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The intervertebral disc is a fibrocartilaginous tissue which provides flexibility 

and load support in the spine. The disc is composed of three substructures: a central 

and gelatinous nucleus pulposus surrounded by the fibrous lamellae of the annulus 

fibrosus and enclosed superiorly and inferiorly by the cartilage endplates. The 

structure and biochemical composition of these three constituents give rise to the non-

linear, anisotropic, viscoelastic, and biphasic mechanical behaviors of the disc. 

Improving the ability to quantify disc biomechanics is essential to understanding the 

processes of aging and degeneration. Specifically, developing and validating 

computational modeling techniques to evaluate the relationships between disc 

degeneration and disc mechanics can inform on disc structure-function relationships, 

which will improve the accuracy of diagnoses, and aid in design of therapeutic 

interventions. 

Finite element models are valuable tools for quantifying the complex 

mechanics of the disc, however their formulation and validation are complicated by 

disc geometry, the complex constitutive models required for mechanics of the disc 

sub-structures, and technical requirements for multiaxial experimental testing. 

Historically finite element models have therefore been limited in their model 

development and validation. Our lab recently developed and validated a finite element 

ABSTRACT 
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model of the disc for compressive loading, however this model was not validated in 

multiaxial loading.  

The overall objective of this dissertation was to further develop and validate a 

finite element model of the disc by incorporating residual stresses and validating the 

model against experimental multiaxial mechanical data. To achieve this objective, the 

mechanical properties and anatomy of the cartilage endplate were added to a finite 

element model of the human disc, a multiaxial experimental dataset was generated, 

and a novel multigenerational constitutive modeling approach was used to add residual 

stresses to the model. The outcome of this thesis is a finite element model with 

predictive capabilities in multiaxial loading.  
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INTRODUCTION 

 

The intervertebral disc is a fibrocartilaginous tissue which provides flexibility 

and load support in the spine. Normal function of the disc is compromised by aging, 

disc degeneration, or injury [1-3]. Disc degeneration is strongly correlated with low 

back pain and loss of quality of life. Improving our ability to quantify disc 

biomechanics is essential to understanding the processes of aging and degeneration. 

Specifically, developing and validating computational modeling techniques to evaluate 

the relationships between disc degeneration and disc mechanics can inform on disc 

biomechanics, improve the accuracy of diagnoses, and aid in design of therapeutic 

interventions. 

The overall objective of this work is to improve and validate a 3D finite 

element model of human L4-L5 intervertebral discs by quantifying disc anatomy and 

mechanics. To this end, in this dissertation I will combine mechanical testing, 

magnetic resonance imaging (MRI), and constitutive modeling to accomplish this 

objective. In addition to further developing and validating the disc FE model, I will 

address basic science questions related to disc constituent geometry and mechanics, 

and disc 6 degree-of-freedom (multiaxial) mechanics. In Chapter 2 the relevant 

background information for this work to summarize the significance of this work. In 

Chapter 1 
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Chapter 3, cartilage endplate (CEP) geometry will be evaluated using a non-invasive 

magnetic resonance imaging (MRI) technique and relationships between CEP 

geometry and aging and degeneration will be established. This chapter will validate 

the technique as a viable tool for non-invasively determining CEP geometry as well as 

quantify CEP geometry as an input for FE models. In Chapter 4, CEP mechanical 

properties will be quantified using confined compression and biphasic-swelling 

constitutive modeling. Relationships between CEP properties and degeneration will be 

quantified and properties will serve as inputs to disc FE models. In Chapter 5, a novel 

dataset of intervertebral disc 6 degree-of-freedom (DOF) mechanics and coupled 

motion will be quantified and serve as validation metrics for the FE model. In chapter 

6 I will present the validation of the disc FE model against the multiaxial data by 

including a novel multigeneration constitutive modeling approach to incorporate pre-

stress in the AF collagen fibers. Finally, in Chapter 7 I will summarize the conclusions 

of this work and identify future directions for these techniques.  
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BACKGROUND 

 

2.1 Clinical Significance 

 Low back pain (LBP) is a debilitating condition affecting over 60% of the 

adult population in the United States [1]. LBP is the second most frequent reason for a 

physician visit, permanently disables more than 5 million Americans, and results in 

approximately $100 billion in direct and indirect costs annually [4]. LBP can be acute 

or chronic and is related to several underlying pathologies including herniated discs 

[5], muscle strain [6], osteoarthritis [7], spinal stenosis [8], compression fractures [9], 

and disc degeneration [7]. These various pathologies, particularly disc degeneration, 

are strongly associated with altered joint biomechanics and mechanical loading [2, 10-

12]. Current medical treatments for addressing LBP are often invasive surgeries which 

can result in limited flexibility and motion and degeneration of the adjacent discs. For 

example, a common procedure, fusion of the adjacent vertebrae, is often successful at 

alleviating pain, but eliminates motion of the joint [13]. The adjacent vertebrae and 

discs are required to carry the increased motion demands and may lead to degeneration 

of the adjacent discs [14]. Effective treatment is further hindered by difficulties 

identifying the problematic disc or discs to target for intervention as multiple discs in a 

Chapter 2 
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given spine may present as degenerated but each disc may not contribute equally to 

pain symptoms.  

 

2.2 Intervertebral Disc Structure and Composition 

 The intervertebral disc is the largest avascular tissue in the body and is highly-

organized to permit flexibility in the spine, dissipate energy, and support multi-axial 

loads. The disc is composed of three sub-structures: a gelatinous central nucleus 

pulposus (NP) surrounded by the fibrous rings of the annulus fibrosus (AF) and is 

separated from the adjacent vertebrae by the cartilage endplates (CEP) (Figure 2-

1)[15]. The primary component of all three sub-structures is water, composing 70-80% 

of the NP [10, 16], 50-70% of the AF [17], and 55-65% of the CEP [18]. The primary 

components of the extracellular matrix of the disc are proteoglycans (10-50 %) and 

collagens (20-70 %) [17, 19-21]. While all 3 sub-structures contain proteoglycans and 

collagens, the types, quantity, and arrangement of these biochemical constituents vary 

with each sub-structure. Notably, the NP contains the highest fraction of proteoglycans 

by dry weight (50%) while the AF (15%) and CEP (10%) have comparably modest 

proteoglycan content by dry weight [16, 18, 22, 23]. The AF has the highest collagen 

content (60%) while the NP and CEP have approximately 20%. The disc is also 

sparsely cellular, with a cell density of 4 x 10
6
/cm

3
 in the NP, 9 x 10

6
/cm

3
 in the AF, 

and 15 x 10
6
/cm

3
 in the CEP [24]. In particular, the cells at the center of the NP are the 

furthest in the body (8 mm) from their nearest vascular supply in the capillary beds of 

the adjacent vertebrae [2, 25].  
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Figure 2-1: Schematic of disc anatomy in the (A) mid-sagittal plane and (B) three-

dimensional view illustrating AF lamellar structure adapted from Smith et al. 2011. 

 

In addition to varying quantities of biochemical constituents, the structural 

arrangement of these biochemical constituents varies among the disc sub-structures. 

The NP covers approximately 30% of the axial area of the disc [26] and is largely 

disorganized with randomly arranged collagen II fibrils dispersed through the 

proteoglycan-rich extracellular matrix. In contrast, the AF is highly organized into 15-

25 concentric lamellae of alternating fiber angles to the transverse plane at 

approximately ± 40° in the AF lamellae closest to the NP (inner AF) and ± 25° in the 

periphery of the disc (outer AF) [27]. In addition, the collagen fibrils in the inner AF 

are largely type II collagen whereas the collagen fibrils in the outer AF are largely 

type I collagen [28]. The proteoglycan content of the AF also changes radially from 

the inner AF to the outer AF, where the proteoglycan content is approximately 40% of 

the dry weight of the inner AF and 15% of the dry weight in the outer AF [17]. The 

CEP covers the NP as well as some of the inner AF and has type II collagen oriented 

randomly but parallel to the adjacent vertebrae with some collagen fibrils oriented 

parallel to the fibers of the inner AF where the two tissues intersect [29]. Ultimately, 
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the differences in composition and structure among the disc constituents give rise to 

each sub-structure’s unique contribution to overall disc mechanics. 

2.3 Degeneration  

With age the disc undergoes a cascade of biochemical changes resulting in 

disorganization of the disc structure and altered mechanical function of the disc. A 

hallmark of this degenerative process is the loss of proteoglycan content within the NP 

from approximately 50% in the normal disc to below 30% in the degenerated disc [2, 

16, 17]. Similarly, the water content of the NP decreases from 80% in the normal disc 

to below 65% in the degenerated disc [2, 17], making the boundary between the NP 

and AF difficult to detect using conventional imaging techniques such as MRI. These 

changes also make the NP more fibrotic, less gel-like, and stiffer, compromising its 

mechanical role in the disc as greater loads are transferred to the AF in the 

degenerated disc, altering its loading environment. It is hypothesized that the altered 

loading environment of the AF can lead to local failure of the tissue in the form of 

radial and circumferential tears [30, 31].  

The disc possesses limited ability to repair damaged tissue due to its sparse 

cellularity and distance from solute supply which may make tears precursors to 

herniation of the NP through the AF [12]. Moreover, altered loading in the AF may be 

linked to pain as local strains may increase in the outer AF, agitating pain receptors in 

that region. Additionally, the NP will have a reduced fixed charge density as 

proteoglycan and water contents decrease, causing the NP to recover less water, 

resulting in a loss of disc height with aging and degeneration. Another form of 
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herniation in the disc is the development of Schmorl’s nodes, or a herniation of the NP 

vertically through the adjacent endplates and into the bone [32-35]. Unlike the soft 

tissue of the disc, the bone is able to repair itself when damaged and can heal in the 

area surrounding the herniated NP in the bone space [36]. Schmorl’s nodes similarly 

lead to a reduction in intradiscal pressure and loss of disc height, but it remains 

unclear if they are associated with pain.  

 

2.4 Disc Mechanics 

Daily activity imparts multiaxial loads on the spine including compression, 

torsion, and bending and each constituent of the intervertebral disc has a unique 

function derived from its composition and structure and the combination of these 

individual structure-function relationships ultimately enables the disc to provide load 

support and permit flexibility in the spine [37-40]. The water and proteoglycan-rich 

NP serves to support axial compressive loads and expands outwards leading to 

circumferential hoop strain and stress in the AF [41, 42]. In addition, daily loading 

causes 20-25% of the disc’s water content to be expressed and the NP’s high 

proteoglycan content leads to the generation of osmotic pressure and permits overnight 

recovery of the water lost from daily loading [43]. The aligned collagen of the AF 

lamellae provide load support in rotational degrees of freedom (e.g. torsion, bending, 

and flexion), which impart significant tensile stress to the AF [37, 44-46]. 

Additionally, rotation of the lamellae during loading generates significant shear forces 

at the lamellar boundaries, further providing load support [47]. The unique anatomy 
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and biochemistry of the disc substructures is optimized to enable the disc to perform 

its multiaxial load-bearing functions. While it is widely recognized that the disc 

supports multiaxial loads, there is limited mechanical data on the full multiaxial 

mechanics of the disc as often DOFs need to be tested separately due to the technical 

complexities required of mechanical testing equipment.   

 

2.5 Biphasic Mechanics of the Intervertebral Disc 

 A defining characteristic of soft tissues such as intervertebral disc, articular 

cartilage, tendon, ligament, and arteries is that their mechanics are viscoelastic, or 

time-dependent; under a constant deformation the tissues dissipate stress, a 

phenomenon called stress-relaxation, and under a constant load they continually 

deform, a phenomenon called creep. One mechanism of this behavior is termed 

“biphasic” and arises from the interaction of fluid and solid phases within the tissue, 

specifically movement of water through the porous solid matrix of the tissue which 

can be described using Darcy’s law: 

𝒘 = −𝒌 ∙ ∇𝑝                                                     (1) 

Where w is the fluid flux, k is the tissue’s permeability, and p is the fluid pressure. 

The tissue’s permeability arises from its composition and structure and describes the 

ability of water to move through the tissue. Mathematical modeling of tissue integrates 

this fluid flow behavior with solid matrix mechanics via a biphasic material model, 

where the tissue is modeled as a mixture of solid and fluid phases with a total stress 

(σ) defined as: 
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𝝈 = −𝑝𝐈 + 𝝈𝒆                                                         (2) 

 

Where p is the fluid pressure, I is the identity tensor, and σe 
is the elastic matrix stress. 

Quantifying biphasic material properties of NP and AF has been vital to elucidating 

structure-function relationships in the disc [16], effects of degeneration on disc 

mechanics [48-51], and serves as inputs for disc finite element models [52]. While 

there is detailed knowledge of biphasic properties in the NP and AF, the CEP’s 

biphasic properties and their relationship with CEP structure, composition, and disc 

degeneration remain unknown.    

2.6 Constitutive Models for Disc Tissues 

To investigate the mechanics of the disc sub-structures, each tissue’s stress-strain 

response from mechanical testing is curve-fit to constitutive models to acquire 

material properties. Constitutive models mathematically describe the nonlinear, 

anisotropic, viscoelastic, and biphasic behaviors of each sub-structure. Performing 

such analysis is useful not only for quantifying mechanical properties in the context of 

the experimental work but also serves as inputs for FE models of the disc. Common 

testing techniques for disc tissues include compression for NP [16, 53] and 

compression or tension for AF [48, 51, 54, 55] while mechanical testing of human 

CEP is limited to one study in tension [56] and one compression study on baboon CEP 

[57]. After performing the appropriate mechanical test, the resulting data is fit to a 

constitutive model.  
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Constitutive models can be either phenomenological or structural and both classes 

have been applied to disc tissues. Structural models incorporate characteristics of the 

tissue anatomy (e.g collagen fiber angle) to relate structure and mechanical function in 

the constitutive model, whereas phenomenological models simply describe the tissue’s 

stress-strain relationship mathematically with no specific regard for the underlying 

tissue structure. Phenomenological models were first implemented to model the 

nonlinear response of tissues like arteries [58-60]. Prominently, the Fung-type model 

has been widely used to describe tissues such as AF [61], CEP [62], sclera [63], 

arteries [58], and duodenum [64].  While these models can describe the stress-strain 

behavior of a given tissue, they are not formulated with consideration to the 

underlying structure and composition of the tissue and therefore are limited in their 

ability to provide information on the structure-function relationships of tissues. 

Structural models aim to improve on phenomenological models by representing the 

contribution of collagen fibril’s orientation, stiffness, distribution, and crimp to a 

tissue’s mechanics. Often, these effects are represented using hyperelastic constitutive 

models defined by strain energy functions representing the fiber populations of the 

tissue. This approach is advantageous in that the contributions of each structural 

component can be accounted for in the overall stress-strain response. In particular, the 

matrix of tissues can be modeled using a total strain energy function (Ψ) that is 

defined by the summation of the strain energy of the extra-fibrillar matrix (ΨM) and 

the strain energy of the fibers (ΨF). 

Ψ = ΨM +ΨF                                                         (3) 
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Typically, for both analytical modeling and FE modeling, the NP is modeled without 

the effects of collagen fibers while the AF is modeled using two fiber families at 

alternating orientations [65]. To date there are no analytical modeling studies on 

human CEP and few FE models include CEP.  

The elastic stress in the tissue can be determined from the strain energy density 

by the relationship: 

𝝈 =
2

𝐽
𝐅 ∙
𝜕Ψ

𝜕𝐂
∙ 𝐅𝐓 

Where F is the deformation gradient tensor, C is the Right Cauchy-Green deformation 

tensor, and J is the Jacobian of the deformation gradient. In addition to the elastic 

stress of the tissue, the osmotic swelling effects of proteoglycans can be accounted for 

by defining a relationship between fixed charge density and osmotic pressure, and 

therefore the definition of the total stress in the tissue to 

𝝈 = −(𝑝 + 𝑝OSM)𝐈 + 𝝈
𝒆                                  (4) 

 

where pOSM is the osmotic pressure. The specific constitutive models used to model 

the matrix, fibers, and osmotic effects of intervertebral disc tissues will be discussed in 

Chapters 4 and 6.  

 

2.7 CEP Structure and Mechanics 

The CEP supports the bone-disc interface, containing the NP while permitting the 

transport of water, solutes, and waste products across the interface [25]. The geometry 
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and mechanical properties of the CEP are likely optimized to support competing 

demands. For example, the CEP must be thick enough to provide mechanical support 

of the disc-bone interface but also be thin enough to minimize the distance solutes 

must travel en route to the cells in the center of the disc. The role of the CEP’s 

geometry and mechanical properties in the disc and their changes with disc 

degeneration will be discussed in Chapter 3. 

Despite the wealth of knowledge regarding changes in NP and AF composition 

and structure and their effects on tissue function with degeneration, changes in CEP 

composition, structure, and function with degeneration remain unknown. Quantifying 

changes in CEP with degeneration is important as it may elucidate the overall disc 

degeneration cascade and may be a predictor of disc degeneration. In particular, two 

competing hypotheses for disc degeneration are related to CEP transport properties 

(e.g. permeability), which remain unknown. If CEP permeability increases with 

degeneration, water will more readily leave the disc and will result in reduced disc 

height and lower water content observed in the NP with degeneration. However, if 

CEP permeability decreases with degeneration, the cells in the NP, which already 

reside in an environment poorly suited for solute transport, will not be able to receive 

solutes and expunge waste products as readily [66]. Human CEP permeability 

properties and their changes with degeneration remain unknown and will be explored 

in Chapter 4 of this dissertation. 

 

2.8 Disc Motion Segment Testing 
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 Identifying the mechanical behavior of the disc as a whole is often 

accomplished through testing of disc segments [40, 49, 67-71]. When testing one 

intervertebral disc, testing is performed on either functional spine units, a bone-disc-

bone unit with posterior elements still attached, or disc motion segments, where the 

posterior elements have been removed [72, 73]. Testing can also be performed on 

multi-disc segments (e.g. L1-L5) with or without follower loads. For this dissertation 

emphasis will be placed on single-disc motion segment testing where the application 

of external loads does not result in load sharing between the disc and posterior 

elements. With this approach, emphasis is placed on the mechanics of the disc itself 

and not on the complex load sharing between disc and bone. 

Prior to the application of external loads, the disc is often placed in 0.15 M 

PBS for up to 24 hrs to achieve hydration throughout the disc [74-77]. During testing 

it is important that discs remain hydrated as they will dehydrate with significant 

effects on mechanical properties. For example, discs that have been tested in air and 

not in a bath have reported higher stiffnesses in multiaxial loading which may be due 

to increased friction between lamellae due to dehydration [75]. Disc hydration is often 

preserved during testing by immersing the disc in a PBS bath during testing. However, 

over-hydration is a concern when performing tests in a saline bath as the disc can 

swell by 20% when immersed in a bath [78, 79]. Consequently, discs are often 

preloaded in axial creep [71, 80, 81] or preconditioned in cyclic compression [82, 83] 

before application of the intended loading conditions. If the intended loading condition 

is a degree-of-freedom other than compression, the compressive load may be held to 
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simulate body weight compression during loading. The magnitude of this compressive 

load is important as disc stiffness is dependent on the magnitude of the compressive 

load [84, 85].    

After the disc is hydrated and preloaded or preconditioned, the intended 

loading scenario is performed. Historically axial compression has been evaluated 

extensively given the spine’s prominent compressive load-bearing capacity. Testing 

has been performed in stress-relaxation [86], creep [67, 87], slow-ramp [67], and 

dynamic loading conditions [69, 70, 88]. Typical load curves obtained from these 

experiments show nonlinearity, time-dependence, and hysteresis in compression. 

Given that the disc experiences multiaxial loading physiologically, testing systems 

have been developed to apply rotational degrees-of-freedom (torsion, lateral bending, 

and flexion-extension) [45, 71, 89-91]. Similar to compression, rotation tests have 

demonstrated non-linearity and hysteresis [73]. Quantification of the multiaxial 

mechanics of the disc will be discussed in Chapter 5. Further, multiaxial mechanical 

data is particularly important to validate FE models of the disc as conventionally 

model validation is limited to compression while the disc experiences multiaxial 

loading.  

2.9 Finite Element Modeling of Intervertebral Disc 

Improvement of current treatment methods and development of new treatment 

methods is contingent on quantifying disc mechanics. To address this widely known 

relationship between mechanics and pain, disc mechanics have been thoroughly 

studied in the last 50 years, but these mechanical studies are often limited to ex vivo 
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testing of cadaveric or even animal tissue. Moreover, historical testing of cadaveric 

discs often focuses on disc-level mechanics (e.g. overall axial displacement, disc 

compressive stiffness, or reaction force) and often ignores the internal mechanics such 

as stress, strain, and fluid flow. Predicting internal mechanics is critical as regions of 

high stress/strain are likely locations for damage of the tissue, or failure of the 

treatment. Consequently, the finite element (FE) method has been increasingly used to 

predict internal disc mechanics. FE models of the disc should be constructed with 

proper disc structure, material models that appropriately represent the disc 

constituents, and must be extensively validated to ensure their utility.  

 Early disc FE models were limited computationally and were constructed from 

simple constitutive modeling approaches such as using linear elastic material 

properties for both NP and AF and attempted to model the anisotropy of the AF using 

orthotropic linear elastic material properties. Subsequent models would expand to 

model the tissues as biphasic materials and model the specific orientations of collagen 

fibers in the AF using tension-only rebar elements. Moreover, the constitutive models 

used for the matrices of NP and AF expanded to include hyperelastic models such as 

Mooney-Rivlin and Neo-Hookean. Additionally these models incorporated elements 

of deformation-dependent permeability. However, some models continue to exclude 

the contribution of CEP or use material models and properties that are not based on 

human CEP mechanical testing. While advances were made on extra-fibrillar matrix 

constitutive modeling, the contribution of AF fibers remained as cable elements. 

Often, disc models use a single fiber angle to represent the AF, while the in vivo disc 
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has a gradient in fiber angle from inner to outer AF. Similarly, material properties are 

assumed to be equal throughout the AF while the inner AF and outer AF are known to 

have different properties arising from their different biochemical contents. The FE 

model in Chapter 6 will address these historic limitations of disc FE models by 

incorporating CEP properties derived from human CEP mechanical testing and a novel 

AF modeling approach that reflects the gradient in properties from inner to outer AF. 

 While the constitutive models used for each disc tissue are important for model 

construction, FE models need to be thoroughly validated against the available 

mechanical data. Historically, model validation has been underdeveloped and uses 

metrics such as total displacement during creep, NP fluid pressure, and disc bulge 

from disc segment testing. Mechanical testing data of human tissue is notoriously 

variable and thus matching these metrics within one standard deviation can be easily 

achieved, particularly if the material properties are tuned to do so, and further these 

approaches ignore any transient behavior of the disc. Given that the disc rarely is at 

equilibrium in vivo, and undergoes various changes in loading state throughout daily 

activity, it is imperative that validation approaches target metrics such as dynamic 

loading profiles, transient relaxation or creep curves, as well as multiaxial stiffnesses. 

These metrics will be used for FE model validation and discussed in greater detail in 

Chapter 6.   

2.10 Residual Stress in the Intervertebral Disc 

Residual stress is the internal stress of a tissue in the absence of externally 

applied loads [92]. Residual stresses and strains exist in all soft tissues and were first 
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demonstrated in arteries when a radial cut was placed through the arterial wall, 

causing an opening of the cross-section [93, 94]. The addition of a second radial cut 

produced no appreciable change in tissue configuration, demonstrating that the 

opening due to the first cut truly created a stress-free configuration [95]. This opening-

angle method was pioneering work in quantifying residual stresses and strains in soft 

tissue and has been applied to bovine AF [96]. The opening-angle behavior was 

observed in AF samples with a radial cut demonstrating the existence of 

circumferential hoop stresses and strains in the absence of external loads [96, 97].  

Soft tissue residual stresses arise from osmotic swelling and fiber pre-stress 

due to growth and remodeling [92, 98, 99]. Swelling residual stresses arise from 

osmotic pressure induced by the negatively charged glycosaminoglycans of the tissue 

which result in water imbibing. The water movement into the tissue results in tension 

of the solid matrix and thus, residual stresses. Swelling is known to play an important 

role in disc mechanics by restoring hydration of the NP and imparting circumferential 

stress in the AF and therefore disc FE models routinely include the contribution of 

swelling [76]. While these techniques are able to capture the swelling of an intact 

cadaveric disc, the additional residual stresses arising from fiber pre-stress remain 

unaccounted for in FE models. A method to generate residual stresses and its 

implications on FE model validation will be discussed in Chapter 6.  

2.11 Research Objectives 

 The overall objective of this work is to establish and validate a 3D finite 

element model of human intervertebral disc. The first objective of this dissertation was 
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to validate an MRI technique for measuring CEP geometry, which will serve as inputs 

for the FE model, and relate geometry to disc degeneration. To complete this research 

fast low-angle shot (FLASH) MRI imaging was used to quantify CEP geometry. The 

second objective was to quantify CEP mechanical and biochemical properties as 

inputs for a disc FE model and relate properties to degeneration. Confined 

compression mechanical tests and constitutive modeling were used to quantify CEP 

mechanical properties as inputs for the disc FE model. The third objective was to use a 

multiaxial hexapod loading device to acquire a dataset of multiaxial disc mechanics to 

serve as metrics for validation. The fourth objective was to validate the disc FE model 

in multiaxial dynamic loading by incorporating residual stress in the annulus fibrosus. 

To accomplish this, a novel multigeneration constitutive modeling strategy to account 

for AF residual stresses was incorporated into the FE model for validation.  

Collectively, this work validates an MRI imaging technique for quantifying 

CEP geometry non-invasively, provides a unique dataset on multiaxial disc 

mechanics, and is the first to validate a disc FE model in multiaxial dynamic loading. 

This ensemble of techniques has significant potential to measure disc structure and 

quantify mechanics and future translation of these techniques could be used for 

patient-specific imaging and modeling. In particular, the FE model further developed 

and validated in this work will have unprecedented predictive capabilities due to its 

unique validation strategy incorporating experimentally-derived residual stress and 

comparing to a full dataset of multiaxial dynamic loading conditions.  
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AIM 1 – MRI QUANTIFICATION OF HUMAN SPINE CARTILAGE 

ENDPLATE GEOMETRY: COMPARISON WITH AGE, DEGENERATION, 

LEVEL, AND DISC GEOMETRY 

 

Geometry is important to the function of the intervertebral disc and changes in 

geometry are associated with disc degeneration and altered disc function. For example, 

disc height is critical to providing load support [100] and with degeneration and loss 

of hydration, the disc height decreases [30, 101] and disc axial area increases [102]. 

The nucleus pulposus and annulus fibrosus substructures also have well-defined 

geometries. For example, the nucleus pulposus occupies approximately 25% of the 

disc axial area [26] and the annulus fibrosus has a well-defined lamellar structure with 

decreasing fiber angle from the inner annulus fibrosus to the outer annulus fibrosus 

[27]. While the nucleus pulposus and the annulus fibrosus have well-known 

geometries, the cartilage endplate (CEP) does not. The CEP is a thin cartilaginous 

layer above and below the disc that separates the disc from the adjacent vertebral 

endplates and vertebral bodies.  The CEP functions to transmit compressive loads 

across the disc-bone interface, pressurize the nucleus pulposus, and serve as a barrier 

for solute transport. The geometry of the CEP is critical to achieving these functions. 

The CEP must be thick enough to support the disc-bone interface by transferring 

compressive loads, while also being thin enough to minimize the distance solutes must 

Chapter 3 
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travel en route to the cells in the center of the disc [25]. The CEP also needs to cover 

enough axial area to reduce fluid flow and pressurize the nucleus pulposus. CEP 

geometry in the non-degenerate disc is presumably optimized to perform these 

functions. 

With degeneration, however, the CEP permeability decreases, tensile modulus 

decreases, and it may become sclerotic, calcified, or even severely damaged by 

Schmorl’s nodes [2, 34, 56, 66, 103-105]. While many CEP mechanical and 

compositional changes with degeneration are known, geometry of the CEP and 

changes with degeneration are not known.  Indeed, there are conflicting findings in the 

few available studies that have measured CEP geometry. Histology demonstrated a 

decrease in CEP thickness with age [106] while resistance micrometry has shown an 

increase with age [107]. Additionally, histologic methods for assessing CEP geometry 

are not suitable in a clinical setting and only provide a 2D visualization of the tissue 

structure [18, 57]. Measuring CEP geometry and how it changes with degeneration is 

important, as it may elucidate the overall disc degeneration cascade and be a predictor 

of disc degeneration. Consequently, a three dimensional and non-invasive method to 

measure CEP geometry is needed.  

Magnetic resonance imaging (MRI) techniques are appropriate for assessing 

CEP geometry as they are non-invasive and can provide strong contrast between 

adjacent tissues. Although the CEP cannot be visualized in routine clinical MRI, 

advances in MRI methods focusing on the CEP have aimed to identify CEP 

biochemical composition [62, 108], facilitate qualitative ultrastructural assessment 
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[109], and quantify CEP defects [110]. These improved MRI methods are derived 

from two MR sequences that have recently been applied to the CEP to enhance CEP 

visualization: ultrashort time-to-echo (UTE) [62] and fast low-angle shot (FLASH) 

[111]. In this study we apply the FLASH sequence because it is readily available on 

clinical scanners and usually requires shorter scan times for the same field-of-view 

and resolution [111].  Previously, we optimized the FLASH MRI sequence for CEP 

contrast and 3D visualization, providing proof of concept for measuring CEP 

geometry [111]. While this technique provided excellent CEP visualization and was 

validated against an excised cylindrical punch processed histologically, the accuracy 

and repeatability of the measurements were not assessed and only a small number of 

discs were analyzed.     

 The objectives of this study were to quantify CEP geometry in three 

dimensions using an MRI FLASH imaging sequence and evaluate relationships 

between CEP geometry and age, degeneration, level, and overall disc geometry.  

Specifically, we measured CEP width and area from a mid-axial image and CEP 

thickness from a mid-sagittal image.  Additionally, to validate the CEP thickness 

measurement, we evaluated the accuracy and repeatability of the MRI-based technique 

compared to thickness measured in paired high resolution optical images taken after 

sectioning the disc.  

Methods  

 Male lumbar motion segments (n = 22) from 9 human cadavers (age 60.9 ± 

10.2 yrs; range 42-75 yrs, levels L1-L2 to L5-S1) were imaged using a Siemens 7T 
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MRI, as in [111] (Table 3-1). Both the superior and inferior CEP from each disc were 

imaged in 22 motion segments, although 1 segment only had 1 discernible endplate (n 

= 43 total CEP). Disc degeneration was graded using the Pfirrmann scoring system 

and by T2* relaxation time of the nucleus pulposus [105, 112]. Pfirrmann grade 2 was 

classified as non-degenerate while grades 3-4 were classified as degenerate. No grade 

1 or 5 discs were present in the data set or used in this study. Enhancement of CEP 

contrast was achieved using a previously developed 200 x 200 x 200 µm
3
 3D FLASH 

MRI technique. Imaging parameters were TR = 9 ms, TE = 3.7 ms, flip angle = 20° 

[111].     

Table 3-1: Summary of Sample Set 

 

Accuracy and Repeatability of CEP Thickness Measurement  

 The accuracy and repeatability of the CEP thickness measurement from the 

FLASH MR image were evaluated using paired high-resolution optical images of the 

CEP morphology taken after making a mid-sagittal section. Two discs that were 

imaged via MRI were selected for morphology analysis. Each disc was fixed in 10% 

formalin for 1 week and decalcified for 2 weeks with Formical-2000, refreshing the 

solution every 2-3 days. The discs were bisected along their mid-sagittal plane and 

imaged using a stereo dissecting microscope equipped with a high-resolution digital 
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camera (Leica Microsystems; Wetzlar, Germany). The corresponding mid-sagittal 

plane MRI image (Figure 3-1A) and morphology image (Figure 3-1B) were aligned 

and overlaid (Figure 3-1C) using OsiriX (www.osirix-viewer.com).  

The MRI-morphology image pairs were evaluated by 2 raters, who each 

independently measured CEP thickness on the MR image and the morphology image 

on 4 separate days. Thickness was calculated as described in the following section. To 

assess the accuracy of the thickness measurement, the residual difference between the 

MRI and morphology measurements was calculated. To compare the slope of the 

raters’ MRI-morphology measurements to a theoretically perfect 1:1 relationship, 

linear correlation was used with the y-intercept fixed to 0. To assess the repeatability 

for an individual user the coefficient of variation (CV) was used to analyze each 

rater’s performance. CV is defined as the ratio of the standard deviation to the mean. 

The CV was calculated for each of the locations for each user. The average CV for 

each user was then compared. To assess inter-user error, the Bland-Altman test was 

used.   

 

Figure 3-1: Accuracy of the CEP MRI technique. Mid-sagittal MRI (A) and 

morphology (B) images were resized and overlaid (C) to ensure that regions match in 

both images. In the merged image, red represents the MRI image and blue represents 

the morphology image. Scale = 5 mm.  
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Measurement and Analysis of CEP Axial and Mid-sagittal Geometry 

The CEP thickness, anterior-posterior (A-P) width, lateral width, and axial area 

were measured in all discs by a single rater using a single measurement. CEP 

thickness was measured on the mid-sagittal plane of the disc using ImageJ. Thickness 

was calculated for 5 evenly-sized regions across each CEP using ImageJ (NIH) 

(Figure 3-2A). Within a region, the rater manually outlined the CEP using the polygon 

selection tool in ImageJ (Figure 3-2B) and converted the outline to a binary mask 

(Figure 3-2C). Thickness was calculated as the area of the mask divided by the width 

of the mask.  Based on changes of thickness across the CEP (see results), thickness 

was further evaluated in three groups: center measurement, average of the anterior and 

posterior measurements (A/P), and the average of all five measurements. Axial CEP 

geometry (axial area, CEP A-P and lateral widths) was measured in the axial plane 

using OsiriX software. Due to the curvature of the disc-bone interface, MRI images 

were post-processed into thick mean intensity slabs of 1.5 mm and were used to 

calculate CEP axial geometry. Using a thick slab ensures that the full thickness of the 

CEP is accounted for when making measurements in the axial plane. In addition, total 

disc height and disc axial area were measured from the same sagittal and axial sections 

using OsiriX. 
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Figure 3-2: CEP thickness measurement technique. A CEP is divided into five evenly 

spaced regions (A). Using the polygon tool in ImageJ, the CEP of a particular region is 

outlined (B) and converted to a binary mask (C). The area of the mask is calculated in 

ImageJ and divided by the width of the mask to obtain thickness. Mid-axial plane (D) 

images were used to quantify disc axial geometry while a 1.5 mm thick axial slice (E) 

was used to calculate CEP axial geometry. Orange lines represent anterior-posterior 

width measurements while blue lines represent lateral width measurements. Scale = 5 

mm.  

 

Statistics 

To determine if CEP thickness varies across the 5 measured regions, a one-way 

ANOVA with Tukey multiple comparison post-hoc test was performed. Within the 

full data set there are many factors (age, spine level, T2* score, Pfirrmann grade, disc 

height, and superior-inferior location) that may affect CEP geometry parameters (CEP 

axial area, A-P width, lateral width, center thickness, A/P thickness, average 

thickness), so reverse step-wise multiple regression analysis was performed using R 

software [113] to determine the effect of each predictor on CEP geometry. First, a full 

model including all factors was implemented. Factors were iteratively dropped from 

the model until either no factors were significant or all remaining factors were 
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significant. Factors were dropped in order of largest (most non-significant) p-value. 

Statistical significance was set at p < 0.05. This multiple regression procedure was 

performed for all CEP geometry measurements. To support interpretation of the 

correlations from the multiple regression procedure, for those factors that were 

significant, individual linear regressions were fit to each combination of factor and 

CEP geometry parameter to obtain individual r
2
 and regression lines. To make 

comparisons between CEP geometry and disc geometry, linear regression was used to 

determine any significant correlations. To determine the percent of the disc covered by 

the CEP the ratio of (CEP geometry parameter) / (Disc geometry parameter) was 

computed for each CEP and averaged for the parameters of axial area, A-P width, and 

lateral width.  

Results 

Accuracy and Repeatability 

 Overall, independent raters produced accurate measurements between 

morphology and MRI images that match well with a perfect 1:1 relationship (slope = 

1.01, 95% confidence interval of 0.97 to 1.04, Figure 3-3A). The average residual was 

0.03 ± 0.14 mm. The standard deviation of this residual distribution was 0.14 mm, 

which is smaller than the 0.2 mm isotropic resolution of the MRI image, suggesting 

that the MRI-based method is an accurate measure of the thickness.  

The repeatability, as measured by the coefficient of variation, was found to be 

13.6% for rater #1 and 14.5% for rater #2. For a CEP thickness of 0.5 mm these 

repeatability measures equate to 0.068 mm and 0.073 mm, respectively, both of which 
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are below the MRI resolution. Sub-resolution error in repeatability for both raters 

suggests that both raters were able to produce consistent values when measuring a 

particular location. Therefore only one measurement, instead of 4, was used in the full 

dataset.  

Inter-user error was assessed using the Bland-Altman test (Figure 3-3B, 3-3C). 

The bias for MRI comparisons (Figure 3-3B) was -0.049 ± 0.072 mm, with a 95% 

confidence interval of -0.19 to 0.09 mm. The bias for the morphology comparisons 

(Figure 3-3C) was -0.048 ± 0.092 mm, with a 95% confidence interval of -0.23 to 0.13 

mm. There was no systematic inter-rater bias, therefore only one rater was used for the 

full dataset.  

 

Figure 3-3: Success of MRI technique and rater performance. The MRI technique 

successfully predicts morphology thickness (A) with a slope of 1.01 with a 95% 

confidence interval of 0.97 to 1.04. Raters consistently matched MRI (B) and 

morphology (C) measurements. Each point in (A) represents one measurement at one 

location. Each point in (B-C) represents the average of all 4 measurements at each 

location. 

 

CEP Mid-sagittal and Axial Geometry 

CEP thickness was greater in anterior and posterior locations than in the center 

of the disc (Figure 3-4, p < 0.01). Therefore three thickness parameters were compared 

to sample age, degeneration grade, and disc geometries: CEP thickness (averaged 
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across the entire width), center CEP thickness, and A/P thickness (averaged from the 

anterior and posterior site).  

 

Figure 3-4: CEP thickness varied significantly across the anterior-posterior width of 

the disc (p < 0.05). CEP is thinnest in the center and thickest at the A/P ends, where 

the CEP interfaces with the inner annulus fibrosus. Bars represent p < 0.05. A = 

anterior, A-C = anterior-center, C = center, C-P = center-posterior, P = posterior. 

 

With an established technique for measuring CEP thickness from MR images, 

the full dataset of 22 discs was evaluated for CEP geometry and evaluated via multiple 

regression. While center thickness did not correlate with age (Figure 3-5A, r = -0.04, p 

> 0.05), the A/P thickness (Figure 3-5B, r = -0.40, p < 0.01) and average thickness 

(Figure 3-5C, r = -0.44, p < 0.01) both decreased with age. CEP axial area (Figure 3-

5D, r = -0.37, p < 0.05) and lateral width (Figure 3-5F, r = -0.42, p < 0.01) both 

decreased with age while A-P width (Figure 3-5E, r = -0.25, p > 0.05) did not 

correlate with age. No CEP geometry parameters correlated with degeneration 

measured by T2* (Figure 3-6) or Pfirrmann grade.  
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Figure 3-5: Relationships between CEP geometry and age. Center thickness (A, r = -

0.04, p > 0.05) and CEP A-P width (E, r = -0.25, p > 0.05) did not correlate with age. 

A/P thickness (B, r = -0.40, p < 0.01) and average thickness (C, r = -0.44, p < 0.01) 

decreased with age. CEP axial area (D, r = -0.37, p < 0.05) and lateral width (F, r = -

0.42, p < 0.01) decreased with age. 

 

No CEP thickness parameter varied with disc level. CEP axial area did not 

vary by disc level, except L3-L4 CEP axial area was 35% greater than the L5-S1 CEP 

area (p < 0.05). Similarly, CEP anterior-posterior width didn’t vary with disc level, 

except the anterior-posterior width was 20% greater in L3-L4 than L4-L5 (p < 0.05). 

CEP lateral width did not vary with disc level. No CEP geometry factor depended on 
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superior-inferior location. 

 

Figure 3-6: Relationships between CEP geometry and degeneration measured by T2* 

relaxation time. No CEP geometry parameter correlated with degeneration. 

 

In comparing CEP geometry with its associated disc geometry, surprisingly, no 

CEP thickness parameter correlated with disc height (Figure 3-7A-C). CEP axial area 

did correlate with disc axial area (Figure 3-7D, r = 0.47, p < 0.01) and has a CEP axial 

area/disc axial area ratio of 30.9 ± 7.0%. CEP anterior-posterior width significantly 

correlated with disc anterior-posterior width (Figure 3-7E, r = 0.31, p < 0.05) and a 

CEP A-P width/disc A-P width ratio of 56.1 ± 7.5%. CEP lateral width correlated with 

disc lateral width (Figure 3-7F, r = 0.32, p < 0.05) and a CEP lateral width/disc lateral 

width ratio of 57.4 ± 7.6%. 
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Figure 3-7: Linear regression relationships between CEP geometry and disc 

geometry. No CEP thickness parameter correlated with disc height (A-C). CEP axial 

area (D, slope = 0.23, p < 0.01), A-P width (E, slope = 0.24, p < 0.05), and lateral 

width (F, slope = 0.27, p < 0.05) all correlated with their disc counterparts. 

     

Discussion  

 The objective of this study was to quantify CEP geometry in three dimensions 

using an MRI FLASH imaging sequence and evaluate relationships between CEP 

geometry and overall age, degeneration, spine level, and disc geometry. Previously we 

presented the MRI technique as a possible tool to visualize and measure CEP 

geometric features [111]. In the present study the accuracy and repeatability of the 

MRI technique was determined by comparing paired MRI and morphology based 

measurements. The 3D MRI technique yielded CEP thicknesses that were accurate 

with respect to paired morphology thickness and between raters.  Importantly, there 

was no systematic over- or under-prediction of the CEP thickness by the MRI 

technique. Moreover, the validation procedure demonstrated differences in 
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repeatability and inter-user error that were lower than the MRI resolution (< 0.2mm). 

Therefore only one user making one measurement is required, enabling practical 

measurement of a larger data set. The excellent repeatability and low inter-user errors 

are likely due to the fact that this MRI technique offers significant contrast between 

the CEP and the surrounding bone and nucleus pulposus (Figure 1A), a feature that is 

traditionally best seen in histological assessment of the disc, where the CEP and 

surrounding tissues stain for significantly different biochemical content. Furthermore, 

the validity of the MRI technique is reinforced by the fact that measurements of CEP 

thickness presented here, 0.3-1 mm,  are comparable to previous measurements 

produced using histology: 0.4mm-0.8 mm [18, 114, 115]. This FLASH MR imaging 

and analysis technique, if modified for clinical feasibility as previously demonstrated 

[111], will be valuable for assessing CEP geometry changes in patients with disc-

related disorders.      

This study evaluated changes in CEP geometry with age and degeneration. 

There were no significant correlations between any CEP geometry parameter and 

measures of degeneration, either T2* score or Pfirrmann grade, although several 

parameters were correlated with age. A/P thickness, average thickness, axial area, and 

lateral width were observed to decrease with age (Figure 5). It is unclear what 

processes lead to a smaller CEP and what significance a smaller CEP has on its 

structural, mechanical, and transport functions. A smaller CEP will provide less 

exchange area for transport of solutes and water, and may affect the transport cycle. 

Altered transport is often hypothesized to be a factor in the degenerative cascade [2, 
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24, 116, 117]. If smaller CEP axial area is significantly able to hinder transport, it is 

possible that using MRI to evaluate CEP axial area may be a valuable predictor of the 

efficacy of non-invasive therapies that require transport into the disc.  

Furthermore, the changes in CEP geometry with aging are seen most 

prominently at the interface between the inner annulus fibrosus and the CEP (Figure 

5B), a site of common CEP and annulus fibrosus herniation [115]. In this region, the 

CEP is thickest, likely due to annulus fibers passing through the CEP and anchoring to 

the adjacent bone [118, 119] which are not present in the center of the CEP [29, 105]. 

This may be a mechanically important junction in the disc as it experiences high 

tensile strains [49, 86, 120] and consequently, is frequently the sight of CEP and 

annulus fibrosus herniation [115, 121-123]. CEP thickness at this junction decreases 

with age which may make the CEP more susceptible to tensile failure. CEP axial area, 

which is enclosed by this outer boundary, also decreases with age. These age-related, 

but not degeneration-related, changes in geometry at the CEP-inner annulus interface 

suggest that the CEP may undergo a process of degeneration that doesn’t directly 

follow disc degeneration [105].   

Absence of significant correlations between CEP geometric parameters and 

measures of disc degeneration may also be due to the differences between disc 

degeneration and other cartilage degenerative processes like osteoarthritis. Notably, 

osteoarthritis results from increased wear of articular cartilage [124, 125], culminating 

in bone-on-bone contact. In contrast, the disc undergoes changes that manifest in 

altered structure and mechanics [3, 49, 67], but not wear. Disc degeneration is 
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typically not defined by bone-on-bone contact [7] and only in severe degeneration 

(Pfirrmann grade of 5) would wear possibly occur. No grade 5 discs were tested in this 

study and, due to fragmentation of the CEP in grade 5 discs, it would be challenging to 

visualize the CEP in such advanced degeneration using MRI. These different 

processes of articular cartilage wear and CEP changes with disc degeneration further 

confirm that the CEP is not a strict analog of articular cartilage. 

CEP geometry correlated with disc geometry, as expected. Larger discs had 

larger CEP axial area and widths (Figure 7). The CEP had an axial area that occupies 

about 25-35% of the disc area, corresponding to a region encompassing the nucleus 

pulposus (~25% disc area) and some of the inner annulus fibrosus [26]. A larger CEP 

axial area than nucleus pulposus axial area is important for the CEP’s functions in the 

disc. The CEP serves as for the interface for transport exchange as well as a load 

distributor between the disc and bone [25]. Both functions are successfully achieved 

by having a CEP axial area that covers the entire nucleus pulposus.  

Surprisingly, particularly as CEP axial geometry correlated with disc axial 

geometry, the CEP thickness did not correlate with disc height.  This may be valuable 

for the transport functions of the CEP. Taller discs are already burdened with a long 

diffusion distance from the vertebral solute supply to the cells in the center of the disc 

[25, 116, 117, 126]. If CEP thickness increased with disc height, this burden would 

only increase, particularly as the CEP has a high fixed charge density and a low 

permeability [18, 105]. 
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This study is not without limitations. A small (n = 22) sample set was used to 

identify relationships between CEP geometry and disc geometry and disc degeneration 

factors. A priori power analysis suggested a minimum sample size of 98, at a power of 

1-β = 0.8, in order to compare across six factors. It is possible that such a large dataset 

would identify some correlations not detected here; however, it is not likely or 

expected that different outcomes would emerge. For example, in this study several 

CEP geometry factors, e.g. center thickness, shared no relationships (p>0.9) with disc 

degeneration (Figure 6), a fact that would not change with an increased sample size.  

 This study demonstrates the accuracy of measuring CEP geometry from 3D 

FLASH MRI. This technique was used to show a decrease in CEP axial geometry and 

A/P thickness with age. Age-related decreases in these geometric features may be 

related to commonly observed failure at the junction between the CEP and inner 

annulus fibrosus. The lack of relationship between CEP geometry and disc 

degeneration further suggests that CEP degeneration may not progress directly with 

disc degeneration. Consequently, it remains unclear what relationship the CEP shares 

with disc degeneration and low back pain. Nevertheless, as the CEP undergoes 

significant geometric changes with age, the MRI technique presented in this study may 

prove a useful diagnostic tool for clinical use.  
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AIM 2 – HUMAN CARTILAGE ENDPLATE PERMEABILITY VARIES 

WITH DEGENERATION AND INTERVERTEBRAL DISC SITE 

 

Degenerative disc changes in the nucleus pulposus and annulus fibrosus are 

well documented, but cartilage endplate (CEP) mechanical properties and how they 

change with degeneration remain unknown. The CEP is a 600-1000 μm layer of 

hyaline-like cartilage that separates the disc from the adjacent vertebral endplates and 

consists largely of type-II collagen, proteoglycans, and water [2, 111]. The CEP 

functions to transmit compressive loads, contain and pressurize the nucleus pulposus, 

and transport water, nutrients, and waste into and out of the disc. These functional 

roles have been qualitatively described but have been poorly explored quantitatively, 

particularly with degeneration. Quantifying the CEP mechanical properties and its 

changes with degeneration is essential for understanding how the CEP contributes to 

the function and pathology of the disc. Therefore the objectives of this study were to 

quantify the effect of disc degeneration on human CEP mechanical properties, 

determine the influence of superior and inferior disc site on mechanics and 

composition, and simulate the role of collagen fibers in CEP and disc mechanics using 

a validated finite element model. 

Chapter 4 
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 Disc degeneration may be associated with altered CEP mechanical and 

transport properties. Decreased transport from the vascularized vertebral body, across 

the CEP, and into the nucleus pulposus may result in insufficient nutrition to its cells 

[66, 127, 128]. Structural damage decreases CEP tensile modulus [56]. However, the 

effect of degeneration on CEP compressive properties is unknown. Degeneration may 

affect the CEP’s functions, which may be reflected in changes in mechanical 

properties. We recently applied confined compression to measure the extrafibrillar 

compressive properties of non-degenerate CEP [52]. Thus, the first objective of this 

study was to quantify the CEP mechanical properties in confined compression and 

how disc degeneration alters these properties.  

Damage to the CEP can result in herniation of the nucleus pulposus through 

the vertebral endplate, known as Schmorl’s nodes [32]. Schmorl’s nodes cause a 

decrease in disc pressure, loss of disc height, and can result in vertebral body 

inflammation [35]. The prevalence of Schmorl’s nodes is not symmetric; they occur 

more frequently across the inferior than the superior endplate [34]. This prevalence 

may be related to differences in superior and inferior vertebral bone properties, [129, 

130] but may also be related to differences in CEP properties. Therefore, the second 

objective of this study was to determine the influence of disc site (i.e., 

inferior/superior) on human CEP mechanics and composition. 

Finite element modeling is a valuable tool to study the role of the CEP in disc 

mechanics and transport. Essential to a successful finite element model is the choice of 

constitutive models and material properties for each tissue. Of the few disc finite 
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element models which have included the CEP, many have modeled it as a poroelastic 

material with an isotropic linear elastic solid matrix [127, 128, 131-133]. However the 

CEP constitutive formulations used have neglected non-linearity that may arise due to 

collagen fibers. Therefore, the third objective of this study was to model the CEP 

using measured CEP extrafibrillar matrix and permeability properties and evaluate the 

role of fiber alignment and mechanical properties. 

Methods 

Sample Preparation and Biochemical Composition 

Human lumbar disc segments (n=19; Table 4-1) were acquired (NDRI, 

Philadelphia, PA), imaged with MRI, and graded for degeneration by both the nucleus 

pulposus T2 relaxation time and the Pfirrmann grade [134]. The T2 relaxation time is 

a continuous variable suitable for correlation analyses and the Pfirrmman grade is an 

integer variable that is widely used and suitable for grouping samples for descriptive 

statistics. The T2 relaxation time and Pfirrmann grade are correlate with each other 

[134, 135]. Non-degenerate discs were defined by a Pfirrmann score of 1 and 2 while 

degenerate discs were grade 3. No grade 4 or 5 discs had CEP that was testable. The 

gender distribution was 7 female and 6 male with an age range of 46 to 80 years old, 

with an average age of 60 ±12. Samples from lumbar levels L1L2 and L2L3 were used 

for statistical analyses. Only a few discs from L3L4 and L4L5 had testable CEP so 

these were not included in averages or statistical analyses (Table 4-1). CEP samples 

were dissected from the central region above the nucleus pulposus (total n=34, L1-L5; 

Figure 4-1). Samples were tested in confined compression and biochemical 
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composition of adjacent tissue was measured via a DMMB assay [52].  Material 

properties were determined by optimizing the experimental load curve and 

biochemical composition using finite element software, FEBio, as described 

previously [52]. 

 

Figure 4-1: Sagittal section of the intervertebral disc showing location of CEP test 

samples taken adjacent to the nucleus pulposus (NP). CEP: cartilage endplate, AAF: 

anterior annulus fibrosus, PAF: posterior annulus fibrosus, NP: nucleus pulposus 

 

Table 4-1: Summary of sample set by lumbar level. *Asterisks denote CEP samples 

that were excluded from mean calculations and statistical analyses  

 

Statistics 

 The effect of disc site (Superior and Inferior) and degeneration (Nondegenerate 

Grade 1 & 2 and Degenerate Grade 3) was analyzed using a two-way ANOVA with 
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Wilcoxon matched-pairs signed-rank post hoc test for the effect of disc site and Mann-

Whitney-U-test for effect of degeneration. The Pfirrmann scoring system is widely 

used and allows for grouping tissue samples into categories appropriate for the 

ANOVA, however, it is limited by its discrete nature. Therefore, a continuous 

parameter, the nucleus pulposus T2 time, [134], was used to evaluate the Pearson’s 

correlation with all mechanical and biochemical parameters. Finally, correlation of age 

and CEP properties were also evaluated. Relationships between mechanical 

(permeability, modulus) and biochemical (fixed charge density, water) properties were 

analyzed using Pearson correlation.  

Histology and Scanning Electron Microscopy 

Additional spine segments (n=4) underwent histological examination of CEP 

fiber alignment and potential structural differences between non-degenerate and 

degenerate CEP. Segments were fixed in buffered 10% formalin and decalcified with 

Formical-2000. Decalcified bone-CEP-NP segments from the center of the disc were 

paraffin-embedded and 5 μm slices were cut. Samples were stained with Alcian blue 

and Picrosirius red to show proteoglycan and collagen, respectively. Additional slides 

were stained with only Picrosirius red and viewed over a polarized light microscope to 

show CEP fiber alignment. An additional, non-degenerate (Pfirrmann grade 2) disc 

was prepared for scanning electron microscopy (SEM). An NP-CEP-Bone plug was 

cored across the inferior CEP. The sample was digested in Chondroitinase ABC 

overnight to expose collagen fibers and cryosectioned to create a flat imaging plane. 

The sample was imaged using a Hitachi S4700 SEM.   
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Finite Element Modeling of CEP Mechanics 

The full set of measured CEP Grade 3 extrafibrillar elastic, permeability, and 

swelling properties (Table 4-2), averaged for the superior and inferior locations, were 

incorporated into a validated Grade 3 finite element disc model [136]. Fiber 

properties, not available from confined compression experiments performed in this 

study, were obtained by fitting the tensile response from Fields et al [56] using an 

inverse finite element method.  The average tensile response was fit to a biphasic-

swelling model that was reinforced with an ellipsoidal fiber distribution. The 

ellipsoidal fiber distribution introduced two additional families of parameters, fiber 

modulus (ξ) and fiber nonlinearity (α) that are defined by an ellipsoidal distribution 

function [137]. This ellipsoidal distribution function was based on CEP polarized light 

histology and SEM, where fibers appear primarily oriented in the plane parallel to the 

vertebrae and nucleus pulposus and the anterior-posterior and lateral fiber directions 

were assumed to have the same fiber modulus (e.g. ξ1 = ξ2) while the contribution in 

the axial direction (ξ3) was set at 10% of ξ1. Fiber nonlinearity was assumed to be 

independent of coordinate direction (e.g. α1 = α2 = α3). These assumptions reduce the 

ellipsoidal fiber distribution formulation to  
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To evaluate the performance of CEP fiber-reinforcement to local CEP 

mechanics, confined compression and uniaxial tension tests were simulated in FEBio 

and compared to compression and tension data. To evaluate the role of CEP fiber-

reinforcement in overall disc mechanics, a disc compression simulation was 

performed. The simulated disc was hydrated to equilibrium for 24 hrs with the 

vertebral bodies fixed, which pressurized the disc [136]. After hydration, 10% axial 

compression was applied over 10 sec and held for 6.5 hrs to equilibrium. Disc reaction 

force, CEP strain, and CEP fluid flux data were calculated along the anterior-posterior 

axis of the mid-sagittal slice of the disc (yz-plane, Figure 4-2). Simulations were 

performed with and without including CEP fibers to evaluate the role of fibers in disc 

and CEP mechanical function. 

 

Figure 4-2: Finite element model geometry and mesh shown for (A) the full disc, and 

(B) the mid-sagittal section, cut at the dashed line in (A). The full disc is oriented such 

that the anterior-posterior disc axis coincides with the y-axis. The CEP mechanics 

were calculated along the yz-plane. CEP: cartilage endplate, AAF: anterior annulus 

fibrosus, NP: nucleus pulposus, PAF: posterior annulus fibrosus, VB: vertebra 
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Results 

Composition 

 Average CEP GAG content across all CEP was 14.8% of the dry weight 

(n=30, Table 4-2) and was not different with degeneration or disc site (p>0.05). 

Average water content across all CEP was 61.2% (n=30) and was also not different 

with degeneration or disc site. FCD did not significantly relate to degeneration as 

measured by the Pfirmann scale but did correlate with degeneration measured by T2 

time (r = -0.36, p < 0.05; Figure 4-3A). Although degenerative grade (Pfirmann) and 

NP T2 time are both used to describe degeneration, they are defined differently, so it is 

not surprising that some parameters, e.g., FCD, are not affected the same way by these 

different measures of degeneration. FCD also did not increase with age (r = 0.24, p > 

0.05; Figure 4-3D). Surprisingly, GAG and water content did not correlate with 

degeneration, but FCD, a function of both GAG and water content, increased with 

degeneration. GAG content was not correlated with water content.  

Table 4-2: Summary of mechanical and biochemical properties (median, inter-quartile 

range) for healthy and degenerate CEP 
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Figure 4-3: Mechanical parameters for all samples were evaluated for correlation with 

degeneration measured by nucleus pulposus (NP) T2 relaxation time and with 

specimen age. A lower T2 time represents a more degenerate disc. (A; D) Fixed 

charge density increases with degeneration (r = -0.36, p<0.05) and does not change 

with age (r = 0.24, p  > 0.05) while (B; E) permeability decreases with degeneration (r 

= 0.44, p<0.05) and age (r = -0.39 , p < 0.05). (C; F) Modulus was not correlated with 

degeneration or age (p>0.05). 

 

Histological Appearance 

 Histological assessment of NP-CEP-Bone segments demonstrated the 

structural organization of the CEP (Figure 4-4). The nucleus pulposus stained almost 

exclusively for proteoglycans, marking the boundary with the more fibrous CEP in 

non-degenerate samples (Figure 4-4A, 4-4C). The CEP from degenerated discs 

showed staining for proteoglycans (Figure 4-4B, 4-4D), inconsistent with measured 

composition. In non-degenerated CEP the proteoglycan staining appeared to be 
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concentrated at the pericellular matrix (PCM) (Figures 4-4A and 4-4C) but in 

degenerate CEP the proteoglycan staining was more dispersed (Figures 4-4B and 4-

4D). The pericellular matrix, and thus the cells, appear to be randomly arranged and 

do not have the columnar organization observed in articular cartilage [138]. Fibers in 

the CEP tend to be oriented in the same direction although from polarized light it is 

unclear whether the fibers are parallel or perpendicular to the vertebrae (Figures 4-4E 

and 4-4F). Cells tend to be elongated parallel to the vertebrae, suggesting a parallel 

arrangement of fibers. This observation is supported by SEM as fibers appear mostly 

parallel to the vertebrae (Figure 4-4F).   

 

Figure 4-4: Histological assessment of non-degenerate and degenerate CEPs. Alcian 

blue and picrosirius red staining of superior (A,B) and inferior (C,D) endplates. 

Arrows denote CEP thickness. Non-degenerate CEP (A,C) appear structurally 

different than degenerate endplates (B, D). Non-degenerate CEP have GAG 

concentrated in the PCM (E) while degenerate CEP have prominent GAG staining 

throughout the tissue. Polarized light image viewed over 45° cross polarizers (E) and 

SEM image of CEP fibers (F). Fibers appear aligned in parallel to the vertebral bone 

and are not arranged like those found in articular cartilage. Arrows (F) denote example 
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horizontally-oriented fibers. Scale bar (A-E) = 500 μm. Scale bar (F) = 1 μm. NP = 

Nucleus Pulposus, VB = Vertebra. 

 

Confined Compression Mechanical Properties  

The optimization to determine CEP properties from the confined compression 

tests fit the data very well, with an average R
2
 of 0.96. Permeability significantly 

correlated with degeneration determined by NP T2 time, where lower T2 is more 

degenerate (r = 0.44, p<0.05), and significantly decreased with fixed charge density (r 

= -0.35, p<0.05) (Figures 4-3B and 4-5A, respectively). Permeability tended to be 

lower in degenerate inferior CEP compared to non-degenerate inferior CEP (p<0.1). 

Permeability also decreased with age (r = -0.39, p < 0.05; Figure 4-3E). Modulus did 

not correlate with degeneration (r = -0.03, p>0.05; Figure 4-3C), but tended to 

decrease with water content (r =-0.31, p=0.08; Figure 4-5B). Modulus did not 

correlate with GAG content, suggesting that GAG plays a more significant osmotic 

role in the CEP than an elastic role. Permeability (k0) was significantly greater in 

superior than inferior CEP in non-degenerate discs (p<0.05) and tended to be greater 

in superior than inferior CEP in degenerate discs (p = 0.08).   
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Figure 4-5: Permeability decreases with fixed charge density (r = -0.35, p<0.05; A) 

and modulus tended to decrease with water content (r = -0.31, p=0.08; B). 

 

 
Figure 4-6: Fiber-reinforced model performance in compression and tension. Both 

models perform identically in confined compression (A) as fibers do not contribute in 

confined compression. However, fibers are essential to reproduce tensile data (B). 

 

Finite Element Modeling of CEP Mechanics 

 An objective of this study was to model the CEP using measured extrafibrillar 

matrix and permeability properties and evaluate the role of collagen fibers.  The fiber 

properties were obtained by optimizing to tensile test data [56].  The optimization for 

the tension test fit the experimental data well (R
2
 = 0.97) and resulted in a fiber 
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modulus ξ1 = 7.01 MPa and a fiber nonlinearity α1 = 2.88 (unitless). At the tissue level, 

fiber-reinforcement had no effect on confined compression compared to the fiber-less 

model (Figure 4-6A), but fiber-reinforcement was necessary to reproduce tensile 

results (Figure 4-6B). Including CEP collagen fiber reinforcement significantly 

affected CEP mechanics but had little effect on the overall disc behavior in 

compression. When fibers were not included and an axial compression was applied to 

the disc, the CEP was predicted to experience large axial tensile strains (Figure 4-7A) 

and large shear strains (Figure 4-7B) in the regions near the AF.  However, when fiber 

reinforcement was included, the CEP was in compression (Figure 4-7A) and shear 

strains were reduced compared to the fiber-less model (Figure 4-7B). Fluid flux, or 

water flow, through the CEP above the NP were 65% greater in the fiber-reinforced 

model due to the reduced CEP deformation (Figure 4-7C). Although inclusion of 

fibers had large effects in the region of the CEP, the effect was minimal for the entire 

disc. Including CEP fiber reinforcement increased the peak disc axial reaction force to 

compression loading by 13% but did not change the equilibrium axial reaction force 

(Figure 4-7D).  
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Figure 4-7: Compression stress-relaxation finite element results taken from the time 

step of maximum disc compression comparing the fiber-reinforced CEP model to the 

fiber-less model. AF and NP denote which disc sub-tissue is adjacent to the CEP with 

lines denoting tissue boundaries. Fibers significantly affect axial (A) and shear (B) 

deformations. Reduced CEP deformation allows for enhanced fluid flow (C). Fiber-

reinforcement minimally affects global disc reaction force (D). CEP: cartilage 

endplate, AAF: anterior inner annulus fibrosus, PAF: posterior inner annulus 

fibrosus, NP: nucleus pulposus    

 

Discussion 

 The aims of this study were to determine the influence of 1) degeneration and 

2) superior and inferior site on human CEP mechanics and composition, as well as to 

3) determine the role of CEP fiber reinforcement on CEP and disc mechanics. The first 

objective of this study, to quantify the CEP mechanical properties in confined 

compression and the effect of disc degeneration, demonstrated that the human CEP 
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mechanical function and composition change with degeneration. Notably, 

permeability decreased with degeneration, which has important implications related to 

obstruction of the disc’s transport cycle [66, 139, 140]. Deleterious molecules like 

lactic acid may not be able to leave the disc as readily and may accumulate in the 

nucleus pulposus, reducing pH and affecting cell function and viability [25]. While 

CEP permeability is correlated with disc degeneration, whether permeability-related 

reduced transport causes disc degeneration is unknown. Other FE studies have 

estimated that transport should be reduced by 40% to reduce disc glucose production, 

and potentially cause disc degeneration [141, 142]. In this study, permeability in 

degenerate CEP was 60-70% lower than non-degenerate CEP, suggesting that changes 

in CEP permeability may indeed lead to reduced disc glucose production.  

The observed reduction in permeability was correlated with increased CEP 

fixed charge density (FCD).  Tissues with higher FCD can impede diffusive transport 

by creating a steric and ionic barrier [66]. Although this study only measured CEP 

permeability for Grade 3 discs, as more advanced degenerate discs did not have 

testable CEP, taken with other studies, we propose that the relationship between CEP 

permeability and disc degeneration is non-monotonic (Figure 8). The non-degenerate 

disc’s transport cycle is at a normal baseline (Figure 8A). As degeneration proceeds 

(Figure 8B) permeability decreases, which may inhibit transport. In advanced 

degeneration, transport again increases [104], possibly due to combined CEP 

structural breakdown and disc height loss, allowing fluid to leave the disc more easily. 

This non-monotonic relationship between CEP permeability and degeneration may 
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also be accompanied by changes in fixed charge density. FCD increases with mild 

degeneration (measured by T2 time) and correlates with permeability. We hypothesize 

that this increase in FCD represents an accumulation of fragmented GAG chains that 

have been cleaved and expunged from the NP. These fragmented GAG chains may 

become entangled in the dense and charged CEP environment before slowly leaving 

the disc altogether [21, 143]. This observation is qualitatively supported by increased 

proteoglycan staining in CEP.  

While this study demonstrated an increase in FCD with mild degeneration, it 

remains unclear how FCD changes with advanced degeneration, as studies often report 

GAG and water content and not FCD explicitly. It is challenging to interpret previous 

results of GAG and water content in the context of FCD, as FCD is a function of both. 

Nevertheless, GAG content increased  in advanced degeneration [22], but this increase 

was accompanied by increased water content. On the other hand, GAG content has 

been shown to decrease with degeneration [18, 56, 107].  In the present study there 

was no significant change in GAG with degeneration. The role of GAG content, water 

content and their impact on the more functional parameter, FCD, is a complex 

relationship. 

The second objective of this study, to determine the influence of disc site on 

human CEP mechanics and composition, demonstrated that the superior CEP 

permeability was greater than that of inferior CEP. The origins of this mechanical 

difference remains unknown but may be related to differences in the adjacent superior 

and inferior vertebral bone and physiological loading. Under spinal compression the 
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nucleus pulposus pressurizes and compresses both CEPs, but different underlying 

bone properties may affect the loading experienced in the CEP. Furthermore, since the 

spine does not experience pure compression, it is very likely that loading conditions 

are different across each disc-bone interface. As the tissues remodel in response to 

their respective loading conditions, differences in mechanical properties of both CEP 

and the adjacent bony endplate and vertebrae body may develop. For example, the 

vertebral endplate inferior to the disc has a smaller mean failure load [130, 144] and is 

thinner [145], rendering it more susceptible to Schmorl’s nodes [34]. Therefore 

experimental studies of the CEP and vertebral endplate should carefully control 

inferior/superior location. Similarly, clinical therapies of the disc should acknowledge 

potential differences between superior and inferior bone and CEP properties.  

 The third objective of this study, to model the CEP and evaluate the role of 

collagen fibers, successfully demonstrated that fibers are important for the CEP 

function and fluid flow, but have minimal effect on overall disc deformations. These 

findings demonstrate that CEP properties should reflect its structure in order to 

produce a physiologically likely stress-strain response at the tissue level. Neglecting 

the fiber contribution results in CEP axial strains that are in tension and also predicts 

very large shear strains. These predictions are physiologically unlikely, as axial tensile 

strains could cause delamination of the CEP. Ultimately, even with fiber-

reinforcement, CEP shear strains are large due to significant lateral expansion of the 

NP. This suggests that excessive shear deformation may be a failure mechanism of the 

CEP, consistent with clinical observations of CEP delamination [115, 121]. Moreover, 
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while fiber-reinforcement can affect CEP mechanics, it doesn’t significantly affect 

disc-level mechanics, with reinforcement increasing maximum disc reaction force by 

only 13% without affecting equilibrium reaction force. Thus previous models used to 

evaluate overall disc deformations remain valid [126, 127, 131, 136, 146], however 

they may not predict accurate stress and strain in the CEP and in nearby tissues.  

The finite element simulations confirm that the collagen fibers significantly 

affect the fluid flow through the CEP. By including the fibers, the CEP fluid flux is 

nearly doubled compared to simulations that neglect the fibers. This can be explained 

by noting that fluid flow is dependent on the CEP deformation. Including fibers results 

in less CEP deformation, decreasing apparent permeability, and promoting greater 

fluid flow. Excluding the fiber distribution in models of the CEP may underestimate 

fluid flow and therefore convection, a potentially important component of the 

transport cycle [2, 25, 133]. Fluid flow out of the disc due to mechanical loading 

reduces the disc height and thus, the distance between the solute supply in the 

vertebral body and the cells in the center of the NP, which would promote transport of 

nutrients through the disc to the central NP cells. On the other hand, fluid flow out of 

the disc also reduces NP water content and increases NP FCD, which would inhibit 

transport of nutrients through the disc to the central NP cells [116]. Fiber-

reinforcement may play a role in balancing these opposing mechanisms. Deviations 

from the normal fiber organization and fiber mechanical properties may affect CEP 

deformations and fluid flow, causing an imbalance between transport-promoting and 
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transport-inhibiting mechanisms. Furthermore, deviations from normal fiber 

organization are likely relevant across the full 3D distribution of fibers.  

The values of the extrafibrillar elastic and permeability properties reported 

here reflect the accepted functions of the CEP, including transmitting compressive 

loads. In order to accomplish this, the CEP must be stiff enough to support the high 

pressures developed in the nucleus pulposus and transmit loads across the disc-bone 

interface. The CEP accomplishes these functions by generating osmotic pressures 

comparable to those in the NP, arising from similar fixed charge densities. The CEP 

FCD is 80-770 mM, and is comparable to the 40-700 mM FCD of the NP [16, 52]. 

Interestingly, the CEP compressive modulus in this study (270 kPa) and our previous 

work (300 kPa) is on the lower end of the range for articular cartilage 300-1000 kPa 

[147-150] which also supports large compressive loads. Since the CEP compressive 

modulus is significantly lower than the CEP tensile modulus (~6 MPa) [56], the CEP 

exhibits tension-compression nonlinearity [151-153] which provides for interstitial 

fluid pressurization as a mechanism in supporting load [125, 152]. 

Despite having some mechanical property similarities, the CEP has structural 

and biochemical differences that distinguish it from articular cartilage. The fiber 

arrangement in articular cartilage has distinct zones, including a surface zone with 

fibers aligned along the surface, a middle zone with randomly dispersed fibers, and a 

deep zone with vertical fibers integrating with the subchondral bone [154]. The CEP 

fibers appear to be parallel to the NP and do not have columnar organization at the 

cartilage-bone interface. While both tissues interface with bone, the strength of this 
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interface in the CEP is likely much weaker due to a lack of fibrillar connection. This 

may render the CEP weak in shear and may lead to detachment from the bone as seen 

in lateral herniation [115, 121]. Furthermore, the CEP biochemical composition is 

different from that of articular cartilage. The CEP is much less hydrated and has a 

lower GAG content than human articular cartilage [18, 57, 124, 155, 156]. These 

structural and biochemical differences between CEP and articular cartilage, together 

with the different functional roles of these tissues, where the CEP functions to provide 

a barrier between the bone and the nucleus pulposus and articular cartilage supports 

joint contact, support the notion that the CEP and articular cartilage are unique and 

different tissues. 

 In conclusion, compressive experimental testing and biphasic-swelling 

modeling show that permeability and fixed charge density are significantly affected by 

degeneration and superior and inferior location. These findings have important 

implications in the mechanics and health of the intervertebral disc. Furthermore, CEP 

fibers are organized parallel to the VB and the NP and may contribute to large shear 

strains and delamination failure of the CEP. Fibers also contribute to the disc transport 

cycle by reducing CEP axial strains and enhancing fluid flux. Collectively, these 

results show that CEP permeability and fiber-reinforcement may be important factors 

influencing the disc transport cycle.   
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Figure 4-8: Graph describing proposed changes in transport and disc height with 

degeneration. In non-degenerate discs, there is an unimpeded transport cycle (A). An 

optimal range of transport properties permits this balance. As degeneration proceeds, 

structural and biochemical changes to the CEP and disc reduce transport properties, 

inhibiting transport (B). In advanced degeneration, transport is enhanced but disc 

height substantially decreases (C).   
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AIM 3 – MECHANICAL COUPLING WITH APPLIED LOADING CAUSES 

LARGE OFF-AXIS RESPONSES ACROSS ALL SIX DEGREES OF 

FREEDOM IN THE HUMAN DISC SEGMENT 

 

 

 The kinematics of the intervertebral disc are defined by six degrees of freedom 

(DOF): three translations (T) (Tz: axial compression, Tx: lateral shear, Ty: anterior-

posterior shear) and three rotations (R) (Rz: torsion, Rx: flexion-extension, Ry: lateral 

bending), (Figure 5-1, adapted from [102]). Mechanical tests using multiaxial testing 

systems such as pulleys and weights [157], cables and linear actuators [158, 159], 

stepper motors and linear bearings [160, 161], and Stewart platforms (hexapods) [71, 

88, 89] have demonstrated that the disc’s load-deformation and moment-rotation 

responses are highly nonlinear and viscoelastic. Quantifying these mechanical 

behaviors across all six DOF are critical for designing and testing disc therapies, such 

Chapter 5 

Figure 5-1: Schematic of axes of loading for the intervertebral disc and 

labels for each degree-of-freedom. T = translation and R = rotation. (Figure 

modified from Peloquin et al. 2014) 
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as implants and tissue engineered constructs [162, 163] and also for validating finite 

element models [71]. Moreover, disc multi-axial mechanics drive many critical 

physiological processes under investigation, such as low back pain; tears and 

herniation; injury, repair and remodeling; and cell mechanotransduction [164-166].   

The disc mechanical response has been measured in all DOFs; however, most 

studies apply either position control or pure moment control in only one or two DOFs, 

such as axial compression [67, 87, 167] or axial torsion [11, 168, 169]. Most studies 

do not control or measure all 6 DOFs simultaneously, meaning that the off-axis DOF 

are ignored. Importantly, there is evidence that the 6 DOFs are mechanically coupled, 

such that loading in one DOF affects the mechanics of the other 5 “off-axis” DOFs 

[170]. For example, applying axial compression increases stiffness in the rotational 

DOFs (Rx, Ry, Rz) [46, 171]. In this study we sequentially tested the disc’s response 

to cyclic loading in each of the 6 DOFs, using a state-of-the-art hexapod system to 

measure both same-axis and off-axis responses [72, 73, 88]. We hypothesized that 

applied loading in each DOF would generate coupled off-axis motions (translations 

and rotations) in the other 5 DOFs, and we tested this hypothesis by correlating, for 

each DOF, the applied motion vs. measurements of the resulting 5 off-axis motions. 

 Relationships between disc geometry and disc mechanics, including coupled 

off-axis responses, are important for evaluation of data from different sized donor and 

patient discs, interpretation of finite element models, and development of patient-

specific models. Geometry, such as height and width, is known to affect the same-axis 

mechanical response of a disc segment when loading is applied to a DOF [45, 100]. 
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For example, in a computational parametric simulation, disc height correlated with 

range of motion in pure moment flexion-extension (Rx), lateral bending (Ry), and 

axial torsion (Rz) [100]. In this study, we hypothesized that coupled off-axis motions 

for each DOF are also, like the same-axis mechanical response, correlated with disc 

geometry. 

Therefore, the objectives of this study were to quantify the mechanical 

behavior of the intervertebral disc in all six degrees of freedom (DOFs), measure the 

coupling between each applied motion in each DOF and the resulting off-axis motions, 

and test the hypothesis that disc geometry influences these mechanical behaviors. 

Methods 

Specimens 

Human lumbar intervertebral disc bone-disc-bone segments (n = 8) from 5 

spines (3 male and 2 female; age 49 ± 9 years, range 35 to 59) were dissected with 

posterior elements removed and graded for degeneration (Levels: L1-L2 (n = 1), L2-

L3 (n=1), L3-L4 (n = 2), L4-L5 (n = 4)). To limit variation from degeneration, only 

mild to moderately degenerated discs (Pfirrmann grades 2 to 3) were used. The disc’s 

anterior-posterior width (WAP), lateral width (WLAT), and disc height were determined 

from lateral and coronal x-ray images. The disc’s cross-sectional area was calculated 

from A = 0.84 * WAP * WLAT [172]. The disc’s aspect ratio was calculated as WLAT / 

WAP. Prior to testing, discs were thawed overnight under 50 N axial compression in 

0.15 M PBS with protease inhibitors. Three k-wires were inserted halfway into the 

sides of each vertebra, 120° apart, and the vertebrae were potted into custom cups 
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using polymethylmethacrylate (bone cement). An alignment device was used during 

potting to keep the inferior and superior cups parallel [88]. The potted bone-disc-bone 

segment specimen was then mounted in a 6DOF hexapod robot with a 37 °C 0.15M 

PBS bath for mechanical testing. 

Mechanical Testing  

Segments were tested using a state-of-the-art hexapod system that 

simultaneously controls and measures all 6 DOFs [72, 73, 88]. The protocol consisted 

of an axial compression preload followed by 6 sequential tests, subsequently called 

“DOF tests”, each of which applied cyclic loading to one target DOF (Figure 5-2). A 

novel hybrid control system was used. In each DOF test, prescribed cyclic loading was 

applied to the target DOF in position or load control, and the off-axis DOFs were load 

controlled in real time to maintain (approximately) zero off-axis forces and moments 

[173]. This adaptive approach to minimizing off-axis loads and moments allows the 

disc’s center of rotation to change during the protocol, which is an advantage over 

conventional tests that fix the center of rotation to one location, potentially causing 

supra-physiologic and damaging loads [170].  
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The preload consisted of axial compression with off-axis forces and moments 

controlled to zero. It was held overnight for 12 hours before the DOF tests started. The 

preload was chosen to produce a nucleus pulposus (NP) pressure of 0.2 MPa, which 

mimicked physiologic conditions and reduced axial displacement creep during the 

subsequent DOF tests. The preload force was calculated as 𝐹 =
𝑃∗𝐴

1.5
, where P is the 

desired NP pressure (0.2 MPa), A is the disc cross-sectional area, and 1.5 is an 

Figure 5-2: Schematic for mechanical testing protocol. Testing consisted of an 

overnight 0.2 MPa compression preload followed by Degree of Freedom (DOF) tests 

where 5 cycles at 0.5, 0.05, and 0.005 Hz (fast, medium, and slow rates) were 

performed for each DOF, followed by a 30 minute recovery period. To maintain off-

axis zero force and moment conditions, the off-axes displace and rotate in response 

to loading. DOF test order was Tx (lateral shear), Ty (anterior-posterior shear), Rz 

(axial torsion), Ry (lateral bending), and Rx (flexion-extension). Finally, the Tz 

(axial compression) test was performed with 5 cycles at 1, 0.1, and 0.01 Hz with 

recovery (R) after after 0.1 Hz as well as after the 0.01 Hz test. 
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empirically derived factor [73]. The axial preload was maintained during through the 

DOF tests except (as described below) when axial force was cyclically varied in the 

Tz test. 

Six “DOF tests”, each of which applied cyclic loading to a specific DOF and 

controlled the off-axis moments and forces to be zero (hybrid control), were 

performed in the sequence Tx, Ty, Rz, Ry, Rx, Tz (Figure 5-2). Each DOF test was 

separated from the others by a 30 minute recovery period (held in the preload state). 

Each DOF test consisted of a 3 blocks of 5 loading cycles at fast, medium, then slow 

cycle frequencies. In the Tx, Ty, Rz, Ry, and Rx tests, the blocks’ frequencies were 

0.5, 0.05, and 0.005 Hz, and the target DOF was sinusodially loaded in displacement 

or rotation control. In the Tz test, the blocks’ frequencies were 1, 0.1, and 0.01 Hz, and 

Tz was loaded with haversine cycles in force control. Loading in Tz caused significant 

axial creep, which is why the Tz test was done in force control. An additional 30 

minute recovery period was also inserted after the Tz medium rate block to allow 

some recovery of axial creep before the slow rate block started. The Tx and Ty tests 

had a slightly modified hybrid control scheme to prevent the test fixtures from 

colliding. In the Tx test, Ry rotation was controlled at 0°, and in the Ty test, Rx 

rotation was controlled at 0°. Overall, this mechanical testing sequence (Figure 5-2) 

was designed to minimize disc volume loss (water exudation) during the protocol [72]. 

The cycle amplitudes in each DOF test were chosen to be physiologically reasonable 

[69, 174, 175]: Tx = ±0.6 mm, Ty = ±0.6 mm, Rz = ±3°, Ry = ±4°, Rx = ±3°, and Tz = 

−0.2 MPa to −1.1 MPa. 
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Data Analysis  

For each DOF test, stiffness in the applied DOF (same-axis stiffness) was 

calculated from the load-displacement curve of the applied DOF in the final loading 

cycle (slow rate). Stiffnesses were calculated by linear regression between 70 and 90% 

of the maximum force or moment. Potential correlations between stiffness and each 

geometry parameter (height, lateral width, anterior-posterior width, aspect ratio) were 

determined using Pearson correlation. 

To determine the relationship (coupling) between each applied DOF and its off-

axis responses, the final loading cycle (a slow rate cycle) for the applied DOF was 

plotted against the corresponding off-axis motions. To evaluate the strength of this 

correlation, a second-order polynomial regression (r
2
) was performed with 

significance set at p < 0.05. For the purposes of this study, data from the slow tests 

was used because the hexapod system controller exhibited poor control at the fast rate 

(future instrument improvements will address this). 

Since the applied loading and hence the off-axis responses in each DOF test were 

cyclic, each off-axis response was also characterized by the offset of its oscillations 

and the amplitude between its value at the start of the DOF test and the value about 

which it oscillated during the DOF test (Figure 5-3). The amplitude and offset of each 

off-axis response was determined relative to a line fit through the oscillation of the 

off-axis displacement/rotation vs. time (Figure 5-3, red line). The offset is the intercept 

of the line with the start of loading.  The amplitude is the average distance from the 

line to the peak and valley of the oscillation over the five applied cycles. To determine 
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whether there was a significant off-axis response, the offset and amplitude were 

compared to zero using a t-test. To determine the effect of geometry, each geometry 

parameter was correlated against each off-axis offset and amplitude. 

 

 

Results 

Same-axis Mechanical response in the Applied DOF 

A representative same-axis load–displacement (or moment–rotation) curve for 

each DOF test’s slow rate cycles is shown in Figure 5-4 and average same-axis 

stiffnesses are reported in Table 5-1. Correlations of same-axis stiffness with geometry 

were evaluated (Figure 5-5, Table 5-1). The axial compression (Tz) stiffness tended to 

correlate with disc height (r = 0.66, p = 0.08, Figure 5-5), and also strongly correlated 

with A-P width (r = 0.75) and lateral width (r = 0.81), but not aspect ratio (p = 0.9, 

Figure 5-5B). Lateral shear (Tx) stiffness and A-P shear (Ty) stiffness were not 

correlated with disc height (Figure 5-5). A–P shear (Ty) stiffness correlated with 

Figure 5-3: Representative response in Tx (lateral shear) throughout the entire test 

protocol. Large off-axis responses to each DOF test can be observed. The expanded 

response of Tx to Rx loading (inset) shows how the offset and amplitude were 

calculated from a line that was fit through the oscillation. The offset is the intercept of 

the line with the start of loading. The amplitude is the average distance from the line to 

the peak and valley of the cyclic response over the five applied cycles for each loading 

rate, calculated by subtracting the fit line from the experimental data. 
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lateral width (r = 0.70, p = 0.05), and lateral shear (Tx) stiffness (r = -0.85, p < 0.01) 

correlated with aspect ratio (Figure 5-5). Interestingly, none of the rotational DOF 

stiffnesses were correlated with disc height (Figure 5-5), but flexion-extension (Rx) 

stiffness (r = -0.86, p < 0.01) and torsion (Rz) stiffness (r = -0.84, p < 0.01) were 

correlated with aspect ratio (Figure 5-5).  

 

Table 5-1: Summary of Results 
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(Ty) 
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Figure 5-4: Representative same-axis response of the final cycle for the slow rate in 

each DOF test. Top: the translation degrees of freedom (force vs. displacement, A-C), 

Bottom: the rotation degrees of freedom (moment vs rotation, D-F). 
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Figure 5-5: Correlations between stiffness and measures of disc height (A) and aspect 

ratio (B). Stiffness for translation DOFs have units of N/mm (Tx, Ty) and kN/mm (Tz) 

while stiffnes for rotation DOFs have units of Nm/deg. Correlations are listed in Table 

5-1. 

 

Off-axis Mechanical Response 

 The 6 DOF response for a representative specimen throughout the entire testing 

protocol is shown in Figure 5-6. During the 12-hour preload (0.2 MPa axial 

compression), there was a large axial creep Tz = -0.70 mm (Table 5-1). A small 

amount of creep occurred in the lateral shear Tx = 0.10 mm, A-P shear Ty = 0.21 mm, 

and torsion directions Rz = 0.74 deg (Table 5-1). Similarly, throughout the duration of 

testing the segment continued to creep in axial displacement (Tz, Fig 6C), and with 
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small amounts of additional creep in torsion (Rz, Fig. 6F), lateral shear (Tx, Fig. 6A) 

and A-P shear (Ty, Fig. 6B). There was no creep in flexion-extension (Rx, Fig. 6D) 

and lateral bending (Ry, Fig. 6E), as these were controlled to be zero. 

The off-axis responses were large, with magnitude similar to the applied DOF (Figure 

5-6). For example, lateral shear (Tx), was controlled to +/- 0.6 mm, but when the slow 

rate lateral bending (Ry) loading was applied, the coupled displacement in lateral 

shear ranged from +/-0.7 mm (Figure 5-6A). Similar effects, where the coupled off-

axis motion is greater than or equal to the applied motion can be seen for all of the 

directions (Figure 5-6B-E), except perhaps torsion Rz which is less than 1 deg (Figure 

5-6F). Notably, the response in the axial direction was qualitatively different than that 

of the lateral and anterior-posterior directions (Figure 5-6C). In the Tz DOF test, 

applied compressive loading caused the disc to decrease in height, but loading of the 

other DOFs caused disc height to increase in order to keep the axial force at its 

controlled preload value (Figure 5-6C). That is, when the disc was loaded in all other 

DOFs the disc pressure increases [171], and in order to maintain the applied preload, 

the axial displacement is reduced. 
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Figure 5-6: Representative displacements and rotations for all six DOF throughout the 

entire test protocol. Labels on the bottom of each sub-figure denote the applied DOF 

tests. Large creep occurred throughout the test for axial compression (C) and some 

creep occurred for lateral shear (A), anterior-posterior shear (B), and torsion (F), while 

flexion-extension (D) and lateral bending (E) were controlled to zero throughout. 

Large off-axis response occurred for all six DOF throughout the duration of testing. 

  

The average off-axis response was plotted against the applied DOF and tested for 

correlations (Figure 5-7). The off-axis response was significantly correlated (p < 

0.001) to applied displacements and rotations for all combinations and at both slow 

and medium rates (Figure 5-7B). Off-axis rotations that were controlled to be 0° (Ry 

during the Tx test, and Rx during the Ty test) were not included; these are shaded gray 

in Figure 5-7A. The strength of the correlations ranged from r
2
 ≈ 1 to ≈ 0 (Figure 5-

7B). Off-axis axial compression (Tz) was strongly correlated to all applied DOFs (red 

box in Figure 5-7A, r
2
 > 0.8 in Figure 5-7B). The other off-axis translations (Tx, Ty) 
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tended to be especially strongly coupled to applied rotation (Rx, Ry, Rz tests). For 

example, the off-axis Tx response correlated with applied Ry and Rz loading with r
2
 

values of 0.99 and 0.98, respectively. The pattern of correlations between applied 

DOF loading and off-axis responses was similar between the slow and medium 

loading rates, but with decreased r
2
 values for the medium loading rate (Figure 5-7B). 

 

Figure 5-7: (A) Off-axis response in each DOF averaged over all disc specimens 

plotted against the applied DOF for the slow rate. All responses are significantly 

correlated with applied loading (p < 0.01) except for Rx during Ty loading and Ry 

during Tx loading (which were controlled to be zero in the test protocol).  (B) The 

strength of the correlation (r
2
) between applied and off-axis DOF for slow and 

medium rates of loading. The slow rate relationships are preserved at the medium rate 

although the r
2
 values themselves are reduced. 

 

 

Off-axis Amplitudes and Offsets 
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The off-axis responses in each DOF test was decomposed into an offset and 

amplitude, as described in the methods (Figure 5-8). Many off-axis offsets and 

amplitudes were large; all significantly differed from zero. A large Tz offset (0.19 

mm) was observed in response to an applied axial torsion (Rz). Some off-axis 

amplitudes were comparable to the applied amplitudes chosen for the DOF test 

protocols (Figure 5-8, blue line). As in the previous paragraph, Tx and Ry, Ty and Rx, 

and Tz and Rz were found to be particularly strongly coupled. The off-axis lateral 

shear (Tx) amplitude (0.62) was strongly coupled with applied lateral bending (Ry), 

and was of similar to the amplitude applied in the Tx test (0.6 mm). Similarly, the off-

axis lateral shear (Ty) had a large amplitude (0.53 mm) and offset (0.46 mm) with 

applied flexion-extension bending (Rx). In addition, the coupled off-axis axial 

compression (Tz) amplitude (0.16 mm) with applied axial torsion (Rz) was large and 

of similar magnitude to the amplitude applied in the Tz DOF test (0.29 mm). The off-

axis Tz amplitudes overall tended to be greater in rotational DOF tests (0.10-0.16 mm) 

than in translational DOF tests (0.03-0.04 mm). These observations support the 

hypothesis that the disc’s off-axis displacements and rotations depend on (are coupled 

to) motion in the applied DOF.  
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Figure 5-8: Magnitude of the (A) offset and (B) amplitude for the off-axis DOFs, 

median and inter-quartile range for the slow rate. All offsets and amplitudes are 

significantly non-zero. Blue lines in (B) denote the applied magnitude for comparison. 

Amplitudes for translational DOF tend to be larger and of similar magnitude as the 

applied amplitudes when rotational DOFs are applied. 

 

Relationship between Off-axis Mechanical Response and Disc Geometry 

The off-axis mechanical response in each DOF test was hypothesized to 

depend on disc geometry. Disc height, A–P width, and lateral width were found to be 

significantly correlated with some, but not all, of the off-axis amplitude and offset 

response variables (Figure 5-9). Aspect ratio was not significantly correlated with any 

off-axis response. More offsets than amplitudes were significantly correlated with disc 

geometry. Lateral width had a particularly large number of significant correlations. 

Interestingly, lateral width and A–P width tended to have opposed effects on the off-

axis offsets and amplitudes (opposite sign correlation coefficients).  
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Figure 5-9: Heat maps showing correlations between disc geometry and offsets (A) 

and amplitudes (B) for each axis in each DOF test for the slow rate. Offsets were 

strongly correlated with geometry (top row), particularly lateral width, while 

amplitudes were generally not correlated with geometry (bottom row).   

 

Discussion 

This study quantified the mechanical behavior of the intervertebral disc in all 

six degrees of freedom, measured the coupling between applied loading and off-axis 

motion, and evaluated the potential role of disc geometry in these mechanical 

behaviors. All off-axis displacements and rotations were significantly correlated with 

the applied DOF and were of similar magnitude as physiologically relevant motion, 

confirming that off-axis coupling is an important mechanical response. Interestingly, 

there were pairs of DOFs that were especially strongly coupled: lateral shear (Tx) and 

lateral bending (Ry), anterior-posterior shear (Ty) and flexion-extension (Rx), and 

compression (Tz) and torsion (Rz). The large offsets in lateral bending and flexion-
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extension are consistent with the prior observation that bending and flexion generate 

the highest shear strains in the disc [166]. Large off-axis shears may contribute to 

injury risk in bending and flexion. Importantly, the large coupled motions observed in 

this study were caused by the disc alone, as the facet joints were removed. In addition, 

the disc responded to shear (Tx, Ty) and rotational loading (Rx, Ry, Rz) by increasing 

in disc height in order to maintain the applied compressive load. This increase in disc 

height may be caused by an increase in intradiscal pressure during multiaxial loading 

[171].  

The average same-axis stiffnesses in this study were comparable to those from 

those reported in literature for tests in lateral shear, A-P shear, compression, and 

torsion [71]. Flexion (0.13 Nm/deg) and bending (0.92 Nm/deg) stiffnesses tended to 

be lower than those reported in the literature for flexion (2.3 Nm/deg) and bending 

(3.4 Nm/deg) stiffness [69]. This may be due to the lower compressive load (0.2 MPa) 

used in this study than in the other flexion and bending (0.4 MPa) tests. Axial load 

significantly affects the rotational and compressive stiffness of the disc [80]. Studies 

which have used comparable axial follower loads (~0.2 – 0.3 MPa) to those in this 

study have reported similar compressive stiffnesses [71] while those which use larger 

follower loads have a corresponding higher stiffness [69]. Axial loads during testing, 

and thus NP pressurization, are critical for disc mechanics. Comparisons between 

studies and application of reported values should be done with due attention to the 

axial loads applied and the expected resulting NP pressures.  
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This study demonstrated that disc geometry correlates with the same-axis 

stiffness in all six DOFs and with some off-axis responses. In particular, the disc’s 

aspect ratio (lateral width / A-P width) was a significant indicator of rotational and 

shear stiffnesses, whereas disc height was significantly correlated with compressive 

stiffness. In addition, lateral width was significantly correlated to each off-axis offset. 

The observation that lateral width significantly correlates with stiffness and off-axis 

offsets may be related to the fact that lateral width is the largest dimension of the disc 

and hence the largest contribution to its moment of inertia. These correlations 

demonstrate that geometry affects off-axis DOF coupling and therefore contribute to 

the forces and moments generated in the disc during physiological loading. 

Furthermore, the relationship between geometry and mechanics may be important for 

the validation and interpretation of finite element models. Geometry is a known 

indicator of disc mechanics [100] and typically one geometry is used to represent the 

disc when developing a finite element model. When reviewing the model’s predictions 

for multiaxial stiffnesses, one should put its simulated stiffness in the context of the 

model’s geometry and the available data relating mechanics to disc geometry.  

The discs used in this study were isolated discs without posterior elements, 

demonstrating that the isolated disc has large coupled motions even without the facets. 

Facets have a role in spine mechanics and may produce different off-axis effects at the 

spine scale. Existing literature includes no information on the impact of facets on off-

axis responses, and there is conflicting reports regarding their impact on same-axis 

stiffness. In position control tests, discs with facets had 60-100% higher compressive 
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and rotational stiffness than those without, [80] whereas in hybrid control tests, discs 

with facets showed no discernible difference in stiffness compared to isolated bone-

disc-bone segments [72]. Additional experiments with facets are needed to determine 

the relative role of the disc and the facets in 6 DOF mechanical responses. Another 

limitation of this study was the use of grade 2 to 3 mild/moderately degenerated discs. 

It remains unknown whether the coupled response measured here would be different 

with more advanced degeneration.  

A strength of this study is the hybrid control approach used in the mechanical 

testing, where the applied DOF is position controlled (except for axial compression 

Tz) while the off-axis is force and moments controlled, with physiological axial 

compression applied throughout. Choices made when designing mechanical testing 

protocols, such as position vs. load control, are known to effect the mechanical 

response [40, 72]. Typical experiments control 1 to 2 DOFs. Some studies have 

investigated combined loading including compression and torsion [37, 171], combined 

rotational DOFs [91], and compression and flexion [164]. One objective when 

choosing a testing protocol is to place it in the context of, and preferably simulate, in 

vivo conditions, thus enhancing translation of experimental results. Although in vivo 

loads are not completely known, it is certain that disc physiologically experiences 6 

DOF loading from a combination of body weight and muscle forces [176-178]. The 6 

DOF hybrid testing system in this study has the key advantage of being able to 

replicate 6 DOF in vivo loading [173]. Although this study perturbed each DOF in 
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turn, these tests demonstrated that all 6 DOFs are coupled and that combined hybrid 

control and measurement of all 6 DOFs is essential to fully measure disc mechanics.  

The measured off-axis coupling and their relationships with geometry are 

important to improve the design and evaluation of disc implants. Conventional design 

and evaluation of implants are limited to 1-2 DOFs [179] but this study showed that 

large off-axis effects are generated during disc loading and that they are related to the 

disc’s geometry. If not accounted for, these may contribute to implant failure, 

expulsion, or reduced function. Moreover, these results suggest the need for a patient-

specific approach to implant design in order to account for the correlation in 

mechanics with geometry. For example, bending in discs that have a larger lateral 

width may increase AF stresses and/or cause expulsion of the implant. Moreover, if an 

implant is designed without considering the off-axis loads, the implant itself may 

fatigue due to large loads generated by the coupled off-axes. Lastly, when a disc 

undergoes discectomy (changing the disc structure) or is replaced with an implant 

(changing the material), the stiffness in each of the 6 DOFs and their coupled off-axis 

responses will be altered. These factors should be considered in the design and 

evaluation of disc implants and other treatments.  

 In conclusion, this study quantified strong mechanical coupling between DOFs in 

6 DOF hybrid-control mechanical tests of the intervertebral disc, and demonstrated the 

this mechanical coupling varied with disc geometry. This multiaxial coupling and its 

interaction with geometry should be addressed in the design and evaluation of disc 

implants. This will likely require increased usage of multiaxial test equipment and 
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consideration of patient-specific disc geometry. Combined control and measurement 

of all 6 DOFs is needed to account for the multiaxial loads and their coupling 

experienced by the in vivo disc, and hybrid control multiaxial testers are well-suited 

for this application. 
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AIM 4 – INCORPORATING RESIDUAL STRESS AND STRAIN IN A FINITE 

ELEMENT MODEL OF THE INTERVERTEBRAL DISC USING 

MULTIGENERATION CONSTITUTIVE MODELING IMPROVES MODEL 

PREDICTIVE CAPABILITIES IN MULTIAXIAL LOADING 

 

The intervertebral disc undergoes significant 6 degree-of-freedom (DOF) 

dynamic loads under daily activity. To perform the disc’s functions the nucleus 

pulposus (NP) must be hydrated to withstand compression, the annulus fibrosus (AF) 

must be stiff enough to support tensile loads, and the cartilage endplate (CEP) must 

permit fluid flow through the bone-disc interface. The combination of these behaviors 

results in disc mechanics that are complex: it has nonlinear, anisotropic, viscoelastic, 

biphasic, and osmotic properties. Finite element (FE) models of the disc aim to 

incorporate these mechanical behaviors to predict the disc’s multiaxial mechanics. FE 

models should be constructed to reflect the disc constituent (e.g. NP, AF, and CEP) 

mechanical properties and validated against disc mechanical data. To acquire 

mechanical properties, disc constituents are dissected and tested in isolation allowing 

for measurement of constituent-specific properties [16, 52]. However, significant 

residual stresses are present in the intervertebral disc annulus fibrosus in the absence 

of external applied loads and dissection releases these stresses [96, 97, 180]. The AF 

mechanical properties obtained have therefore been tested in a reference state different 

Chapter 6 
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from the AF of intact discs and the effect of residual stress is excluded from 

measurement of tissue properties. This presents a challenge to FE model validation as 

the intact discs used for validation of FE models contain residual stresses while the AF 

samples used to acquire material properties for FE models are tested with residual 

stresses excluded. To remedy this issue, AF mechanical properties are tuned to 

validate disc FE models against intact disc experiments. A method to incorporate 

residual stresses in disc FE models is therefore needed.  

Soft tissue residual stresses arise from osmotic swelling and fiber pre-stress 

due to growth and remodeling [92, 98, 99]. Swelling residual stresses arise from 

osmotic pressure induced by the negatively charged glycosaminoglycans of the tissue 

which result in water imbibing. The water movement into the tissue results in tension 

of the solid matrix and thus, residual stresses. Swelling is known to play an important 

role in disc mechanics by restoring hydration of the NP and imparting circumferential 

stress in the AF [76]. As such, disc FE models routinely include the contribution of 

swelling using several methods including fixed osmotic gradient [181] and Donnan 

osmotic swelling [76, 136]. While these techniques are able to capture the swelling of 

an intact cadaveric disc, the additional residual stresses arising from fiber pre-stress 

remain unaccounted for in FE models. Quantifying residual stresses in the AF can be 

valuable for FE models by providing a metric to ensure the AF is in sufficient tension 

prior to applied loading. Experimental efforts to determine AF residual stresses 

include incision of intact bovine AF and measuring the opening angle [96, 97]. These 

experimental efforts have demonstrated that the unloaded disc has residual stresses in 
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the form of circumferential hoop stress in the AF. While swelling residual stresses are 

commonly included in disc FE models, a method to incorporate fiber pre-stress is 

needed.  

Multigeneration modeling is an approach that treats a tissue as a mixture of 

solid components, each with a distinct reference configuration [182]. This allows for 

interstitial growth of a tissue by deposition of successive “generations” of solids each 

with its own reference configuration. In the context of the intervertebral disc, a 

multigeneration approach allows for the extrafibrillar matrix of the AF to be modelled 

with a different reference configuration from that of the two oppositely-oriented fiber 

families within the AF (+θ and –θ). The fibers can be deposited in configurations 

where the disc has been loaded and after returning the disc to its usual neutral position, 

the fibers will be pre-stressed in circumferential tension.     

This study was designed to identify if incorporating residual stresses from both 

swelling and fiber pre-stress improves FE model performance in multiaxial loading. 

First, a method to incorporate residual stress in the AF collagen fibers by applying a 

multigeneration constitutive modeling approach in FEBio was developed. This was 

accomplished by a parameter selection routine where fibers were deposited at various 

degrees of disc torsion rotation and disc bulge and simulated in compressive creep. 

The resulting creep displacement and disc shape after loading were compared to 

experimental data. After multigeneration parameters were selected, the 

multigeneration FE model was simulated in multiaxial loading and compared to an FE 

model that only included swelling residual stresses. The two FE models were 
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compared to experimental disc segment testing in multiaxial loading. The results of 

this study are discussed in terms of the role of residual stress in disc mechanics and the 

implications of residual stress on FE validation.    

2. Methods 

 In FEBio [183] two finite element models were developed: one with residual 

stress arising only from swelling, and one that incorporates both swelling and 

multigeneration residual stresses. Throughout this paper these models will be labeled 

as “Swelling” and “Multigeneration”, respectively. The Swelling model was 

previously developed and validated in quasi-static compression but was not compared 

to dynamic loading [136]. The Multigeneration model requires additional parameters 

for timing the deposition of collagen fibers, therefore we ran a parameter selection 

routine by comparing simulated creep results to experimental data of disc shape [184] 

and disc creep (Chapter 5) . After obtaining the Multigeneration parameters, the 

predictive capabilities of the two FE models were compared against a multiaxial 

loading experimental dataset.   

2.1 Intervertebral Disc Finite Element Model  

Previously we developed an FE model of the intervertebral disc [136] with 

geometry determined by shape analysis of MR images [102] and constitutive 

properties determined at the tissue-level [52, 65]. This model was validated against 

time-dependent stress-relaxation, creep, and slow-ramp quasi-static axial compression 

loading conditions [67]. This model was further validated by comparing FE-calculated 
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internal strains under quasi-static loading against MRI-calculated internal strains 

[184]. 

Disc constituents (NP, AF, and CEP) were represented by biphasic-swelling 

constitutive relationships which capture the contributions of fluid flow, osmotic 

swelling, and elastic matrix to each tissue’s mechanics. A tissue’s stress (σ) can 

therefore be represented as the sum of fluid pressure (p) osmotic pressure (pOSM), and 

elastic matrix stress (σ
e
):   

𝝈 = −(𝑝 + 𝑝OSM)𝐈 + 𝝈
𝒆                                  (7) 

 

where I is the identity tensor. Hyperelastic strain energy density constitutive models 

were used to represent the elastic matrix, which can be represented by the addition of 

an isotropic component and an anisotropic component thus defining the total strain 

energy density as: 

ΨMATRIX = ΨISO +ΨANISO                              (8) 

 

For the NP and CEP, only an isotropic formulation was used while the AF is defined 

by both isotropic and anisotropic terms due to the contributions of alternating collagen 

directions. The isotropic component for each tissue was a compressible Holmes-Mow 

formulation 

ΨISO =
𝑐1

𝐼3
𝛽 (𝑒

[𝑐2(𝐼1−3)+𝑐3(𝐼2−3)] − 1)                  (9) 

 

where I1 – I3 are strain invariants defined as: 

𝐼1 = 𝑡𝑟𝐂; 𝐼2 =
1

2
[(𝑡𝑟𝐂)2 − 𝑡𝑟(𝐂2)]; 𝐼3 = 𝑑𝑒𝑡𝐂                             (20) 
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and c1 – c3 are related to modulus (E) and Poisson ratio (v) via: 

𝐸 = 4𝑐1(𝑐2 + 𝑐3)(1 + 𝜈);  𝜈 =
𝑐3

𝑐2+3𝑐3
                                         (31) 

For the annulus fibrosus, the anisotropic component is defined by two fiber 

populations modeled using a toe-linear constitutive model [46]:  

ΨANISO =

{
 
 

 
 

0, 𝐼𝑛 < 1
𝜉

2𝛽
(𝐼𝑛 − 1)

𝛽 1 ≤𝐼𝑛 ≤ 𝐼0

𝐸 (𝐼0

1

2 − 𝐼𝑛

1

2) + 𝐵(𝐼𝑛 − 𝐼0) + 𝜓0 𝐼0 < 𝐼𝑛

                                              (42) 

𝜉 =
𝐸(𝐼0 − 1)

2−𝛽

2(𝛽 − 1)
, 𝐵 =

𝐸

2
[
(𝐼0 − 1)

2(𝛽 − 1)
+ 𝐼0] , 𝜓0 =

𝜉

2𝛽
(𝐼0 − 1)

𝛽 

where I0 is the square of the fiber stretch ratio when the toe-region transitions to the 

linear region, E is the fiber modulus in the linear range, β is the power-law exponent 

in the toe-region, and In is the invariant for a fiber family given by 𝐼𝑛 = 𝒂 ∙ 𝐂 ∙ 𝒂 

where a is the fiber orientation vector and C is the right Cauchy-Green deformation 

tensor. Each tissue’s hydraulic permeability was defined using a strain-dependent 

Holmes-Mow permeability 

𝑘(𝐽) = 𝑘0 (
𝐽−𝜙0

1−𝜙0
)
2

𝑒𝑀(𝐽
2−1)/2                                        (53) 

 

where k0 is the permeability in the reference state, J is the Jacobian of the deformation 

gradient tensor (J = detF), φ0 is the hydration in the reference state, and M is a 
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nonlinearity parameter. The effect of fixed charge density was represented by a 

Donnan equilibrium term: 

𝑝OSM = 𝑅𝑇 (√𝑐FC
2 + 4𝑐B

2 − 2𝑐B)                                    (64) 

 

where pOSM is the osmotic pressure, R is the universal gas constant, T is absolute 

temperature, cFC is the fixed charge density, and cB is the bath osmolarity. Fixed 

charge density is a function of volumetric change in the tissue as defined by: 

 𝑐FC =
𝑐FC0𝜙0

𝐽−1+𝜙0
                                                   (75) 

where cFC0 is the fixed charge density in the reference state. The properties used in the 

FE model for each tissue are summarized in Table 6-1. The properties listed for the 

inner AF and outer AF represent the properties at the inner-most AF lamella and the 

outer-most AF lamella, respectively. The lamellae in between these two had properties 

that were linearly-interpolated element-wise to account for the gradient in 

biochemistry, fiber angle, and mechanical property deviations from inner to outer AF 

[27, 46, 185]. The fiber angle varied from 25° in the outer AF to 40° in the inner AF.  

Table 6-1: Properties for the Finite Element Model 

Tissue 

Matrix Permeability Biochemistry Fibers 

E 

(kPa) 

v β k0 10
-16

 

(m
4
/Ns) 

M Φ
w
 FCD 

(mEq/L?) 

E 

(MPa) 

β 𝜆0 

NP 64.9 0.24 0.95 5.5 1.92 0.79 379 - - - 

IAF 26 0.16 2.1 25 3.5 0.77 55 3.3 4 1.30 

OAF 18 0.24 0.16 47 5.75 0.77 44 26 4 1.17 

CEP 305 0.18 0.29 5.6 3.79 0.60 248 - - - 
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2.2 Multigeneration Modeling  

Two types of residual stress need to be incorporated into the disc FE model: residual 

stresses arising from tissue swelling in PBS and residual stresses arising from tissue 

growth. The Donnan equilibrium model is responsible for tissue swelling, but a 

strategy needs to be devised to incorporate the stresses arising from tissue growth. 

Multigeneration constitutive modeling allows defining different reference states for 

every constituent in a model [182, 186]. Briefly, a given body can be deformed from a 

global reference configuration, X, (Figure 6-1A) to a new, intermediate reference 

configuration, X
I
 (Figure 6-1B), where the subscript indexes the new generation 

deposited.  Therefore, for the deformed body with spatial configuration (x) the overall 

deformation gradient is F (Figure 6-1C) and the relative deformation gradient for the 

new generation, F
I
, can be derived using the chain rule of differentiation as: 

𝐅 =
∂𝐱

∂𝐗
=
𝜕𝐱

𝜕𝐗𝐈
𝜕𝐗𝐈

𝜕𝐗
= 𝐅𝐈𝚷𝐈 

In the context of disc FE models this approach is advantageous for defining collagen 

fibers of the AF in a different reference state from the rest of the disc, allowing for 

pre-stressing of the fibers. The multigeneration strategy in this work aimed to define a 

different reference state for each family of AF fibers (e.g. +25° fibers, -25° fibers) 

while the remaining disc components  (NP, CEP, and AF extrafibrillar matrix) were all 

referenced to the usual stress-free geometry of the disc. The AF reference states were 

defined by fixing the two vertebral bodies in five DOFs (x, y, z, flexion, and bending) 

and rotating the disc in torsion +Ω°, depositing the –θ family of fibers, then rotating 
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the disc -Ω° in torsion and depositing the +θ family of fibers before bringing the disc 

back to the neutral position (Figure X-A). After bringing the disc back to the neutral 

position, the disc swelling was simulated in 0.15M PBS under 50N axial preload per 

the experimental protocol. To determine the value for disc twist (Ω), a parametric 

study was performed and the resulting disc mesh shapes were compared to the preload 

template shape. Combinations of stress-free meshes with initial disc bulge (0, 0.5, 1.0, 

or 1.5 mm) underwent the pre-stress routine with different disc twists (0, 1, 2, 3, or 

4°). Pre-bulged meshes are essential to counter the inward bulging that arises from 

rotating the disc. Each combination of initial bulge and disc twist produces a resulting 

disc bulge. This resulting disc bulge was compared to the disc bulge from our prior 

MRI strain work at 50N preload [184]. In this study disc twist and initial disc bulge 

are referred to as “multigeneration parameters”.   
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Figure 6-1: Schematic of multigeneration modeling. A body in a master reference 

configuration (A) undergoes a deformation Π
I
 to an intermediate state (B) that serves 

as the reference configuration for the constituent outlined with the dotted circle. The 

body continues to deform to the final state (C) with a deformation gradient F for the 

initial body and a deformation gradient F
I
 for the outlined constituent. In the context 

of the disc, this approach may be applied to the deposition of collagen fibers (D). The 

tissue can be deformed from its reference configuration, the fibers can be deposited so 

that when the applied deformation is undone, the fibers become stressed.   

 

 

Figure 6-2: Method for multigeneration deposition of collagen fibers. The disc starts 

at its reference configuration (A) and undergoes a disc twist +Ω where the –θ family 

of collagen fibers are deposited (B). Then, the disc undergoes the opposite twist –Ω 

and the +θ family of collagen fibers are deposited before being returned to the 

reference configuration (D). (E) illustrates this schematic and is repeated for each 

lamaellae of the AF.  
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2.3 Multiaxial Mechanical Loading – Specimen Preparation  

Cadaveric human lumbar intervertebral discs (n = 6) from 6 spines (4M/2F; 

age 50 ± 8 yrs.) were imaged, graded for degeneration, and dissected with posterior 

elements removed. The sample set was selected to be moderately degenerate to further 

validate in multiaxial loading our previously validated moderately degenerate FE 

model in quasi-static compression [136]. The disc’s geometry was determined from 

lateral and coronal x-ray images and the disc’s axial area was estimated from A = 0.84 

* WAP * WLAT where WAP and WLAT are the anterior-posterior and lateral widths of the 

disc, respectively and 0.84 is an empirically determined scaling factor to account for 

the disc’s kidney-bean shape [172]. The compressive preload force was then 

calculated to obtain a pressure of 0.2 MPa in the nucleus pulposus. Each disc was 

thawed under 50N compression in 0.15M PBS overnight. After thawing, three k-wires 

were placed into each vertebra at 120° apart and the disc was potted in PMMA.    

2.4 Mechanical Testing  

The potted disc was attached to a hexapod robot in a bath of 0.15M PBS heated to 

37°C and a 0.2 MPa axial compression preload was applied and held for 12 hr. 

multiaxial mechanical testing was performed such that the sequence minimizes disc 

volume lost during testing: lateral shear, anterior-posterior shear, torsion, lateral 

bending, flexion-extension, and compression. Shear and rotation DOFs testing was 

performed at 5 sinusoid cycles each of 3 rates (0.5 Hz, 0.05 Hz, 0.005 Hz) from the 

fastest rate to the slowest rate followed by a 30 minute creep recovery at the preload 
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force. Compression loading was performed at 5 haversine cycles each of 1 Hz, 0.1 Hz, 

and 0.01 Hz with 30 minute creep recoveries after 0.1 Hz and 0.01 Hz.  

2.5 Data Analysis 

The two FE models were compared to one another as well as the experimental 

results for both load-displacement curves and stiffness. The loading phase of the final 

cycle (e.g. 5
th

 cycle) of the slowest loading rate was used for comparison. The mean 

and 95% confidence interview (CI) of each loading phase was used for comparison. 

Stiffness was calculated between 70-90% of each loading phase of the final cycle 

(Figure 3). 

 

Figure 6-3: Example load-displacement curves for each degree-of-freedom 
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3. Results 

3.1 Parameter Selection  

Parameter selection was achieved by simulating combinations of disc bulge 

and disc twist in 50N axial compression and 0.2 MPa overnight creep to get metrics 

for disc shape and disc mechanics, respectively. The minimum resulting disc bulge 

from the simulations was 1.2 mm when 4° of disc twist and 0 mm of disc bulge were 

simulated, and the maximum resulting disc bulge was 3.3 mm when 2 mm of disc 

bulge and 0° of disc twist were simulated. The minimum overnight creep displacement 

was 1.02 mm when 4° of disc twist and 0 mm of disc bulge were simulated. The 

resulting surfaces from these simulations intercepted with the experimental values for 

disc creep (1.05 mm) and disc bulge (1.45 mm) (Figure 4). The intercept of the two 

black lines in Figure 4 gives the pair of disc bulge and disc twist that fit both metrics, 

disc bulge = 0.25 mm and disc twist = 3.8°. These multigeneration parameters lead to 

residual strains of 0.04 ± 0.04 throughout the AF.  

 

Figure 6-4: Parameter selection results for multigeneration parameters.  
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3.2 Finite Element Validation 

 The Swelling and Multigeneration models were simulated in compression, 

torsion, flexion-extension, and bending and the loading portion of the 5
th

 cycle of the 

FE models was compared to that of the experimental data and its 95% confidence 

interval. The Swelling model produced an elongated neutral zone in compression and 

a resulting load-displacement curve that was outside of the experimental confidence 

interval (Figure 5A). The addition of fiber pre-stress led to a decrease in the neutral 

zone and a shift in the load curve up to the experimental confidence interval. In 

torsion, the Swelling model under-predicted the torsion moment while the 

Multigeneration model predicted a torsion load-displacement curve within the 

experimental confidence interval (Figure 5B). Similarly, the Swelling model under-

predicted the bending moment while the Multigeneration model predicted a bending 

load-displacement curve within the experimental confidence interval close to the mean 

of the data (Figure 5C). In flexion-extension, the swelling only model predicted a 

load-displacement curve within the experimental confidence interval while the 

Multigeneration model predicted a load curve outside of the experimental window 

(Figure 5D). However, the experimental moment magnitudes in flexion-extension 

tended to be small (<0.5 Nm) and the Multigeneration model predicted the smallest 

moment magnitude in flexion-extension (0.88 Nm).  

 The linear-region stiffnesses for each DOF were compared between the two FE 

models and the experimental data. While the Swelling model had an elongated neutral 



 93 

zone in compression, the model did achieve linear-region stiffness (2150 N/mm) at the 

mean of the experimental data (2140 ± 510 N/mm) (Table 6-2). The Multigeneration 

model preserves the linear region stiffness of the disc (2140 N/mm) and is likewise 

within the experimental standard deviation. The torsion stiffness (0.45 Nm/deg) of the 

Swelling model was 1.9 standard deviations away from the experimental mean (1.94 ± 

0.8 Nm/deg) while the Multigeneration model (0.95 Nm/deg) was 1.2 standard 

deviations away from the experimental mean. In lateral bending, the Swelling model 

generated a stiffness (0.27 Nm/deg) that was 1 standard deviation away from the 

experimental mean (0.75 ± 0.48 Nm/deg) while the Multigeneration model produced a 

stiffness (0.56 Nm/deg) within the experimental standard deviation. The Swelling 

model produced a flexion stiffness (0.10 Nm/deg) within the experimental standard 

deviation (0.05 ± 0.07 Nm/deg) while the Multigeneration model produced a flexion 

stiffness (0.28 Nm/deg) that was outside of one standard deviation of the mean.  
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Figure 6-5: Validation results for multiaxial loading 

 

 

Table 6-2: Comparison of multiaxial stiffnesses between experiment data, the 

Swelling model, and the Multigeneration model 

 Compression 

(N/mm) 

Torsion  

(Nm/deg) 

Flexion-

Extension 

(Nm/deg) 

Bending 

(Nm/deg) 

Experiment 2140±510 1.94±0.80 0.05±0.07 0.75±0.48 

Swelling 2150 0.45 0.10 0.27 

Multigeneration 2140 0.95 0.28 0.56 

 

4. Discussion 

 The objective of this study was to identify if incorporating residual stresses 

from both swelling and fiber pre-stress improves FE model performance in multiaxial 

loading. A novel multigeneration modeling approach was developed to deposit the 

collagen fibers of the AF at different reference states from the extrafibrillar matrix of 
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the disc, increasing their residual stress (fiber pre-stress). Including both sources of 

residual stress resulted in increased stiffness in all rotational DOFs without 

compromising disc compressive stiffness and generated load-displacement curves 

within the experimental data, indicating that the multigeneration modeling approach 

successfully improved the model’s predictive capabilities in multiaxial loading. A 

primary advantage of this approach is that it allows for the material properties 

measured experimentally to be used without tuning the properties themselves, but 

rather the reference state of the fibers within the model.  

 Discs with no external load are known to have significant residual stresses in 

the form of circumferential hoop stress [96, 97]. In particular, the proteoglycan-rich 

NP creates significant osmotic pressure, driving fluid into the disc, causing the NP to 

swell and impart circumferential tensile stresses on the AF. This interplay between the 

swelling of the NP and stress development in the AF may significantly affect the 

mechanics of the disc as a whole. Prior studies on the effects of nucleotomy have 

demonstrated an elongated neutral zone in compression while the linear-region 

stiffness remains unchanged [187]. The disc must be at a higher compressive 

displacement for the AF to be engaged, resulting in the linear-region seen in the load-

displacement curve. This pattern of behavior is also observed in comparing the two FE 

models in the present study. The Swelling model produces an elongated neutral zone 

with linear-region stiffness comparable to the experimental data, while the 

Multigeneration model produces a smaller neutral zone and similar linear-region 

stiffness. This suggests that the Swelling model produces a stress state in the AF that 
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is too low compared to the experiment. The addition of fiber pre-stress in the 

Multigeneration model remedies this inconsistency between the FE simulations and 

the experimental data.  

 Including both swelling and fiber pre-stress residual stresses also validated the 

disc FE model in multiple loading modalities (compression, torsion, bending, and 

flexion) by comparing the FE-predicted load-displacement curves and stiffness values 

to the experimental counterparts. Using the full load curves as a metric for validation 

in this study highlights the importance of expanding validation criteria beyond single 

time-points (e.g. end-point displacement of a loading condition). Simply using 

stiffness as a metric would falsely lead to the conclusion that the Swelling model 

correctly predicts disc compression. While it is true that the Swelling model’s linear-

region stiffness matches the experimental stiffness, the neutral zone is wider in the 

model than in the experiment. Moreover, the constitutive model material properties 

and the multigeneration parameters (disc twist and disc bulge) were derived from 

tissue-level testing and disc-level axial compression tests and weren’t tuned post-hoc 

to match the experimental multiaxial load curves. Separating the experiments for 

model development and model validation, coupled with using load-displacement 

curves and disc stiffness values, makes the validation more thorough and strengthens 

the predictive capabilities of the model.  

 While the source of swelling residual stresses, osmotic pressure due to the 

proteoglycan-rich NP, is known, the specific source of the collagen fiber pre-stress 

remain unknown. In general, the reference configuration for biological tissues is 
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unknown due to the complexities associated with tissue growth and remodeling. In the 

context of the disc, the lamellar structure of the disc forms early in embryogenesis 

with AF cells orienting in the classic angle-ply structure of the AF, creating the 

template for collagen organization [188, 189]. The lamellae thicken, particularly in the 

inner AF, as a result of matrix deposition in early development [190, 191] which may 

impart tensile stresses on the collagen of the AF. Beyond the early stages of 

development, however, the AF has limited capacity for remodeling and repair, and it 

remains unclear how the growth of the spine affects collagen fiber stress in the AF. 

Given that the reference state of the AF collagen fibers is unknown, the 

Multigeneration model in this study aimed to be a surrogate for the residual stresses 

generated from deposition and growth of AF collagen fibers physiologically. Although 

this multigeneration approach is a surrogate for the physiological processes, the values 

for strain are comparable to those predicted from opening-angle experiments in bovine 

caudal discs. The Multigeneration model predicted circumferential hoop strains of 

~0.04 in the outer AF, comparable to the 0.02 ± 0.09 strains from [96]. However, the 

discs used in these studies were bovine discs and it is unclear how differences in 

human disc shape, size, hydration, and biochemical composition would affect its 

residual stress magnitude and distribution. Furthermore, the effect of the degenerative 

cascade on residual stresses in the human disc remains unknown but may be important 

validating finite element models of the disc in non-degenerate and advanced 

degenerate states. Future studies identifying the specific mechanisms of residual stress 
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development in the AF collagen fibers can guide adjustments to the multigeneration 

constitutive modeling approach in the current study.  

 In summary, the multigeneration modeling approach used in this study 

successfully generated residual stresses in the AF collagen fibers, expanding the 

predictive capabilities of a disc FE model in multiaxial loading. Importantly, the 

material properties measured in tissue-level testing do not need to be tuned in this 

approach, but rather a different reference state for the collagen fibers needs to be 

defined. While the strategy employed to determine the fiber reference states was not 

physiological, this approach generated a pattern of larger residual strains in the outer 

AF than in the inner AF that were comparable to those reported in prior opening-angle 

experiments. Future studies should identify residual strain magnitudes and 

distributions in human discs to serve as benchmarks for model development and to 

expand model predictive capabilities in multiaxial loading.   
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CONCLUSIONS AND FUTURE WORK 

 

Disc degeneration is a mechanical and biochemical process that alters 

intervertebral disc mechanics and is strongly associated with low back pain. However 

the unique structure and function of the disc challenges the study of the degeneration 

cascade. This challenge has motivated the development of finite element models as 

non-invasive computational tools to quantify disc mechanics and changes with 

degeneration. In order for these models to have utility in predicting disc mechanics, 

they should be formulated to reflect the disc’s anatomy and its constituent’s 

mechanical properties. The overall objective of this dissertation was to further develop 

and validate a finite element model of the disc by incorporating residual stresses and 

validating the model against experimental multiaxial mechanical data. To achieve this 

objective, the mechanical properties and anatomy of the cartilage endplate were added 

to the disc model (Chapters 3 and 4), a multiaxial experimental dataset was generated 

(Chapter 5), and a novel multigenerational constitutive modeling approach was used to 

add residual stresses to the model (Chapter 6).  

 The first aim of this dissertation was to quantify the cartilage endplate’s 

mechanical properties and geometry and their changes with degeneration. In Chapter 

3, confined compression experiments were performed on human CEP and the resulting 

Chapter 7 
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load curves were curve-fit with a biphasic-swelling constitutive model to obtain 

mechanical properties. Prior to this study there were two competing hypotheses for 

CEP permeability changes with degeneration. One hypothesis states that CEP 

permeability decreases with degeneration, restricting transport of solutes to the cells in 

the center of the disc and slowing the removal of waste products from the disc, 

altering the local pH in the NP which may lead to cellular damage. An alternative 

hypothesis states that CEP permeability increases with degeneration causing a leaking 

of water out of the disc, reducing disc height and compromising the mechanical 

integrity of the disc. This study demonstrated that the cartilage endplate’s permeability 

decreases with degeneration, supporting the former hypothesis. It remains unclear 

what factors cause the decrease in CEP permeability but histological and biochemical 

analysis demonstrated an increase in fixed charge density in the CEP with 

degeneration. This may be related to accumulation of proteoglycan fragments from the 

NP that are slowly expunged in degeneration. In addition, the CEP is known to calcify, 

and this calcification process is believed to restrict transport through the CEP.  

Although this study supports the hypothesis that CEP permeability decreases 

with degeneration, the alternative hypothesis may be true in advanced degeneration. In 

advanced degeneration the CEP is prone to damage which may create outlets for fluid 

flow from the disc, resulting in loss of disc height. Furthermore, this study was the 

first to include fibers in its model of the CEP mechanics. Including CEP fibers 

increased the fluid flux across the CEP compared to the model that excluded fibers 

which suggests models that exclude CEP fibers may underestimate fluid flow across 
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the bone-disc interface. Ultimately, the mechanical and biochemical properties 

quantified in this study serve as valuable inputs to the disc FE model and any future 

studies that aim to look at the progressive change in properties with degeneration can 

input properties obtained from this study.   

 In Chapter 4, CEP geometry was quantified and relationships between 

geometry and aging and degeneration were determined. A novel MRI FLASH 

technique was used to visualize the CEP and distinguish it from the surrounding NP 

and bone. Manual measurements of CEP thickness were made from paired MRI and 

morphological images to confirm that the MRI technique is valid for measuring CEP 

thickness. This study demonstrated that the CEP thickness is greater at the anterior and 

posterior boundaries, where the CEP interfaces with the AF, and is thin in the center of 

the CEP above the NP. This gradient in CEP thickness may be valuable to the CEP’s 

mechanical functions. The CEP needs to be thick enough to provide mechanical 

support of the interface while containing the NP and needs to be thin enough to allow 

for solute, water, and waste transport across the interface. For the current dissertation, 

the average CEP thickness determined in this study served as an input for the disc FE 

model.  

 A dataset of multiaxial mechanics was needed for validation and in Chapter 5 a 

hexapod mechanical testing device was used to load human intervertebral disc 

segments in a multiaxial mechanical testing sequence. The disc’s off-axis mechanics 

were quantified by determining the amplitude of the off-axis oscillation and the offset 

of the center of rotation. Large offsets were observed when the disc was driven in 
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lateral bending and flexion-extension and may be related to the observation that 

bending and flexion generate the highest shear strains in the disc [166]. Offsets were 

also correlated with disc geometry, particularly lateral width, the largest dimension in 

the disc, demonstrating that geometry affects the coupling of degrees-of-freedom in 

the disc. Stiffnesses and load-displacement curves were also obtained for each degree-

of-freedom and served as metrics for validation in Chapter 6. Stiffnesses were 

correlated with disc geometric parameters, particularly lateral width and disc aspect 

ratio. Ultimately, this study demonstrates the importance of geometry in multiaxial 

mechanics of the disc. Future experimental studies as well as finite element models 

that examine patient-specific biomechanics should consider the patient’s disc 

geometry in analyzing biomechanical data. For the current dissertation, these 

multiaxial mechanics serve as metrics for validation of a disc FE model.  

The final aim of this dissertation integrates the properties obtained from 

Chapters 3-4 and a multigenerational constitutive modeling approach to residual 

stresses in the AF to validate a disc FE model in multiaxial loading against the 

experimental data from Chapter 5. Multigenerational constitutive modeling allows for 

the definition of model constituents at different reference states (e.g. the reference 

state for the extrafibrillar matrix and the reference state for the collagen fibers are 

different). To highlight the effects of this multigenerational constitutive approach, this 

model, which has residual stresses from both swelling and multigenerational fiber pre-

stress, was compared to a model which only has residual stresses from swelling. The 

swelling-only model was unable to predict the torsion or bending response of the disc. 
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While the swelling-only model was able to predict disc compressive stiffness, it 

simulated an elongated neutral zone that was larger than that of the experimental data. 

This behavior has previously been observed in nucleotomy studies, wherein the AF is 

not engaged in circumferential tension under loading due to the removal of NP and 

therefore the disc has an elongated neutral zone. The model with both sources of 

residual stress remedies this issue by increasing the stress in the AF and this model 

was able to predict the compressive, torsion, and bending response of the disc.  

7.1 Future Directions  

 While this work advances the capabilities of disc FE models by providing a 

technique for incorporating residual stresses, there are several applications for the 

model as well as features which may be added to the model to expand its utility.   

7.1.1 Design of Implants 

 One potential application of the disc FE model is in the design of NP 

replacements and therapeutic interventions. An objective of NP implant design is to 

restore disc height and mechanical integrity to the disc. Often, the materials used in 

NP implants are hyperelastic polymers rather than biphasic-swelling materials like the 

NP. The disc FE model can be used to predict the mechanical properties needed for 

these alternative materials and ensure that these properties are suitable for multiaxial 

loading as opposed to just compression. A common issue with NP implants is that 

they are expelled from the disc space. This may be due to the fact that implants are 

often evaluated using compression testing but the disc experiences significant 

multiaxial loads physiologically and the locally large compression loads in bending 
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and flexion may result in expulsion of the implants. In addition, a common theme of 

NP implant design is the ability to be injected in the disc via puncture of the AF. This 

places the implant in a complicated mechanical environment where local residual 

stresses may be released at the puncture site while the AF at the opposite end of the 

disc remains intact with residual stress. It is known that AF punctures can alter tissue 

biomechanics and accelerate degeneration [50] and it is hypothesized that the release 

of residual stresses due to the puncture can compromise disc mechanics [96] and 

therefore the implant’s performance. The current FE model was developed to 

incorporate residual stresses and the effects of a puncture on local residual stress and 

implant performance can be uniquely studied using this model.  

7.1.2 In Vivo Biomechanics 

 Another potential application of this FE model is predicting in vivo disc 

mechanics. In vivo biomechanics are notoriously challenging to quantify due to the 

tissue’s location physiologically and its complicated non-linear, anisotropic, 

viscoelastic mechanics. At present, the best non-invasive MRI methods provide 

valuable information regarding tissue’s axial strain (in vivo) and the full strain tensor 

(ex vivo). While these techniques are valuable in quantifying tissue strain, an 

important indicator of mechanical performance, the tissue’s transient behavior, fluid 

flow, and stresses are all not quantified by these techniques. If the model is validated 

against these measures of in vivo strain, the model can be used to predict the other 

mechanical behaviors not captured by MRI. The ability to predict patient-specific in 

vivo biomechanics has immense potential as loading scenarios which may overload an 
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individual’s disc can be predicted and patient-specific therapeutic interventions can be 

designed.  

7.1.3 Combined Loading Scenarios 

 A third application of this FE model is simulating combined loading scenarios. 

Conventionally, disc FE models are used to simulate one DOF at a time. Indeed there 

is interest in using FE models to predict which DOF causes damaging mechanical 

overload in the disc. However, it is hypothesized that, physiologically, combined 

loading scenarios (e.g. torsion and flexion) may result in the loading conditions that 

lead to locally high levels of tension in the AF, causing local tears. The current model 

is validated in multiaxial loading and can be used to examine which combined loading 

scenarios, and which loading magnitudes, are most likely to cause local AF damage 

and may lead to tears and disc failure.   

7.1.4 Additional Features to Expand the FE Model 

While the current model has several potential applications, there are several 

features which can be added to the model to expand its predictive capabilities. First, 

the current model uses a Donnan equilibrium swelling approach to simulate tissue 

swelling and does not account for the transient movement of specific non-charged 

(e.g. glucose) and charged solutes (e.g. Na+, Cl-) into and out of the disc. At present 

MRI studies have been conducted to analyze the rate of solute flow into the disc over 

time [104, 192]. However, evaluating many different pharmaceutical solutes can be 

time consuming and financially costly, presenting challenges to using MRI to study 

solute transport. Expanding the model from a biphasic-swelling model to a fully 
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triphasic model enables prediction of solute movement that may be useful in analyzing 

the diffusion of pharmaceutical interventions aiming to, for example, target the NP to 

promote cellular activity.  

Another feature that could be added to the model is continuum damage 

mechanics. With aging and degeneration, the disc is known to experience damage in 

the form of radial and circumferential AF tears, AF and CEP herniations, Schmorl’s 

nodes, and bone-AF interface tears [30, 31, 34, 115]. It is hypothesized that 

mechanical overload may lead to these failures which are often associated with low 

back pain. Continuum damage mechanics is an approach that allows the definition of 

the onset of tissue damage, altering the tissue’s mechanical properties and the resulting 

stress. The ability to define the onset of tissue damage is essential to predicting which 

loading scenarios are damaging and lead to the aforementioned failures.  

If triphasic theory and continuum damage mechanics are implemented in the 

current model, its predictive capabilities will be unprecedented and will have immense 

clinical impact. The disc’s solute transport and failure scenarios can be predicted 

enabling use in the design of pharmaceutical interventions like drugs targeting the NP 

as well as mechanical interventions like implants. 

7.2 Summary  

Ultimately, the unique structure and complex mechanical behavior of the disc 

challenges the formulation and validation of disc finite element models in multiaxial 

loading. This dissertation provides a validated disc FE model in multiaxial loading by 

incorporating residual stresses via a multigenerational constitutive modeling approach.  
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While successful multiaxial validation is a useful for step in the utility of the model 

presented in this dissertation its value will be demonstrated through its future 

applications in design of interventions, design of experiments, and predicting disc 

mechanics.  
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