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ABSTRACT

Background: To find treatment options for lower back pain, one must gain insight in the
spinal anatomy and biomechanics such as joint reaction forces and movement strate-
gies. These can be acquired with use of the Finite Element Method. Previously investi-
gated finite element models of the lumbar intervertebral disc have been designed with
the main purpose of understanding the biomechanics of the disc itself, and not necessar-
ily its influence on other spinal elements. A change in disc biomechanics is hypothesised
to cause a disruption in the surrounding structures such as the vertebrae which, in turn,
could result in lower back pain.

Goal: To create a finite element model of a spinal unit for investigating mechanical influ-
ences of the disc onto its adjacent vertebrae. Assessment was performed by examining
bone adaptation as a result from simulated disc generation.

Methods: A MATLAB script was written to assemble an input file of a parametric model to
be used for finite element analyses in Abaqus/CAE. The model was validated with exper-
imental data from literature. A bone adaptation algorithm was used to assess a change
in bone material properties before and after simulating disc degeneration by adjusting
disc material properties.

Results: Finite element analyses showed how a load was transferred by the disc and how
bone consequently adapted in response to simulated disc degeneration. The overall tra-
becular structure was observed to become softer, especially in the vertebral core, while
the structure inferior to the anulus became relatively stiffer.

Conclusions: Visualisation of bone adaptation after simulating disc degeneration sup-
ports the hypothesis that disrupted disc biomechanics indeed affect bone configuration
in adjacent vertebrae.

xiii






GENERAL INTRODUCTION

This is a report on a research project investigating the influence of the human lumbar
intervertebral disc on its adjacent vertebrae with the use of the Finite Element Method
(FEM). Additionally, a scientific article was written and is attached to the end of this re-
port. The project was carried out at the Department of Civil & Environmental Engineer-
ing of Imperial College London under supervision of dr. Andrew Phillips and Clément
Favier of the Structural Biomechanics Research Group. It was submitted to professor
Jenny Dankelman as supervisor from the Delft University of Technology in partial fulfill-
ment of the requirements for the degree of Master of Science in Biomedical Engineering.

1.1. BACKGROUND

The human spine consists of various parts. All are connected in one or more ways and to-
gether, they form a flexible, curved vertebral column enabling the human body to move
and stand upright by providing axial support and transmitting loads [1]. It is divided in
five sections that are each distinct by different types of vertebrae. The lower back is sup-
ported by the biggest five, the lumbar vertebrae. Figure 1.1(a) shows a median sagittal
section of a part of the lumbar back. The intervertebral discs (Figure 1.1 (b)) separate the
vertebrae and function as load distributing and shock absorbing pads. They function as a
joint and allow the vertebrae to move relative to each other resulting in flexion, extension
and bending of the spine [2]. They are tightly connected to the vertebrae through the end
plates, which in turn, consist of Cartilage End Plates (CErs) and Bony End Plates (BEPS).
Numerous muscles and ligaments provide muscle force for these motions and at the
same time prevent the vertebrae and discs from translational movements [3]. A verte-
bral joint is also known as a spinal unit and consists of one disc, its two adjacent end
plates and vertebrae and ligaments.

Low Back Pain (1.5pP) has been defined as "pain and discomfort, localised below the costal
margin and above the inferior gluteal folds, with or without leg pain" [4]. The high num-
ber and variety in elements of the spine make it difficult to define a main cause for LBp.
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ligaments. Taken from Gray and Lewis [13]. was modified from Bogduk [2]

Figure 1.1: Two median sagittal sections of a part of the lumbar spine.

In pursuit of finding treatment options, however, one must gain insight in the spinal
anatomy and biomechanics such as joint reaction forces and movement strategies. Var-
ious studies on spinal anatomy and biomechanics hypothesise about (potential) causes
of pain. Toyone et al. [5] carried out MRI studies to investigate correlations between al-
tered vertebral bone-marrow as a result of degenerative intervertebral disc and LBp. Lotz
etal. [6] write that degenerating discs are often cause of annulogenic pain resulting in LBP
[7, 8]. Nevertheless, they state that studies by Fagan et al. [9] investigating innervation of
the end plates give evidence that damaged end plates causing vertebrogenic pain could
also be a major source of LBP. Zhao et al. [10] performed experiments to assess vertebral
fractures in end plates and found that in case of failure, this often occurs in cranial BEPS
before caudal BEpS. Several studies report that vertebral microfractures can be a source
of back pain [11, 12].

1.2. MOTIVATION

To gain insight in potential causes of LBp, it is important to comprehend how various
anatomical structures influence each other. Disruption in the intervertebral disc is of-
ten mentioned as a potential cause of LB [15]. A direct cause can be i.e. "sensitized
nociceptors within the annulus fibrosus of degenerating disks" [6]. In vivo and in vitro
experiments have provided a great amount of information but they are unsuitable to as-
sess internal stress and strain or fluid and solute exchange [16]. Schmidt et al. [16] write
that several Ft studies on intervertebral discs have proven the FEM to be a decent method
to assess disc functioning.

1.3. PROBLEM STATEMENT

Previously investigated rt: models of the lumbar intervertebral disc have been designed
with the main purpose of understanding the biomechanics of the disc itself, and not
necessarily its influence on to other spinal elements. It is, however, hypothesised that
a change in disc biomechanics could cause a disruption in the surrounding structures,
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more specifically the vertebrae. Subsequently, vertebral disruption could induce weak-
ening of the bone structure, making the vertebrae and end plates more prone to (mi-
cro)fracturing which, in turn, could result in LBP.

Consequently, the following research question arises:

1.4.

What is the mechanical influence of the intervertebral disc on its adjacent
vertebrae?

RESEARCH OBJECTIVES

This project was set up to acquire scientific insight in the biomechanics of the lower
spine. To help ensuring that a complete overview is provided, five research objectives
were formulated:

1.5.

To build a finite element model of a spinal unit.
To comment on the validity of the model.

To gain insight in load transmission and the process of bone adaptation as result of
disrupted disc biomechanics.

To approach answering this project’s research question supported by FEA results.

To reflect upon this project’s relevance for research in LBP.

THESIS OUTLINE

This report consists of four substantive chapters:

Chapter 2: Background: Lumbar Anatomy elaborates on the anatomical back-
ground of this project.

Chapter 3: Finite Element Model is a description of the modelling process.

Chapter 4: Finite Element Analysis offers the assessment of the created model and
the outcomes of the analysis.

Chapter 5: Conclusion summarises the project’s findings and provides sugges-
tions for further research.
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BACKGROUND: LUMBAR ANATOMY

This chapter is an elaboration on the anatomical structures of the lower spine that are
most important for this study. It provides insight in the material properties and mechan-
ical composition of the elements and in how parts are relate to one another.

2.1. INTERVERTEBRAL DISC

The intervertebral disc is an element in the spinal column which main function is dis-
tributing loads by resisting spinal compression and simultaneously allowing the spine
to bend and twist by permitting (limited) movements of the vertebrae with respect to
each other [1]. The disc is composed of three main elements and fixed to the two ad-
jacent vertebra through Brps and ceps. The gel like core, or NP, is encapsulated by the
AF which is made up of ground matrix and collagen fibres. All elements are discussed
in the following sections. Loads are uniformly spread through the end plates over the
surface of the vertebrae, regardless of the angle between them, thus preventing dam-
age as a result of high stress concentrations. Newell et al. [2] discusses studies showing
that physical disruption such as changes in tissue properties of the disc can cause de-
generation and consequently, altering of the disc’s biomechanics [1, 3, 4]. Furthermore,
correlations were found between disc degeneration and 18P [5, 6]. Adams et al. [7] de-
scribe functional changes as a consequence of disc degeneration. The NP decreases in
size and consequently exerts less pressure on the AF. As a consequence, the latter has
to provide more compressional load-bearing resistance. Simultaneously, the amount of
proteoglycan in the Ar decreases, reducing its compressional strength and increasing its
stiffness [8].

2.1.1. NUCLEUS PULPOSUS

The np is the core of the disc and takes up approximately 40-50% of an adult disc’s total
volume and 29% of the total cross sectional area [2]. It consists of cells and collagen
type II dissolved in a water and proteoglycan solution. Proteoglycan gives the NP strong
osmotic properties that cause the nucleus to swell or shrink by binding to or repelling
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(a) Compressive force from body weight (b) Increased tension in the AF inhibits radial
and muscle contraction leading to an in- expansion. Pressure is exerted both upwards as
crease in hydrostatic pressure in the NP well as downwards and (c) Load is evenly dis-
and tensile forces in the AF. tributed over the entire surface of the vertebral

end plates.

Figure 2.1: The mechanism of force transmission through an intervertebral disc. Taken from Neumann [10],
which was modified from Bogduk [11]

water, respectively. Swelling due to its high water content generates pressure on the AF
and CEPs which, in turn, restrict swelling in all directions. This mechanism is the source
of the disc’s ability to withstand compressive forces [9] and is schematically depicted
in Figures 2.1(a) and 2.1(b). To be able to fully understand the np’s functioning, it is
important to understand its mechanical properties. However, testing the NP separate
from the rest of the disc has proven to be rather difficult.

2.1.2. ANULUS FIBROSUS

The AF is an elastic ring, surrounding and confining the NP by restricting its outward-
facing compressive forces resulting from hydrostatic pressure. It consists of several lay-
ers, lamellae, of soft ground matrix, that are enforced with strong fibre bundles. The
ground matrix consists mostly of water and proteoglycans. The fibres are orientated at
an angle of approximately 30 ° off horizontal and alternate direction per lamella. Neu-
mann [10] explain that this specific orientation prevents torsion and vertical separation
of the vertebrae while protecting the Ar against shear stresses as a result from the tensile
stresses that the NP imposes. Research has shown that the inner lamellae are generally
more loosely arranged and consist of collagen type II and elastin fibres as opposed to the
tightly layered outer lamellae that are enforced with collagen type I [1].

2.2. END PLATES

Literature is disagreeing on whether the end plates should be deemed part of the disc
or of the vertebrae [12]. They are placed between the disc and the vertebral bodies and
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formed by the crps and Beps. They are described as a bilayer of hyaline cartilage and
cortical bone and together, they are approximately 0.58 mm thick [2, 13, 14]. The bony
component is found to be thicker in the lower vertebrae but there is a lack of quantita-
tive data on the ratio between the two layers [12, 13, 15]. The two-component feature
is clearly visible in Figure 2.2. Their main function is to balance the right trade-off be-
tween providing strength and porosity. On the one hand, they have to support the stiff
vertebral bodies and protect them from fracturing and on the other hand, they allow for
particle flow to and from the intervertebral disc. The latter is essential as the disc is not
vascularised.

Figure 2.2: "(A) Gross morphology of the lumbar intervertebral joint. (B) Histology section showing regions of
interest for panels C, D, and E. (C) End plate detail showing cartilaginous and bony components with
hematopoietic marrow elements. (D) Insertion of annular fibers into the end plate cartilage at the inner
annulus junction. (E) Vascular sinusoids in the marrow space adjacent to the end plate. Note for panels A and
B, left side is anterior". Taken from Lotz et al. [15].

2.3. VERTEBRAE

The human spine consists of thirty-three vertebrae. In adults, the most caudal nine are
fused into the sacrum and the coccyx [16]. The other twenty-four are categorised into
three sections. The lower, or lumbar, back consists of the five largest vertebrae, conve-
niently named L1 to L5, and are situated between the rib cage and the pelvis. Figure
2.3(a) illustrates the outer anatomy of a lumbar vertebra whereas Figure 2.3(b) shows
the internal bone structure of the trabecular. Like most bones, the vertebrae are made
up of two types of bone. An outer dense cortical layer encapsulates the internal bone
structure of the trabecular core which is made up of bony pillars, trabeculae, and voids.
The vertebral body is connected to adjacent intervertebral discs through the end plates.
A study by Zhao et al. [17] reports average L4 body height to be 30.1 mm. An observed
average disc height of 11.3 mm results in a disc to vertebral body height ratio of approxi-
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mately 2.7. The protrusions, or pedicles, are connected through ligaments and articular
joints and prevent extreme movements of the vertebrae. Precise insights on load shar-
ing between trabecular and cortical bone remains unclear. Even though trabecular bone
accounts for most of the vertebral volume, Rockoff et al. [18] found cortical bone to be
responsible for 45-75% of the vertebral peak strength. Eswaran et al. [19] found that this
responsibility ranges from approximately 45% at the midtransverse section of the verte-
bral body to 15% near the end plates. Edwards et al. [13] reported a mean thickness of
lumbar vertebral cortical bone to be 0.68 mm and not to correlate with age or gender.

The structural composition of bone is the result of a trade-off between rigidity and mass.
Bone should be strong enough to withstand loads and forces and at the same time use a
minimal volume. According to Wolff’s law, bone structure adapts to mechanical stimuli
or the lack of it [20]. Frost [21] provided the basis for the current mechanostat theory of
bone adaptation by suggesting "that the most likely loading-derived stimulus for bone
cells would be the strains developed in the bone tissue as a result of loading" [22]. Meakin
et al. [22] summarises this theory as a negative feedback loop where (the absence of)
mechanical strain causes bone mass and architecture to adapt accordingly. Bone mass
and architecture remain unchanged under an optimal range of strain, the lazy zone, with
1250 + 250 pstrain as target. In case of strains higher than this target range, bone forma-
tion takes places. Bone stiffness increases causing the strains to decrease. Alternatively,
a strain magnitude below the lazy zone results in bone resorption. A decrease in stiffness
follows to ensure re-establish optimal strain.

In a study on age-related changes in vertebral trabecular structure, Atkinson [23] gives
various insights in bone resorption and formation and describes a difference in adapta-
tion between horizontally and vertically oriented trabeculae. Internal demand for min-
erals causes lifelong ongoing bone resorption, a process that mostly affects trabecular
bone. As stated earlier, bone forms in response to mechanical strains. Horizontally
oriented trabeculae are hardly involved in direct weight-bearing and are therefore not
imposed by high mechanical strains. These trabeculae diminish with age, which is in
line with the fact that bone is continuously resorbed [24]. The same also goes for verti-
cally oriented trabeculae, however, they stiffen at the same time as a result from larger
mechanical strains. rE simulation of bone adaptation is further explained in Chapter 4,
Section 4.1.

2.4. DISCUSSION

Literature was consulted to gain insight in the human lumbar anatomy. More specifi-
cally, the main components of a spinal unit - the intervertebral disc and the vertebrae
- and the process of bone adaptation were studied. It was found that the interverte-
bral disc consists of two main components: the NP and the AF which, in turn, consists of
ground matrix and collagen fibre bundles. The disc is connected to adjacent vertebrae
through end plates that are bilayers of bone and cartilage (3:rs and CEPS, respectively).
The vertebrae are made up of a spongy core that is encapsulated by a layer of corti-
cal bone. The various components and corresponding properties must be taken into
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Fi16. 277.—A lumbar vertebra. Posterosuperior aspect.

Transverse process
Inferior articular
process

Manillary process
Accessory process

Superior articular

(b) "(Upper) 2 mm-thick slices of each vertebral
body were obtained in the midsagittal plane, and
in a para-sagittal plane passing through the pedi-
cle. (Lower) A microradiograph of each slice was
scanned at 400 DPI to produce greyscale images".
Adapted from Zhao et al. [17].

(a) "A lumbar vertebra from above and behind".
Adapted from Gray and Lewis [25], retrieved from
[26].

Figure 2.3: Illustrations of the lumbar vertebrae.

Figure 2.4: MR images of a 15-year follow-up study on ageing changes in the spine. A collapse of the L3-L4
and height increase in the adjacent vertebrae heights can be observed. Adapted from Videman et al. [27].
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consideration when creating a model with the purpose of examining biomechanical be-
haviour of a spinal unit. Problems have arisen in studies on the Np, due to limitations
in the ability to conduct in vivo experiments. Additionally, there is a lack of quantita-
tive data on end plate characteristics. Approximations were used to create a model of a
spinal unit as a means to answer this project’s research question of understanding the
biomechanical influence of the intervertebral disc on the adjacent vertebrae. The next
chapter is a description on the process of creating an Ft model.
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FINITE ELEMENT MODEL

The goal of this project is to gain insight in the influence of an intervertebral disc on its
adjacent vertebrae. As mentioned in first chapter, the FEM can be used to assess biome-
chanics [1]. Section 3.1 describes the general working method of the rtwv, after which a
detailed explanation of this project’s modelling and validation processes follow..

3.1. INTRODUCTION TO THE FINITE ELEMENT METHOD

The finite element method (F:M) is a means of assessing a large problem by breaking it
down into a number of smaller and simpler sub-problems by performing a finite element
analysis (rEA). The principle of A is particularly useful in engineering for calculations of
stresses and strains. A body is partitioned by meshing it into a finite number of elements
and partial differential equations are solved for those separate elements. These sepa-
rate solutions can be combined into matrix-form and consequently computer solved,
making the rEM a very efficient manner of assessing complex geometries. This is espe-
cially useful in biomechanics, as biological tissues hardly ever have a simple geometry.
Choosing an appropriate meshing method is necessary for efficiently acquiring reliable
and accurate data. Partitioning is further elaborated in the following sections.

3.1.1. CONTINUUM MODELLING APPROACH

A common way of using the rtM is to partition a body into a finite number of continuum
elements, meaning that the entire body is assessed as one solid continuum with every
element getting assigned specific material properties. However, not all biological tissues
are continuous. As explained in previous chapter, trabecular bone is a porous structure
comprising of trabecular pillars and voids. Nevertheless, Phillips et al. [2] state that it is
quite common to use a continuum mechanics approach for modelling bone and they
explain that there are three ways of dealing with the issue mentioned before.

The two generally accepted methods that Phillips et al. [2] describe, are called microscale
and macroscale continuum modelling. The first requires the size of one finite element to
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14 3. FINITE ELEMENT MODEL

be smaller than or corresponding to one structural element of bone. In the continuum
part, all elements are considered either ‘bone’ or ‘not bone’. Specific material proper-
ties are assigned to the ‘bone’ elements and the ‘not bone’ elements can be modelled as
voids. The second - macroscale - approach deems the entire structure as one contin-
uum and consequently, voids are not modelled. Empirically established material prop-
erties are assigned to the elements, to make the entire structure behave as bone. Both of
these approaches are the result of a trade-off between accuracy and computational effi-
ciency. The microscale approach often uses yMRI or uCT data to create a highly accurate
model of bone structure whereas the macroscale approach is more of an approximate
calculation, heavily relying on empirical data. Due to the large number of elements, the
microscale approach is computationally demanding whereas the macroscale approach
performs calculations more efficiently.

To overcome this trade-off, a mesoscale alternative was recommended. Rather than only
continuum elements, various structural elements can be used to represent the struc-
tural nature of bone [2]. As an example, [2] write that truss and shell elements can serve
as trabecular and cortical bone, respectively. This structural mesoscale approach enables
the rt model to perform with fewer elements and simultaneously ensures the elements
to behave more accordingly to the structure they represent. It is considered to reach
both microscale accuracy as well as macroscale computational efficiency. Because of
the variety of materials and elements in the spinal elements (elaborated on in the pre-
vious Chapter), a hybrid mesoscale approach was selected for creating this project. This
approach will ensure the rrA results to be more accurate and computationally efficient
than either a micro- or macroscale modelling method. Elaboration on the modelling ap-
proach for this project is described in Section 3.3.

3.1.2. FINITE ELEMENT MODELS OF INTERVERTEBRAL DISCS

A systematic review was conducted to investigate previously developed rt: models of hu-
man intervertebral discs. Nine models were found and assessed on various factors [3—
11]. Modelling approach, element types and material properties were of most interest.
All models used a continuum approach for the Ar ground matrix. The AF fibres were of-
ten structurally modelled as truss, cable or spring elements [3-5, 7, 8, 11], but also as
parametrically determined material properties within the Ar [6, 10]. Like the Ar, the np
was modelled as solid continuum elements. Although Chosa et al. [3] did not report
the specific use of elements, they mention using direct input of intradiscal pressure that
they derived from literature. This resembles the approach by Newell et al. [12], who have
modelled the NP as a pressurised cavity.

After establishing a working geometrical model of a spinal unit, the model must be val-
idated for appropriate material properties. However, validation of intervertebral disc F
models has proven to be difficult. Proper in vivo data are essentially impossible to ob-
tain without invasive methods. In vitro experiments are ideally performed on freshly
harvested discs but in practice, they have generally been deep frozen. Literature is dis-
agreeing about the influence of deep freezing on disc biomechanics [13]. Section 3.5
elaborates on the validation method for this project.
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3.2. MATERIALS

The main software used for this project are Abaqus/CAE version 6.13 [14] and MATLAB
version R2014a [15]. The first is a software suite under the SIMULIA platform by Dassault
Systémes. Besides being an analogy to ‘Computer Aided Engineering’, ‘CAE’ stands for
‘Complete Abaqus Environment’, meaning it provides an evironment for the modelling
process as well as FEA and visualisation of the rrA. The second is a numerical computing
software that can be used for matrix calculations and scripting of algorithms.

3.3. METHOD: BUILDING A MESH

To build an rt model for analysis, there are multiple factors to take into consideration.
Besides the appropriate choice of element types and material properties, mesh genera-
tion also has an influence on analysis outcomes and success rates [16]. Abaqus/CAE was
used for automated mesh generation of the spinal unit and the building process of the
resulting model is set forth in the following subsections.

3.3.1. MODEL I: ABAQUS GEOMETRY

Abaqus/CAE was used to create a cylinder with the approximate dimensions of a spinal
unit (vertebra-disc-vertebra) and two steel components on either end of the cylinder
for compressional simulations. It should be noted that the disc and vertebral body are
kidney-shaped. To increase computational efficiency by reducing the amount of vari-
ables however, it was decided to create a simple geometry and therefore the cylinder has
a circular base. Figure 3.1 shows a visualisation of this first model. The cylinder was
sectioned according to average heights of the spinal parts and the disc was sectioned to
have a core and surrounding layer acting as NP and AF, respectively. For the mesh con-
trols, it was decided to use hex (hexahedral) shaped solid elements (type C3D8H) and a
default sweep technique that follows an algorithm based on the medial axis of the unit.
Section 17.7.6 from the Abaqus 6.14 User’s Guide [17] explains that "Abaqus/CAE gen-
erates hexahedral and hexahedral-dominated meshes by sweeping the quadrilateral and
quadrilateral-dominated elements generated by the two algorithms from the source side
to the target side". The Guide further notes that for a simple geometry with a large num-
ber of elements, this Medial axis algorithm is a computationally more efficient option
than the Advancing front algorithm. Considering a cylinder to be a relatively simple ge-
ometry, this Medial axis algorithm was chosen, after which 80 seeds were evenly spread
over cylinder’s circumference. Meshing the unit resulted in an Ar consisting of five verti-
cally stacked layers.

ADDITION OF MATLAB TRUSSES

To simulate the presence of collagen fibres in the Ar, it was decided to add truss T3D2 el-
ements to the AF section. However, as Abaqus did not allow this type of feature, the input
file of the meshed cylinder was exported and manually adjusted using MATLAB. A script
was configured to rewrite the input file so that truss elements were created between AF
nodes in a fashion that diagonally orientated fibres would be formed, alternating per
layer of the AF (see Figure 3.1(c)). Basic boundary and loading conditions were created
within Abaqus by constraining the lower steel plate from movement and rotation in all
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Figure 3.1: Visualisation of the first model made in Abaqus.
Colour legend: Gray: steel components, Orange: AF, Yellow: NP and White: vertebrae.

directions and applying a load of 100N on the top steel plate. After submitting the model
for analysis, Abaqus returned a warning displaying that several elements were distorted.
These elements were identified and displayed in red in Figures 3.2(a) and 3.2(b).

ALTERNATIVE MESHING METHOD

It seemed that the cylindrical shape posed a problem for the default meshing technique
that was selected in Abaqus. This was confirmed by a review from Lan and Lo [18] who
studied several methods and wrote that curved surfaces in particular are difficult to dis-
cretise and the more common methods often causes element distortion. This warning
was reason for applying other Abaqus meshing methods. Different element shapes were
tested and eventually an approach using a sweep technique based on an Advancing front
algorithm was tested. The Abaqus 6.14 User’s Guide explain this method as follows:
"[tlhe advancing front algorithm generates quadrilateral elements at the boundary of
the region and continues to generate quadrilateral elements as it moves systematically
to the interior of the region" [17]. The new mesh (Figure 3.2(c)) did not cause element
distortion but it was feared that the random organisation of elements would give less
reproducible rtA results than a more structured one. Therefore, it was decided not to
create a model within the Abaqus/CAE environment but only to use the program for the
actual FEA.

3.3.2. MODEL II: MATLAB GEOMETRY

The approach of sketching the model’s geometry in Abaqus was discarded and the entire
model was created by writing a novel input file in MATLAB. A study on mesh generation
methods by Ho-Le [16] was consulted after which the node generation approach was
adopted to develop a 2D model of the disc (Figure 3.3(a)). The squares and surround-
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(a) Top view of intervertebral disc. (b) Median sagittal view (c) Top view of intervertebral disc.
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Figure 3.2: Visualisation of the two meshing methods in Abaqus.
Yellow: NP, orange: A with grey AT fibres, White: bone, grey: steel, red: distortion after analysis

ing quadrilaterals that represent the N become hexahedral elements after conversion
to a three dimensional model. An elliptical rather than circular shape was considered
but eventually rejected due the risk of decreasing homogeneity of the element size and
shape and subsequently, r:A accuracy. The variable parameters that are the base of the
two dimensional mesh were the unit diameter (mm), NP diameter (mm), number of cir-
cumferential seeds and the number of lamellae. This two dimensional base was used to
create a three dimensional model by copying the two dimensional layer of nodes on a
third axis. The result of this transformation can be observed in Figure 3.3. The model’s
requirements and former parameters and default input values were revised. The definite
set of parameters and values that were used for establishing the model can be found in
Table 3.1.

A difference between the initial set of parameters and the adopted set is the change from
one unit diameter to two. As stated earlier, the human intervertebral disc is kidney-
shaped rather than round. Instead of one diameter (for a circular shape), experimental
data from Newell et al. [12] reported two average diameters for the investigated discs.
These two diameters were used to calculate the average surface and this in turn, was
used to calculate one average diameter for a circle-shaped disc model. The AF is usually
made up of 15 to 25 lamellae [13], but due to the trade-off between a coarse/efficient and
detailed/slow processing model it was chosen to reduce that number. The chosen values
for the number of vertical layers and seeds was a result of this. The ratio representing the
NP box to diameter ratio is to create an offset between the ‘box’ and true NP circumfer-
ence. The reason for this is to ensure the corner elements in the NP remain hexahedral
and will not cause distortion. This offset is clearly visible in Figure 3.4(c), as opposed to
the initial geometry without offset (Figure 3.3(a)). Besides the geometrical parameters,
material properties and loading and boundary conditions can also be adjusted in the




18 3. FINITE ELEMENT MODEL

(a) 2D structure (b) 3D structure

Figure 3.3: MATLAB plots of node distribution for 't mesh.

MATLAB script.

Further steps were taken towards creating a complete model with all required elements.
The base of the model is a solid continuum but structural elements were added to simu-
late collagen fibres, cortical bone and end plates. The first step was to write a parametric
script that would create truss elements between the diagonal nodes of the hexahedral
AF elements. The number of collagen ‘fibres’ in the model would consequently be de-
fined by the number of Ar vertical layers and lamellae. As this number would not nearly
approximate the true number of collagen bundles in the human disc, a ratio of 17.8 %
(volume of fibres relative to the volume of AF ground matrix) was used to calculate the
thickness of the truss elements [12]. The cortical bone and end plates were modelled
with the use of 5-point integration shell elements. The shells for the axial cortical bone,
BEPS and CEps were derived from the outer nodes of the vertebral and disc continuum
elements, respectively. The thickness for cortical bone derived from literature but, as ex-
plained in Section 2.2 of the previous Chapter, there is a lack of quantitative data on the
end plates. Values on thickness of end plates were found but no distinction was made
between the bony or cartilaginous part of the plates. It was observed, however, that the
BEPS were generally thinner than the ceps and therefore, a parametric ratio of 0.3 (BEpS) to
0.7 (ceps) was set. It should be noted that during material sensitivity tests (Section 3.5.1),
it was found that this ratio was had hardly any influence on the results of the rtA. Also,
the script was adjusted to simplify sectioning. Following this enhancement, the model
could effectively be extended or halved which was useful for i.e. analyses on the disc
(model: one disc and two half vertebrae) and on the vertebra (model: two half vertebrae,
two discs, and one whole vertebra).
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3.4. RESULTS: FINAL GEOMETRY

The final model of part of the lumbar spine was created by writing an input file in MATLAB
to render and perform finite element analyses on in Abaqus/CAE. The rendered model is
visualised in Figure 3.4. The choices of element and various adjustable parameters can
be found in tables 3.2 and 3.1, respectively. Appropriate material properties from litera-
ture were assigned to the various sections to ensure the model runs without producing
errors.

Parameter Value
Unit diameters (mm) 54, 40*
Disc height (mm) 10.08*
Disc to vertebra height ratio 2.7%
Number of vertical layers in one disc 6
Number of lamellae 9
Number of circumferential seeds 32
NP box to diameter ratio 0.9
NP to AF surface ratio 0.29*
Fibre to AF volume ratio 0.178*
Fibre angle to horizontal 28 oxxx
Bony to cartilage end plate ratio 0.3

Table 3.1: Parameters and chosen input values for MATLAB mesh.
*Values were obtained from experimental data by Newell et al. [12].
** Values for the calculation of this ratio were derived from Zhao et al. [19].
*** Angle was calculated as the diagonal of one outer anulus element disc height & number of vertical disc layers.

Tissue Element type Abaqus element
Trabecular bone Solid hexahedral C3D8H
Cortical bone Solid shell S4

CEPS Solid shell S4

BEPS Solid shell S4

Al Fibres Truss T3D2

AF Ground Matrix  Solid hexahedral C3D8H

NP Solid hexahedral C3D8H

Table 3.2: Element types for all sections

3.5. VALIDATION

To determine appropriate material properties, a material sensitivity study can be per-
formed. Details on the study are described in Subsection 3.5.1 below. Subsection 3.6
then elaborates on how this test was used to validate the rt model.
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(a) Full view of a spinal unit after de- (b) Sagittal view of a spinal unit after deformation.
formation.

(c) The intervertebral disc with all components.

Figure 3.4: Rendered view of the 'E model of one spinal unit.
Yellow: NP, orange: AF ground matrix, White: bone, grey: AF fibres, beige: cortical bone and end plates.
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3.5.1. MATERIAL SENSITIVITY STUDY

Appropriate values for the model’s material property parameters had to be assigned. It
was found in literature that there is a large variety in material properties of r: models of
human lumbar intervertebral discs. Studies by Xie et al. [11] compared elastic to hyper-
elastic properties for the intervertebral disc and found that the latter described the disc
behaviour more accurately. Hyperelastic behaviour can be expressed in various mod-
els, of which the Neo-Hookean approach is a relatively simple and efficient option. It
describes stress-strain behaviour of hyperelastic materials in terms of two unitless con-
stants, C; and D, respectively. C; is a material constant based on an invariant () of the
Cauchy-Green tensor (C;) that describes deformation in terms of local change in dis-
tances within a material. D = 0 for incompressible Neo-Hookean materials [20]. The
function of a Neo-Hookean material (W) is described according to Equation 3.1. Both
Xie et al. [11] and Newell et al. [12] have adopted a Neo-Hookean model to describe the
non-linear hyperelastic and incompressible behaviour of the Ar ground substance.

W =Ci() -3) (3.1)

Suitable material properties were defined by performing a two-step material sensitiv-
ity study. The first study was meant to find which of the disc’s components (the np,
Ar ground substance or the collagen fibres) had the biggest influence on the disc’s be-
haviour under compressional loading. Initial properties from a similar model by Newell
et al. [12] were used. However, the NP was modelled as a pressurised cavity rather than
continuum elements. The approach by Adam et al. [21] was therefore used for the NP val-
ues, who assigned NP properties of an ‘order of magnitude less stiff than the Ar ground
substance while maintaining near-incompressible material behaviour’. For the mate-
rial sensitivity test, this approach was deployed by setting the initial nP’s C; according to
Equation 3.2 and adjusting it accordingly throughout the test.

CI,NP =0.1- CI,AF 3.2)

This first assessment of material properties showed that altering the Ar properties re-
sulted in the biggest changes in behaviour, whereas changes in NP did not. The ground
substance (the continuum elements representing the Ar) influenced the disc’s absolute
stiffness, whereas the trusses that represent the fibre bundles had an impact on the ex-
ponential shape of the curve that corresponds to hyperelasticity. Initial bone material
properties are expected to change after running the bone adaptation algorithm, there-
fore the value that was of most interest was the chosen ratio of Btps thickness relative to
the ceps thickness. Changing this ratio, however, did not have significant influence and
it was therefore kept at the initial value. Based on these findings, a second sensitivity
study was conducted to define the appropriate values for the Ar components.

Pressure simulations were performed and results were compared to an experimental
study by Newell et al. [12]. This study analysed geometry and compressional behaviour
of 16 healthy lumbar intervertebral discs. The average geometry reported in this study
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was used for the r model and the average force-displacement curve of all tests on all
discs was used as a reference for the material sensitivity test. The average displacement
of the results is represented by the black curve named Experimental Data (Newell, 2019)
in Figure 3.5. After finding the Ar ground matrix and collagen fibres to be most influential
to the disc’s behaviour, these were varied in order for the model’s output to approach ex-
perimental data from Newell et al. [12]. The results of this compressibility analysis can be
observed in Figure 3.5. To see how the FE model’s compressional behaviour (red curve)
compares to the experimental study by Newell et al. [12], see Figure 3.6. The most fitting
material properties were consequently used for further analyses. They are summarised
in Table 3.3.

3.5.2. VALIDATION

Validation of the FE model is necessary to ensure accurate and reliable results from the
FEA. In other words, it must be confirmed that the model will produce realistic results.
As explained earlier in this chapter, validation of intervertebral discs has proved difficult
due to limitations in in vivo experimenting. The second part of the material sensitivity
test described in the previous section was performed by comparing experimental data
from a study that performed compression tests on intervertebral discs to results of a
simulation of that study on the Ft model. By choosing the definitive material properties
that ensure the model to produce results similar to experimental data, the model was
effectively validated.

Tissue Young’s Poisson’s Thickness Reference
Modulus (MPa) ratio (mm)

Trabecular bone 10,400 0.3 [22, 23]
Cortical bone 18,600 0.3 [22, 23]
CEPS 23.8 0.4 0.406 [24]
BEPS 18,600 0.3 0.174 (22, 23]
AF Fibres 306.16 0.35

Neo-Hookean material C D

AF Ground Matrix 0.0218 0

NP 0.00218 0

Table 3.3: Material properties deployed after material sensitivity study

3.6. DISCUSSION

A semi-continuum approach of the rim was adopted to create a model of a spinal unit
(one disc, two vertebrae, two BEPS and two CEps). With the purpose of increasing compu-
tational efficiency, it was decided to create a purely cylindrical model without ligaments
and vertebral pedicles. The disc consists of two continuum sections, functioning as the
NP and AF, and structural truss elements acting as the collagen fibres. The trabecular
part of a vertebral body is modelled in continuum elements whereas the cortical bone
and end plates are approached by structural shell elements. After failed attempts to cre-
ate a robust model in Abaqus/CAE, a MATLAB script was written to create an input file to
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Figure 3.5: Graphical results of the sensitivity study on FEA material properties.
C1 indicates the first material coefficient of the Neo-Hookean model and
FYM stands for the Young's Modulus (MPa) of the AF collagen fibres.

be used in Abaqus/CAE for FEA.

Prior to performing valuable analyses, accurate material properties have to be deter-
mined. This was achieved by performing a two-fold material sensitivity study. After first
investigating which material properties were most influential for model behaviour, ex-
perimental data on human lumbar intervertebral discs were used to approach the most
fitting values for these material properties. The definitive properties generated model
behaviour that was considered comparable to the results of that study. As a conse-
quence, this material sensitivity study also served as a means to validate the model.
However, it should be noted that only in vitro uniaxial compression tests were used for
this study. Hence, the model has only been validated for one type of loading. The follow-
ing chapter will cover an extensive outline of the analyses that simulate bone adaptation
in the vertebrae.
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FINITE ELEMENT ANALYSIS

To answer this project’s research question, an assessment of spinal biomechanics was
performed with reA. The building process of the rt base model was described in the
previous chapter. This chapter will elaborate on the analyses that were run to give insight
into the influence of the intervertebral disc on adjacent vertebrae.

4.1. BONE ADAPTATION IN FINITE ELEMENT ANALYSES

As explained in Section 2.3, bone adapts to mechanical influences. When r:v became an
appropriate method to assess biomechanics, Turner [1] established "three fundamental
rules that govern bone adaptation [from which] several mathematical equations can be
derived that provide simple parametric models for bone adaptation”. In 2014, Geraldes
and Phillips [2] proposed a new optimisation algorithm for orthotropic bone adaptation
in FE models. The algorithm operates by assigning initial material properties to all bone
elements, running iterative Ft analyses and extracting the internal maximal principal
strains from those elements. These strains are then used to calculate and approach the
true material properties that allow the bone to function under an optimal target strain,
also defined as the lazy zone, of 1250 + 250 ustrain [3]. The process continues until a
certain proportion of elements reaches the lazy zone. Equation 4.1 shows the iterative
calculation for a bone element’s Young’s Modulus (E l’ft) by multiplying the modulus of
previous iteration with a coefficient calculated from the absolute maximum principal
local strain (g,,,4x) that occurs in the element and the target strain (¢,,;) [4, 5].

Bt = Eft_l—|6%“x| @.1)
Ent
4.2, MATERIALS

The main software used for this project are Abaqus/CAE version 6.13 [6] and MATLAB
version R2014a [7]. The bone adaptation algorithm was written and operated in MATLAB
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(a) Frontal view. (b) Median sagittal view. (c) Shell elements representing
cortical bone and end plates

Figure 4.1: Rendered view of the F'E: model of two spinal units.
Yellow: NP, orange: AF ground matrix, White: bone, grey: AF fibres, beige: cortical bone and end plates.

while making use of the Abaqus/CAE environment for FeA and of PYTHON([8] to extract
data from those analyses.

4.3. METHODS

For the material sensitivity study on the intervertebral disc, an rt model of one spinal
unit (one disc, two halve vertebrae) was developed. Assessing biomechanics in a whole
vertebrae, however, required doubling the model. This resulted in two spinal units (two
discs, two halve vertebrae and one whole vertebra in the middle) which is visualised
in Figure 4.1. After validation of the model, the bone adaptation algorithm had to be
incorporated into the previously written MATLAB script for creating the input file. This
process is discussed in Subsection 4.1.

The algorithm used for this project was derived from a study by Zaharie and Phillips
[9]. This version of the algorithm was written to approach orthotropic bone adaptation.
To enable orthotropy, material properties in the form of engineering constants were as-
signed to the bone elements. Both stresses and strains for all directions are extracted
from the rrA to approach bone adaptation. To increase computational efficiency, and
because only axial loading will be tested in this project, the algorithm was adjusted to
simulate isotropic adaptation. Only absolute maximal principal strains were extracted,
rather than normal strains for all directions and shear stresses. Material properties of
bone are expressed in Young’s Modulus and Poisson’s ratio. The latter is often assumed
to be 0.3 for bone in structural analyses and was therefore kept constant [10]. To ac-
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count for trabecular bone adaptation, Equation 4.1 was used as a basis in the MATLAB
script for adaptation. A similar approach was used to approach cortical bone adapta-
tion. However, rather than changing the Young’s Modulus, the thickness of cortical bone
was iteratively adjusted. In this preliminary phase of the research, r: analyses were only
performed with axial loading conditions and therefore it was decided to only take unidi-
rectional strains into consideration.

The adaptation was first run on the rt model with material properties corresponding
to a healthy intervertebral disc, as elaborated on in Section 3.5.1. For this simulation,
initial material properties of bone were taken from literature [10, 11]. These properties
can be found in Table 3.3. A uniformly spread total force of 500 N was applied, which
corresponds to the findings of Rohlmann et al. [12] in a study on simulating a standing
position in spinal Ft models. After acquiring an F£ model with adapted bone elements,
the biomechanics of the disc were altered to simulate degeneration. As explained in
Chapter 2, Section 2.1, degeneration is often described as stiffening of the Ar.

The material sensitivity study described in the previous chapter has shown that a big-
ger C; coefficient of the Ar ground matrix results in a steeper force/displacement curve,
suggesting a stiffer disc. Therefore, disc stiffening was simulated by increasing the Ar
C; coefficient. The first increase was by a factor twenty. This corresponds to C; = 0.436
which is also the value used by Newell et al. [13]. After that, the initial C; was increased
by a factor thirty, resulting in C; = 0.654).

4.4, RESULTS

Four FE analyses to assess bone adaptation were performed. The first simulation was
to assess maximal principal strains in the model with default material properties for a
healthy intervertebral disc where all trabecular elements have been assigned the same
initial stiffness. The maximum principal strains in the vertebra were extracted and can
be seen in Figure 4.2. This output was then used as input for the bone adaptation algo-
rithm. The algorithm ran iteratively until a desired convergence was reached, meaning
that trabecular elements were assigned a Young’s Modulus that resulted in an amount of
strain within the lazy zone. As mentioned in Chapter 2, disc degeneration can occur in
the form of increased stiffness of the Ar. Therefore, after configuration of adapted bone,
disc degeneration was simulated by adjusting material properties of the Ar. The Neo-
Hookean material coefficient of the Ar ground matrix was increased (from C; = 0.0218
to C; =0.436 [13] and C; = 0.654) to mimic degeneration and the renewed input file was
subjected to the bone adaptation algorithm. A complementing MATLAB script was writ-
ten to provide visualisation of the ranges in Young’s Moduli. The maximum value denot-
ing the highest stiffness (E;,x) was divided by a factor ten to create a window for these
ranges. FEA results were visualised and can be found in Figure 4.3. Figure 4.4 shows the
number of elements representing the particular categories, corresponding to the con-
tents of Table 4.1. The Young’s Moduli for adapted bone with a healthy disc (ar C; =
0.0218) were E;;;i5, = 2.58 MPa, E;;, 4 = 541 MPa and an E;;;.4,, of 218 MPa. The stiffer disc
(AF Cq = 0.436) provided elements with E;;;;, = 0.94 MPa, E,;,4x = 473 MPa and an E;e4n
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4101762
5925005
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Figure 4.2: Median cut for visualisation of maximum principal strains in a vertebral body before (left) and
after (right) bone adaptation as a result from a total uniformly spread load of 500 N.

of 203 MPa. Finally, the stiffest disc (Ar C; = 0.654) resulted in E;;;, = 1.19 MPa, E;;;4x =
394 MPa and an E,;¢,;, of 192 MPa.

Young’s Modulus (MPa) # of elements
e T Erom To AFCp=0.0218 AFCy=0436 AFC =0.654

1 < 54.06 1536 1280 1280
2 54.06 108.12 960 896 960
3 108.12 162.18 0 576 320
4 162.18 216.24 192 192 320
5 216.24 270.3 448 448 384
6 270.3 324.36 144 512 120
7 324.36 378.42 696 1184 904
8 378.42 432.48 256 544 184
9 432.48 486.54 880 0 0
10 486.54 540.6 400 0 0

Table 4.1: Representation of elements categorised over ranges of Young’s Modulus

4.5. DISCUSSION

Analysis of the Ft model gave several insights in spinal load transmission and vertebral
bone adaptation. A few remarks on the results are discussed below.

The average Young’s Modulus of trabecular bone (218 MPa, 203 MPa, 192 MPa, respec-
tively) seems to decrease with increasing disc stiffness. Especially the stiffness of the
elements in the centre of the vertebral body decreases relative to the outer vertebral ele-
ments. Due to continuum modelling, it is unclear whether the trabecular pillars become
less stiff or that bone is resorbed in general. In the latter case, this would be confirmed
by several studies. For example, Simpson et al. [14] performed a histoquantitation study
and stated that "[b]one loss was observed in central regions (most distant from the cor-
tex) as [disc] disorganization increased". Accordingly, Twomey and Taylor [15] found
that "the loss of the vertical trabeculae is most marked below the [Np]". They describe
lumbar vertebrae to become more concave with older age which was also observed by
Videman et al. [16] (Figure 2.4 in Chapter 2). This change in shape can also be expected
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Low Young's Modulus High

(a) Colour legend for Young’s Moduli.

(b) A vertebral body.

(c) Superior view of a vertebral
body.

(d) Medial sagittal section of a
vertebral body.

Figure 4.3: Visualisation of trabecular bone adaptation after adjusting disc stiffness,
AF C1 =0.0218, 0.436 and 0.654, respectively
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Figure 4.4: Distribution of trabecular bone elements over eleven categories of stiffness.
Categorisation details are provided in Table 4.1 and corresponding visualisation of the model can be found in
Figure 4.3.

from observing Figure 4.2 which is a visualisation of the maximum principal strains in
the vertebral body before and after bone adaptation. This strain pattern becomes even
more extreme after disc degeneration, which can be deducted from the change of stiff-
ness in Figures 4.3. The relative Young’s Modulus of outer top and bottom outer layers of
the body increases as the disc degenerates, suggesting the corners to become stiffer.

The bone adaptation algorithm was designed to adapt both trabecular continuum ele-
ments as well as cortical shell elements. However, no adaptation occurred in the latter.
The strains in the shell elements were far under the adaption target strain and as a con-
sequence, the shell thickness immediately reached it’s lower limit of 0.1 mm. As a ref-
erence, an analysis of the vertebra without cortical shells was performed to gain insight
in the impact of the cortical bone. Due to the continuum modelling approach, elements
could not be iteratively removed from the model but if one assumes the elements with an
extremely low Young’s Modulus to be fully be resorbed, the results in Figure 4.5 suggest
the formation of the aforementioned concave shape. As cortical bone is responsible for
45-75% of the vertebral peak strength [17], leaving out the shell elements would not give
accurate insights. Further analyses should be conducted to provide proper simulation
of biofidelic shell adaptation.
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Figure 4.5: Visualisation of trabecular bone adaptation for FE models with (left) and without (right) cortical
shell elements. Disc AF C; = 0.0218

The elasticity or Young’s Modulus of the adapted trabecular bone is quite low compared
to values from literature. This can be explained by the fact that trabecular bone, a porous
structure, was modelled as continuum elements. Material properties for one element
represent the average of both trabecular pillars and voids. Therefore the Young’s Modu-
lus of one trabecular element will be lower than the actual Young’s Modulus of trabecular
bone. The eight stiffer elements in the ‘corners’ of the Np in the left-hand superior view of
the vertebral body (Figure 4.3(c)) are also hypothesised to be the result of average prop-
erties. Due to the transition of the square NP centre to its round circumference, these
eight elements are smaller than the other elements in the outer NP layer. The latter have
a lower Young’s Modulus because they are averaged for parts of the NP that are relatively
closer to the centre, where elements have lower stiffness.

The next and final Chapter of this thesis contains a summary and conclusion of this
project.
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CONCLUSION

This concluding chapter is an elaboration on the scientific relevance of this research’s
findings. An rt model of a section of the spine was built and validated. An algorithm for
bone adaptation was derived from literature and adjusted to the model’s geometry and
purpose of this project. Analyses were performed according to the principle of the rFem
to provide insight in vertebral bone adaptation as a result of altering the biomechanical
properties of the intervertebral disc.

5.1. ASSESSMENT OF RESEARCH OBJECTIVES

Five research objectives were formulated in the first chapter of this thesis. The assess-
ment of these objectives is discussed below.

1. To build an rE model of a spinal unit.

AMATLAB script was written for the assembly of an input file to be opened in Abaqus/CAE
for rFEA. The input file was scripted to create a model of a part of the spinal column. The
geometry of the model was simplified by modelling it as a cylinder. It was sectioned into
parts representing two intervertebral discs, consisting of an NP and Ar ground matrix
with collagen fibres, and adjacent end plates, bilayers of BEPs and cEps, and vertebrae
according to realistic measurements that were derived from literature. In this prelimi-
nary and simplified model, the vertebral pedicles and ligaments were not simulated for
computational efficiency. Material properties were derived from literature and a mate-
rial sensitivity test was performed to establish optimisation of those values. An extensive
elaboration on the building process of the model is provided in Chapter 3, Section 3.3.

2. To comment on the validity of the model.

The rE model has been validated by means of a material sensitivity study. Experimen-
tal data from disc compression tests by Newell et al. [1] were used as a reference for the
disc’s compressional behaviour. After finding that the Ar properties had the highest influ-
ence on the disc’s compressional behaviour, several rt: analyses with compression load-
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ing were performed on the model for a range of Ar material properties. The model’s r':
force-displacement curve was compared to the average experimental data curve. Based
on these outcomes, the best fitting material properties were assigned to the definitive
model. Therefore, by ensuring the rEA output to resemble realistic disc behaviour, the
model was validated. However, as described in Section 3.6, there are some draws about
this method. Firstly, the model was only validated for uniaxial compression within a cer-
tain range of compression. The highest compression force that was tested was approx-
imately 1000 N and as one can observe in Figure 3.5, the model’s displacement curve
diverts from the reference curve for higher compressional forces. It must be noted that
the standard deviation of the experimental data for this reference curve also increased
with greater compression. Figure 3.6 shows that the model’s compressional behaviour
still falls well within the ranges found by Newell et al. [1]. The validation method of this
model was described in Chapter 3, Section 3.6.

3. To gain insight in load transmission and the process of bone adaptation as result of

disrupted disc biomechanics.

Strain visualisation of the rtA in Figure 4.3 shows thatload is mainly transmitted through
outer N and inner Ar layers. In theory, all loads should be transmitted through the Ar but
it is hypothesised that the stiff shell elements representing cortical bone are preventing
this. However, as disc degeneration is simulated by stiffening of the Ar, these visuali-
sations indicate that loads are getting transmitted further towards the outer AFr layers.
Chapter 4, Section 4.4 provides figures indicating altered bone configuration in the ver-
tebral body as a result from changed material properties of the intervertebral disc.

4. To approach answering this project’s research question using FeA results.
As stated in the first Chapter, this project’s main research question was formulated as:

What is the mechanical influence of the intervertebral disc on its adjacent
vertebrae?

Evaluation of the previous research objectives has provided useful information for as-
sessing the project’s research question. All observations summarised, the rt analyses
have shown that simulation of intervertebral disc degeneration results in adaptation of
bone configuration in the adjacent vertebrae. More in detail, the mechanical influence
of the intervertebral disc on its adjacent vertebrae can be described as transferring load
towards the the area inferior to the AF, relieving the core of the vertebrae of high strains.

5. To reflect upon this project’s relevance for LBP research.

Numerous causes of LBP have been reported in literature, of which the vertebrae and
end plates are often mentioned. This project’s findings indicate that disc biomechanics
do indeed influence the adjacent vertebrae. One of the main characteristic results from
a degenerated disc is bone resorption of the centre of the vertebral body. As a conse-
quence, the vertebrae lose compressional resistance. This causes both the vertebrae as
well as the end plates to become more prone to fracturing. As indicated by Twomey and
Taylor [2], bone resorption occurs mostly in the core of the vertebral body and this is ex-
plained by Euler’s theorem. Bell et al. [3] were the first to apply this theorem of a buckling
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column to trabeculae: if transverse ties (horizontal trabeculae) are resorbed, the column
(vertical trabecula) effectively becomes longer and the buckling load lowers accordingly.
This means that with age, the vertebrae become less resistant to loads. They cannot pro-
vide strength to support the end plates and consequently, both become more prone to
fracturing.

5.2. CONCLUSION

The aim of this research project was to provide an insight into the mechanical influ-
ence of the intervertebral disc on its adjacent vertebrae. Visualisation of bone adapta-
tion in combination with a change in disc material properties confirmed the hypoth-
esis that disrupted disc biomechanics indeed affect the adjacent vertebrae. With age,
the intervertebral disc becomes stiffer and thus less able to resist compressive loads [4].
Simulations of bone adaptation after inducing this mechanical disruption resulted in a
change of trabecular bone material properties which could indicate altering of the inter-
nal structures. A loss of bone structure in the centre of the vertebral body would make
the vertebra more prone to (micro)fractures which in turn, have been found to be one of
many potential causes of LBp [2, 5, 6].

5.3. RECOMMENDATIONS

This goal of this research project was to gain insight into biomechanical influences of
the human lumbar intervertebral disc. An rt model was built to assess these influences.
However, only uniaxial compressional loading was tested in this research’s analyses and
consequently, the model was only validated for this loading scheme. In reality, the spine
is subjected to various load cases that can all influence the biomechanics of the spinal
sections. It is thus recommended to amend the model in such a way that a more exten-
sive set of loading conditions can be applied.

It follows that, if other loading schemes should be tested, the bone adaptation algorithm
should be readjusted to orthotropic adaptation rather than the isotropic approach that
was used for this project. Geraldes and Phillips [7] showed that their orthotropic algo-
rithm provides a better prediction than an isotropic approach. After optimising and
validating the model for other loading conditions, it is therefore advised to adjust the
algorithm in a way that it provides a realistic simulation of orthotropic bone adaptation.

As explained earlier, it is hypothesised that the stiff shell elements representing cortical
bone are preventing load transmission through the outer Ar layers. It might be useful to
perform the same simulations without cortical shell elements to confirm this hypothesis
and adapt the cortical material properties accordingly.

Furthermore, this model is a coarse approximation of a human intervertebral disc. For
example, the cortical shell elements now prevent the vertebrae from forming into their
characteristic concave shape. Also, the circular shape of the cylinder may conceal asym-
metrical load distribution. Recommendations for further research are therefore to en-
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hance the model’s geometry.

This project was designed to provide useful insights in potential causes of Lsp. In rela-
tion to the PhD project of Clement Favier, it suggested to further investigate the effect
of observed altered bone configuration on LBp. An example could be to investigate the
buckling load of the vertebrae and end plates as a consequence of trabecular alteration.
Buckling would indicate (micro)fracturing which can be a source of LiP [5, 6].
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Abstract

Background: To find treatment options for lower back pain, one must gain insight in the spinal anatomy and biomechanics.
These can be acquired by using the Finite Element Method. Previously investigated finite element models of the lumbar
intervertebral disc have been designed with the main purpose of understanding the biomechanics of the disc itself, and not
necessarily its influence on other spinal elements. A change in disc biomechanics is hypothesised to cause a disruption in
the surrounding structures such as the vertebrae, which in turn, could result in lower back pain.

Methods: A parametric model of a spinal unit was created to be subjected to finite element analyses. The model was
validated with experimental data from literature. A bone adaptation algorithm was used to simulate and assess a change
in bone material properties before and after simulating disc degeneration by adjusting disc material properties.

Results: Finite element analyses showed how a load was transferred by the disc and how bone consequently adapted in
response to stiffening the disc properties. The overall trabecular structure was observed to become softer, especially in the
vertebral core, while the structure inferior to the Anulus Fibrosus became relatively stiffer.

Conclusions: Visualisation of bone adaptation in combination with a change in disc material properties confirmed the

hypothesis that disrupted disc biomechanics indeed affect bone configuration in adjacent vertebrae.

I. INTRODUCTION

move and stand upright by providing axial

support and transmitting loads [1]. Lower
back pain (LBP) has been defined as "pain and
discomfort, localised below the costal margin and
above the inferior gluteal folds, with or without leg
pain” [2]. In pursuit of finding treatment options,
one must gain insight in the spinal anatomy and
biomechanics such as joint reaction forces and move-
ment strategies. Toyone et al. [3] carried out MRI
studies to investigate correlations between altered
vertebral bone-marrow as a result of degenerative
intervertebral disc and LBP. Lotz et al. [4] write that
degenerating discs are often cause of annulogenic
pain resulting in LBP [5, 6]. Nevertheless, they state
that studies by Fagan et al. [7] investigating inner-
vation of the end plates give evidence that damaged
end plates causing vertebrogenic pain could also be
a major source of LBP. Zhao et al. [8] performed ex-
periments to assess vertebral fractures in end plates
and found that in case of failure, this often occurs
in cranial before caudal end plates. Several studies

THe human spine enables the human body to

report that vertebral microfractures can be a source
of back pain [9, 10].

I.1. Elements of the lower spine

The intervertebral disc distributes loads uniformly
by resisting spinal compression and simultaneously
allowing the spine to bend and twist by permitting
(limited) movements of the vertebrae with respect
to each other [11]. The Nucleus Pulposus (NP) is
the core of the disc and takes up approximately
40-50% of an adult disc’s total volume and 29%
of the total cross sectional area [12]. The NP has
strong osmotic properties that cause the nucleus to
swell or shrink by binding to or repelling water, re-
spectively. Swelling due to its high water content
generates pressure on the surrounding structures
that, in turn, restrict NP swelling in all directions.
This mechanism is the source of the disc’s ability
to withstand compressive forces [13]. The Anulus
Fibrosus (AF) is an elastic ring, surrounding and
confining the NP by restricting its outward-facing
compressive forces resulting from hydrostatic pres-
sure. It consists of several layers (lamellae) of soft
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ground matrix (water and solubles), enforced with
collagen fibre bundles. The fibres are orientated at
an angle of approximately 30° off horizontal and
alternate direction per lamella. Neumann [14] write
that this specific orientation prevents torsion and
vertical separation of the vertebrae while protecting
the AF against shear stresses as a result from the
tensile stresses that the NP creates. Physical disrup-
tion such as changes in tissue properties of the disc
can cause degeneration and consequently, altering
of the disc’s biomechanics [5, 11, 12, 15] and corre-
lations were found between disc degeneration and
LBP [16, 17]. Adams et al. [18] describe functional
changes as a consequence from disc degeneration.
The NP decreases in size and consequently exerts
less pressure on the AF. As a consequence, the latter
takes on more of the compressional load. Simulta-
neously, the amount of proteoglycan in the AF de-
creases and this reduces its compressional strength
and increases its stiffness [19].

The end plates are placed between the disc and
the vertebral bodies. Literature is disagreeing on
whether they should be deemed part of the disc or
of the vertebrae [20]. They are described as a bilayer
of hyaline cartilage ( cartilage end plates, CEPS) and
cortical bone (bony end plates, BEPS) and together,
they are approximately 0.58 mm thick [12, 21, 22].
Their main function is to balance the a trade-off
between providing strength and porosity. On the
one hand, they have to support the stiff vertebral
bodies and protect them from fracturing and on the
other hand, they allow for particle flow to and from
the intervertebral disc. The latter is essential as the
disc is not vascularised.

The vertebral body is connected to adjacent in-
tervertebral discs through the aforementioned end
plates. Vertebrae are made up of an outer dense cor-
tical layer that encapsulates the internal bone struc-
ture of the trabecular core which is made up of bony
pillars, trabeculae, and voids. The structural com-
position of bone is the result of a trade-off between
rigidity and mass: it should be strong enough to
withstand loads and forces and at the same time
use a minimal volume. According to Wolff’s law,
bone structure adapts to (the lack of) mechanical
stimuli [23]. The basis for the current mechanostat
theory of bone adaptation by Frost [24] is "that the
most likely loading-derived stimulus for bone cells
would be the strains developed in the bone tissue as
a result of loading" [25]. Bone mass and architecture
remain unchanged under an optimal range of strain,

the lazy zone, with 1250 £ 250 pstrain as target. In
case of strains higher than this target range, bone
formation takes places. As result that bone stiff-
ness increases causing the strains to decrease. The
reverse is also true: a strain magnitude below the
lazy zone results in bone resorption and a decrease
in stiffness follows to ensure that optimal strain is
re-established.

1.2. The Finite Element Method

The Finite Element Method (FEM) is a means of
assessing a large problem by breaking it down into
a number of smaller and simpler sub-problems by
performing a Finite Element Analysis (FEA). A body
is partitioned by creating a mesh that divides it into
a finite number of elements and partial differential
equations are solved for those separate elements. A
common way of partitioning is to divide a body into
a finite number of continuum elements. The entire
body is assessed as one solid continuum with every
element getting assigned specific material properties.
However, not all biological tissues are continuous.
For example, trabecular bone is a porous structure
comprising of trabecular pillars and voids. Nev-
ertheless, Phillips et al. [26] write that it is quite
common to use a continuum mechanics approach
for modelling bone and explain that there are three
ways of dealing with the issue mentioned before.

The two generally accepted methods are microscale
and macroscale continuum modelling [26]. The first
requires the size of one finite element to be smaller
than or corresponding to one structural element of
bone. In the continuum part, all elements are con-
sidered either ‘bone” or ‘not bone’. Specific material
properties are assigned to the ‘bone” elements and
the ‘not bone” elements can be modelled as voids.
The second - macroscale - approach deems the en-
tire structure as one continuum and consequently,
voids are not modelled. Empirically established ma-
terial properties are assigned to the elements, to
make the entire structure behave as bone. Both of
these approaches are the result of a trade-off be-
tween accuracy and computational efficiency. The
microscale approach often uses yMRI or uCT data
to create a highly accurate model of bone structure
whereas the macroscale approach is more of an ap-
proximate calculation, heavily relying on empirical
data. Nonetheless, due to the large number of el-
ements the microscale approach is computationally
demanding whereas the macroscale approach can
perform the calculations in a more efficient manner.
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To overcome this trade-off, a mesoscale alternative
was proposed. Rather than using continuum ele-
ments, various structural elements can be adopted
to represent the structural nature of bone [26]. For
example, truss elements can be used to serve as
trabecular bone and shell elements can represent
cortical bone. This structural mesoscale approach
enables the FE model to perform with fewer ele-
ments but at the same time ensures the elements
to be more appropriate for the structure that they
represent. It is considered to reach both microscale ac-
curacy as well as macroscale computational efficiency.
Due to the variety of materials and elements in the
spinal elements, a hybrid mesoscale approach was
selected for the models developed for this project.
This approach will ensure the FEA results to be
more accurate and computationally efficient than ei-
ther a micro- or macroscale modelling method. In an
earlier systematic review, a selection of FE models
of lumbar discs was found and used for reference
[27-35]. All models used a continuum approach
for the AF ground matrix. The AF fibres were of-
ten structurally modelled as truss, cable or spring
elements [27-29, 31, 32, 35], but also as parametri-
cally determined material properties within the AF
[30, 34]. Like the AF, the NP was modelled as solid
continuum elements. Although Chosa et al. [27] did
not report the specific use of elements, they mention
using direct input of intradiscal pressure that they
derived from literature.

II. METHODS

MATLAB version R2014a [36] was used to create an
input file of a model of a part of the lumbar spine to
be used for finite element analyses in Abaqus/CAE
[37]. PYTHON [38] scripts were used to extract output
from the FEA results for the iterative process of the
bone adaptation algorithm.

Finite Element Model

A mesoscale approach was adopted to create a base
FE model, comprising of one spinal unit (one disc,
two adjacent halve vertebrae, and inter laying EPS).
This base model was used to validate the disc sec-
tion (Figure 1(b)). As the script was written para-
metrically, a second model of two spinal units was
easily created by stacking two base models on top
of each other (Figure 1(a)). This resulted in a model
to be used for the bone adaptation algorithm on a
full vertebral body. With the purpose of this study

being a proof of concept and of increasing com-
putational efficiency, the modelling problem was
simplified by creating a cylindrical model without
ligaments and vertebral pedicles. The disc consisted
of two continuum sections, functioning as the NP
and AF. A mesoscale approach was adopted by us-
ing structural truss elements (T3D2) to represent
the collagen fibre bundles. The trabecular part of
a vertebral body was modelled in continuum ele-
ments (C3D8H) while the cortical bone and end
plates were approached by structural shell elements
(54). Table 1 shows the choice of elements and Fig-
ure 1 is a visualisation of the model. The bone,
end plates and AF fibres were modelled as elastic
materials, describing their behaviour in terms of
Young’s Modulus (MPa) and Poisson’s ratio. The
disc’s continuum elements (NP and AF ground ma-
trix) were appointed material properties expressed
in Neo-Hookean hyperelastic coefficients, C; and D,
respectively. The latter was set to 0 to account for
incompressibility [39].

Tissue Element type Abaqus element
Trabecular bone Solid hexahedral C3D8H
Cortical bone Solid shell S4

CEPS Solid shell S4

BEPS Solid shell S4

AF Fibres Truss T3D2

AF Ground Matrix  Solid hexahedral C3D8H

NP Solid hexahedral C3D8H

Table 1: Element types for all sections

Loading & Boundary Conditions

The model was constrained by fixing the bottom of
the column in all directions. Only static uniaxial
loading was uniformly applied on the top of the
column. For model validation, six loads were tested,
ranging from 100 to 1000 N. For the bone adaptation
analysis, only one loadcase was tested by applying
a uniformly spread uniaxial load of 500 N. This
magnitude corresponds to a the force on a disc in a
static standing position [40].

Model Validation

Prior to the finite element analyses, material proper-
ties were determined by performing a two-fold ma-
terial sensitivity study. Newell et al. [41] created an
FE model of an intervertebral disc and performed in
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(a) Mesoscale FE model of two

spinal units.

(b) Mesoscale FE model of the intervertebral

disc.

(c) Median sagittal view of
two spinal units.

(d) Shell elements repre-
senting cortical bone and
end plates of two spinal
units

Figure 1: Rendered view of the FE model of two spinal units.
Yellow: NP, orange: AF ground matrix, White: bone, grey: AF fibres,

beige: cortical bone and end plates.

4

vitro experiments on human lumbar discs to investi-
gate compressional behaviour. Initial material prop-
erties from this study were used to investigate which
of those properties were most influential for this FE
model’s compressional behaviour. The second step
was to to approach the most fitting values for these
influential material properties by comparing output
to experimental data. Initial properties from the
the FE model by Newell et al. [41] were used and
properties were adjusted to ensure model behaviour
comparable to the results of said study. This ma-
terial sensitivity study also served as a means to
validate the model.

Young’s Poisson’s  Thickness
Tissue
Modulus* ratio (mm)
Trabecular bone [42, 43] 10,400 03
Cortical bone [42, 43] 18,600 03
CEPS [44] 23.8 04 0.406
BEPS [42, 43] 18,600 0.3 0.174

Table 2: Initial material properties used for material sensitivity study
In MPa

Bone Adaptation Algorithm

Geraldes and Phillips [45] proposed an optimisa-
tion algorithm for orthotropic bone adaptation in FE
models. The algorithm operates by assigning initial
material properties to every bone element and ex-
tracting the element’s internal maximum principal
strain values from the iterative FE analyses. These
are then used to calculate the absolute maximum
strains and consequently approach the true material
properties that allow the bone to remain under an
optimal target strain. This target is defined as the
lazy zone, of 1250 + 250 pstrain [25]. The iterative
process continues until 98 % of the elements reaches
that zone and remains unchanged. The bone adap-
tation algorithm used for this analysis was derived
from the study by Zaharie and Phillips [46]. This
version of the algorithm was written to approach
orthotropic bone adaptation. However, to increase
computational efficiency and due to the sole use
of uniaxial loading, the algorithm was adjusted to
simulate isotropic adaptation. Therefore, rather than
maximum strains for all separate directions, only the
absolute maximum principal strain was extracted
for each element. Material properties of bone were
expressed in Young’s Modulus and Poisson’s ratio.
The latter is often assumed to be 0.3 for bone in
structural analyses and was therefore kept constant
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[43]. To account for trabecular bone adaptation,
Equation 1 shows the iterative calculation for a bone
element’s Young’s modulus (Eft) by multiplying the
modulus of previous iteration with a coefficient cal-
culated from the absolute maximum principal local
strain (€,,4x) that occurs in the element and the tar-
get strain (e,¢) [24, 26]. A similar approach was used
to model cortical bone adaptation. However, rather
than changing the Young’s Modulus, the thickness
of cortical bone shell elements was iteratively ad-
justed.

Fit — Fit-1 |€max| )
! ! Ent

The adaptation was first run on the FE model with
material properties for a healthy intervertebral disc
that were acquired after the material sensitivity
study. For this simulation, initial material properties
of bone were taken from literature [42, 43] and are
summarised in Table 2. After acquiring an FE model
with adapted bone elements, the biomechanics of
the disc were altered to simulate degeneration. De-
generation is often described as stiffening of the AF.
This was simulated by increasing the AF C; coef-
ficient with a factor 20 and 30, respectively. As a
reference, the first bone adaptation analysis (with a
‘healthy’ disc) was also performed on a spinal unit
without cortical shell elements.

III. REsuLTs

Material Sensitivity Study

The AF material properties were found to have the
biggest impact on the disc’s stiffness. The ground
matrix affected the overall stiffness, whereas the
fibre’s properties changed hyperelastic behaviour
into more linearly elastic behaviour. The AF prop-
erties were adjusted to ensure the model’s com-
pressional behaviour to approach experimental data
from Newell et al. [41]. The results of this compari-
son can be observed in Figure 2. The final properties
are displayed in Table 3.

Tissue Young’s Modulus (MPa)  Poisson’s ratio
AF Fibres 306.16 0.35
C D
AF Matrix 0.0218 0
NP 0.00218 0

Table 3: Material properties acquired after material sensitivity study

3500
Force-displacement curve of
experimental data & FE model

3000
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Figure 2: Graphical results of the sensitivity study on FEA material
properties.

C1 indicates the first material coefficient of the Neo-Hookean model and
FYM stands for the Young’s Modulus (MPa) of the AF collagen fibres.

Bone Adaptation

The algorithm resulted in adapted Young’s Mod-
uli for the trabecular bone elements. The cortical
bone elements, however, immediately decreased in
thickness to the lower limit of the algorithm (0.1
mm). The Young’s Moduli for adapted bone with

a healthy disc (AF C; = 0.0218) were E,;;, = 2.58
MPa, E,;5x = 541 MPa and an E,;4, of 218 MPa. The
stiffer disc (AF C; = 0.436) resulted in trabecular
elements with E,;;;, = 0.94 MPa, E;;;x = 473 MPa
and an Ejeqn of 203 MPa. Finally, the stiffest disc
(AF Cq = 0.654) gave Young’s moduli of E,;;;;, = 1.19
MPa, E0x = 394 MPa and an E,;;0q,, of 192 MPa. The
range of elasticity was divided into ten categories
after the FEA with the healthy disc. Figure 5 shows
the number of elements representing the particular
categories corresponding to the contents of Table 4.
As mentioned in the previous section, an additional
analysis on a ‘healthy’ spinal unit without cortical
shell elements was performed. Figure 3 shows the
results from the same analysis for a vertebra with
and without shell elements.

Figure 3: Visualisation of trabecular bone adaptation for FE models with
(left) and without (right) cortical shell elements. Disc AF C; = 0.0218
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(a) The vertebral body.

(c) Medial sagittal section of the ver-
tebral body.

Figure 4: Visualisation of trabecular bone adaptation after adjusting disc stiffness,
AF C; = 0.0218, 0.436 and 0.654, respectively

Distribution oftrabecular elements

1800 per stiffness category Young’s Modulus (MPa) # of elements
1600 =C1-00218 From To AFCy: 00218 0436 0.654
1400 #C1-0.436 1 < 54.06 1536 1280 1280
1200 7C1=0.654 2 54.06 108.12 960 896 960
8 3 | 108.12 162.18 0 576 320
§ 1000 % 4 | 162.18 216.24 192 192 320
g wo g 5 | 21624 270.3 48 448 384
© w0 2 . 6 270.3 324.36 144 512 120
- ;i 7 | 32436 378.42 696 1184 904
2 35 z é 8 | 378.42 432.48 256 544 184
. 21T AR’ 9 | 43248 486.54 880 0 0
A =7 7 Z
e i 10 | 48654 540.6 400 0 0
Category

Table 4: Representation of elements divided over ten categories stiffness

d in Yc ’s Modulus (MP:
Figure 5: Distribution of trabecular bone elements over eleven categories expressed in Young’s Modulus (MPa)

of stiffness.



Mechanical Influence of the Intervertebral Disc on the Vertebrae

April 2019

IV. DiscussioN

Several FE models of intervertebral discs have been
developed for various purposes. Most models fo-
cused mostly on an accurate and biofidelic repre-
sentation of the disc, whereas the results of this
study’s analysis aimed to provide insight the me-
chanical relation between the disc and its adjacent
vertebrae. As this preliminary study is based on re-
sults from a simplified model, it should be regarded
more as a proof of concept. Further improvements
must be made in the model to account for asym-
metrical geometry and consequentially, loading and
orthotropic adaptation.

As the model could not be validated directly due
to difficulty in acquiring in vivo experimental data, a
two-fold material sensitivity test was performed and
served as a validation technique. This validation,
however, only made use of experimental data from
in vitro uniaxial compression tests. Hence, the model
has only been validated for this one type of loading.
Before performing FEA analysis for other loadcases,
the disc model should be revalidated.

The elasticity or Young’s Modulus of the adapted
trabecular bone is quite low compared to values
from literature. This can be explained by the fact
that trabecular bone, a porous structure, was mod-
elled by using continuum elements. Material prop-
erties for one element represent the average of both
trabecular pillars and voids. Therefore the Young’s
Modulus of one trabecular element will be lower
than the actual Young’s Modulus of trabecular bone.
Additionally, the eight stiffer elements in the ‘cor-
ners’ of the NP in the superior view of the verte-
bral body with a healthy disc (Figure 4(b)) are also
thought to be the result of average properties. Due
to the transition of the square NP centre to its round
circumference, these eight elements are smaller than
the other elements in the outer NP layer. The latter
have a lower Young’s Modulus because they are av-
eraged for parts of the NP that are relatively closer
to the centre, where elements have lower stiffness.
Furthermore, the average trabecular Young’s Modu-
lus seems to decrease with increasing disc stiffness
(218 MPa, 203 MPa, 192 MPa, respectively). Espe-
cially the stiffness of the elements in the centre of the
vertebral body decreases relatively. Due to the con-
tinuum modelling approach, it is uncertain whether
the trabecular pillars become less stiff or that bone is
resorbed in general. In case of the latter, this would
be confirmed by several studies. For example, Simp-

Figure 6: MR images of a 15-year follow-up study on ageing changes in
the spine. A collapse of the L3-L4 and height increase in the adjacent
vertebrae heights can be observed. Adapted from Videman et al. [49].

son et al. [47] performed a histoquantitation study
and stated that "[b]one loss was observed in cen-
tral regions (most distant from the cortex) as [disc]
disorganization increased". Accordingly, Twomey
and Taylor [48] found that "the loss of the vertical
trabeculae is most marked below the [NP]". They
describe lumbar vertebrae to become more concave
with older age which was also observed by Videman
et al. [49] (Figure 6). The relative Young’s Modulus
of outer top and bottom outer layers of the body
increases as the disc degenerates, suggesting that
the corner edge become more rigid.

The bone adaptation algorithm was designed to
adapt both trabecular continuum elements as well
as cortical shell elements. Nevertheless, no adap-
tation occurred in the latter because the strains in
the shell elements remained far under the adaption
target strain. As a consequence, the shell thickness
immediately reached the set lower limit of 0.1 mm.
As a reference, an analysis of the vertebra without
cortical shells was performed to gain insight in the
impact of the cortical bone. Due to the continuum
modelling approach, elements could not be itera-
tively removed from the model but if one assumes
the elements with an extremely low Young’s Mod-
ulus to be fully be resorbed, the results in Figure 3
suggest the formation of the aforementioned con-
cave shape. As cortical bone is responsible for 45—
75% of the vertebral peak strength [50], leaving out
the shell elements would not give accurate insights.
Further analyses should be conducted to provide
proper simulation of biofidelic shell adaptation.
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V. CONCLUSION

To the author’s knowledge, no FE studies have yet been
performed on vertebral bone adaptation as a result from
changed disc mechanics. The aim of this preliminary
study was to provide an insight in the mechanical influ-
ence of the intervertebral disc on its adjacent vertebrae.
Visualisation of bone adaptation in combination with a
change in disc material properties confirmed the hypoth-
esis that disrupted disc biomechanics indeed affect the
adjacent vertebrae. With age, the intervertebral disc be-
comes stiffer and thus less able to resist compressive loads
[11]. Simulations of bone adaptation after inducing this
mechanical disruption resulted in a change of trabecular
bone material properties which could indicate altering of
the internal structures. A loss of bone structure in the cen-
tre of the vertebral body would make the vertebra more
prone to (micro)fractures which in turn, have been found
to be one of many potential causes of LBP [9, 10, 48].
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