatively inclined at ±30° to the axial plane and anchored in the cartilaginous 

endplates (Fig. 3). Healthy annulus and nucleus interact to distribute the load on the 

vertebra. It is usually assumed that an unloaded IVD is in a stress free state. Thus, under 

compression, the pressurization of the nucleus stretches the inner annulus fibres with the 

progressive recruitment of the outer fibres. Nevertheless, latest experiments highlighted 

the existence of prestress in the annulus even without external load or pressurisation as the 

nucleus was excised. This result suggests that the tensile stress resulting from elevated 

hydrostatic pressure of the nucleus under compression is rather distributed in the whole 

annulus (Michalek et al. 2012b). 

2.4 Anatomical references 

The clinicians often describe the body via 2D images in three anatomical planes. The sagittal 

plane separates laterally the body, the axial or transverse plane separates the superior 

sections from the inferior body and the coronal plane divides the body into ventral and 
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dorsal regions. Three axes are also used to explicit the motion of the body: the mediolateral 

(left-right), anteroposterior (front-back) and craniocaudal (superior-inferior) axes (Fig. 4). 

Six translations and rotations along or around the anatomical axes are used to describe any 

rigid body motions in 3D. Although it is rather usual to observe coupled motions in vivo, the 

following work focuses on axial compression and single rotational motions: torsion, lateral 

bending left-right, frontward bending (flexion) and backward bending (extension) (Fig. 5).  

 

Fig. 4. An intervertebral disc in the anatomical planes (www.wikipedia.org). 

 

 

Fig. 5. Motions of the intervertebral segments (from our study). 
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 Conditions of the vertebral body 3.

3.1 Osteoporosis 

   

Fig. 6. Healthy and osteoporotic trabecular bone (www.concordortho.com/patient-

education). 

The WHO (World Health Organisation) defines osteoporosis as “a systemic skeletal disease 

characterised by low bone mass and microarchitectural deterioration of bone tissue with a 

consequent increase in bone fragility and susceptibility to fracture” (Kanis et al. 2008). The 

consequences of the pathology are clear: approximately 1.5 million osteoporotic fractures 

occur in the U.S. a year generating an incredible yearly expense of 14 billion dollars. This 

includes wrist and hip fractures but the most common is, by far, the vertebral fractures with 

approximately 750000 occurrences per year (Watts 2001).  

The reason of such widespread lies in the absence of symptoms. Therefore, a monitoring is 

necessary to detect the disease, assess the vertebral strength and plan a treatment at an 

early stage and its follow-up before further bone loss (Griffith and Genant 2011). As the 

amount and quality of a bone are important criteria of its strength, the current 

densitometric techniques are based on the absorption of X-rays by the tissues and the 

amount of mineralised bone per area or volume measured, Bone Mineral Density (BMD) is 

used in clinics as a surrogate for bone strength. However, an ideal assessment of the 

vertebral strength must also account for bone morphology (Griffith and Genant 2008). 

3.2 Radiographic diagnosis 

A number of radiographic techniques were developed for the diagnosis of osteoporosis. DXA 

(Dual Energy X-ray Absorptiometry) is assessing the apparent areal BMD (aBMD, g/cm2) of a 

projection of the volumetric BMD of the bone on a plane. Despite being the clinical 

standard, this measure includes indistinctively cortex and trabecular bone and other bony 

http://www.concordortho.com/patient-education
http://www.concordortho.com/patient-education
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structures (posterior elements, ribs, osteophytes) and tends to overestimate the BMD of the 

vertebral body.  

Although 3D spine reconstruction is possible via Biplanar X-ray imaging techniques (EOS 

Imaging, Paris, France), with the advantage of standing position and low radiation, QCT 

(Quantitative Computed Tomography) is the reference in assessing the 3D bone geometry 

(Dubousset et al. 2010, Illes and Somoskeoy 2012). Notwithstanding the computation of the 

apparent volumetric BMD (vBMD, mg/cm3) linearly related to the Hounsfield Units, with a 

resolution of 0.6 mm and the distinction between trabecular and cortical bone, QCT is 

seldom used because of a substantially higher radiation dose than DXA. High resolution QCT 

(HRQCT) offers higher resolution (~200 µm) but is still insufficient for the determination of 

trabecular architecture (Graeff et al. 2013), as such details can only be captured in vivo, to 

some extent, on the wrist or the foot using HRpQCT (High resolution peripheral QCT, 82 µm, 

Griffith and Genant 2011). 

Recently, textural methods were used to assess the bone morphology. TBS (Trabecular Bone 

Score), an index of trabecular architecture evaluating local variations in gray level from DXA 

image of the lumbar spine shows promises and seems to provide better vertebral strength 

assessment when combined with the BMD data (Roux et al. 2013, Boutroy et al. 2013) 

Nevertheless, these qualitative techniques cannot be utilised to determine the loading 

mode that put the vertebra at higher risk or the potential damage pattern and are therefore 

not a fully satisfactory surrogate of bone strength (Dall’Ara et al. 2012). 

 

1   2   3   4 

    

Fig. 7. (1) Frontal DXA examination of a lumbar spine, axial (A) and sagittal (B) view of a QCT 

(2) and HRQCT (3) of lumbar vertebral body and (4) HRpQCT of distal radius (1-4: Griffith and 

Genant 2008, 2-3: Graeff et al. 2013). 
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3.3 Subject-specific finite element models of the vertebral body 

Finite element analysis (FEA) is a numerical method increasingly used in biomedical 

engineering with a tendency towards patient-specific modelling (Gefen, 2012). In bone and 

mineral research, the latest models are fully CT-based (geometry and material properties), 

experimentally validated and used in clinical trials and treatment follow-ups (Keaveny et al. 

2007, Graeff et al. 2009, Graeff et al. 2013, Gluer et al. 2013) as they better predict the 

vertebral body strength than clinical methods such as DXA or QCT (Crawford et al. 2003). 

Although vertebra meshes can be shaped to biplanar images (EOS), most models are 

automatically generated by converting directly the voxels from CT images in hexahedral 

elements (Sapin de Brosse et al. 2012, Glaser et al. 2012). The models based on QCT present 

ragged edges that may generate artificial stress and local damage if not smoothened 

(Chevalier and Zysset 2012). Moreover, details of the bone architecture are not captured by 

the clinical devices. Thus, in EOS and QCT-based voxel models, the trabecular structure and 

the cortical shell are omitted or constant corticular thickness is assumed (Pahr et al. 2012a). 

A reduced mesh size (µFE), achieved via the use of µCT data (30 µm), includes the cortex 

and trabecular morphology but requires large computer resources and is not feasible in vivo 

(Eswaran et al. 2007, Fields et al. 2010). At cost of a longer pre-processing time, the 

alternative lies in the so-called smooth FE models with CT-based cortex thickness generated 

from intermediate resolution (HRpQCT, Pahr et al. 2009, Pahr et al. 2012a). 

The degree of simplification of the material properties of the simulated vertebral body is 

induced by the imaging modality that imaged the bone. Most CT-based models feature 

isotropic density-based bone material properties (Homminga et al. 2011, Erdem et al. 2011) 

although the trabecular architecture is an important criterion for the vertebral strength, 

especially when osteoporosis and unusual loading are involved (Homminga et al. 2004, 

Wolfram et al. 2011). The cancellous morphology is naturally accounted for in µFE models 

and FE predictions of vertebral strength of smooth models are improved by the inclusion of 

CT-based trabecular fabric compared to the sole use of simple power-law constitutive law 

(Pahr et al. 2009). Moreover, following tedious modelling and experimental validation, 

usually indentations, the latest material models (or constitutive laws) simulate the bone 

more realistically by including the post-yield behaviour, elastic-viscoplastic damage 

(Schwiedrzik et al. 2012),  
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A  

 

B    

 

C  
 

Fig. 8. Types of FE models of the vertebral body and boundary conditions. A. In vitro 

compression and QCT-based voxel model of an embedded vertebral body (Chevalier et al. 

2009), B. In vitro compression and HRpQCT-based smooth model of a vertebral section 

(Dall'Ara et al. 2010, Pahr et al. 2012b) and C. µCT-based FE model of a vertebral body 

surrounded by intervertebral discs (Eswaran et al. 2007). 
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softening and densification (Hosseini et al. 2012) or bone remodelling (Doblaré and Garcia 

2002, Homminga et al. 2011) besides the bone anisotropy (Carretta et al. 2013). Besides, the 

smooth models usually run on a standard PC (Pahr et al. 2009). 

To be reliable, the models require proper validations. Even if the in vitro settings do not 

mimic perfectly the in vivo conditions, the physiological conditions are too complex to allow 

an easy reproducibility (Cristofolini et al. 2010). Hence, most models are validated by 

comparing the FE predictions of vertebral strength to the experimental fracture load under 

axial compression, which remains the loading of choice. The validation of the FE models is 

usually performed with endplates embedded in PMMA (Chevalier et al. 2009, Sapin de 

Brosse et al. 2012) or without endplates (Dall’ara et al. 2010, Pahr et al. 2012b) to have well-

defined boundary conditions. Few authors decided to integrate intervertebral disc models in 

their FE models of vertebral bodies (Homminga et al. 2004, Eswaran et al. 2006, Eswaran et 

al. 2007, Fields et al. 2010, Homminga et al. 2011, Erdem et al. 2011) but different types of 

vertebral fractures are induced by various grade of degeneration of the neighbouring discs 

(Seymour et al. 1998, Lee 2000, Ortiz et al. 2011). 

 Conditions of the intervertebral disc 4.

4.1 Intervertebral disc degeneration 

The first studies about the mechanical behaviour of the lumbar spine reported abnormal 

motions in elderly subjects (Panjabi et al. 1994). The degenerative condition is held 

responsible for changes in the spine biomechanics potentially leading to low back pain. The 

degenerative alterations are illustrated on Fig. 10. 

Notwithstanding the unclear pathogenesis, many morphological and biochemical alterations 

are reported for both nucleus and annulus. While early degeneration seems to increase the 

disc flexibility, a highly degenerated disc, thinner and dehydrated, tends to behave in a 

solid-like manner featuring a stiffer behaviour in compression and shear (Iatridis et al. 

1997a, Iatridis et al. 1997b, Iatridis et al. 1998, Iatridis et al. 1999). The degenerative 

alterations impact not only the intervertebral mechanics with changes in stiffness 

(Haughton et al. 1999) and range of motion (Tanaka et al. 2001) but also the stress 

distribution on the underlying vertebra (Adams and Roughley 2006). As the disc narrows, 

the load is progressively shifted towards the peripheral posterior regions of the cortical 
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endplates until the posterior arch eventually carries most of the axial load (Pollintine et al. 

2004) leading to a painful osteoarthritis of the facet joints (Robson-Brown et al. 2008).  

A    B    C 

 

Fig. 9. Distribution of compressive stress along the midsagittal diameter of lumbar 

intervertebral discs under to 2 kN compression. A Young disc, B Middle-aged disc with stress 

concentration in the posterior annulus and C Degenerated disc with irregular stress profile 

(Adams and Roughley 2006). 

Furthermore, the annulus fibrosus is sensitive to mechanical loading and fatigue (Adams and 

Dolan 2012). High shear between its layers causes delamination of its ply-laminate 

structure, large tension ruptures its collagen fibres while its matrix is cracked under tension 

exerted perpendicular to the fibres direction (Iatridis et al. 2004). Consequent radial tears in 

the posterior annulus can lead to protrusion and herniation of nucleus material in the 

vicinity of the nerve root causing pain (Veres et al. 2009, Marshall et al. 2010, Veres et al. 

2010b, Michalek et al. 2012) when the IVD is undergoing torsion and flexion at high rate 

(Veres et al. 2008, Schollum et al. 2008, Veres et al. 2010a). 

Besides, endplate-driven degenerative mechanism characterised by the presence of 

Schmorl's node, the migration of nucleus material through the innervated endplate under 

axial loading, can occur (Adams and Dolan 2012). Usually involving early degenerated discs 

and weak endplates (Hamanishi et al. 1994), it highlights the importance of the disc 

condition in the load transfer to a vertebral body, possibly osteoporotic.  

To summarize, low back pain can be attributed to muscular and ligamentous strain, facet 

joint arthritis, or pressure exerted by the intervertebral disc on the annulus fibrosus, the 

cortical endplates or spinal nerves (Wise 2011). The direct surgical expenses (laminectomy*, 

discectomy*, lumbar spinal fusion*) reach roughly 15 billion dollars per year in the U.S. (Katz 
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2006). Even if in a majority of patients, the pathogenesis of back pain cannot be established 

with certainty, the early detection of disc degeneration is necessary to better select the 

patients who really need operative treatments while conservative procedures such as 

chiropractic, exercise, pain medication are usually prescribed (Zigler et al. 2013).  

*Laminectomy: section of parts of the lamina (cf. Fig. 2) to decompress the neural root. 

*Discectomy: removal of herniated nucleus material pressing on the nerve root.  

*Lumbar spinal fusion: replacement of the IVD by a bone graft with eventually fusion 

between the vertebral bodies due to the natural bone growth and stabilisation via posterior 

instrumentation.  

4.2 Evaluation of the degeneration grade 

Cryotome sections of cadaver intervertebral segments were first used to illustrate the disc 

degeneration (Thompson et al. 1990). Fortunately, a non-invasive assessment is possible via 

anatomical qualitative MRI (Jarvik et al. 2000, Haughton, 2006). However, despite an 

accurate description of the disc anatomy, those imaging methods are rather unspecific and 

highly dependent on the clinician’s experience.  

Briefly, MRI devices use the magnetic properties of a tissue to produce an image. The net 

magnetisation vector M0 around which precess particles such as electrons and protons 

(hydrogen, H+), abundant in the human body because of high water content, get aligned 

with the magnetic field B0 generated by a powerful magnet. In this equilibrium state, the 

longitudinal component of the magnetization vector Mlong equals M0 and the transverse 

components are null (Mtr). This equilibrium is then disturbed by a variable magnetic field at 

resonance frequency (42.57 MHz). When this field is turned off, relaxation occurs, Mtr 

returns to 0, decreasing by 63% after T2 ms while Mlong returns to M0,  increasing by 63% 

after T1 ms (Suetens 2002). Considering the influence of water content and collagen 

structure on T1 and T2 relaxation times, an assessment based quantitative MRI is possible 

(Watanabe et al. 2007, Mwale et al. 2008, Marinelli et al. 2009) via T1ρ/T2-weighted 

(Benneker et al. 2005) or T2/T2
* maps (Trattnig et al. 2010, Stelzeneder et al. 2012) -based 

grading schemes.  

A healthy IVD is characterised by higher T2/T2
* in the nucleus but as it decreases 

dramatically because of the loss of water content in the nucleus, this relaxation time 

remains roughly constant  in the annulus during the degenerative process (Watanabe et al. 
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2007, Welsch et al. 2011, Hoppe et al. 2012). Hence, High Intensity Zone in the annulus in T2 

images might be interpreted as herniated nuclear material, source of pain (Trattnig et al. 

2010).  

While clinicians visually evaluate the hydration of the disc based on the intensity and 

homogeneity of the signal, equivalent evaluations can be quantitatively achieved by 

measuring T2/T2
*

 at various locations (Hoppe et al. 2012, Stelzeneder et al. 2012), computing 

entropy of the signal and geometry-based criteria (Mayerhofer et al. 2012).  

T1ρ is affected by low-frequency interactions between the water and glycosaminoglycan 

(GAG) nuclear content (Blumenkrantz et al. 2006, Johannessen et al. 2006). Thus, T1ρ 

measurements were performed to detect early changes. Other advanced methods such as 

Magnetization Transfer Ratio (MTR, Choi et al. 2011) and Apparent Diffusion Coefficient 

maps (ADC, Antoniou et al. 2004), sensible to collagen content or diffusion properties, can 

provide extra information about the structural integrity of the collagen network of the 

annulus fibrosus while Diffusion Tensor Imaging (DTI) is able to measure degree of 

anisotropy and the orientation of the collagen fibres of the annulus (Hsu et al. 1999). 

 

              Grade I   Grade II  Grade III  Grade IV 

    

     

    

Fig. 10. Midsagittal cryomicrotome sections, T2 weighted, Sagittal T2 maps and axial T2 maps 

of the intervertebral disc with disc degeneration from grades I to IV (Benneker et al. 2005, 

Stelzeneder et al. 2012, Watanabe et al. 2007). 
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4.3 Subject-specific finite element models of the intervertebral disc 

FE models of the IVD are far from a clinical use and a step behind what is being done for the 

vertebral body in terms of subject-specific geometry, material properties and validation.  

Indeed, the geometry is often simplified with dimensions of the annulus and nucleus taken 

from the literature (Galbusera et al. 2011, Malandrino et al. 2012) or guessed from the 

shape of the neighbouring vertebrae on CT (Moramarco et al. 2010, Homminga et al. 2012) 

or Dual Fluoroscopic images via 2 fluoroscopes positioned perpendicular to each other 

(Wang et al. 2012), the IVD being extruded from their cranial and caudal endplates. 

Considering the high impact of the disc’s morphology on its mechanical response (Meijer et 

al. 2011, Niemeyer et al. 2012), it is rather surprising that only few authors based the 

geometry of their models on MRI images (Li et al. 2006, Swider et al. 2010, Castro Mateos et 

al. 2012).  

Then, increasingly complex poroelastic models, valuable in terms of understanding of 

biochemical principles but hardly fitting a disc-specific framework and seldom validated, 

which limits clinical potential, are developed (Ehlers et al. 2009, Schroeder et al. 2010, 

Galbusera et al. 2011, Malandrino et al. 2012, Ateshian and Weiss 2013). On the other hand, 

most of the current models are able to simulate the anisotropy of the IVD, its heterogeneity 

and hyperelasticity, which is sufficient to represent the quasi-static non-linear response of 

the disc (Moramarco et al. 2010, Homminga et al. 2012), simulate its prolapse (Schmidt et 

al. 2007), the initiation of tears in the annulus (Schmidt et al. 2009) and analyse the 

structural response of the disc to impact loading (Marini et al. 2012). Few attempts of 

unspecific damage model (Qasim et al. 2012) and degeneration-wise disc material 

properties (Hussain et al. 2012) can be reported but nothing comparable to the CT-based 

bone material models. Notwithstanding the numerous quantitative MRI sequences 

developed for the IVD evaluation or detect defection, the authors hardly calibrate the 

material properties of their models on MRI data. 

Finally, most authors compare the FE predictions of their models against similar 

experimental results found in the literature (Schmidt et al. 2007, Pérez del Palomar et al. 

2008, Moramarco et al. 2010), which is not trustworthy considering the large standard 

deviation in experimental results due to the wide diversity in degree of degeneration, 

loading history or geometry of the IVD hardly taken into account (Jones et al. 2008).  
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A   

B  

  C     

 

Fig. 11. Examples of FE models of IVD with different purposes. A. Poroelastic (Malandrino et 

al. 2012) and hyperelastic (Marini et al. 2012) models with simplified geometry to study the 

biochemical and biomechanical principles, B. Hyperelastic disc model generated from the 

geometry of the CT-based cortical endplates to simulate the mechanical response of the 

lumbar spine (Moramarco et al. 2010), C. MRI-based intervertebral disc geometry with 

substructuring (Swider et al. 2010)  
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Indeed, while it is common to normalise the apparent stiffness of bone (Mosekilde et al. 

1987), muscle (Ryan et al. 2011) or tendon (Fouré et al. 2012) using cross-sectional area for 

instance, only in few authors normalised the measurements of IVD stiffness by the disc 

geometry (Elliott and Sarver 2004, Beckstein et al. 2008, Showalter et al. 2012).  

Conversely, examples of model validation against in vivo kinematics using Dual Fluoroscopic 

images show great promises (Wang et al. 2012). Disc-specific geometry, material properties 

and direct validation of FE models are required for any models to have a clinical benefit 

(Kallemeyn et al. 2010, Gefen 2012). 

 Objectives of the thesis 5.

Considering the clinical relevance of accurate diagnosis tools and the limitations of the 

current state of the art for vertebral strength and intervertebral disc degeneration 

assessment, the goal of this thesis is twofold.  

The first aim is to evaluate the effect of the boundary conditions on the prediction of 

vertebral strength and damage by CT-based FE models:  

1. highlight the bias induced by the choice of rigid boundary conditions in the models  

2. show the potential influence of disc degeneration on the FE results  

The second goal pertains to the improvements of the current evaluation of the IVD: 

3. propose a normalisation protocol for the disc’s stiffness with respect to its 

morphology  

4. introduce a MRI-based methodology to evaluate the biomechanical status of the 

intervertebral disc.  
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 Outline of the thesis 6.

 

Chapter 1 presented the anatomy of the lumbar spine and provided the state of the art for 

vertebral strength and intervertebral disc degeneration assessment and finite element 

models. 

 

Chapter 2 is a FE study focusing on the comparison of two rigid boundary conditions 

commonly applied on the cortical endplates during experimental compression test of 

cadaver vertebral bodies, vertebral sections and PMMA embedded vertebral bodies. The 12 

QCT-based voxel FE models compute almost identical vertebral strengths and damage 

distributions in both cases. 

 

Chapter 3 highlights the large influence of the intervertebral disc’s compliance on the 

vertebral strength, damage distribution and damage initiation. Compression tests were 

simulated on two extreme cases using 12 HRpQCT-based homogenized smooth models, 

idealistic healthy disc or PMMA embedding mimicking a highly degenerated disc. 

 

Chapter 4 introduces a new protocol for the normalisation of the stiffness of intervertebral 

discs loaded in compression, torsion, lateral bending and flexion/extension using accurate 

MRI-based data to account for its morphology. This protocol, tested on 20 FE models with 

various dimensions, was applied on the stiffness of 14 human lumbar intervertebral discs.  

 

Chapter 5 proposes a new criterion for disc degeneration from Axial T2 maps. Otsu 

threshold computed in the posterior annulus fibrosus is related to the disc mechanics and 

meet objectivity and simplicity required for a clinical application. The degeneration grades 

of 14 human lumbar intervertebral discs evaluated using MRI data and quantitative T2 

measures were related to the specimens’ stiffness in compression, torsion, lateral bending 

and flexion/extension. 

 

Chapter 6 summarises the strengths and limitations of each study and presents further 

improvements and applications.  
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Abstract 

Every year, 500’000 osteoporotic vertebral compression fractures occur in Europe. 

Quantitative computed tomography (QCT)-based Finite Element (FE) voxel models predict 

ultimate force whether they simulate vertebral bodies embedded in 

polymethylmethacrylate (PMMA) or vertebral sections with both endplates removed. To 

assess the effect of endplate removal in those predictions, non-linear FE analyses of QCT-

based voxel models of human vertebral bodies were performed. High Resolution pQCT 

images of 11 human lumbar vertebrae without posterior elements were coarsened to 

clinical resolution and bone volume fraction was used to determine the elastic, plastic and 

damage behaviour of bone tissue. Three model boundary conditions (BCs) were chosen: the 

endplates were cropped (BC1, BC2) or voxel layers were added on the intact vertebrae to 

mimic embedding (BC3). For BC1 and BC3, the bottom nodes were fully constrained and the 

top nodes were constrained transversely while both node sets were free transversely for 

BC2. Axial displacement was prescribed to the top nodes. In each model, we compared 

ultimate force and damage distribution during post-yield loading. The results showed that 

ultimate forces obtained with BC3 correlated perfectly with those computed with BC1 

(R2=0.9988) and BC2 (R2=0.9987), but were in average 3.4% lower and 6% higher 

respectively. Moreover, good correlation of damage distribution calculated for BC3 was 

found with the one of BC1 (R2=0.92) and BC2 (R2=0.73). This study demonstrated that voxel 

models of vertebral sections provide the same ultimate forces and damage distributions 

than embedded vertebral bodies for less preprocessing and computing time. 

 

Keywords: Boundary Conditions, Finite Element Analysis, Quantitative Computed 

Tomography, Osteoporosis, Vertebral Strength 
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 Introduction 1.

Osteoporosis is characterized by low bone mass and degradation in bone architecture (Kanis 

et al. 2006). Dual energy X-ray Absorptiometry (DXA) is used for non-invasive fracture 

prediction by measuring areal BMD (Griffith and Genant 2008), but geometry and local 

variation in bone density are not included in these measurements (McDonnell et al. 2007).  

Subject-specific voxel finite element models generated from QCT images with a clinical 

resolution of about 1mm (Engelke et al. 2008) are the current state of art for vertebral 

fracture risk prediction in vivo (Ruffoni and vanLenthe 2011). Geometry and BMD are taken 

into account and the simulations run on standard PCs, but the loading conditions should be 

realistic and allow their experimental validation (Cristofolini et al. 2010). Axial compression 

is often chosen for its reproducibility (Buckley et al. 2007, Chevalier et al. 2008) and the 

boundary conditions are diverse. Vertebral endplates embedded in polymethylmethcrylate 

(PMMA) (Crawford et al. 2003, Liebschner et al. 2003, Buckley et al. 2007, Christiansen et al. 

2011) are a gold standard but the endplates can be removed to create vertebral sections 

(Ebbesen et al. 1999, Dall'Ara et al. 2011). These two validated models compute 

compressive ultimate load and provide a better fracture risk prediction than densitometric 

methods (Crawford et al. 2003, Buckley et al. 2007). However, the absence of endplate or 

their embedding may lead to distinct structural properties.  

The choice of vertebral sections instead of embedded vertebrae save computational 

resources as segmentation of the endplates is not necessary, PMMA layers need not to be 

generated and the resulting models have fewer elements. 

Accordingly, the aim of this work is to determine if ultimate forces and damage distribution 

predictions computed from subject-specific, QCT-based voxel finite element models of 

embedded vertebrae and vertebral sections are equivalent.  

 Materials and methods 2.

2.1 CT scans of the vertebral bodies  

Images of vertebrae were obtained from a previous study (Chevalier et al., 2008): 11 

cadaveric vertebral bodies were extracted (L1-L5, age 47-83), soft tissues were removed and 

posterior elements were sectioned at the pedicles. They were scanned individually in a 
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water-filled container with a HRpQCT system (XtremeCT, 82 µm, 59.4 kV, 1000 mA, Scanco 

Medical AG, Zurich, Switzerland). 

 

Fig. 1. Overview of the study: first the high resolution peripheral QCT images are coarsened 

and two sets of images are created either by cropping the endplates or embedding the 

vertebrae. Then voxel FE models of 11 vertebral bodies are generated from a described 

technique (Chevalier et al., 2008) and 3 types of boundary conditions are tested in axial 

compression until ultimate force is reached. Damage distribution and ultimate force 

computed for each loading case are eventually compared. 

2.2 Image processing  

Based on a published procedure (Chevalier et al. 2008), we coarsened HRpQCT images (82 

µm voxel size) to low resolution (1.3mm voxel size) to simulate in vivo resolution and 

segmented the coarsened images (Fig. 1). 

The bone material law was based on bone volume fraction (BV/TV) but the resolution of the 

original images could induce errors in a direct measurement of BV/TV. Therefore, we 

calculated BV/TV from BMD of the coarsened voxels by mean of a calibration equation 

based on experimental ash density and scaled from 0 to 250: 
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Two sets of data were created: embedding in PMMA by adding voxels layers on the 

endplates (Chevalier et al. 2008, Crawford et al. 2003) or cropping superior and inferior 

voxel layers of the vertebrae to remove cortical endplates (Dall'Ara et al. 2010).  

2.3 Voxel FE models and boundary conditions 

Voxels were automatically converted into linear hexahedral elements (approximately 10000 

elements per section, 24000 elements per embedded vertebra). We defined PMMA as 

linear isotropic with E = 3000 MPa, ƴ = 0.3 and chose a nonlinear constitutive law (Garcia et 

al. 2009) to compute the elastoplastic behaviour of bone from BV/TV. Bone material 

symmetry was defined as transverse isotropic in the cranio-caudal direction and damage (D) 

was considered as a scalar ranging from 0 (no damage) to 1 (full damage) accounting for the 

stiffness reduction of the bone elements due to the formation of microcracks. 

We applied three distinct boundary conditions. The nodes of the superior and inferior 

surfaces of BC3 were fully constrained (Buckley et al. 2007, Chevalier et al. 2009). Similar 

condition was chosen for the vertebral section BC1 (Dall'Ara et al. 2010). Roller type 

boundary condition (superior and inferior nodes were transversely free) was used for 

vertebral section BC2 (Eswaran et al. 2006). We prescribed an axial displacement of 0.45mm 

to the superior nodes for each BC to reach the ultimate load.  

The ultimate forces obtained with the three BCs were compared with linear regressions 

among the 11 vertebrae, while damage distribution were compared with linear regressions 

of damage level on a voxel per voxel basis for all voxels common to the three models. 

Pearson’s correlation coefficient (R2), the concordance correlation coefficient (ccc) and the 

standard error were calculated for all regressions. 

2.4 Simulations 

Abaqus (Abaqus 6.9, Simulia, Dassault Systemes, Velizy-Villacoublay, France) was chosen for 

non-linear analyses. A UMAT subroutine was used for the bone constitutive law described 
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above. We computed damage distribution, force-displacement curves and used linear 

interpolation to determine the ultimate forces from each simulation.  

 Results 3.

On a four 3 GHz processors PC with 24GB RAM, the embedded vertebra simulations lasted 7 

minutes, the vertebral section ones, 2 minutes. 

3.1 Comparison of ultimate forces 

 

Fig. 2. Correlations between the ultimate force of BC3 and BC1 (a) and BC2 (b) were both 

excellent. 

We compared the computed ultimate forces with in vitro results. The ultimate force from 

our embedded vertebrae simulations (BC3) was 5831 ± 1489 N, while Chevalier et al. 2009 

measured 5455 ± 2208 N from their experiments on the same specimens (6% difference). 

Dallara et al. 2010 measured an in vitro ultimate force equal to 5307 ± 1670 N for their 

vertebral sections. We calculated 6030 ± 1527 N from our vertebral section models (BC1) 

(12%) with a different set of vertebra.  

The average ultimate force obtained with BC3 was 3.5 % lower than the one computed for 

BC1 and 6.1% higher than the one computed with BC2. Furthermore, excellent correlation 

was observed between the ultimate forces BC3 and BC1 (R2 = 0.999, ccc = 0.99, std_err = 

0.011) and BC3 and BC2 (R2 = 0.999, ccc = 0.97, std_err = 0.012) (Fig. 2).  
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3.2 Comparison of the damage distribution 

Histograms of damage for the three BCs are displayed for one vertebra in Fig. 3. Axial, 

coronal and sagittal views of the damage distribution are shown for another specimen 

(176L4) in Fig. 4. The map of damage of the embedded vertebra BC3 and the sections BC1 

were similar. However, the damage in BC2 was quite different in the superior and inferior 

layers of elements.  

Excellent correlation was obtained between damage in BC1/BC3 and BC2/BC3 (R2 = 0.92, ccc 

= 0.956, std_err = 0.001 and R2 = 0.73, ccc = 0.842, std_err = 0.001 respectively). Better 

correlations were obtained with superior and inferior elements excluded from the analysis 

(R2 = 0.94, ccc = 0.964, std_err = 0.001 for BC3/BC1 and R2 = 0.79, ccc = 0.881, std_err = 

0.005 for BC3/BC2). The correlations for specimen 176L4 are presented in Fig. 5. 

 Discussion 4.

The literature is abundant about tests on embedded vertebrae (Crawford et al. 2003, 

Liebschner et al. 2003, Buckley et al. 2007, Christiansen et al. 2011) but only few tests on 

vertebral sections are reported (Ebbesen et al. 1999, Dall'Ara et al. 2011). Concerns were 

raised about the lack of realism of such models.  

Ultimate forces of BC3 and vertebral sections were similar to experimental results of the 

literature. Ultimate load for BC3 was 6.1% higher than BC2’s but 3.5% lower than BC1’s with 

very high correlations (BC1/BC3: ccc = 0.99 and and BC2/BC3: ccc = 0.97). The nodes of the 

superior and inferior surfaces were fixed (BC1) or transversely free (BC2). Therefore, BC3 is a 

compromise between BC1 and BC2 since PMMA undergoes small deformations. 

Our study shows that the evolution (Fig. 3) and the distribution of damage (Fig. 4) were also 

close across the BCs. To confirm our observations, we compared the damage computed 

with the different models element per element for each specimen (Fig. 5 a, c). The best 

correlation, concordance and the lowest scattering were obtained when comparing 

embedded vertebra with vertebral section BC1 (BC3/BC1: ccc = 0.956 and BC3/BC2: ccc = 

0.842). A closer look to the damage patterns (Fig. 4) suggested that the damage was 

different mainly in the superior and inferior elements of the sections.  
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Fig. 3. Example of force-displacement curve computed for the 3 boundary conditions until 

ultimate force is reached for a vertebral body with the histograms of damage. 

 

Fig. 4. Damage plots of the simulation of a vertebral body at ultimate force for each of the 

three boundary conditions. Element per element damage comparisons are performed .  
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Fig. 5. Example of damage correlations for a typical vertebra (176L4) between voxel models 

of embedded vertebra (BC3) and models of the sections BC1 and BC2. Green dots represent 

the elements taken into account for the correlation, red squares are elements of the bottom 

layer and blue triangle the elements of the top layer (cf. Fig. 3) (a) and (c) show the 

correlations between the embedded models and the sections with all elements taken into 

account while (b) and (d) display the same correlations when the top and bottom layers are 

excluded from the statistics. 
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That was confirmed by damage correlations (BC3/BC1: ccc = 0.964 and BC3/BC2: ccc = 

0.881) (Fig. 5 b, d). Damage level of those elements was higher when the boundary 

condition was looser: BC1 had the lowest damage, BC2 the highest. This suggested that the 

most influential parameter was the boundary condition of the superior and inferior nodes. 

For the tested BCs, removal of the endplates had low influence on the ultimate force and 

overall damage distribution. 

Our study presents limitations. First, we used in vitro CT scans but due to noise and artefacts 

caused by the soft tissues around the bone, in vivo FE models would be less reliable (Keyak 

and Falkinstein 2003). Secondly, the cortex thickness is about 500 µm for young individuals 

and 300 µm in elderly patients (Christiansen et al. 2011), thus coarsening the voxels size to 

1.3mm lowers BV/TV of the cortex elements due to partial volume effect. Then, the damage 

variable of our bone material model was initially set to zero, although osteoporotic 

vertebrae may exhibit preexisting microdamage (McDonnell et al. 2007).  

We did not compare computational and experimental damage distributions quantitatively. 

However, damage localization computed using the same bone constitutive law was 

validated qualitatively against experiments for vertebral sections (Dall'Ara et al. 2010). 

Finally, since axial compression is the standard procedure in experiments, we only tested 

uniaxial compression although more sophisticated tests were used (lateral bending, flexion-

extension, combined load cases) by Chevalier et al. 2008. As done in most cases when using 

subject-specific QCT-based models, we sectioned the posterior elements. The process 

removal might affect the damage distribution, but Hulme et al. 2007 and Pollintine et al. 

2004 showed that in physiological conditions, only a small portion of the load is carried by 

the posterior elements under axial compression. Eswaran et al. 2007 and Fields et al. 2010 

showed that endplates were at higher risk when loaded via intervertebral discs compared to 

PMMA. However, healthy intervertebral disks may not lead to more realistic boundary 

conditions than PMMA for elderly osteoporotic vertebrae. 

Despite these limitations, this study demonstrated that voxel finite element models of 

vertebral sections provide the same ultimate forces and damage distributions in axial 

compression than models of embedded vertebra for less preprocessing and computing 

time. 
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Abstract 

 
Computer tomography (CT-) based finite element (FE) models of vertebral bodies assess 

fracture load in vitro better than DXA, but boundary conditions affect stress distribution 

under the endplates that may influence ultimate load and damage localization under post-

yield strains. Therefore, HRpQCT-based homogenized FE models of 12 vertebral bodies were 

subjected to axial compression with two distinct boundary conditions: embedding in 

polymethylmethalcrylate (PMMA) and bonding to a healthy intervertebral disc (IVD) with 

distinct hyperelastic properties for nucleus and annulus. Bone volume fraction and fabric 

assessed from HRpQCT data were used to determine the elastic, plastic and damage 

behaviour of bone. Ultimate forces obtained with PMMA were 22% higher than with IVD but 

correlated highly (R2=0.99). At ultimate force, distinct fractions of damage were computed 

in the endplates (PMMA: 6%, IVD: 70%), cortex and trabecular sub-regions, which confirms 

previous observations that in contrast to PMMA embedding, failure initiated underneath 

the nuclei in healthy IVDs. In conclusion, axial loading of vertebral bodies via PMMA 

embedding versus healthy IVD overestimates ultimate load and leads to distinct damage 

localization and failure pattern. 

 

Keywords: Boundary Conditions, Finite Element Analysis, Osteoporosis, Vertebral Strength, 

Intervertebral Disc 
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 Introduction 1.

With 490 000 cases a year in Europe, compression fractures of osteoporotic vertebrae are 

among the most common type of osteoporotic fractures with high morbidity and health 

care costs (Johnell and Kanis 2005). Dual energy X-ray absorptiometry (DXA), the usual 

technique for diagnosis and follow up of osteoporosis in the vertebra, does not account for 

morphology and local variation of bone density and thus, is not a satisfactory surrogate of 

bone strength (Griffith and Genant 2008, McDonnell et al. 2007, Dall’Ara et al. 2012). Yet, 

more advanced methods such as QCT, HRQCT and CT-based finite element (FE) models are 

now used in clinical trials to estimate vertebral bone strength for various load cases 

(Keaveny et al. 2007, Graeff et al. 2009). 

Several studies suggest that vertebral strength is more sensitive to the boundary condition 

on the endplates than to bone quality (Buckley et al. 2006, Jones and Wilcox 2007). 

Therefore, due to the uncertainties introduced by various degrees of disc degeneration in 

elderly spines, validation of the FE models were performed with endplates embedded in 

PMMA (Crawford et al. 2003, Chevalier et al. 2009) or without endplates (Dall’ara et al. 

2010). These boundary conditions, recently found to be equivalent (Maquer et al. 2012), 

may be appropriate for mimicking a highly degenerated IVD that applies a more uniform 

load on the endplates compared to a healthy IVD (Keller et al. 1993). 

However, a higher proportion of wedge fractures is observed clinically for vertebral bodies 

adjacent to degenerated IVD, while patients with healthy IVD rather undergo biconcave 

fractures (Seymour et al. 1998, Lee 2000, Ortiz et al. 2011). Thus, the absence of endplates 

or their embedding would probably generate boundary conditions that are different from a 

healthy IVD and may lead to distinct structural properties.  

In fact, several authors simulated intervertebral discs as boundary condition for their µFE 

models of vertebral bodies but only stress or strain distributions were computed and linear 

elastic models of the IVD were used (Homminga et al. 2004, Eswaran et al. 2006, Eswaran et 

al. 2007, Fields et al. 2010). The recent introduction of hyper-elastic and anisotropic models 

of intervertebral disc would guarantee a more realistic boundary condition but such models 

were only used to investigate disc degeneration (Galbusera et al. 2011) and its effects on 
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the range of motion and stiffness of the spine (Rohlmann et al. 2006) or on the disc stress 

profile (Dolan et al. 2001).  

Thus, while damage and strength of embedded vertebral bodies have been computed in 

some FE studies, the literature is poor in case of specimens surrounded by intervertebral 

discs. Furthermore, although boundary conditions are a critical aspect of biomechanical 

testing, its impact on the failure behaviour of the vertebral body remains unclear as no 

comparison between PMMA embedding and intervertebral discs was undertaken.  

Accordingly, the aim of this work was to determine whether strength and damage 

localisation predictions computed from homogenized finite elements models of human 

vertebral bodies were influenced by the choice of boundary condition. To this end, two sets 

of models based on 12 samples were produced before axial compression was applied: either 

embedding in PMMA was simulated as often done in biomechanical studies in vitro or the 

specimens were surrounded by healthy intervertebral discs. 

 Materials and Methods 2.

An overview of the automatic homogenized finite element (hFE) model generation is given 

in Fig. 1 and Fig. 2. 

2.1 CT scans of the vertebral bodies 

HRpQCT data of 12 vertebral bodies taken from another study (Chevalier et al. 2008) were 

used to generate the FE models (Fig. 1). The authors extracted the vertebrae (L1-L5, age 47-

83, all male), removed the soft tissues, sectioned the posterior elements at the pedicles and 

scanned the vertebral bodies in a water-filled container (XtremeCT, 82 μm, 59.4 kV, 1000 

mA, Scanco Medical AG, Zürich, Switzerland). 

2.2 Image processing 

The image processing and meshing were performed automatically with in-house software 

onthe HRpQCT data following a published method (Pahr and Zysset 2008). A Laplace–

Hamming filter was first used to remove noise (Laib et al. 1998), the images were then 

scaled to a range of 1–250 and segmented between cortical and trabecular masks using a 

‘fill’ algorithm described by Pahr and Zysset (2008) (Fig. 1). 
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2.3 Mesh generation 

 

Fig. 1. Generation of the fFE models of the vertebral body. The HRpQCT data were 

segmented, cortical and cancellous bone separated and three element sets (endplates, 

cortical and trabecular bone) generated using a published method (Pahr and Zysset 2008). 

Bone density and fabric were assessed from the CT images (Pahr and Zysset 2009). 

 

Fig. 2. Generation of the IVDs meshes. Two volumes were extruded from the meshes of the 

cranial and causal cortical endplates of the vertebral body model previously generated. Each 

volume was separated into two domains to distinguish between nucleus pulposus and 

annulus fibrosus and then meshed. The fibres were oriented circumferentially around the 

nucleus by changing the local orientation of each annulus element. 
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Isosurf (Treece et al. 1999) was used to create a triangle mesh on the surface of the 

trabecular mask. This was only a surface mesh without cortex representation yet. Therefore, 

to produce volume meshes for trabecular and cortical bone, the algorithm described in Pahr 

and Zysset 2008 was used. This algorithm generates quadratic wedge elements for the 

cortex by extruding the positions of the nodes of the triangle mesh until the thickness of the 

wedge elements and the local thickness of the cortical mask matches. The trabecular bone 

was meshed by generating quadratic tetrahedral elements within the volume determined 

by the triangle mesh. Endplate elements were selected from the cortex elementset based 

on the angle between the normal of the triangular surface and the anatomical cranio-caudal 

direction. Compared to the published procedure, an extra step became necessary. The 

meshes were imported in Cubit (Cubit mesh generation environment, Version 12.2, CUBIT 

Development Team, Sandia National Laboratory, Albuquerque) and the endplate elements 

were remeshed in order to account for the morphology of the nucleus pulposus. The 

geometry of the half discs (Roaf, 1960) was extruded from the mesh to create two 

independent volume domains (Fig. 2: nucleus pulposus and annulus fibrosus). The meshing 

of the IVD using tetrahedral elements was therefore easier and contact between bone and 

IVD during the simulations was no longer necessary thanks to the perfect bonding between 

the meshes. The dimensions of the intervertebral disc are usually taken from measurements 

(Schroeder et al. 2006, Shirazi-Adl et al. 2010), MRI (Périé et al. 2001, Schmidt et al. 2006) or 

QCT data (Ayturk et al. 2010, Moramarco et al. 2010, Homminga et al. 2011) assuming the 

volume of the nucleus and its positioning within the disc (Jones and Wilcox 2008). Thus, a 

height of 5 mm was used for the two half-intervertebral discs (Amonoo-Kuofi 1991, Inoue et 

al. 1999) and a volumetric ratio of 42% between nucleus pulposus and annulus fibrosus 

chosen (Goto et al. 2002, Moramarco et al. 2010). The cranial and caudal mid-surfaces of 

the discs were chosen flat (Jones and Wilcox 2008). 

2.4 Material properties 

 Bone constitutive model 2.4.1

The elastic and strength properties of each bone element were assigned based on 

morphology information obtained from the HRpQCT images following the methodology of 

Pahr and Zysset 2009. This method provides a bone volume fraction map and fabric tensors 
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describing the morphology of the bone. A background grid with a spacing of 3.0 mm was 

superimposed on the image data. Bone volume fraction and local morphological properties 

were computed inside a spherical sub-region with a diameter of 7.5 mm diameter centred 

at each point of the grid. The bone volume fraction in each sub-region was derived from the 

image data using a calibration curve relating bone volume fraction to apparent bone mineral 

density (Chevalier et al. 2008). The fabric tensor was calculated using the mean intercept 

length method (MIL) (Laib et al. 1998) after segmentation of the scan images at a constant 

threshold (masks). The information was then linearly interpolated between the grid points 

in order to assign the properties to the elements of the FE mesh. 

To model the mechanical behaviour of vertebral bone, a recently proposed visco-plastic 

damage model by Schwiedrzik and Zysset (2012) was adapted. The rheological model is a 

damageable elastic spring in series with a plastic pad, which is in parallel with a dashpot 

element. In the elastic regime, the model shows no strain rate dependence. The plastic 

strains are accumulating viscously. Damage accumulation is assumed coupled to the 

plasticity using a damage function reducing all elements of the stiffness tensor. D is limited 

between 0 (no damage) and 1 (complete failure) accounting for the stiffness reduction of 

the bone elements due to the formation of micro-cracks. The orthotropic elasticity tensor 

was assigned to each element based on the morphological information obtained from the 

images and fabric relationships proposed by Zysset and Curnier (1995) and identified by 

Rincon and Zysset (2009). The elastic domain is bound by an orthotropic fabric and density 

based Tsai-Wu criterion that was fitted to the uni and multiaxial strength data of Rincon and 

Zysset (2009). The viscosity of the plastic accumulation was essentially switched off and the 

hardening/softening function was identified with experimental force-displacement curves of 

vertebral sections (Dall’Ara et al. 2010). 

 Intervertebral disc constitutive model 2.4.2

While linear elastic isotropic models of the disc are available for µFE studies (Homminga et 

al 2004, Eswaran et al. 2006, Fields et al. 2010), two methods are commonly used to model 

the anisotropy of the annulus in hFE models: explicit representation of the collagen fibres by 

bar elements embedded in a matrix (Goto et al. 2002, Rohlmann et al. 2006, Dreischarf et al. 

2011) or homogenized hyperelastic constitutive law of the matrix and fibres. This option, 

developed by Holzapfel and Gasser (2000) to model arteries, was adapted to the annulus 
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fibrosus (Eberlein et al. 2001, Eberlein et al. 2004). Porous models were also developed 

(Swider et al. 2010, Malandrino et al. 2010, Galbusera et al. 2011) but anisotropic models 

may be sufficient to represent the instantaneous response of the intervertebral disc (Jones 

and Wilcox 2008). Therefore, the following free energy functions were derived for the IVD: 
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The modified invariants were defined as: 

       
               

    

with a0 = [cos(φ), sin(φ), 0]t and b0 = [cos(φ), − sin(φ), 0]t) being unitary vectors giving fibres 

direction and C* is the modified right Green strain tensor: 

      ⁄                 
  

 ⁄      

F is the deformation gradient and J = det(F). This constitutive model was chosen by several 

authors (Perez del Palomar et al. 2008, Moramarco et al. 2010) and validated against the 

literature (Brown et al. 1957, Markolf and Morris 1974, Panjabi et al. 1994, Guan et al. 

2007). The value of the coefficients C10, C20 (matrix material), Δ (compressibility modulus), 

K1 and K2 (fibres stiffness) were taken from Moramarco et al. 2010. 

An angle φ = ± 30° was chosen relative to a transverse plane and both fibre families were 

acting only in tension (Ji < 1, Ψfibresi = 0, Peyrault et al. 2009). The fibres were placed 

circumferentially: thanks to a python script, the local orientation of each annulus elements 

was defined according to the geometry of the annulus contours. A smooth distribution was 

achieved by means of a linear interpolation between the orientation at the inner contour 

around the nucleus and outer contour of the annulus fibrosus (Fig. 2). PMMA was defined as 
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linear isotropic with E = 3000 MPa, = 0.3 and prescribed to the nucleus and annulus 

elementsets without modifying the meshes for the PMMA boundary condition. 

2.5 Simulations 

The constitutive laws have been implemented as FORTRAN subroutine (UMAT) and non-

linear analyses were performed with Abaqus (Abaqus6.9, Simulia, DassaultSystemes, Velizy-

Villacoublay, France). The nodes of the caudal surface of the inferior discs were fixed axially 

and a displacement (PMMA: 3 mm, IVD: 6 mm) was applied on the nodes of the cranial 

surface of the superior discs at slow constant displacement rate of 5 mm/min (Chevalier et 

al. 2008). The nodes of both surfaces were free transversely. We computed force-

displacement curves, determined the ultimate forces (UltPMMA and UltIVD) and damage 

distribution of the vertebral bodies. 

 

Fig. 3. Regions of interest of the vertebral bodies: 1, subdiscal trabecular elements located 

underneath the nuclei, 2, trabecular elements adjacent to cortical wall, 3, elements of the 

cancellous core, 4, cortical endplates, 5, cortical shell and 6, full vertebral body. 

To understand the mechanisms of damage accumulation in bone, the fraction volume 

damaged (FVD) and weighted mean damage (WMD) were calculated in six element sets: the 

complete vertebral body, its endplates, cortex and the trabecular bone composed of three 
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sub-regions: the elements of the trabecular core located underneath the nucleus pulposus 

(the same elements were picked in case of PMMA boundary condition), the elements 

besides the cortical wall and the elements of the core (Fig. 3). 

     
∑  

 

∑  
            

∑   
      

∑  
 

Vi being the volume of the ith element of the element set, Di the damage level of the ith 

element and   
 , the volume of the ith element of the element set if Di > 0. Therefore, ∑  

  

is the volume of the element set that is damaged. Moreover, WMD describes the extent of 

damage accumulation within an element set. 

2.6 Statistics 

Pearson’s correlation coefficient (R²), regression equation, concordance correlation 

coefficient (ccc, Lin 1989) and standard error was computed for the correlation of ultimate 

forces between the two loading conditions. Paired two-tailed Student’s t-tests were 

performed for comparisons of volume damaged and weighted mean damaged. Significance 

level was set to 95% (p<0.05). 

 Results 3.

The meshes counted 12000 elements in average. PMMA and IVD simulations lasted 5h and 

13h on a four 3 GHz processors PC with 24GB RAM. 

3.1 Comparison of force-displacement curves 

 Verification of the force-displacement curves 3.1.1

Ultimate force was defined as the maximum force reached before softening (Fig. 4) and we 

computed ultimate forces with PMMA (UltPMMA = 3610 ± 1419 N) and IVD (UltIVD = 2841 ± 

1064 N). Using the same protocol with PMMA, Chevalier et al. (2008) measured 

experimentally an ultimate force equal to 5339 ± 2138 N and the correlation obtained 

between our ultimate forces and their experimental measurements is excellent (R2 = 0.898).  

By compressing in vitro lumbar vertebrae surrounded by intervertebral discs, Jiang et al. 

(2010) measured a failure load of 2900 N. 
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Fig. 4. Force-deflection curve computed for the two boundary conditions. Ultimate forces 

reported as the maximal force obtained before softening occurs were significantly different. 

 

Fig. 5. Although the ultimate forces computed IVD and PMMA boundary conditions were 

significantly different, their correlation was high. 
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 Pre-yield local force maxima 3.1.2

One or several local maxima were seen on force-deflection curves of every IVD simulation 

before the ultimate force was reached (Fig. 4). These peaks were observed in previous in 

vitro tests (Roaf 1960, Henzel et al. 1968, Shirado et al. 1992). 

 The effect of boundary condition on the yield behaviour 3.1.3

The average UltPMMA was 22 % higher than UltIVD. However, excellent correlation was found 

between UltPMMA and UltIVD (R
2= 0.988, ccc = 0.79, std_err = 0.028) (Fig. 5). Moreover, in 

both cases, softening was observed after reaching the ultimate force. However, the 

decrease in force due to softening was always higher with PMMA than with IVD. The 

embedded vertebral bodies were also more brittle than the ones with discs and yield 

occurred earlier. The deformation of the compliant intervertebral discs explains partly these 

observations but not entirely: embedded specimens appeared also to dissipate more energy 

than specimens surrounded by discs. 

3.2 Comparison of damage localisation 

 Evolution of damage 3.2.1

The evolution of FVD and WMD during the compression of a vertebral body (Fig. 6) shows a 

faster increase of the volume damaged in trabecular and cortical bone with PMMA. 

Moreover, the endplates were more subject to damage when not constrained by the 

embedding material: the volume of damaged elements and their damage was rising higher 

and faster. 

 Damage localization with IVD at the pre-yield local force maxima 3.2.2

One or several local force maxima were observed on the force-deflection curves of the IVD 

boundary condition. Damage maps of a few increments before (Fig. 7 a) and after that peak 

(Fig. 7 b) show that this small but sudden decrease of force seemed to be related to damage 

initiation in the cancellous bone below the nucleus. 
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Fig. 6. Evolution of the FVD (a and b) and of the WMD (c and d) in the element sets of a 

vertebral body plotted against the relative displacement. The relative displacement is 1 at 

the ultimate force. 1, trabecular bone, 2, cortical shell, 3, endplates and 4, vertebral body. 

 

Fig. 7. Damage plots (a) before and (b) after the local maximum observed on Fig. 4 for a 

vertebral body.  
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 Qualitative observations from damage plots 3.2.3

Coronal views of the damage localisation for a typical specimen (176L4) display the map of 

damage of the embedded vertebra PMMA and the IVD boundary conditions. They were 

different, especially in the endplates region. Indeed, at ultimate force (Fig. 8 a, c), the 

highest levels of damage are seen in the trabecular bone underneath the nuclei, while the 

embedding seemed to “protect” this area of the bone even for displacements superior to 

the ultimate displacements (Fig. 8 b, d). 

 

Fig. 8. Damage plots during compression of a typical vertebral body (176L4). Damage 

localisations at ultimate force (a and c) and at the end of the simulation (b and d) are 

displayed in the coronal mid-plane for each boundary condition. 

 Quantitative evaluation of damage 3.2.4

The FVD and WMD were compared between both types of boundary conditions (Fig. 9). The 

volume of cancellous bone damaged was similar for both boundary conditions but the 

localisation of damage within the trabecular bone itself was studied specifically (Fig. 9 a). 

The fraction of volume damaged in the trabecular core was higher with PMMA (TBCore: 
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FVDPMMA = 66% - FVDIVD = 59%, p = 0.1) but this difference was not significant. The cortical 

region of the trabecular bone was more likely to damage with PMMA (TBCortex: FVDPMMA = 

17% - FVDIVD = 7%, p=0.008) while the trabecular region under the nuclei was more sensible 

with IVD (TBNucleus: FVDPMMA = 7% / FVDIVD = 19%, p<0.001). Those results were coherent 

with the FVD of the cortex (FVDPMMA = 65% / FVDIVD = 58%, p = 0.02) and endplates (FVDPMMA 

= 18% / FVDIVD = 77%, p < 0.001). 

However, a quick glance at WMD (Fig. 9b) suggests that damage accumulated significantly 

more in all elementsets (pTBNucleus, pTBCortex and pendplate< 0.001, pTBCore=0.02) but the cortex 

when the IVD boundary condition was used. We observed qualitatively that every region of 

the trabecular bone and the cortical endplates seemed protected when loaded via PMMA. 

This is also shown by a significantly higher damage level in the complete vertebral body 

(WMDPMMA= 0.12 – WMDIVD = 0.17, p=0.02). 

 

Fig. 9. Effect of the boundary conditions on FVD and WMD per region of interest at ultimate 
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force. TBNucleus (subdiscal trabecular elements located underneath the nuclei), TBCortex 

(trabecular elements adjacent to cortical wall), TBCore (elements of the cancellous core), 

endplates, cortex and vertebral body. Significant differences are marked with *. 

 Discussion 4.

Several authors studied the effects of boundary conditions during loading (Homminga et al. 

2004, Eswaran et al. 2006, Fields et al. 2010, Homminga et al. 2011) using computationally 

expensive linear elastic µFE models. They did not attempt to compute the ultimate force, 

keystone of fracture risk prediction from FE (Crawford et al. 2003, Buckley et al. 2007, 

Chevalier et al. 2008), nor did they quantify damage in the bone. In this study, we use the 

state-of-the-art intervertebral disc and bone models to measure the effect of fully 

degenerated (PMMA) and healthy (IVD) boundary conditions on ultimate force and damage 

localisation.  

A closer look to the force-deflection curves reveals that our simulations are able to capture 

fine details: local force maxima are seen on every computed force-deflection curves before 

yield. Interestingly, Roaf (1960), Henzel et al. (1968) and Shirado et al. (1992) observed 

peaks before failure of the vertebral body, referring to them as endplates disruptions which 

is coherent with the sudden increase in damage observed after the peaks in the endplates 

and trabecular region under the nuclei in in vitro (Jiang et al. 2010), in vivo (Ortiz et al. 2011) 

and in silico (Fields et al. 2010) studies. Moreover, this injury is occurring with healthy 

intervertebral disc as our models of discs. 

UltPMMA is higher than UltIVD. The force-deflection curves highlight the effects of the 

boundary condition on ultimate force: the stiffness of the embedding material compared to 

the relative softness of the healthy intervertebral disc affects the way the endplates 

distribute stress in the vertebral body and the overall ductility of the vertebral bodies 

(Nekkanty et al. 2010). Indeed, in vitro (Shirado et al. 1992 and Dai 1998) and FE (Homminga 

et al. 2001, Polikeit et al. 2004) studies reports less risk of fracture for an osteoporotic 

vertebral body when surrounded by degenerated discs: the trabecular bone acting as an 

energy absorber carries a higher fraction of the load than the cortical shell when the 

vertebra is surrounded by healthy discs, while this fraction is lower in case of a stiff 

degenerated disc (Kurowski and Kubo 1986, Homminga et al. 2001, Adams et al. 2006, 
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Homminga et al. 2011). The underestimation of our FE predictions compared to 

experimental data is explained by the non-viscous nature of our constitutive law for bone. 

Although, switching on the viscosity term of the bone material would improve the FE 

prediction of the ultimate forces measured by Chevalier et al. (2008), this switch would 

affect equally the FE simulations with PMMA and IVD boundary conditions. 

The ability of our models to compute damage localisation provides further insight to our 

understanding of damage mechanisms. We found that the PMMA embedding keeps the 

endplates intact whereas damage is easily initiated via intervertebral discs under the 

nucleus. The stiff embedding material provides rigid boundary conditions that prevent any 

deformations in the endplates as Fields et al. 2010 showed by suppressing the Poisson 

effect of the discs. Additional measures show that the endplates and the trabecular bone 

underneath the nuclei are the weakest regions in osteoporotic vertebral bodies and 

undergo the highest deformation when loaded with healthy intervertebral discs (Kurowski 

and Kubo 1986, Eswaran et al. 2007, Fields et al. 2010). 

The relative difference UltPMMA/ UltIVD is always about 20% and good correlation exists 

between UltPMMA and UltIVD (R2 = 0.988). This suggests that FE models with embedding 

material are actually as good as FE models with intervertebral discs to compute vertebral 

strength of the vertebral bodies knowing the shift between the two predictions (UltIVD= 

UltPMMA * 0.746 + 149.692). Therefore, an explicit modelling of the intervertebral disc 

does not seem necessary for transversal and longitudinal comparisons of vertebral strength 

as suggested by Buckley et al. (2006). This high correlation between UltPMMA and UltIVD 

might seem surprising. The stiffness of the specimen decreases while its overall level of 

damage increases. However, only a damage localisation band through the entire vertebral 

body can explain why a specimen reaches ultimate force. This band corresponds 

approximately to the elements with the lowest BVTV and is independent of the boundary 

condition, which may explain the high correlation. Therefore, although the growth of 

damage is depending on the boundary condition, with high areas of damage occurring 

initially under the endplates with IVD, the damage localisation band at ultimate load 

presents similarities and the difference between UltPMMA and UltIVD becomes almost 

independent of the specimen tested. The higher damage level under the nuclei explains the 

non-visibility of “central band of damage” from Fig. 8 c while visible on Fig. 8 a, b, d). 
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The first limitation to highlight concern the material tested. The number of specimens used 

is limited (12). However, considering the wide range of age (47-83 y.o.), level (L1-L5), BMD 

(0.29-1.22 g.cm-2) and shape, excellent correlation of ultimate forces and similar damage 

localisation were computed from our specimens. A second limitation pertains to the 

damage that does not take in account a pre-existing micro-damage. Finally, we only tested 

rigid uniaxial compression although sophisticated loading cases were tested (lateral 

bending, flexion-extension, combined load cases) by Chevalier et al. (2008). However, 

Chevalier and Zysset (2012) showed that all major stiffnesses correlated well with the axial 

stiffness. In addition, no experimental tests were performed to validate our spine unit 

models with the ideal intervertebral discs. Nevertheless, both models of bone and discs had 

been already validated independently in previous studies (Pahr et al. 2011, Moramarco et 

al. 2010) and the ultimate forces computed were in agreement with the available literature.  

Finally, while embedding of the vertebral endplates is commonly used as a biomechanical 

testing protocol, our study demonstrated that ultimate force and damage distribution of 

vertebral bodies were affected significantly by the presence of a soft intervertebral disc 

using hFE models running 100 times faster than corresponding µFE models even on a 

standard PC. 
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Abstract 

Disc degeneration, associated with low back pain and loss of intervertebral stiffness, 

represents a major health issue with high costs. As the intervertebral disc (IVD) morphology 

influences the stiffness measurements, the link between mechanical properties and 

degenerative grade is partially lost without normalisation with respect to geometry. Indeed, 

no stiffness normalisation has been defined systematically for 4 usual biomechanical tests 

(compression, torsion, lateral-bending, flexion/extension). Therefore, a parameter study 

involving simulations of those tests on 20 Finite Elements IVD models with identical non-

linear hyperelastic material but various dimensions was carried out. Initial (initial slope), 

final (major slope) and total (load/displacement) apparent stiffnesses (Ki, Kf, Kt) computed 

from the simulated load-deflection data were normalised by height (H) and cross-sectional 

area (CSA), polar moment of inertia (J) or moments of inertia (Ixx, Iyy). This normalisation 

routine was applied to the experimental stiffnesses of 14 human lumbar IVDs for each of the 

4 quasi-static biomechanical tests, H, CSA, J, Ixx and Iyy were computed from T1-weighted 

MRI to minimize shape approximations. The study confirmed that normalisation strongly 

attenuated the higher stiffness observed with wider IVDs, especially for the Ki. It also 

improved the correlations between Ki, Kf and Kt for each load case. No relations between 

the compressive normalised stiffness and other stiffnesses were found while torsion, 

bending and flexion/extension normalised stiffnesses were significantly correlated. The 

results show that the geometrical effect can be attenuated. The MRI-based normalisation 

proposed for all 4 biomechanical tests, requisite for inter-individual and inter-level 

comparisons of intervertebral stiffness, is necessary to relate the mechanical properties of 

an IVD to its degree of degeneration. 

 

Keywords: Human intervertebral disc, Stiffness normalisation, Compression, Torsion, 

Bending. 
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 Introduction 1.

Half of the western population suffers from low back pain at least once in life, which 

represents a major health issue with billions spent in health care costs (Panjabi 2003). In a 

majority of patients, the pathogenesis of lower back pain cannot be determined with any 

degree of certainty. It is usually attributed to muscular or ligamentous strain, facet joint 

arthritis, or pressure exerted by the intervertebral disk on the annulus fibrosus, the 

vertebral end plates or nerve roots (Wise 2011).  

The intervertebral stiffness loss resulting in greater spinal motions (spinal instability) is 

related to a clinical instability (pain or neurological deficit) (Panjabi 2003, Leone et al. 2007). 

Several structures affect the spinal stability: facets joints covered by articular cartilage, 

ligaments, muscles, intervertebral disc (IVD) (Kirkaldy-Willis et al. 1982, Stokes et al. 1987). 

Biomechanical testing on cadaver intervertebral segments highlighted the contribution of 

the intervertebral disc (IVD) with a change in load distribution (Dolan and Adams 2001), 

neutral zone (Panjabi 2003), range of motion (Tanaka et al., 2001) and stiffness (Haughton 

et al. 1999) after alterations due to the degenerative process (Nachemson et al. 1979). 

Indeed, the IVD stiffness decreases at early degeneration stages but increases at the latest 

grade during spondylophytes formation (Kirkaldy-Willis et al. 1982, Krismer et al. 2000). 

Several experimental studies showed that the disc seems to become stiffer in compression, 

torsion, lateral bending, flexion/extension as its height decreases or CSA increases (Adams 

et al. 1990, Natarajan et al. 1999). As Finite Element (FE) provide further insight into our 

understanding of IVD’s mechanics (Moramarco et al. 2010, Quasim et al. 2012). An FE 

parameter study confirmed the significant impact of its geometry on its stiffness regardless 

of its degeneration by varying height and cross-sectional area (CSA) of an IVD model with 

identical material properties, something impossible experimentally (Natarajan et al. 1999). 

Hence, any attempts to compare the stiffness of two specimens are biased by the inter-

individual variability due to height and area changing with age (Koeller et al. 1986, 

Amonookuofi et al. 1991), spinal level (Koeller et al. 1984) or gender (Nachemson et al. 

1979). Furthermore, as the morphology could prevail upon material properties, the 

correlation of the stiffness with the degenerative grade is hardly possible without a proper 

normalisation with respect to geometry. Performing level-wise studies reduces the inter-
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specimen variability (Tanaka et al. 2001) but since it is sometimes challenging to obtain 

enough human material, direct comparisons are usually done (Schmidt et al. 1998, Bisschop 

et al. 2013).  

Normalisation of bone (Mosekilde et al. 1987), muscle (Ryan et al. 2011) or tendon apparent 

stiffness (Fouré et al. 2012) using cross-sectional area is common. Surprisingly, similar 

approach was employed on the intervertebral disc only in few original contributions 

pertaining to inter-species comparisons of stiffness normalised by geometry (Elliott and 

Sarver 2004, Beckstein et al. 2008, Showalter et al. 2012). The authors divided the 

compressive or torsional stiffness of each IVD by its CSA or polar moment of inertia (J) and 

multiplied the results by the sample’s height. The authors assumed an elliptical disc cross-

section for the CSA/J calculations but this analytical method has never been applied to 

lateral bending and flexion/extension measurements. 

Such assumptions on the IVD’s shape can be avoided using MRI (Magnetic Resonance 

Imaging) extensively used in clinics. Unlike CT (computed tomography), it provides high-

resolution images accurately rendering the disc morphology (Belavy et al. 2012).  

Considering the high impact of the geometry on the intervertebral mechanics and the lack 

of gold standard for stiffness normalisation, the aim of this work is to propose a new 

protocol for the normalisation of the stiffness of IVDs loaded in compression, torsion, lateral 

bending and flexion/extension using accurate MRI-based morphological data. This protocol, 

tested on 20 FE models with various dimensions, was applied on the stiffness of 14 human 

lumbar intervertebral discs.  

 Materials and methods 2.

2.1 Method of normalisation 

Assimilating the IVD to a short beam with minimal shear, its apparent moduli (KN in MPa) 

can be computed by normalising its apparent stiffnesses (K) in compression (N/mm), 

torsion, lateral bending and flexion extension (Nmm/°) by height (H, mm), area (CSA, mm2), 

polar moment of inertia (J, mm4) or area moment of inertia (Ixx, Iyy, mm4) of its cross-section, 

as commonly done in linear elasticity. Ixx, computed along the lateral diameter (x), is 

associated with lateral bending, Iyy, calculated along the anteroposterior diameter (y), is 

related to the flexion/extension stiffnesses.  
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2.2 Parameter study 

A parameter study was conducted on 4 sets of 5 FE models of IVD using Abaqus (Abaqus 

6.10, Simulia, Dassault-Systemes, France). Those 20 models had identical material 

properties but differed in height (z), lateral (x) and anteroposterior (y) diameters.  

 
 

Fig. 1. Overview of the study. First, a parameter study was carried out on 20 FE models with 

various dimensions. Axial compression, torsion, lateral bending or flexion/extension were 

simulated and their apparent stiffness and moduli computed. The second part of the study 

dealt with the normalisation by geometry of experimental IVD stiffness measured from the 

data of biomechanical tests on 14 human intervertebral segments.  
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A constitutive law implemented in Fortran (UMAT) in a previous work (Maquer et al. 2012) 

was chosen. Identical Neo-hookean and fibre-reinforced anisotropic hyperelastic materials 

were simulating the material properties of nucleus pulposus and annulus fibrosus 

respectively in every model. A volumetric ratio of 42 % between nucleus and annulus was 

assumed and tension-only fibres were placed circumferentially in the annulus with a relative 

angle of ± 30° relative to the transverse plane. The vertebral bodies, regarded as rigid bodies 

compared to the soft IVD, were not modelled.  

To study the effect of CSA and J on compressive and torsional apparent stiffnesses, a first 

set was generated. X and y diameters of a mesh selected from the previous investigation 

were scaled simultaneously by 0.75, 1, 1.25, 1.5 and 1.75 while z was kept equal to the 

height of this original mesh. Axial compression up to 2 mm (15% strain) and torsion -3° to 3 ° 

were performed by applying displacements on the cranial nodes of the meshes, the nodes 

of the caudal surfaces being constrained. Then, two other sets were produced, to check the 

influence of Ixx and Iyy, by applying a similar scaling procedure either on x or y, leaving the 

other diameter and height unchanged and 3° lateral bending was performed when x was 

scaled, 3° flexion/extension when y was scaled. Finally, identical compression (15% strain), 

torsion, lateral bending and flexion/extension (-3° to 3°) tests were performed on the 

remaining set of models whose height was scaled from 0.75 to 2 as previously done keeping 

x and y unchanged. 

As the stiffness definition remains variable in the literature, initial (Ki), final (Kf), total (Kt)  

apparent stiffnesses were computed for each set of FE data. Ki was defined as the initial 

slope of the loading curve (Markolf et al. 1974, Bisschop et al. 2013) and Kf as its final slope 

(Brown et al. 1957) and Kt as the ratio of the applied torque (or force) by the displacement 

achieved (Schmidt et al. 1998, Brown et al. 2002). An example on the experimental data can 

be found on Fig. 2. 

The main diameters x and y of an ellipse fitted to the middle cross-section (Python script) of 

each model were used to approximate their CSA, J, Ixx and Iyy and compute the apparent 

moduli: 
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To assess the geometry on the stiffness measurements and evaluate the benefit of the 

normalisation, the apparent stiffnesses and moduli were plotted against CSA, J, Ixx, Iyy and H. 

Finally, for verification, the procedure was repeated to the 4 sets of meshes with linear 

elastic material properties (E = 3000 MPa, ν = 0.3). 

2.3 Experimental application 

After approval of the Ethics Committee of the Medical University of Vienna, 14 segments 

(T12-L1, L2-L3, L4-L5) were extracted from 6 human lumbar spines (63-89 y.o). All specimens 

were taken from individuals who voluntarily donated their bodies to the Center of Anatomy 

and Cell Biology of the Medical University of Vienna for postmortem studies by their last 

will. The posterior bony elements of the vertebrae and all soft tissues but intervertebral 

discs were removed. The free endplates of the surrounding vertebrae were embedded in a 

10mm-thick layer of PMMA (polymethylmethacrylate). The specimens were stored at -20°C 

in sealed polyethylene bags and thawed at temperature room (20°C) the night before any 

manipulations (Fig. 1). 

To minimize assumptions on the shape of the intervertebral discs when calculating the CSA 

and moments of inertia of the samples, T1-weighted anatomical images were acquired from 

each specimens placed in a custom-built container filled with 0.9% saline saline solution on 

a 3T VERIO Siemens MRI system (3D VIBE sequence, parameters: TR/TE = 12ms/5.58ms, 2 

averages, flip angle 10 degrees, field of view 128x128x160, 0.25x0.25x0.5 mm3 resolution, a 

15-channel knee coil was used for transmission and reception). ITKsnap (Yushkevich et al. 

2006) was used to segment the IVD from the rest of the image (Fig. 1). The resolution being 

known (x=0.25mm, y=0.25mm, z=0.5mm), the volume (V) of the disc was calculated by 

summing the volume of the segmented voxels Vi (M voxels per disc). A similar approach was 

performed on the cross-sectional area Ai of voxels of the cross-section of the disc (N voxels 

per cross-section) to compute CSA, J, Ixx, Iyy using a Python script.  

To facilitate the calculation of the moments of inertia of the disc, an in-plane rotation was 

applied to the segmented image to fit the disc’s lateral and anteroposterior diameters to 

the x and y-axis of the coordinate system of the image. Special care was also taken to relate 

the moment of inertia calculation to the centroid (Cx, Cy) of its cross-section. Finally, the 

average height (H) of the specimen was determined from the values of CSA and V. The 
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anatomical data, polar and area moments of inertia of each specimen can be found in 

TableA.1 in the appendix:  

     ∑   
 
           ∑   

 
          

 

   
 

 

     ∑          
           ∑          

              

 

After the scanning, the samples were wrapped in 0.9% saline-soaked gauzes and non-

destructive quasi-static experiments were conducted. Axial compression up to 1000 N and 

release was applied 5 times on the specimens at constant loading rate (2000 N/min) via a 

servohydraulic device (MTS, Bionix, U.S.A.) after alignment with the load axis. The 

displacement of the cranial vertebral body was recorded. Torsional and bending tests 

(bilateral torsion/bending, flexion/extension) were conducted on a spinal loading simulator 

without pre-load (Gédet et al. 2007, Gédet et al. 2009). Pure moments (-5 to 5 Nm) were 

applied 5 times on each specimen at constant displacement rate (0.8°/s) via brushless DC 

motors (EC40-BLD-120W-KL-2WE, Maxon, Switzerland) rigidly fixed to the PMMA layer of 

the cranial vertebral body. One X-shaped reflective marker (4 LEDs, resolution 0.1 mm) was 

attached on each PMMA layer.  Their positions recorded via motion capture (Optotrak3020, 

Northern Digital, Canada) were used to compute the relative angular displacements of the 

vertebral bodies in Matlab (Mathworks, Natick, U.S.A.) while a 6-axis load cell (MC3A, AMTI, 

U.S.A.) recorded the moments applied on the superior vertebral body (Fig. 2).  

The 5th loading-unloading cycle was kept for evaluation. As the data was irregularly 

distributed, a mathematical fit proved necessary to assess the compliance of our samples. 

An exponential and a double sigmoid function were fitted to the compression, rotational or 

bending data via a minimization of the residuals (optimize.leastsq, Python, vanRossum and 

deBoer 1991). The fit quality was assessed by coefficient of determination also computed 

from the residuals (Smit et al. 2011).  

Ki, Kf, Kt were determined from the fitted load-deflection data from all biomechanical tests 

for each specimen (Fig. 2). Kf and Kt were calculated at the same deformation for each 

specimen to include even the stiffest discs: a 3° angle or 15% strain. Finally, the apparent 

moduli were calculated by normalising those measured stiffnesses using the morphological 
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data from the MRI as introduced in the previous section. To determine whether initial, final 

and total stiffnesses provide equivalent information about the intervertebral disc, 

correlations between Ki, Kf and Kt before and after normalisation were computed. Extra 

correlations between the normalised total stiffness of the 4 biomechanical tests were also 

performed. 

 

Fig. 2. An exponential function or a double sigmoid (Exp fit) was fitted to the experimental 

data (Exp data). Ki, Kf and Kt were computed as the initial slope, major slope of the curves 

and force applied over the displacement (or moment/angular displacement) respectively.  

 Results 3.

3.1 Outcomes of the parameter study 

Each simulation lasted 1 min on a 4-processors 3GHz PC with 24GB RAM (~2000 elements). 

As expected, a larger or a thinner IVD proved to be stiffer no matter the biomechanical test 

and regardless of the material (linear elastic or anisotropic hyperelastic). However, although 
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Ki, Kf and Kt were obviously equivalent with a linear elastic disc, they were clearly distinct 

when a non-linear material was used. As expected, the normalisation cancelled completely 

the change of stiffness with geometry in case of a linear elastic material, the apparent 

moduli Ki
N, Kf

N, Kt
N being identical. Such results were not obtained with the IVD but the 

normalisation attenuated the effect of geometry on the apparent stiffnesses especially on Ki 

(Fig. 3 and Fig. 4).  

3.2 Experimental results 

The fitting of the exponential and double-sigmoid to the experimental load-deflection data 

was satisfactory enough for stiffness calculation (R2 > 0.95). The stiffness correlations 

between left (L in Fig. 1.) and right (R) torsion (R2 ~ 0.96) and lateral bending (R2 ~ 0.97) were 

excellent. The tested IVDs had a symmetrical behaviour in torsion and lateral bending, thus 

only stiffnesses measured from right torsion and bending were used in the rest of the study. 

Flexion and extension were still distinguished as only lower correlation was found (R2 ~ 

0.73).  

For verification purposes, the experimental stiffnesses were compared to data from the 

literature data whenever a similar experiment was found. While the mean of each 

measurement was comparable to the literature, the standard deviations were large 

(Table1).  

The full set of height, age, spine level, CSA, J, Ixx, Iyy, apparent stiffnesses and moduli for the 

14 specimens can be found in TableA.1 in Appendix. Analysis of this table confirmed that 

larger IVDs were generally stiffer although exceptions were common especially when 

focusing on the apparent moduli. The correlations of Ki against Kf and Kt were significant for 

every load case and were significantly improved by the normalisation (Table2).  

Further correlations showed that the total apparent modulus from the compression test 

could not be related to the apparent moduli of the other tests. However, significant 

correlations were found between the apparent moduli from torsion, lateral bending, flexion 

and extension tests (Fig. 5). 
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Fig. 3. Effect of CSA, J, Ixx, Iyy and normalisation on FE stiffnesses. No matter the type of 

stiffness, it increased with CSA, J, Ixx, Iyy. The normalisation only attenuated this tendency. 

 

Fig. 4. Effect of H and normalisation on FE stiffnesses. No matter the type of stiffness, it 

decreased with H. The normalisation only attenuated this tendency.  
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Table 1. Stiffness compared to the available literature for human lumbar levels. [1] 

Showalter et al. 2012, [2] Brown et al. 1957, [3] Schmidt et al. 1998, [4] Smit et al. 2011. 

Current study Literature data

Ki 0.009±0.01 -

Kf 1009±550 1734±446 [1] 

Kt   327±210 230 [2]

Ki 1.393±1.3 -

Kf 2.273±2.09 3.18±0.89 [1]

Kt   1.451±1.58 2.2  [3]

Ki 0.567±0.35 -

Kf 1.424±1.0 -

Kt   0.863±0.72 1.35  [3]

Ki 0.309±0.22 0.133±0.06 [4]

Kf 0.781±0.94 -

Kt   0.512±0.42 0.9 [3]

Ki 0.313±0.21 0.138±0.067 [4]

Kf 0.832±0.75 -

Kt   0.538±0.58 1.75 [3]
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Table 2. The coefficient of determination (R2) between measured stiffnesses (Ki against Kf 

and Kt) are displayed on the first line of this table, the second line focuses on the normalised 

ones (Ki
N against Kf

N and Kt
N).  

Kf Kf
N Kt Kt

N Kf Kf
N Kt Kt

N Kf Kf
N Kt Kt

N Kf Kf
N Kt Kt

N Kf Kf
N Kt Kt

N

Ki 0.56 0.75 0.95 0.97 0.79 0.75 0.45 0.58 0.62 0.79

Ki
N 0.74 0.83 0.97 0.98 0.85 0.87 0.57 0.70 0.78 0.89

Extension
R

2
Compression Axial torsion Lateral bending Flexion
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Fig. 5. Correlations of   
 between biomechanical tests. Compressive stiffness could not be 

related to the other tests’ stiffnesses while torsion, bending and flexion/extension results 

were significantly correlated (p < 0.05). 
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 Discussion 4.

Scientific publications about biomechanical testing of the IVD are abundant. Yet, 

compression, torsion, lateral bending and flexion-extension were hardly performed 

successively on a set of human specimens with systematic computation of initial, final and 

total stiffnesses. Besides, large discrepancies due to diverse setups, protocols and specimen 

variability induce large standard deviations in the measurements, making inter-specimen 

comparisons challenging as long as no standard normalisation protocol is defined. 

Therefore, this study is introducing a normalisation method for every usual biomechanical 

test, tested on FE models and applied to human specimens of various sizes.  

Our FE parameter study confirms the influence of the geometry on the disc’s mechanical 

response: the larger the cross-sectional area, polar moment of inertia or area moments of 

inertia or the smaller the height, the stiffer the disc for every biomechanical test (Natarajan 

et al. 1999, Showalter et al. 2012). The effect of normalisation was also evaluated on IVDs 

with linear and non-linear materials. The normalised stiffness computed with a linear elastic 

disc is a constant apparent modulus. However, although the effect of the size when a more 

realistic material is chosen for the IVDs (non-linear hyperelastic constitutive law) is 

attenuated but not suppressed as geometrical and material non-linearity arise in this case. A 

non-linear material behaves more or less linearly for very small deformation. Therefore, it is 

not surprising that the outcome of the normalisation of Ki, the initial slope of the load-

deflection curves, is almost a constant apparent modulus Ki
N. The material non-linearity 

could have been accounted for by normalising the measured stiffnesses by the relations 

between stiffness, H, CSA, J, Ixx and Iyy obtained from the non-linear FE simulations. This will 

be a possibility when the FE models of the IVD will be reliable enough to mimic completely 

the mechanics of a real intervertebral disc. As the current state of art is not that advanced 

yet, the FE models were used in this study only to verify the influence of the normalisation 

on the stiffness. 

The experimental stiffnesses calculated presented large standard deviations, even after 

normalisation. The specimens were extracted from different donors whose age was ranging 

between 63 and 89 with a high variability in their height and area. With such a span, it 

would not be surprising to encounter diverse degrees of degeneration within our set of 

samples. Moreover, the apparent moduli computed from compression data do not correlate 
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with the moduli of the other tests. In fact, Michalek et al. (2010) showed that the disc 

degeneration affects differently compressive and torsional response, a loss of pressurization 

explaining the alteration in compression, a fibre disruption the change in torsion mainly 

because the collagen fibres only buckle when compressed but offer a strong stiffness in 

tension. On the other hand, the significant correlation between torsion, lateral bending, 

flexion and extension apparent moduli suggests that the behaviour of the IVD for those 

loading modes is affected by the same condition, potentially the fibre disruption 

hypothesised by Michalek et al. (2010). The disc degeneration influences the intervertebral 

stiffness, so does the presence of tears in the annulus (Haughton et al. 1999). Nevertheless, 

the behaviour of our samples was symmetrical in left and right torsion and lateral bending: 

either the intervertebral discs did not present major defects or the tears affect the 

mechanical response of the IVD to left or right solicitation similarly. Finally, the significant 

stiffness correlations obtained between initial, final or total stiffness suggest that those 

measures are not contradictory. Hence, it is somehow possible to relate the overall 

mechanical response of the intervertebral disc to its earliest stage of deformation, the 

neutral zone known to be a more sensitive measure of spinal destabilization than the range 

of motion (Smit et al. 2011).  

A fast VIBE sequence was chosen for the imaging because it allows acquisition of the data in 

a relatively short time (~ 12 minutes). The obtained images were used for the fully 

automated computation of height, cross-sectional area, polar moment and area moments of 

inertia. To ensure proper loading of the RF coil and to avoid drying of the specimen, the 

studied samples were scanned in physiological saline solution and not in air. No swelling was 

observed for the duration of the measurements.  

There are few limitations to be aware of. The removal of the posterior parts of the 

vertebrae and surrounding tissues obviously influences the mechanical behaviour of the 

segments. Then, to be reliable, in vitro testing procedures should be performed with well-

controlled conditions. Thus, quasi-static tests were conducted, since the intervertebral 

compliance is dependent on the loading rate and the hydration of the disc. Nevertheless, 

various loading rates would most likely offset the stiffness measurements without 

deteriorating the correlation between quasi-static and dynamic mechanical tests results 

(vanEngelen et al. 2012). Finally, the specimens were frozen and thawed three times 
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(preparation/MRI/testing) but Tan and Uppuganti (2012) showed that the flexibility of 

human spinal segments is not affected by the four first freeze-thaw cycles. 

In conclusion, a novel MRI-based stiffness normalisation protocol was proposed in this 

study. To our knowledge, normalisation has not been applied systemically to the stiffness of 

the intervertebral disc in all classical loadings (compression, torsion, lateral bending, flexion-

extension). Moreover, accurate morphological data, computed automatically from 

anatomical MRI images, were used for the normalisation. Such a method, fast and easy to 

apply, can prove useful for inter-species, inter-individual and inter-level stiffness 

comparison of intervertebral discs and necessary when trying to relate its mechanical 

properties to its degree of degeneration. 
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Appendix 

Table A.1. The compressive (N/m), rotational and bending stiffnesses (Nm/°) and the 

apparent moduli (MPa) as well as the height, cross-sectional area (CSA), polar moment of 

inertia (J) and moments of inertia (Ixx, Iyy) used for the normalisation are presented for each 

test. 
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Abstract 

Disc degeneration, sometimes associated with low back pain and abnormal spinal motions, 

represents a major health issue with high costs. A non-invasive degeneration assessment via 

qualitative or quantitative MRI (magnetic resonance imaging) is possible. Yet, no relation 

between mechanical properties and T2 maps of the intervertebral disc (IVD) was considered 

albeit T2 relaxation time values quantify the degree of degeneration. Therefore, MRI scans 

and mechanical tests were performed on 14 human lumbar intervertebral segments freed 

from posterior elements and all soft tissues but the IVD. Degeneration was evaluated in 

each specimen using morphological criteria, qualitative T2 weighted images and quantitative 

axial T2 map data and their stiffnesses were calculated from the load-deflection curves of in 

vitro compression, torsion, lateral bending and flexion/extension tests. In addition to mean 

T2, the OTSU threshold of T2 (TOTSU), a robust and automatic histogram-based method that 

computes the optimal threshold maximizing the distinction of two classes of values was 

calculated for anterior, posterior, left and right regions of each annulus fibrosus (AF). While 

mean T2 and degeneration schemes were not related to the IVDs’ mechanical properties, 

TOTSU computed in the posterior AF correlated significantly with those classifications but also 

with all the stiffnesses.  

 

Keywords: Human intervertebral disc, Experimental stiffness, Degeneration grade, MRI, 

Axial T2 maps 
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 Introduction 1.

Low back pain concerns at least half of the western population and is responsible for high 

health care expenses every year (Panjabi 2003). Its origin is multifactorial. In case of 

mechanical failure, degeneration of the intervertebral disc (IVD) is the initiating event and is 

associated with high risk of prolapse and herniation (Trattnig et al. 2010). The intervertebral 

disc, composed of the fibrous annulus fibrosus and the gelatinous nucleus pulposus, ensures 

mobility of the segments and contributes to spinal stability (Kirkaldy-Willis et al. 1982, 

Stokes et al. 1987). As degeneration occurs, the pressure in the dehydrated nucleus 

decreases, the disc height reduces and the collagen structure is modified, eventually leading 

to initiation of lesions and protrusions in the annulus due to abnormal load distribution on 

the endplates (Dolan and Adams 2001). The stability of the segment is then affected by 

consequent alterations of the neutral zone (Panjabi 2003), range of motion (Tanaka et al., 

2001) and stiffness (Haughton et al. 1999, Michalek et al. 2009). 

Hence, effort has been put in developing non-invasive methods for detection and evaluation 

of degeneration. Considering the influence of water content and collagen structure on T1 

and T2 relaxation times, an assessment based on qualitative clinical MRI (magnetic 

resonance imaging) or quantitative MRI is possible (Watanabe et al. 2007, Mwale et al. 

2008, Marinelli et al. 2009). Notwithstanding the use of a mid-sagittal plane for most 

morphological (Thompson et al. 1990), T1ρ/T2-weighted (Benneker et al. 2005) or T2/T2
* 

maps (Trattnig et al. 2010, Stelzeneder et al. 2012) -based grading schemes, few authors 

assert that axial T2 maps are useful for visualisation of posterolateral protrusion thanks to a 

larger field of view (Watanabe et al. 2007, Hoppe et al. 2012).  

Nonetheless, the standard procedure consists in classifying the degeneration into discrete 

grades, which is unspecific and dependent on the operator’s experience. The mechanical 

properties of a disc can hardly be related to its degenerative level because of the large 

standard deviations within each grade (Krismer et al. 2000, Tanaka et al. 2001, Kettler et al. 

2011). In addition, the impact of disc morphology on the biomechanical measurements is 

rarely considered (Elliott and Sarver 2004, Campana et al. 2007, Beckstein et al. 2008, 

Showalter et al. 2012). 
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In the knee cartilage, a disorganised collagen structure with high water content is associated 

with high T2 values (Nieminen et al. 2001) while negative correlations between T2 value, 

compressive Young modulus and dynamic modulus were found (Kurkijarvi et al 2004, Nissi 

et al 2007, Julkunen et al. 2008). Yet, no relation between mechanical properties and T2 

maps of the intervertebral disc was considered albeit T2 values computed in nucleus and 

annulus regions potentially quantify the degree of degeneration (Stelzeneder et al. 2012). 

Clinicians visually evaluate the hydration of the nucleus based on intensity and homogeneity 

of the T2 signal. To achieve equivalent evaluations quantitatively, the measure of T2 at 

various locations (Hoppe et al. 2012, Stelzeneder et al. 2012), entropy and geometry-based 

criteria (Mayerhofer et al. 2012) were recently proposed. Otsu is a robust method that 

computes the optimal threshold that maximizes the separability of two classes of values 

(Otsu et al. 1979). Being histogram-based and automatic, it produces an objective result 

unbiased by spatial information or by human interaction. Extensively used for the 

segmentation of the IVD (Michopoulou et al. 2008, Michopoulou et al. 2009, Chevrefils et al. 

2009), it also bears information about homogeneity. The Otsu threshold of a homogenous 

image is equal to its mean value but it will be biased by the intensity and frequency of high 

intensity pixels possibly linked to the presence of annular tears (Trattnig et al. 2010). 

Relying on the potential relation between quantitative T2 maps and biochemical properties, 

the aim of this work is to propose a criterion for disc degeneration related to its mechanics 

and meeting the objectivity and simplicity requirements. The degeneration grades of 14 

human lumbar intervertebral discs evaluated using MRI data and quantitative T2 measures 

were compared to the specimens’ stiffness in compression, torsion, lateral bending and 

flexion/extension. 

 Materials and methods 2.

2.1 Qualitative and quantitative MRI imaging  

Fourteen (14) spinal segments (T12-L1, L2-L3, L4-L5) were extracted from 6 human lumbar 

spines (age 63-89) after approval of the Ethics Committee of the Medical University of 

Vienna. All specimens were taken from individuals who voluntarily donated their bodies to 

the Center of Anatomy and Cell Biology of the Medical University of Vienna for postmortem 

studies by their last will. The posterior bony elements of the vertebrae were sectioned at 
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the pedicles and all soft tissues but the central intervertebral discs were removed. The 

endplates of the cranial and caudal vertebral bodies were embedded in a 10mm-thick layer 

of PMMA (polymethylmethacrylate). The specimens, stored in sealed polyethylene bags at -

20°C were thawed at temperature room (20°C)  

 

Fig. 1. Overview of the study. T1 and T2 weighted MRI and axial T2 maps of 14 intervertebral 

segments were performed and morphological, degenerative and quantitative data were 

extracted or evaluated. The intervertebral stiffnesses were computed from the load-

deflection curves of the tests in compression, torsion, lateral bending and flexion/extension. 

The relations between degenerative, quantitative and mechanical data were established. 

the night before MRI imaging and placed in a custom-built container filled with 0.9% saline 

water to avoid drying of the specimen and to ensure sufficient loading of the RF coil. MRI 

scans were performed on a clinical 3T system (Verio, Siemens Healthcare, Germany) with a 

15-channel knee coil. Anatomical T1 (TR/TE = 999/13 ms) and T2-weighted images (TR/TE = 

4990/114 ms) in axial, coronal and sagittal planes were acquired in order to document all 

pathological conditions. 0.3 mm in-plane resolution was achieved for each of the 0.8 mm 
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thick axial slices (128*256 mm2 field of view (FOV), 384*768 matrix) and coronal/sagittal 

slices (3 mm thickness, 140*256 mm2 FOV, 240*768 matrix).  

For the axial T2 mapping, a multi spin-echo sequence with 22 different echoes was chosen 

for its relatively short acquisition times. The sequence parameters were TR = 3650 ms, first 

echo 12.5 ms and last echo 275 ms with steps of 12.5 ms, 106*199 mm2 FOV and 204*384 

matrix (0.5 mm resolution). Each T2 map was calculated by exponential curve fitting using a 

in-house script from a 3mm thick slice acquired in the centre of the disc using the 

anatomical data to position the imaging plane (Matlab, Mathworks, Natick, U.S.A.). 

Prior to the scanning of our specimens, 14 T2 maps were taken from a test sample while the 

water temperature in the container increased from 9°C to 20°C to verify the influence of 

temperature on T2. Then, to assess the stability and repeatability of the procedure, 2 sets of 

6 T2 maps were acquired on the test specimen every 30 minutes on two different days (D1, 

D2). Coefficient of variation (VC) and relative comparison of the mean T2 value between D1 

and D2 (ΔD1D2) were evaluated for regions of interest in the nucleus and annulus: 

 

   
      

    
               

             

      
 

Finally, the 16 samples were scanned. A whole imaging session lasted approximately 2.5 

hours at controlled temperature (22°C) and the T2 maps were acquired at the end of each 

session to limit the influence of temperature (Fig1.).  

2.2 Apparent intervertebral moduli 

To measure the stiffness of the samples, non-destructive quasi-static experiments were 

conducted after the scanning. The specimens were wrapped in 0.9% saline–soaked gauzes, 

aligned along the axis of a servohydraulic device (MTS, Bionix, U.S.A.) and compressed 5 

times up to 1000 N at constant loading rate (2000 N/min). Each compression segment was 

followed by a release and the displacement of the superior vertebral body was monitored. 

Then, axial torsion, bilateral bending and flexion/extension tests were conducted without 

pre-load by applying 5 cycles of pure moments (-5 to 5 Nm) on the PMMA layer of the 

superior vertebral body at constant displacement rate (0.8°/s) via a spinal loading simulator 

(Gédet et al. 2007, Gédet et al. 2009). The positions of X-shaped reflective marker (4 LEDs, 
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resolution 0.1 mm) fixed to both PMMA layers were registered via motion capture 

(Optotrak3020, Northern Digital, Canada). The relative angular displacements of the 

vertebral bodies were then computed in Matlab (Mathworks, Natick, U.S.A.). Meanwhile, 

the moments applied on the superior vertebral body were measured with a 6-axis load cell 

(MC3A, AMTI, U.S.A.). Only the 5th loading-unloading cycle was kept for evaluation. Because 

of the irregular distribution of the data points, least square minimization of the residuals 

(Python, vanRossum and deBoer 1991) was utilised to fit exponential or double sigmoid 

functions on the load-deflection curves (Smit et al. 2011). 

Stiffness (K, N/mm or Nmm/°) was determined from the fitted load-deflection data for all 4 

biomechanical tests of each specimen as the ratio of the load over the displacement for the 

same deformation, a 3° angle or 15% strain, to include even the stiffest discs. Finally, 

normalisation of the stiffness was necessary to limit the influence of a disc’s size on its 

mechanics and relate properly its stiffness to any degenerative alterations. Therefore, the 

apparent modulus (KN, MPa) was calculated by normalising K by height (H, mm), area (CSA, 

mm2), polar moment of inertia (J, mm4) or area moment of inertia along the lateral (Ixx) or 

anteroposterior diameter (Iyy) computed from the voxels of the anatomical images: 

 

  
   

    

   
      

   
    

 
  

 

  
   

    

   
         

   
      

   
 

 

2.3 Link between degeneration grade, quantitative MRI data and 

apparent modulus 

Two clinicians evaluated independently the degeneration of the specimens via Thompson 

(Thompson et al. 1990), Benneker (Benneker et al. 2005) and Watanabe (Watanabe et al. 

2007) grading systems without any knowledge of their stiffness using the anatomical images 

or the axial T2 maps. A consensus table was established. The Otsu threshold (TOTSU) was 

implemented in Python from Otsu et al (1979). Mean, Δ (Meannucleus - Meanannulus) and TOTSU 

were computed from each segmented T2 map (ITKsnap, Yushkevich et al. 2006) for the 



C h a p t e r  5 :  A n  M R I  m e t h o d o l o g y  f o r  b i o m e c h a n i c a l  e v a l u a t i o n  o f  t h e  I V D  

 

86 | 115 

nucleus, the annulus and the anterior, posterior, left and right regions of the annulus to 

check if the regional T2 values can discriminate the loading direction. Each AF region was 

determined by a 90° angle after an ellipse was automatically fitted to the IVD via a Python 

script and assuming a surface ratio of 43% between nucleus and annulus only if the 

distinction was not clear (Smit et al. 1997, Polikeit et al. 2003) (Fig1.). Finally, correlations 

between age, grading schemes, Mean, TOTSU of each region and apparent moduli were 

established for every loading mode.  

 Results 3.

The influence of temperature, the stability and the repeatability of the T2 maps were 

checked. Even though the test specimen was scanned for a large span of temperature (from 

9 to 20°C), the coefficient of variation (CV) for the T2 maps of the intervertebral disc was less 

than 1.7%. At constant temperature, CV dropped to less than 1% and the difference 

between Day1 and Day2, ΔD1D2, was less than 4%.  

Grading, T2 maps, Mean and TOTSU for all disc regions and apparent moduli for the 14 

specimens are presented in the appendix (TableA.1). As the data is sorted along increasing 

Thompson grade, the broad range of apparent moduli associated to each grade is obvious. 

Coefficients of determination (R2) between age, grading, apparent moduli and T2 were 

computed (Table1). The age of the donor could not be related to any of the grading 

schemes, apparent moduli or T2 values. High correlations were found between the 3 grading 

schemes (R2 > 0.73) but their relation with the mechanical properties was rather poor as 

only Thompson correlated significantly with KC (R
2 = 0.36), KT (R2 = 0.42) and KB (R

2 = 0.32). 

No link with mean T2 in the nucleus and annulus and the grading parameter "classifications" 

were found but significant positive correlations were observed between the classifications 

and TOTSU values computed in the annulus fibrosus and its posterior region (Fig2.). 

Lateral bending moduli left or right were not linked to T2 relaxation time computed in the 

left or right region of the annulus. The same observation was made between 

flexion/extension and mean T2 of the anterior region. Interestingly, the highest correlations 

were established between TOTSU computed in the posterior region and the apparent moduli 

of the torsional and bending tests KT, KB, KE and KF (Fig3.). Finally, the apparent modulus in 

compression KC could not be related to any T2 values.  
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Fig. 2. Coefficient of determination (R2) between the TOTSU measured in the annulus fibrosus 

and Thompson (a), Benneker (b) and Watanabe (c) grading schemes. 

 

Fig. 3. Coefficient of determination (R2) between the TOTSU measured in the posterior annulus 

fibrosus and apparent moduli of the rotational and bending tests. 
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 Discussion 4.

The quantification of T2 relaxation time is related to the biochemical properties of the 

intervertebral disc. This gives the advanced MRI methods the potential to evaluate 

objectively the disc degeneration (Mayerhofer et al. 2012). Although compressive Young 

modulus of the articular cartilage is connected to its mean T2 value (Julkunen et al. 2008), 

such connection was not yet established for human intervertebral discs.  

T2 increases with temperature (Baron et al. 2011). However, the T2 relaxation time was 

relatively constant for the range of temperature tested. The very low coefficient of variation 

obtained from our test images, confirms that T2 is highly stable and repeatable at constant 

temperature (Gold et al. 2004). Slightly larger discrepancies were observed when 

performing day-to-day comparisons because of the different positions of the specimen and 

ROIs from one day to the other.  

Two experts evaluated the degeneration of our samples by using the Thompson, Benneker 

and Watanabe disc degeneration classifications. Their ratings were performed 

independently but the evaluations are in good agreement. Albeit Thompson is solely based 

on morphology, Watanabe focuses on T2 map signal while Benneker examines both T2w 

signal and morphology, the grading schemes correlated well. Actually, regardless the 

method, it seems that the evaluation is mainly a matter of experience. However, if the 

mechanical properties of the disc are influenced by morphological and biochemical 

alterations induced by the degeneration process (Tanaka et al. 2001), they can hardly be 

linked to the standard evaluations of degeneration.  

Mean T2 relaxation time in the nucleus and annulus did not correlate with the degeneration 

grades. Published data (Welsh et al. 2011, Takashima et al. 2012) corroborates our results 

regarding the annulus but contradicts those pertaining to the nucleus. Unlike those studies, 

our T2 maps were performed on cadaver specimens. The in vitro conditions may have 

lowered the water and proteoglycan content in the nucleus (Marinelli et al. 2009). Perhaps 

for the same reason is the nuclear Totsu not related to the degeneration grades. Besides, 

the nuclear mean T2 and TOTSU, with only poor connection to the mechanical measurements, 

are not a satisfactory degeneration criterion.  

T2 is inversely sensitive to the collagen content and orientation of these fibres: regions with 

denser collagen network as in the annulus are associated with lower T2 relaxation time 
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(Perry et al. 2006, Marinelli et al. 2009) while annular tears, induced by the degeneration, 

come out as a higher local T2 (Trattnig et al. 2010). These High Intensity Zone (HIZ), 

inevitably increase the value of the annular TOTSU explaining why it correlated positively and 

significantly with all 3 grading systems. 

Interestingly, annular TOTSU correlates also significantly with torsional and lateral bending 

stiffnesses but not with the compressive one. Michalek et al. (2010) showed that a loss of 

pressurization of the nucleus is responsible of alterations of the compressive behaviour of 

the disc while the behaviour in torsion is influenced by the presence of annular fibre 

disruptions. As the collagen fibres also drive the mechanical response of the intervertebral 

disc in flexion, lateral bending and flexion/extension, any annular disruptions decrease the 

intervertebral stiffness for those loading modes as well (Haughton et al. 2000). Those 

annular conditions, resulting in a higher TOTSU explain the significant negative correlations 

obtained between annular TOTSU and the bending or torsional stiffnesses. These findings 

corroborate previous observations suggesting that the presence of HIZ in the intervertebral 

disc is associated with reduction of the intervertebral stiffness (Schmidt et al. 1998).   

There is no relation between TOTSU in lateral regions of the annulus and lateral loading or 

between TOTSU in the anterior annulus and flexion/extension. Conversely, TOTSU of the 

posterior annulus provides interesting results. Not only did it correlate significantly with all 

the grading schemes but also with all bending stiffnesses, including flexion and extension. 

This result is coherent with our previous assumption that TOTSU is sensitive to annular 

disruptions insofar as most HIZ, sometimes associated with low back pain, occurs in the 

posterior annulus (Peng et al. 2006).  

There are limitations to be aware of. Only quasi-static tests were conducted, since the 

intervertebral compliance is dependent on the loading rate and the hydration of the disc. 

Nevertheless, various loading rates would only offset the stiffness measurements 

(vanEngelen et al. 2012). The posterior elements and surrounding soft tissues such as 

muscles and ligaments that are also responsible for the spinal stability were removed. 

Human material is difficult to obtain, thus the donors were few and the samples old which 

might explain why the age of the donors was unrelated to T2 measurements, stiffness or 

degeneration grade (Tanaka et al. 2001, Mayerhofer et al. 2012). The specimens were kept 

frozen. Few freeze-thaw cycles seem not to affect the flexibility of human spinal segments 

(Gleizes et al. 1998, Tan and Uppuganti 2012) but despite being the standard storage 
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method, they potentially damage the tissues. Finally, only one axial T2 maps was acquired in 

the middle of each disc and some out of plane annular features may have been missed.  

Most of those limitations are inherent to in vitro conditions and cadaver testing but the 

stiffness measurements should be performed in vitro in a controlled environment to be 

reliable. Moreover, not only countless in vivo MRI studies already exist but also the link with 

mechanical properties, fundamental in the understanding of spinal instability, is rarely 

considered. For one of the first time, this study highlights the relation between quantitative 

MRI and stiffness of the intervertebral disc. The low but significant correlations between 

Otsu threshold, classification schemes and mechanical measures could be improved by 

performing similar study on fresh animal material but this raises the problem of interspecies 

comparison as no large animal model for disc degeneration exists (Alini et al. 2008). One last 

limitation lies in the use of a knee coil for the imaging. Although clinical protocols were 

performed in this study, a knee coil was used to maximise the signal-to-noise ratio. In 

conclusion, our study shows that the usual classification schemes cannot be related to the 

stiffness of cadaveric human intervertebral disc, unlike quantitative T2 measurements (Otsu 

threshold) computed in the posterior part of the annulus fibrosus. Although this fully 

automatic method requires further validation for in vivo imaging conditions, its simplicity, 

minimal human interaction and link with biomechanical properties makes it an attractive 

candidate for clinical assessment of disc degeneration.  
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 Conclusions Chapter 6:

 Discussions and limitations 1.

This study not only highlighted the lack of realism of the standard rigid boundary conditions 

usually applied but also proposes new strategies for the non-invasive evaluation of the 

biomechanical status of the intervertebral disc via MRI, the first steps towards subject-

specific boundary conditions for the finite elements analyses. The combined use of the CT-

based models of vertebral bodies and MRI-based models of intervertebral discs could 

improve the predictions of vertebral strength.  

 

Chapter 2: The influence of the endplate on vertebral strength 

In mechanical testing and QCT voxel models of the human vertebrae, the usual procedure 

consists in embedding the vertebral body in stiff polymer (PMMA).  Therefore, concerns 

were raised about the few tests conducted on vertebral sections and the hypothetic lack of 

realism of such boundary condition. Actually, not only the ultimate forces (ie. vertebral 

strength) computed with vertebral sections or embedded endplates are equivalent but also 

the evolution and distributions of damage, especially when the vertebral sections were fully 

constrained. Thus, the damage mechanism with PMMA and sections are equivalent. The 

removal of endplates may not be physiologic but it is as realistic as a rigid embedding. 

Limitations: 

1) The in vitro CT used do not present noise and artefacts due to soft tissues.  

2) We do not account for the preexisting damage present in osteoporotic bone. 

3) The cortex and trabecular structure could not be distinguished at low resolution. 

 
Chapter 3: The influence of intervertebral disc degeneration on vertebral strength 

Computationally expensive linear elastic µFE models were used to study the behaviour of 

the osteoporotic vertebral body during compressive loading but neither ultimate force nor 

damage distributions were computed with healthy intervertebral or PMMA boundary 

condition, which resembles a highly degenerated disc.  The smooth models with HRpQCT-

based cortex thickness and trabecular fabric provided clear results: an embedded vertebra is 

more brittle and shows higher ultimate force compared to a vertebral body loaded via 
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intervertebral discs. Indeed, the damage initiates progressively long before the failure of the 

vertebral body in the endplate regions under the healthy nucleus while most of the damage 

is quickly induced at failure load in the cortical regions of an embedded vertebral body. In 

conclusion, as in vivo studies report, an osteoporotic vertebral body is subjected to a lesser 

risk of fracture when surrounded by degenerated discs.  

Limitations:  

1) The preexisting osteoporotic microdamage was again not taken in account. 

2) Only uniaxial compression was tested although other load cases (flexion+compression) 

could be more adequate. 

3) The intervertebral disc model was idealistic in terms of geometry and material 

properties. 

 

Chapter 4: Normalisation of intervertebral disc compliances  

No standard normalisation protocol is available for the stiffness measured on compression, 

torsion, lateral bending and flexion-extension tests. This is surprising considering the large 

discrepancies due to the specimen variability, making inter-specimen comparisons 

challenging. Thus, cross-sectional (CSA) area, polar moment of inertia (J) or area moments 

of inertia (Ixx, Iyy) and height (H) were computed from MRI data for all specimens and in silico 

and in vitro tests were performed. First, the simulations on discs with identical material 

properties but various dimensions, confirms the influence of the geometry on the disc’s 

mechanics, a stiffer response was obtained for every biomechanical tests on disc with a 

larger CSA, J, Ixx or Iyy or a smaller H. The normalisation with respect to H, CSA, J, Ixx and Iyy 

attenuated but did not suppress the effect of geometry as non-linearity also occurs. Then, 

even after normalisation, the experimental stiffnesses calculated presented large standard 

deviations, probably amplified by diverse degrees of degeneration within our set of 

samples. All but compressive stiffnesses correlated highlighting different mechanisms in 

compression mainly affected by the nucleus condition and torsion and bending, influenced 

by the state of the annulus’ collagen fibres. Such a normalisation protocol is useful for inter-

species, inter-individual and inter-level stiffness comparison of intervertebral discs and 

necessary when relating its mechanical properties to the degree of degeneration. 
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Limitations & perspectives:  

1) Although the intervertebral compliance is dependent on the loading rate and the 

hydration of the disc, only quasi-static tests were conducted. 

2) A full normalisation of the stiffness, suppressing the material non-linearity, would be 

possible via reliable specimen-specific IVD models.  

 

Chapter 5: An MRI-based methodology for biomechanical evaluation of degenerated 

intervertebral discs 

The quantification of T2 relaxation time is related to the biochemical properties of the 

intervertebral disc giving the advanced MRI methods the potential to evaluate objectively 

the disc degeneration. Although compressive Young modulus of the human articular 

cartilage is connected to its mean T2 relaxation time, such connection was not yet 

established for intervertebral disc. Thus, MRI data (axial, coronal, sagittal T1 and T2 weighted 

and axial T2 map) was used to: determine the cross-sectional area (CSA), polar moment of 

inertia (J) or area moments of inertia (Ixx, Iyy) and height (H) for the normalisation of stiffness 

from compression, torsion, lateral bending and flexion-extension tests, evaluate the 

degeneration of our samples by using the Thompson, Benneker and Watanabe 

classifications and compute the mean T2 and the Otsu threshold (TOTSU) in different regions 

of the discs. Mean T2 relaxation time in the nucleus and annulus and the stiffnesses did not 

correlate with the degeneration grades unlike TOTSU computed in the posterior annulus that 

was also linked to torsional and lateral bending. TOTSU is a histogram-based segmentation 

method that computes the optimal threshold that maximizes the separability of two classes 

of values. Tears, mostly found in the posterior annulus, are responsible for stiffness loss and 

high intensity zones detected by the method, explaining the positive correlation between 

TOTSU and the rotational and bending stiffnesses. In conclusion, the usual classification 

schemes cannot be related to the stiffness of cadaveric human intervertebral disc, unlike 

quantitative T2 measurements (Otsu threshold) computed automatically in the posterior 

part of the annulus fibrosus. 

Limitations:  

1) We must also report some limitations related to the quasi-static tests conducted on the 

specimens. 
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2) Only one axial T2 maps was acquired in the middle of each disc and some annular 

features may have been missed. 

 Outlooks 2.

If finite element analysis in biomedical engineering is going towards patient-specific 

modelling but as suggested throughout this thesis, a number of crucial steps are still to be 

taken.  

2.1 MRI-based intervertebral disc model 

Our work only provided but an insight on how the mechanical properties of the 

intervertebral disc could be related to quantitative MRI data. Hence, the non-invasive 

evaluation of the biomechanical status of the IVD still needs improvements. Low but 

significant correlations between Otsu threshold, classification schemes and mechanical 

measures were found in Chapter 5. We believe that those correlations could be improved 

by performing similar study on fresh material considering the possible defects induced by 

cycles of freezing-thawing. One issue lies in the difficulties to obtain human material. Of 

course, numerous studies use animal material but as long as no large animal model for disc 

degeneration, this raises the problem of interspecies comparison. 

In a future work, one might want to calibrate the material parameters of the disc 

constitutive law used in Chapter 3 and 4 using the quantitative MRI data, following an 

approach similar to what is currently done between the bone material properties and the CT 

images. A first step would be a disc model able to simulate the experimental tests in 

compression, bending, flexion-extension and torsion to replicate completely the mechanical 

behaviour of the specimen in silico. Unfortunately, our current disc material model is still 

too complex but the creation of a simpler constitutive model still able to fit accurately the 

experimental load-deflection curves would be more suitable for an efficient optimisation.  

In Chapter 5, we suggest that the heterogeneity of the quantitative MRI and High Intensity 

Zones, measured by Otsu threshold, might reflect the presence of tears. Those tears are 

primarily defects of the annular collagen fibres. Therefore, a second step would be to relate 

the Otsu threshold to the fibres material parameters introduced in Chapter 2, namely the 

angle of the fibre with regards to the transverse plane (φ), the stiffness of the fibres (K1) and 

the density of fibres (K2). 
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Fig. 1. The framework for a fully subject-specific model of the intervertebral disc. 

2.2 Patient-specific loading on the vertebral body model 

In a perfect world where the patient would be scanned by high resolution CT and MRI, fully 

specimen-specific models of the vertebral body and intervertebral discs could be used for 

the diagnosis of disc degeneration or the prediction of vertebral strength for realistic 

boundary conditions and daily activities. 

While the current state-of-the-art of FE models did not reach such degree of 

personalisation, the time spent for the diagnosis and radiation doses received by the patient 

would still be too important. However, the load cases applied on the models of Chapter 2 

and 3 are a key point of the vertebral strength prediction that can be improved today. 

Usually, the tests conducted in experiments such as axial compression, flexion, torsion, 

lateral bending or even coupled motions are simulated with the FE models but they do not 

represent adequately the type of loading that the spine is undergoing during the day.   
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One solution lies in the direct use of the patient’s kinematics determined from fast and low-

radiation imaging techniques such as Dual Fluoroscopy Imaging suggested by Wang et al. 

2012 or the EOS system.  

Another possibility which is increasingly considered is the application to the FEA of realistic 

boundary conditions and loadings computed from Invert dynamic analysis software. The 

musculoskeletal simulation software Anybody Modelling System (AMS) is able to compute 

muscle forces from motion capture driven rigid-body simulations. Moreover, the possibility 

to provide AMS with patient’s data such as height or weight and the use of the patient’s 

bone geometry enhance the personalisation of the calculated muscles, tendons and 

ligaments forces.  Coupling the AMS and FE models is another step towards more realism 

(Wagner et al. 2010, Grujicic et al. 2010, Böhme et al. 2012).  
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Appendix: From Anybody to Abaqus 

 

From the internal report 

Application of realistic boundary conditions computed from Invert dynamic 
analysis to a finite element model: stress distribution in a human lumbar 

vertebra during gait. 

 
G. Maquer a and P. Galibarov b  

 

a   Institute for Surgical Technology & Biomechanics, University of Bern, Switzerland 

b   AnyBody Technology, Aalborg University, Denmark 

 

Since the coupling AMS-FE is fully available in the latest version of AMS, a preliminary 

feasibility study was conducted with Dr. Pavel Galibarov (consultant Anybody: patient-

specific modelling of the lumbar spine, degenerated spine kinematics and development of 

interfaces to FE packages ANSYS and Abaqus).  

 

Written in: January 2012 
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 Introduction 1.

Characterized by low bone mineral density (BMD) and degradation in bone structure, 

osteoporosis is a major clinical issue (Kanis 2006). Dual energy X-ray Absorptiometry (DXA) is 

mainly used for non-invasive fracture prediction by measuring areal BMD (Griffith and 

Genant 2008), but the geometry and local variation in bone density are not taken in account 

in the measurements. Over the last years, a number of finite element (FE) models based on 

CT images were developed and homogenized HRpQCT-based FE models with smooth 

geometry (82 μm) have been validated with experimental tests of human vertebral bodies 

(Pahr et al. 2010). The models compute vertebral structural properties such as compressive 

ultimate load and provide a better fracture risk prediction than densitometric methods 

(Crawford et al. 2003, Buckley et al. 2007, Chevalier et al. 2008, Dall'Ara et al. 2011). 

However, unrealistic situation could be simulated and the strain localization mechanism 

could be altered by the boundary conditions (Dall'Ara et al. 2010).  

Indeed, even if material modelling and meshes are getting increasingly accurate and 

patient-specific, the loading conditions are simplistic while realistic boundary conditions are 

essential to get reliable outcomes from finite element models. A first step is to load the 

vertebra through intervertebral discs. Moreover, the musculoskeletal simulation software 

Anybody Modeling System (AMS) is able to compute muscle forces from motion capture 

driven rigid-body simulations. Hence, coupling the AMS and FE models is another step 

towards more realism (Wagner et al. 2010, Grujicic et al. 2010). 

Therefore, the aim of this study is to introduce a procedure to define loading conditions on 

a FE model from forces and moments computed in the AMS. The method is used to analyse 

stress distribution in a QCT-based finite element of a vertebra during walking. 

 

 Materials and methods 2.

2.1 Vertebral body model 

A L2 vertebral body model was generated following the methods introduced in a previous 

study (Maquer et al. 2012 – Chapter 3) with CT-based cortical thickness and trabecular 

fabric was chosen. This vertebral body is surrounded by hyperelastic intervertebral discs. 
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Two types of material were tested for the discs either with collagen fibres distributed 

circumferentially in the annulus fibrosus (IVDanisotropic) or without fibres (IVDisotropic). 

2.2 Personalisation of the AMS model 

Muscular, ligamentous, and joint reaction forces can be computed by performing an inverse 

dynamics analysis task on an individualized model in AnyBody Modelling System (AMS - 

AnyBody Technology A/S, Aalborg, Denmark). An AMS model was constructed based on a 

standard example, GaitFullBody, of the AnyBody Managed Model Repository (version 1.3) 

featuring 3 element hill-type muscles. This detailed model of the human including a large 

number of muscles, ligaments, and other anatomic structures was anthropometrically 

scaled to fit dimensions of a subject. Yet, an additional level of personalisation could be 

reached by including the subject’s bone morphology. The CT-based geometry of the lumbar 

vertebral body L2 was reconstructed in Mimics (Materialize, Leuven, Belgium), imported in 

AMS and a set of landmarks was chosen on its endplates (centre of the endplate, 

anteroposterior and mediolateral diameters). Similar set of landmarks was selected on the 

generic AnyBody vertebra geometry and both sets were utilized to define an affine 

transform in a least-squares manner, in order to morph the source geometry into the 

subject’s geometry. Such morphing was required for the automated scaling of the muscles 

and ligaments attachment nodes on the vertebral mesh. 

 

Fig. 1. Morphing of AMS vertebral geometry 
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The kinematics of the subject’s gait were recorded and his motion capture data (a C3D file) 

was used to drive the AMS model via a set of landmarks on each segment coupled to the 

corresponding motion capture marker.  

 

Fig. 2. Motion capture driven kinematics 

2.3 Combining musculoskeletal and finite element models 

A gait analysis was performed in AMS, muscular and joint reaction forces were computed 

and extracted to be assigned as loading conditions to the FE model by means of the 

AnyFE2Abq tool (AnyBody Technology A/S, Aalborg, Denmark). This automated tool extract 

forces from AMS output file, creates muscle and joints attachments nodes on the mesh and 

generates evenly distributed rigid constraints (see *COUPLING keyword) between those 

newly defined nodes and patches of the bone surface with minimal user’s interaction. The 

exported forces are applied to the newly created nodes as concentrated forces (*CLOAD 

keyword).  

The outcome of AnyFE2Abq is an Abaqus input file that can be directly included in the input 

file describing the FE model. Time dependant amplitudes were automatically created to 

change the forces/moments according to the gait cycle period. However, results of this 

procedure had to be revised as the posterior part of the vertebra was missing. Therefore, 

for all muscle with posteriorly located muscle, attachment nodes were constrained to the 

pedicle cut surfaces. Similarly, the L1L2 and L2L3 joint loads (analogue of intervertebral disc 

pressure) were applied to the endplates of adjacent vertebrae accordingly. Forces applied to 

the model were in equilibrium but density (*DENSITY) properties were set for the model 

and *INERTIA RELIEF option was used to avoid rigid body motion without constraining the 

Motion capture markers Bone landmarks driving 
the kinematics  
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mesh. Fig.3 demonstrates the created loading conditions and rigid constraints used for the 

finite element analysis. 

 

 

Fig.3. Kinematic coupling between the node of application of the force and the loaded 

surfaces 

2.4 Finite element simulations  

The forces computed by AMS were applied to the vertebral body model and 2 simulations 

were conducted with IVDisotropic and IVDanisotropic. Von Mises Stresses were computed for both 

simulations at 6 characteristic positions of the gait analysis in trabecular core, cortical 

endplates and cortical wall. 

 

Fig. 4. Simulated gait in AMS. First contact is the moment when the first foot is reaching the 

ground, second contact when the second foot is touching the floor.  

Node Force eretor spinae 

Pedicle cut surface 

Node Joint reaction force L2L3 

 

Node Joint reaction force L1L2 
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 Results 3.

Stresses were extracted for the chosen positions and compared. Fig. 5. shows the typical 

stress distribution in the vertebral bodies. Both simulations resulted in similar stress 

distribution in the vertebral body. The highest stress level was found in the posterior and 

lateral cortical walls. A high stress area was observed on the endplates under the nucleus in 

both cases (IVDisotropic and IVDanisotropic). The trabecular bone showed similar pattern on the 

cranial and caudal transverse cross-sections with area of higher stress under the nucleus. 

The cranial and caudal cross-sections displayed also a higher stress level than the mid 

transverse cross-section.  

 
 

Fig. 5. Example of Von Mises Stress distribution in endplates, cortex and trabecular bone 

(top, middle, bottom cuts) for isotropic IVD at "Second contact". The stress is plotted in MPa 

with a Max value depending on the element set of interest: MAX STRESS ENDPLATES = 5.221 

MPa, MAX STRESS CORTEX = 12.819 MPa and MAX STRESS TRAB = 1.465 MPa 
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No significant differences were observed between stress distributions when the vertebral 

body was loaded via isotropic IVD or anisotropic IVD. Moreover, the stress barplots for each 

bone area were similar, differing only slightly by the intensity of the von Mises stress.  

Fig. 6. compares the maximum value of von Mises stress reached in the vertebra loaded via 

isotropic and anisotropic IVD for each position in the gait.  Stress in cortex was highest and 

stress in the trabecular bone the lowest for each stage of gait no matter which IVD was used 

for the computation. For all three element sets, peak of stresses were computed whenever 

a contact foot-ground occurred. Even if the differences due to various intervertebral disc 

models were not significant, a trend could be observed: IVDanisotropic seems to induce slightly 

higher stress in the endplates but lower stress in the cortical and trabecular bone than 

IVDisotropic.  

 

 Discussion 4.

 
The main goal of this study was to provide a user case to the newly developed interface 

between AMS and Abaqus, AnyFE2Abq.exe. A tutorial can be found on Anybody website: 

http://www.anybodytech.com/fileadmin/AnyBody/Docs/Tutorials/chap8_Finite_element_a

nalysis/intro.html  

The example given was to analyse the von Mises stress distribution in a finite element 

model of vertebra under muscle forces computed from musculoskeletal analysis. Two 

simulations were performed using Abaqus with isotropic and anisotropic intervertebral discs 

and stresses were evaluated for 6 stages of a motion capture driven gait. The geometry of 

the vertebra implemented in AMS and the muscle insertion points were morphed to match 

the QCT-based geometry of the vertebra.  

The stress distribution in the vertebral body tested can be compared to a FE study carried 

out by Homminga et al. 2001 who found a higher portion of the total load in the trabecular 

bone near the endplates. Higher stresses under the nucleus and in the cortex were also seen 

in this study. However, those data were computed for axial compression and not a gait. The 

collagen fibres did not seem to have a major impact on the stress distributions probably 

because the spine undergoes minimal flexion and bending during the gait. 

http://www.anybodytech.com/fileadmin/AnyBody/Docs/Tutorials/chap8_Finite_element_analysis/intro.html
http://www.anybodytech.com/fileadmin/AnyBody/Docs/Tutorials/chap8_Finite_element_analysis/intro.html
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A.   

B.   

C.   
 

Fig. 6. Max von Mises stresses in each element set: a) endplate, b) cortex, and c) trabecular 

bone for the chosen positions. Results with isotropic and anisotropic IVD are plotted. 
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However, due to the scarce number of papers found on similar topic, it is hard to evaluate 

the validity of the results. In particular, the intervertebral disc model was idealized and was 

not validated in depth and the posterior elements of the vertebral body were missing. In 

spite of those limitations that are inherent to the FE model used, combining Anybody 

Modelling System and Abaqus can provide additional computational solutions to several 

medical issues such as implant loosening (Böhme et al. 2012). 
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