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Abstract 
 

Despite the prevalence of lumbar intervertebral disc related pathologies, fundamental 

aspects of the structure and mechanics of healthy discs remain unexplored. Little is 

known about whether the collagen structure of the annulus varies between different 

circumferential locations at the sub-microscopic level. Moreover, while studies have 

explored regional variations in the tensile mechanics of the annulus, none have done this 

for the entire disc wall, with annulus/endplate/vertebrae integrations preserved. The 

objectives of this study were to investigate (i) whether molecular-level regional variations 

exist between the anterior and posterior regions of the lumbar intervertebral disc annulus, 

and (ii) whether potential differences in molecular structure are accompanied by 

differences in the tensile mechanics of the disc wall.  

 

Mature ovine lumbar spines were used as a model for the human lumbar spine. To assess 

collagen nanostructure of the anterior vs. posterior annulus, hydrothermal isometric 

tension analysis and differential scanning calorimetry were used. The mechanics of the 

disc wall at these regions were assessed using uniaxial tensile tests to failure on oblique 

sagittal bone-annulus-bone samples, prepared such that collagen fibres in half the 

lamellae were parallel to the direction of the applied load. Following rupture, samples 

were cryo-sectioned and light microscopy was used to determine the radial thickness of 

the annulus, confirm fusion of vertebral growth plates, and assess failure mode.  

 

HIT analysis revealed that collagen from the posterior annulus was significantly more 

thermally stable and indicated a presence of greater crosslinking density compared to the 

anterior annulus, from L5-6 to L1-2. In DSC, regional variations in thermal stability were 

less apparent than in HIT analysis. Despite an indication of greater crosslinking density, 

samples from the posterior annulus has significantly lower ultimate tensile strength 

compared to those from the anterior annulus. Alongside new contributions to disc 

structure and mechanics, the findings from this work suggest that the posterior annulus is 

optimized for a role other than strength, which could have important implications for 

therapies targeting annular repair.    
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Chapter 1: Introduction 

1.1 The Lumbar Spine 

The spine – also called the vertebral column – is a structure comprised of two basic 

elements: vertebrae, which are made of bone, and intervertebral discs, which are soft-

tissue structures interposed between the unfused vertebrae.1–3 The spine extends from the 

cranium to the apex of the coccyx and is comprised of five distinctive anatomical regions, 

which are (from superior to inferior): the cervical spine, the thoracic spine, the lumbar 

spine, the sacrum, and the coccyx (Figure 1.1). The spine serves many important roles 

within the context of the body, including protection of the spinal cord and providing 

support for the weight of the body superior to the pelvis.1–3 

The lumbar spine – which is located between the thorax and the sacrum – consists of five 

vertebrae, labeled from superior to inferior as L1 through to L5, and four intervertebral 

discs, which are similarly labelled L1-2 through to L4-5 (Figure 1.1).1–3 The lumbar spine 

is a widely-studied anatomical structure due to the global prevalence and burden of low 

back pain.4 The L5-S1 disc – located between the lumbar spine and the sacrum – is often 

included with discussions of the lumbar spine due to its high probability for injury 

resulting in low back pain.1 

The lumbar spine can be broken down into basic functional units – often called lumbar 

motion segments – which are comprised of two adjacent lumbar vertebrae and the 

intervertebral disc interposed between them (Figure 1.2).2 Motion segments are named 

such because they represent the smallest segment of the spine that can be articulated. The 

anterior elements of a motion segment include the intervertebral disc – which soft tissue 

structures that allow the spine to be a flexible structure – and the vertebral bodies – which 

are large, cylindrically-shaped pieces of bone that provide strength and rigidity to the 

vertebral column. The cross sections of vertebral bodies and intervertebral discs both 

share a distinctive kidney-bean shape.1–3 The structure of the intervertebral disc will be 

explored in detail in Section 1.2. Vertebral bodies consist of a porous core of trabecular 
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bone enclosed by a thin layer of dense cortical bone.1–3  The architecture of trabeculae 

within the vertebral body consists of tall, vertically-aligned struts – ideal for sustaining 

longitudinal compression – stabilized by short, horizontal struts.2  

 

 

Figure 1.1: An illustration of the vertebral column (left) and the lumbar spine (right). 
Modified, with permission, from Rodrigues.5 

 

 

 



 

3 
 

 

Figure 1.2: Illustrations of a transverse section (top) and a sagittal section (bottom) of a 
lumbar motion segment. The distinction between anterior and posterior elements is shown 
in both the top and bottom images by a coronal plane passing through the pedicles. 
Modified, with permission, from Rodrigues.5 
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The posterior elements of a motion segment – all of which are primarily made of bone – 

are distinguished from the anterior elements by a coronal plane passing through the 

pedicles. The pedicles are short projections of bone (often referred to as “processes” – 

meaning projections of bone from a larger body) originating from the vertebral bodies 

and extending in the posterior direction.1–3 The pedicles join with two flat plates of bone 

called laminae. For each vertebra, the pedicles, the laminae, and the posterior side of the 

vertebral body all interconnect in such a way that they enclose a space called the 

vertebral foramen – the canal that shelters the spinal cord. In addition to the pedicles, the 

posterior elements of each vertebra in a motion segment also include seven processes that 

project from the surfaces of the pedicles and laminae.1–3 The four articular processes – 

two superior and two inferior – are located at the junction of the pedicles and laminae. 

The articular processes form facet joints with the adjacent articular processes of both 

superior and inferior vertebrae. Facet joints – also called “zygapophysial joints” or 

“apophyseal joints” – exhibit features typical of synovial joints.1–3 The two transverse 

processes – which project in the posterolateral directions – are also located at the junction 

of the pedicles and laminae and serve as attachment points for the deep back muscles. 

The spinous process – which serves a similar role as the transverse processes – projects in 

the posterior direction from the outer surface of the junction of the laminae.1–3 

In addition to the intervertebral disc and the vertebrae, lumbar motion segments contain 

between five to six different ligaments, all of which serve to help stabilize the spine.1–3 

The anterior and posterior longitudinal ligaments cover the anterior and posterior surfaces 

of both the vertebral bodies and the intervertebral discs (respectively). The range of 

lengths of fibres within the anterior and posterior longitudinal ligaments varies 

considerably: shorter fibres span two vertebrae, while longer fibres can span up to four or 

five vertebrae.1 The interspinous and supraspinous ligaments connect the spinous process 

of adjacent vertebrae. While the interspinous ligament is found in all lumbar motion 

segments, the supraspinous ligament is well developed only in the upper lumbar region.1 

The intertransverse ligament connects the transverse processes of adjacent vertebrae 

together, while the ligamentum flavum connects the laminae of adjacent vertebrae 

together.1–3 
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1.2 The Lumbar Intervertebral Disc 
 

1.2.1 Structure 
 

An intervertebral disc consists of three basic structural elements: the nucleus pulposus, 

the annulus fibrosus, and the cartilaginous endplates (Figure 1.3).1–3  

 

 

Figure 1.3: An illustration of a sagittal view of an intervertebral disc showing how the 
annulus encapsulates the nucleus. The cartilaginous endplates (which consist of a calcified 
layer and an uncalcified layer) border the annulus and nucleus inferiorly and superiorly. 
Modified, with permission, from Rodrigues.5 

 

The Nucleus Pulposus 

 

The nucleus pulposus (referred to hereafter as the nucleus) is a gelatinous material that 

comprises the central core of an intervertebral disc. The nucleus contains a high 

concentration of water – approximately 75% to 80% of its wet weight – allowing it to 

generate hydrostatic pressures when compressed.6,7 The hydration of the nucleus is 

achieved by a high concentration of proteoglycans, accounting for approximately 35% to 

40% of its dry tissue weight.6,7 Proteoglycans are entrapped within to an irregular 
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network of type II collagen,8 which accounts for approximately 10% of the dry weight of 

the nucleus.9–11 While the microstructure of the nucleus has historically been described as 

a network of collagen fibres with random orientation (when examined in isolation), there 

is recent evidence suggesting that the fibre-network demonstrates structural continuity 

from vertebra to vertebra, evident only when the fibres are examined under tension 

(Figure 1.4).9,10,12–14 

Figure 1.4: The microstructure of an ovine nucleus after being pulled in tension to 350% 
strain. Image is an unstained cryosection taken using DIC optical microscopy. Modified, 
with permission, from Wade.14 

The Annulus Fibrosus 

The gelatinous nucleus is encapsulated by a ligamentous structure called the annulus 

fibrosus (referred to hereafter as the annulus). The annulus can be divided into different 

circumferential regions (often referred to as “annular regions”), which include the 

anterior, anterolateral, lateral, posterolateral, and posterior regions (Figure 1.5). 

Moreover, the radial depth – which originates at the periphery of the disc and measures 
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the distance to the innermost lamella – is often used to separate the annulus into different 

radial regions, including inner, mid, and outer regions. 

 

 

Figure 1.5: A transverse section of an L5-6 disc from a skeletally mature ewe (24+ months 
old) showing the different circumferential regions. Radial depth, which measures the 
distance from the periphery of the disc to the innermost lamella, are indicated for the central 
anterior and central posterior regions. Modified, with permission, from Veres.15  

 

Compositionally, the annulus has a lower concentration of proteoglycans than the nucleus 

– approximately 10% of its dry tissue weight in the outer annulus and as high as 35% in 

the inner annulus – and accordingly, a lower concentration of water (averaging 

approximately 70% by wet weight).6,7 Moreover, collagen comprises a larger percentage 

of the annulus in comparison to the nucleus, accounting for approximately 70% of the dry 

weight in the outer annulus and decreasing to 40% in the inner annulus.11 The type of 

collagen varies with radial depth: while the outer annulus is made almost exclusively of 

type I collagen, the relative proportions of type I to type II collagen decreases as radial 

depth increases until primarily type II collagen is found (representing the nucleus).11,16 

The transition between inner annulus and nucleus has no clear boundary: for this reason, 

this region is commonly referred to as the transition zone.1,16,17 Because fibres in the 

transition zone are not organized into distinct lamellae, they are not included in 

measurements of the radial depth.   
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The microstructure of the annulus – in contrast to the nucleus – is a complex, highly 

ordered structure (Figure 1.6). The collagen fibres of the annulus are contained within 

sheets called lamellae that form concentric rings around the nucleus. The collagen fibres 

within the lamellae are oriented in a cross-ply pattern: the oblique fibre-orientation angle 

alternates between adjacent lamellae (Figure 1.6B).1,18–20 Measured from the transverse 

plane, the fibre orientation at the disc’s periphery are inclined at 20º within the anterior 

annulus and 40º within the posterior annulus.20 The fibre-orientation angle does not vary 

significantly with increasing radial depth for any annular region.20 The concentric layers 

of collagen fibres are not always continuous: approximately 50% of lamellae form 

incomplete layers (the relative proportions of which do not vary significantly with 

annular region), and bifurcations are uncommonly observed.19 Moreover, the number of 

distinct layers varies with annular region: the anterior annulus has both more lamellae 

and thicker lamellae than the posterior annulus, making its radial depth approximately 

30-40% larger than the posterior annulus.10,19,21,22 The radial thickness of lamellae is 

observed to decrease as radial depth increases for all annular regions.10,22 The annular 

height (in the superior-inferior direction) also varies: the anterior annulus is 

approximately 10.5 mm tall, while the posterior annulus is approximately 7.2 mm tall.23 

The lamellar structure of discs, in general, does not change significantly with spinal 

level.19 

A series of secondary structures within the lamellar architecture also exists, referred to as 

“radial bridging elements”, “trans-lamellar bridges”, or “cross bridges” (Figure 1.7).24,25 

Cross bridges are small branches of collagen fibres that connect lamellae in the radial 

direction. In addition to connecting adjacent layers, cross bridges also separate the 

collagen within each lamella into identifiable bundles. While their role is still under 

investigation, there is evidence suggesting that larger cross bridges are the result of 

microstructural disruption to lamellar architecture following vascular regression,24 while 

smaller cross bridges are structural features that may play a role in resisting lamellar 

deformation and shear stress.26,27 
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Figure 1.6: The microstructure of the ovine anterior annulus as observed from an oblique 
section (an inclined sagittal plane parallel to one of the fibre-orientation angles) (a): A low-
magnification image illustrating in-plane lamellae (darker) and out-of-plane lamellae 
(lighter). (b): A higher-magnification image illustrating in-plane lamellae (white arrows) 
and out-of-plane lamellae (black x’s). Out-of-plane lamellae are coming out of the plane 
of the image at an angle of approximately 65º. CEP = cartilaginous endplate; VEP = 
vertebral endplate. Images are unstained cryosections taken using DIC optical microscopy. 
Modified, with permission, from Rodrigues.5 
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Figure 1.7: Bridging elements, as observed through oblique sections from the anterior 
region of an ovine disc taken parallel to a fibre-orientation angle. Images are unstained 
cryosections imaged using DIC optical microscopy. Modified, with permission, from 
Schollum.28 

 

The Cartilaginous Endplates 

 

The cartilaginous endplates, which are approximately 0.6 mm thick (in the superior-

inferior direction), cap the disc superiorly and inferiorly.23 The cartilaginous endplates 

are comprised of two regions: an uncalcified layer of hyaline cartilage and calcified layer 

of fibrocartilage (Figure 1.8). There is growing evidence suggesting that the hyaline 

cartilage layer only covers the nucleus and the inner annulus, extending up to the raised 

outer rim of the vertebral body (Figure 1.8A).1,9,25,29,30 In contrast, the calcified layer of 

cartilage extends to the periphery of the disc.31 The tidemark marks the point at which the 

calcified region of cartilage starts (Figure 1.9). The tissue adjacent to the calcified layer is 

hyaline cartilage at radial depths corresponding to the nucleus and inner annulus, while in 
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the outer annulus the calcified layer borders directly with the annulus.23,25,32 The cement 

line corresponds to the border between calcified cartilage and the vertebral endplate 

(Figure 1.9).25,31,33,32 The thickness of the calcified region (measured in the superior-

inferior direction) varies radially, being largest within the region that borders annulus and 

thinnest within the region that borders the nucleus (to such an extent that it can be 

difficult to distinguish).23 The collagen fibres from the inner annulus bordering the 

cartilaginous endplate penetrate through the uncalcified layer and insert directly into the 

calcified layer.23,25,34 While the collagen fibres of the nucleus also penetrate into the 

uncalcified cartilage layer,23,25 it is unclear whether fibres extend to the calcified region.  

Figure 1.8: An illustration of the different layers of the cartilaginous endplate (left) and a 
sagittal section of the cartilaginous endplate from a human lumbar disc (right). AF = 
annulus fibrosus; CEP = cartilaginous endplate. VEP = vertebral endplate. Asterisk = out-
of-plane lamellae. Left: Modified, with permission, from Rodrigues.5 Right: Image is an 
unstained cryosection taken using DIC optical microscopy. Modified, with permission, 
from Brown.25  

Compositionally, the cartilaginous endplates are made up of less proteoglycans than the 

annulus and, correspondingly, less water.23 Collagen – which is almost exclusively type 

II – is more abundant as well: the cartilaginous endplates have approximately 25% more 

collagen by dry weight relative to the annulus.23,35 The collagen fibres of the cartilaginous 

endplate run in parallel with one another across the surface of the endplate.9,23 Spatial 

variation in the biochemical constituents exist: the concentration of proteoglycans and 

water content decreases towards the vertebra, while the collagen content increases.23 The 

composition of the cartilaginous endplate does not vary significantly with spinal level.23  



 

12 
 

 

Figure 1.9: A sagittal section of the posterior region of an ovine lumbar disc illustrating the 
cartilaginous endplate, the cement line (cl) and the tide mark (tm). A: The increase in 
mineralization of the cartilaginous endplates moving radially outward from the nucleus to 
the outer annulus. B: The integration of the nucleus with the cartilaginous endplate, where 
only uncalcified cartilage can readily be observed. C:  The start of the inner annulus, as 
marked by innermost lamella. Both the uncalcified cartilage and calcified cartilage layers 
can be distinguished, as well as the tide mark and the cement line. D: The mid annulus, 
marked by the full calcification of the cartilaginous endplate. E: The outer annulus, again 
reflecting full calcification of the cartilaginous endplate. Image is an unstained cryosection 
taken using oblique illumination microscopy. Modified, with permission, from Veres.32 
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The Vertebral Endplates  

 

A fourth component often included in discussions of the intervertebral disc are the 

vertebral endplates, which cap the intervertebral disc superiorly and inferiorly (Figure 

1.8). The vertebral endplates are technically part of the vertebrae within a motion 

segment – not the intervertebral disc. Because they are involved with anchoring both the 

annulus and the cartilaginous endplate, however, their structure will be reviewed. The 

vertebral endplates are composed of dense subchondral bone made primarily of type I 

collagen.22,35 The raised outer rim of the vertebral endplate is often distinguished from the 

rest of the structure and is termed the apophyseal ring (historically – and incorrectly – 

referred to as the epiphyseal ring).25,36  

 

The vertebral endplates border the intervertebral disc in several different ways. At the 

outer annulus, collagen fibres penetrate through the calcified cartilage,22,31,29,34 anchoring 

directly to bone within the vertebral endplate.22,25 Collagen fibres at the periphery of the 

annulus have also been observed to curve around the cement line, attaching directly to the 

vertebra.34 In addition to interacting with fibres from the outer annulus, the vertebral 

endplates also interact with the cartilaginous endplate, reportedly interlocking with it.25 

The inner surface of the apophyseal ring serves as a strong anchor point for the 

cartilaginous endplate, while the remainder of the vertebral endplate is loosely cemented 

to the cartilaginous endplate via a thin layer of calcium.29,30 

 

1.2.2 Mechanical Function and In Vivo Loading  
 

The primary functions of lumbar intervertebral discs are to allow the spine to be a 

flexible structure and to participate in the weight-bearing responsibilities of the vertebral 

column. While weight-bearing subjects the spine to compressive loads, the movements 

associated with day-to-day activities – including flexion and axial rotation – can place the 

spine under more complex loading.1 
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Compression 

Lumbar intervertebral discs are passively subjected to compressive loading when 

standing or sitting. The magnitude of compressive loads generated during physiological 

loading is surprisingly large: the L3-4 disc, for example, has been shown to experience a 

load equal to 1.2x the individuals body weight when standing and 2x body weight when 

sitting without back support.37 The ability for lumbar intervertebral discs to sustain such 

large compressive loads results from the annulus and the nucleus working in cooperation 

with one another. When an intervertebral disc is compressed, the nucleus responds by 

expanding in the radial direction, which in turn applies pressure to the inner walls of the 

annulus. This, in turn, causes the annulus to radially bulge outward, producing a 

multiaxial set of stresses within the annulus that includes both compressive and tensile 

stresses.2,38,39 If the annulus is treated as two distinct materials, being: (i) the fibrillar 

matrix (consisting of collagen fibres), and (ii) the extrafibrillar matrix (consisting of non-

collagenous proteins including proteoglycans), the tensile and compressive stresses 

experienced by the annulus can be separated by material.40 While the extrafibrillar matrix 

functions to sustain the compressive load mostly through osmotic pressure, its 

deformation is limited by the collagen fibres of the annulus, which are placed in tension. 

Prolonged loading can result in water flowing out of the disc through the annulus if the 

internal hydrostatic pressure is sufficiently large.41–43 The water loss from the nucleus as 

a result of prolonged compressive loading results in a transfer of load: as the hydrostatic 

pressure decreases (due to fluid loss), the magnitude of compressive loading experienced 

by the annulus increases.42,44 Water will flow back into the disc when the prolonged load 

applied to the disc is lessened – a process that primarily occurs during bedrest when the 

spine is placed in a supine posture.45  

Intradiscal pressures during weight bearing have been measured in vivo through the use 

of pressure transducers inserted into the nucleus: in one study, the intradiscal pressure 

within the L4-5 disc was reported to be 0.5 MPa when standing.46 Measurements of the 

multiaxial stress environment of the annulus have been explored primarily through finite 

elemental modeling.2,38,39,47 Through such studies, it has been shown that the stresses 
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experienced by the extrafibrillar matrix in the axial, radial, and circumferential directions 

are compressive, while collagen fibres within lamellae experience tensile stress.2,38 The 

maximum tensile and compressive stresses occurs at the innermost lamella and decrease 

continuously towards the outer layers.2,38,37 Lu et al demonstrated that the tensile stress 

experienced by collagen fibres in response to compression varies not only with radial 

depth, but also with annular region: the inner annulus experiences a tensile stress 

approximately twice the magnitude of the outer annulus, and the posterior annulus 

experiences tensile stress in the range of three to four times the magnitude of the anterior 

annulus.47 The axial and circumferential compressive stresses in the annulus predicted by 

modeling studies have been validated in vitro using a technique called stress 

profilometry.42,48,49 Here, a pressure transducer is pulled through a cadaveric motion 

segment to measure the compressive stresses perpendicular to the surface of the 

transducer. Such studies have measured axial and circumferential stresses of 

approximately 0.5 MPa throughout the annulus, where posterior stresses are slightly 

higher than anterior stresses, and inner annulus stresses are larger relative to the stresses 

in the outer annulus.42,48,49  

 

Flexion  

 

Flexion of the lumbar spine results in the anterior annulus being compressed while the 

posterior annulus is stretched in tension. Measurements in vivo show that when the spine 

is placed at its physiological limit of flexion, the percentage change in disc height for the 

anterior and posterior regions of the annulus are approximately -30% and +50%, 

respectively.50 The nucleus is also reported to respond to flexion by shifting posteriorly 

(most pronounced in the L4-5 and L5-S1 discs), thus creating a larger tensile stress 

within the inner posterior annulus relative to the inner anterior annulus.51,52 The increase 

in posterior disc height combined with the posterior shift in the nucleus place the 

posterior annulus under considerable stress in flexion – a problematic loading regime 

given that the posterior annulus is the thinnest region of the annulus.10,19,21,22  
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Flexion of the lumbar spine results in changes to the intradiscal pressure. In one study, 

the intradiscal pressure was shown to increase by almost five times – from 0.5 MPa to 2.3 

MPa – when lifting a 20 kg weight off the ground with a rounded back (relative to 

standing with no flexion).46 The changes in the compressive stresses in the annulus wall 

in response to flexion have also been explored with stress profilometry, showing that 

when the anterior annulus is loaded to its elastic limit, compressive stresses can grow as 

large as 1.1 MPa (an increase of over 50% relative to standing upright).48  

Axial Rotation (Torsion) 

Axial rotation of the lumbar spine refers to the twisting of one vertebra relative to an 

adjacent vertebra. The cross-ply arrangement of collagen fibres implies that regardless of 

the twist direction, half of the lamellae (those with collagen fibres in alignment with the 

direction of twist) will actively resist the applied rotation. However, the collagen fibres 

not in alignment with the direction of twist will be relaxed, and will therefore not 

contribute to resisting the applied rotation.1 These observations have been confirmed in 

vitro by dissecting all of the collagen fibres oriented in one fibre-orientation angle and 

evaluating the change in resistance to torsion.53 In vitro biomechanical studies have also 

shown that torsion can significantly increase risk for injury when combined with flexion 

(relative to flexion alone).54  

1.2.3 Loading-Induced Damage 

Intervertebral discs are susceptible to structural alteration resulting from a variety of 

different causes. Damage can be inflicted through day-to-day activities, leading to 

injuries such as disc herniation or internal disc disruption. In addition, disc degeneration 

disease can result from loading-induced damage, leading to progressive structural failure. 

While all of these processes are distinct from one another, they are all suspected to be the 

result of some form of loading-induced damage to the intervertebral disc.   
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Internal Disc Disruption 

 

Internal disc disruption is defined as the disorganization of structures within the 

intervertebral disc space in the form of radial fissures and circumferential tears (Figure 

1.10).55,56 Internal disc disruption – unlike a disc herniation – does not result in 

displacement of material beyond the intervertebral disc space (Figure 1.11A). Radial 

fissures are classified by three grades: grade 1 fissures are contained within the inner 

third of the annulus, grade 2 fissures extend as far as the inner two-thirds of the annulus, 

and grade 3 fissures extend as far as the outer third of the annulus (Figure 1.10).1,57 A 

fourth grade (grade 4) is sometimes recognized, which describes a grade 3 fissure that 

terminates in a circumferential tear within the outer third of the annulus (Figure 

1.10D).1,57 Radial fissures are more likely to form in the posterior annulus in comparison 

to the anterior annulus.58 

 

 

Figure 1.10: Classification of radial fissures (as defined by Bogduk1) by the extent to which 
they penetrate the annulus. Grade 1 fissures (A) extend only as far as the inner third of the 
annulus. Grade 2 fissures (B) extend as far as the inner two-thirds of the annulus. Grade 3 
fissures (C) extend as far as the outer third of the annulus. Grade 4 fissures (D) are grade 3 
fissures with evidence of fissures extending circumferentially within the outer annulus.  

 

Internal disc disruption in the form of grade 3 or grade 4 fissures have been shown to be a 

determinant of nociceptive back pain, which refers to pain resulting from stimulation of 

structures in the lumbar spine.55,59 Pain caused by radial fissures is often attributed to 

stimulation of the nerve endings in the intervertebral disc, which are located only within 

the outer-third of the annulus.60–62 
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Disc Herniation 

Disc herniation is defined as the localized displacement of intervertebral disc tissue 

beyond the perimeter of the apophyseal rim (Figure 1.11A).56 While disc herniations are 

commonly associated with displacement of the nuclear material through the annulus, the 

displacement can also be caused by fragmented cartilage, bone or annular tissue.56 In fact, 

in a study that considered 120 lumbar disc herniations, while 98% contained some 

nuclear material, 62.5% also had presence of the annulus, bone or cartilage (or any 

combination thereof).63 Disc herniations can be classified by their relative size: a focal 

herniation involves less than 25% of the disc circumference (Figure 1.11B), while a 

broad-based herniation involves between 25% and 50% of the disc circumference (Figure 

1.11C).56 Disc herniations favor particular annular regions and disc levels: approximately 

80% occur in the paracentral region, while approximately 90% occur in either the L4-5 

disc or the L5-S1 disc.64,65 Several different postures have been linked to an increased 

susceptibility of disc herniation, such as sudden loading of the spine in flexed postures.66 

The combination of flexion and axial rotation has also been shown to lead to high 

localized stresses in the posterior annulus, leading to an increased susceptibility for disc 

herniation.54,67 Disc herniation can lead to pain due to irritation to a spinal dorsal root or 

its ganglion due to extruded disc material.1,68 Herniation can also cause pain by radial 

fissures in the same fashion as those described for internal disc disruption.68  

Figure 1.11: Classification of disc herniations (as defined by Fardon56 et al) by relative size 
to the intervertebral disc space (A), defined as the space encapsulated by the outer 
perimeter of the apophyseal rim. Focal herniations (B) involve a displacement of material 
contained within 25% of the disc circumference, while broad-based herniations (C) 
involves material displaced between 25% and 50% of the disc circumference.  
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Degenerative Disc Disease 

Degenerative disc disease is defined as the abnormal and irreversible cell-mediated 

response to structural defects that results in accelerated aging of the disc and progressive 

structural failure.8 Some of the structural defects that can initiate the process of disc 

degeneration include endplate fracture, radial fissures, and annular punctures. The 

magnitude of such injuries often leads to nuclear depressurization because the nucleus is 

allowed to expand into the space created by the defect. The decrease in hydrostatic 

pressure places the annulus under greater compressive stress, resulting in permanent 

changes to the local mechanical environment that disc cells experience.8 The cell-

mediated response that occurs with degenerative disc disease leads to a decrease in 

proteoglycan concentration and water content – particularly in the nucleus.8,69 Later 

stages of degenerative disc disease are characterized by annular delamination, ultimately 

resulting in structural failure of the annulus.70 Disc degeneration is closely tied to pain 

due to its dependency on structural failure.8 

Several different scales have historically been using to grade macroscopic disc 

degeneration, the most common being the Pfirrmann 5-point grading scheme, which uses 

MRI to grade the extent of degeneration.71–73 These grading schemes, however, have 

been criticized for missing important inter-individual variability and intra-individual 

variability, as well as demonstrating suboptimal reliability in measurements.74,75 

Continual research into new and improved methods for grading disc degeneration are still 

being proposed today.74,75  

1.3 Factors Contributing to Annular Damage 

Many different factors ultimately contribute the susceptibility of the annulus to damage, 

including regional variations in mechanical loading, structure, and tensile mechanics. 

Damage to the disc is commonly associated with the posterior region, which is thinner 

(radially) relative to other annular regions.  
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1.3.1 Regional Variations in Mechanical Loading 
 

Regional variations in how the annulus responds to different types of applied loads have 

largely been demonstrated through modeling studies. For example, the regional variations 

in tensile strain and shear strain of fibres in the annulus in response to an applied moment 

of 7.5 N·m that caused: (i) flexion, (ii) extension, (iii) lateral bending, (iv) axial rotation, 

or (v) any two combinations of (i) through (iv) was explored by Schmidt et al (Figure 

1.12).76 The maximum tensile strain resulting from single rotations (i.e., conditions i 

through iv) occurred in response to axial rotation, which led to a tensile strain of 11.9% 

occurring in the posterolateral region of the annulus. In contrast, the maximum shear 

strain resulting from single rotations occurred in response to lateral bending, which led to 

a shear strain of 39.7% occurring in the lateral region of the annulus. Interestingly, the 

maximum tensile strain and shear strain in response to combined rotations occurred 

posterolaterally for nearly all combinations.76 

 

 

Figure 1.12: The maximum fibre strain (a) and the maximum shear strain (b) that occurs 
within the lumbar annulus in response to lateral bending (LB), extension (Ext), flexion 
(Flex), and axial rotation (AR(L) for axial rotation – left, and AR(R) for axial rotation – 
right). Modified, with permission, from Schmidt.76 

 

The regional variations in tensile stress under similar loading conditions has also been 

reported. In general, the maximum tensile stresses occur within the posterior and 

posterolateral region under complex loads that include axial compression, axial rotation, 

lateral bending and/or flexion.77 The tensile stresses developed in the posterior region 
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(measured in the superior-inferior direction) in response to an applied moment of 7.5 

N·m causing pure flexion, axial rotation, or lateral bending, were 7 MPa, 1.8 MPa and 1 

MPa, respectively.77 When flexion was combined with axial rotation or lateral bending, 

the tensile stresses in the posterior region grew to 11 MPa and 10 MPa, respectively. 

1.3.2 Regional Variations in Annular Structure 

The majority of studies that have explored whether regional variations in annular 

structure exist have focused on variations in microscopic structure. The number of 

lamellae and radial thickness of individual lamella are known to vary between the 

anterior and posterior region, where the anterior annulus has more lamellae and thicker 

lamellae, making its radial depth approximately 30-40% larger than the posterior 

annulus.10,19,21,22 The fibre-orientation angle is also known to vary between the anterior 

and posterior annulus: measured from the transverse plane, the orientation of the fibres at 

the disc’s periphery are inclined at 20º within the anterior annulus and 40º within the 

posterior annulus.20  

While annular variations in certain microstructural features such as collagen bundle size 

and bridging element distribution have not yet been studied, even less is known about 

variations within the annulus at the ultrastructural level. There is currently no information 

available on whether regional variations exist in collagen crosslinking or collagen 

molecule stability. These may be important structural characteristics related to the discs 

ability to accumulate damage, given that crosslinking is a significant determinant of 

collagen load-bearing ability,78 and molecular stability has been shown to be related to 

the susceptibility of collagen fibrils to loading-induced disruption.79,80 

1.3.3 Regional Variations in Mechanical Properties 

Several cadaveric studies have explored whether the tensile mechanics of the human 

annulus varies regionally. Of these studies, most have utilized small pieces of annulus cut 

away from the intervertebral disc.81–86 For those that considered changes with annular 
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region, only comparisons between the anterior and the posterolateral have been explored 

using human discs.81 For samples cut from the disc parallel to the transverse plane (i.e. 

not in alignment with a fibre-orientation angle), outer anterior samples failed at 

approximately 2.5 MPa while outer posterolateral samples failed at approximately 1 

MPa.83,84 Interestingly, when samples are prepared parallel to a fibre-orientation angle, 

the strengths of the samples appears to increase. Skaggs et al showed that outer anterior 

samples failed at approximately 10 MPa, while outer posterolateral samples failed at 

approximately 5 MPa.85 In contrast, Shan et al reported smaller values of strength for 

both regions, where outer anterior samples failed at 3.5 MPa and outer posterolateral 

samples failed at 3.10 MPa.82 In terms of radial depth, studies have concluded that in 

general, the inner annulus – regardless of region – is weaker than the outer annulus.81–86 

How the mechanical properties of samples from the posterior region (prepared in similar 

ways to the studies summarized) would compare to the anterior region remains unclear.  

 

While pieces of annulus have successfully been used to explore regional variations in 

tensile mechanics, these studies fail to capture the structural role that the vertebral 

endplate plays in anchoring collagen fibres from the annulus. To address this limitation, 

some studies have utilized bone-annulus-bone samples mounted in dental stone and 

directly compared the anterior and posterior regions of the annulus.87,88 These studies, 

however, prepared vertically oriented samples (i.e. with the loading axis oriented in the 

superior-inferior direction), resulting in the development of large shear stresses in 

addition to tensile stresses. The results from these studies have produced conflicting 

reports. Zak and Pezowicz, who used a porcine model, reported that posterior samples 

failed at 4.5 MPa, while anterior samples failed at 7.5 MPa.88 In contrast, Green et al, 

who used cadaveric samples, reported that posterior samples failed at 3.8 MPa and while 

anterior samples failed at 1.7 MPa.87 Whether the actual tensile strength of collagen in 

bone-annulus-bone samples (i.e. with the applied load parallel to a fibre-orientation 

angle) varies regionally remains to be seen.  

 

 

 



23 

Chapter 2: Research Objectives and Hypotheses 

2.1 Overview 

Despite the prevalence of lumbar intervertebral disc related pathologies, fundamental 

aspects of the structure and mechanics of healthy discs remains unexplored. While 

microstructural variations in the annulus with circumferential location have been 

investigated, it is completely unknown whether microstructural variations are 

accompanied by variations in collagen structure at the molecular level. Meanwhile, while 

some studies have investigated variations in the mechanics of the annulus, none have 

assessed the tensile properties of the entire disc wall using bone-disc-bone samples to 

preserve annulus/endplate/vertebrae integrations while also aligning the loading axis 

parallel to one of the fibre-orientation angles. 

The objectives of the research presented were to investigate: (i) whether molecular-level 

regional variations exist between the anterior and posterior regions of the annulus, and 

(ii) whether potential differences in thermomechanical responses are accompanied by 

differences in tensile mechanics of the disc wall.  

2.2 Experiment I: Hydrothermal Isometric Tension Testing 

Rationale: Hydrothermal isometric tension (HIT) analysis in conjunction with sodium 

borohydride (NaBH4) crosslink stabilization treatment allows for an assessment of 

thermal stability and intermolecular crosslinking for the collagen molecules that 

contribute to the development of tension within a tissue during heating. For crosslinking, 

HIT analysis can provide information on the relative proportions of heat labile vs. heat 

stable crosslinks present, as well as provide a comparative indication of crosslink density. 

HIT analysis has previously been used to show differences in collagen stability and 

crosslinking with tissue development,89 and between functionally distinct tissues of the 

same age.90 Testing different annular regions with HIT analysis will allow for assessment 
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of whether molecular-level regional variations in the annulus’ tension-bearing collagen 

structure are present.  

Objective: To characterize the thermal stability and crosslinking of collagen molecules 

within lumbar intervertebral discs with annular region and disc level. 

Hypothesis 1: Differences in thermal stability and crosslinking of collagen molecules 

will be revealed for annular region due to the higher extent of physiological loading the 

posterior annulus is subjected to.51,52 Collagen molecules in the posterior annulus will 

correspondingly have a higher thermal stability (as indicated by 𝑇𝑇𝑑𝑑 through HIT analysis) 

and a higher density of thermally stable crosslinks (as indicated by 𝑡𝑡1/2 in HIT analysis) 

when compared to the anterior annulus.90  

Hypothesis 2: Differences in thermal stability and crosslinking of collagen molecules 

will not be revealed for disc level because disc level does not have a profound effect on 

lumbar disc mechanics.91 Collagen molecules in the anterior and posterior annulus will 

correspondingly have similar values of 𝑇𝑇𝑑𝑑 and 𝑡𝑡1/2 when comparing between L5-6 and 

L1-2 discs for each respective annular region.  

Hypothesis 3: Collagen molecules in the anterior and posterior annular regions will not 

have a significantly higher amount of stable crosslinks when treated with NaBH4 because 

the annulus has low cellularity (which implies a low rate of collagen remodelling).92 

2.3 Experiment II: Differential Scanning Calorimetry 

Rationale: Like HIT analysis, DSC can also be used to assess the thermal stability of 

collagen within a tissue. Unlike HIT analysis, DSC can provide information on the 

distribution of molecular stabilities present within a tissue, with the least stable collagen 

molecules being captured by the endotherm onset temperature, and presence of molecules 

with greater stability captured through peak temperature and full-width at half-maximum. 

For assessment of annular structure, DSC therefore provides additional information not 
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able to be captured by HIT analysis. DSC also assesses all material present within the 

tested sample, not just the collagen contributing to tension generation like in HIT 

analysis, possibly an important feature for annular characterization given the presence of 

radial bridging elements. Finally, sample preparation differences will allow variations in 

annular structure with radial depth to be more easily assessed than would be possible 

through using HIT analysis.  

Objective: To characterize the thermal stability of collagen molecules within lumbar 

intervertebral discs with annular region and radial depth. 

Hypothesis 1: Collagen molecules in the posterior annulus will have a higher thermal 

stability as indicated by 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 and 𝑇𝑇𝑝𝑝𝑜𝑜𝑝𝑝𝑝𝑝 due to the higher extent of physiological 

loading the posterior annulus is subjected to.51,52   

Hypothesis 2: Collagen molecules in the outer annulus will have a smaller range of 

thermal stabilities as indicated by 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 due to the outer annulus being composed 

primarily of a smaller variety of collagen types relative to the inner annulus.17 

2.4 Experiment III: Mechanical Testing and Light Microscopy 

Rationale: While regional variations in the strength of the annulus of lumbar 

intervertebral discs have been explored in other studies,81–86 there remains a lack of 

understanding regarding how the tensile strength of collagen fibres varies between the 

anterior and posterior region of the annulus. No studies have explored the tensile 

properties of the annulus while preserving annulus/endplate/vertebrae integrations, the 

disruption of which could significantly alter mechanical response. By aligning bone-

annulus-bone samples such that one of the fibre-orientation angles is parallel to the 

applied tensile load, the tensile strength of the collagen fibres of the annular wall from the 

anterior and posterior regions can be more accurately assessed.  
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Objective: To determine whether potential molecular-level variations in collagen 

molecules with annular region in lumbar intervertebral discs are accompanied by 

collagen fibres with differing tensile properties. 

 

Hypothesis: Mechanical testing will reveal that samples from the posterior annulus will 

have a higher ultimate tensile strength based on the larger tensile stress the posterior 

annulus is subjected to physiologically as a result of compression and flexion.42,48–52 
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Chapter 3: Materials and Methods 
 

3.1 The Ovine Lumbar Spine Model 
 

While human lumbar spines would have been the ideal tissue for the research performed, 

the difficulties associated with acquiring the necessary volume of lumbar spines from 

healthy, young individuals ruled out the use of human tissue for this project. The ovine 

lumbar spine serves as an appropriate model of the human lumbar spine.  

 

3.1.1 Tissue Collection and Dissection 
 

Lumbar spines from mature ewes (24+ months old) were collected from a local abattoir 

(Northumberlambs Lamb Marketing Co-Op Ltd, Nova Scotia, Canada) within 24 hours 

of slaughter. Slaughtered ewes were stored in an industrial refrigerator until the time of 

collection.  The lumbar spines were transported back to the laboratory in a chilled cooler 

and then stored in a refrigerator until processing. Lumbar spines were dissected into 

vertebra-disc-vertebra segments within 24 hours of retrieval. In order to obtain the 

desired segments, a cut was made in the transverse plane of each lumbar vertebra to break 

the spine down into smaller segments (Figure 3.1A). Next, the posterior elements – 

including the spinal cord – were removed from each dissected segment by making a 

single cut in the coronal plane at the pedicles (Figure 3.1B), producing the desired 

vertebra-disc-vertebra segments (Figure 3.1C). These segments were then wrapped in 

phosphate-buffered saline-soaked gauze and then stored at -86 ºC in freezer bags.  
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Figure 3.1: The method of dissecting vertebra-disc-vertebra segments from lumbar spines 
for storage at -86 ºC. A: A cut was made in the transverse plane of each lumbar vertebra in 
order to break the spine down into smaller segments. B: A second cut was made, this time 
in the coronal plane at the pedicles, in order to remove the posterior elements. C: The 
resulting vertebra-disc-vertebra segment stored at -86 ºC. Modified, with permission, from 
Rodrigues.5 

3.1.2 Comparison of Ovine and Human Lumbar Spines 

The ovine lumbar spine is commonly used as a model for the human cadaveric spine for 

spinal research due to many similarities existing in both species.93–95 Although the ovine 

lumbar spine commonly contain either six or seven lumbar vertebrae (in contrast to the 

five vertebrae that make up the human lumbar spine) the spines of both species otherwise 
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share comparable gross anatomy and biomechanical performance.96,97 While the human 

spine is loaded primarily in axial compression – much like a vertical column – 

quadrupedal animals have lumbar spines that are aligned horizontally. Yet, despite the 

difference in alignment, the lumbar spine of a quadrupedal animal is also primarily 

loaded in axial compression.98  This can be explained by considering the tensile forces 

from the muscles and ligaments of the trunk, which stabilize the spine by placing it in 

axial compression so that it is able to resist bending from the force of gravity.98 These 

observations have been confirmed by evaluating the structure of trabecular bone in the 

vertebral bodies of quadrupedal animals. The structure of bone remodels over time in 

response to the mechanical stress it is exposed to – a phenomenon described by Wolff’s 

Law.99 The trabecular bone in the vertebrae of quadruped animals consists of tall, 

vertically-aligned struts that span from endplate to endplate – as found in human 

vertebrae2 – thus confirming that they are subjected to axial compression.98  

Figure 3.2: Transverse sections of: a middle-aged human lumbar disc (level not specified) 
(A) and a skeletally-mature L5-6 ovine lumbar disc (B) illustrating the shared kidney-bean 
shape. A: Modified, with permission, from Adams.100 B: Modified, with permission, from 
Veres.15 

In terms of microstructure, the ovine lumbar intervertebral disc is largely comparable to 

the human lumbar disc. Although the ovine lumbar disc is smaller than the human disc, 

both discs share the same distinct kidney-bean shape (Figure 3.2).96,101 The anterior 

annulus of both species contain more lamellae and thicker lamellae when compared to 

their posterior sides, and both species exhibit incomplete lamellae throughout their 
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annulus.15 Moreover, the orientation of collagen fibres within lamellae in the ovine 

lumbar disc are similar to the values reported for the human lumbar disc.102 Cross bridges 

are also observed within the ovine annulus, sharing resemblance to those found in the 

human annulus (Figure 3.3A).103 In terms of the cartilaginous endplate, both species 

share similar features (Figure 3.3B and Figure 3.4).5,25,84 The calcified cartilage layer of 

the ovine cartilaginous endplate decreases in thickness as the radial depth decreases, and 

the uncalcified layer does not cover the entirety of the annulus, as observed within human 

intervertebral discs.25 Moreover, annulus fibres in the outer annulus anchor directly with 

subchondral bone within the vertebral endplate in both species (Figure 3.3C and Figure 

3.4). In addition to the cartilaginous endplates, the vertebral endplates of both are also 

similar (Figure 3.3B and Figure 3.3C).5,25,84 The biochemical composition of the 

skeletally-mature ovine disc also compares favorably to the mature human lumbar disc in 

terms of collagen content, glycosaminoglycan content, and water content for both the 

annulus and the nucleus.102,104,105 

An important difference exists between species related to the development of the 

vertebral bodies. Unlike in the human vertebral body, where the growth plate is located 

between the cartilaginous endplate and the vertebral endplate,106,107 the ovine growth 

plate is located within the vertebral body, and is thus offset from the vertebral endplate by 

a layer of trabecular bone.15,107 The growth plates of both species are remodelled over 

time and fuse with the rest of the vertebral bodies once skeletal maturity is reached. For 

sheep, this age corresponds to approximately 24 months old.15 In humans, growth plate 

remodelling gives rise to the apophyseal ring – the raised rim at the periphery of the 

vertebral endplate.36 Despite these differences during development, the topography of the 

ovine vertebral endplate shares a raised rim much like the apophyseal ring found in 

human discs, making them comparable.15 It has, however, been shown that an unfused or 

partially fused ovine growth plate (i.e. skeletally immature) can significantly alter the 

failure mode in response to excessive loading, illustrating the importance of ensuring 

skeletal maturity has been reached in both species.15   
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Figure 3.3: Microstructure of the ovine intervertebral disc. A: Differentiation between in-
plane lamellae (fibres parallel to the plane of the image), out-of-plane lamellae (fibres 
oriented at a steep angle out of the plane of the image), and cross-bridges (indicated by 
arrows). B: The interface between (i) the nucleus (NP) and the cartilaginous endplate 
(CEP), and (ii) the interface between the CEP and the vertebral endplate (VEP). C: 
Anchoring of lamellae in the outer annulus with the CEP. Images are unstained 
cryosections from L6-7 discs taken using transmission light microscopy.     
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Figure 3.4: The anchorage of collagen fibres from the outer annulus with the vertebral 
endplate in the human disc (top row) and the ovine disc (bottom row). Both species result 
in a loss of crimp as collagen fibres enter the calcified region of cartilage. AF = annulus 
fibrosus; CEP = cartilaginous endplate; ER = epiphyseal ring; VEP = vertebral endplate. 
Images are unstained cryosections taken using DIC optical microscopy. Modified, with 
permission, from Brown.25  
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3.2 Hydrothermal Isometric Tension Testing 
 

3.2.1 Untreated Samples 
 

Vertebra-disc-vertebra segments were retrieved from storage at -86 ºC, taken out of their 

sealed bags, and thawed to room temperature (Figure 3.5A).  Ten spines were tested using 

matched-pair L1-2 and L5-6 discs. All soft tissues from the anterior and posterior region 

of the segment were removed, including the posterior longitudinal ligament. A mini 

hacksaw was used to cut small rectangular bone-annulus-bone samples from the anterior 

and posterior regions of each segment at an oblique angle (measured using a digital 

bevel) parallel to one of the fibre-orientation angles (Figure 3.5). The angle of the oblique 

cut was 32° ± 5° from the transverse plane for anterior samples, and 39° ± 5° from the 

transverse plane for posterior samples, and were based on previously reported values for 

the annular fibre inclination at the discs periphery.102 The average dimensions of the cross 

section for samples prepared (grouping anterior and posterior samples together) was 3.22 

± 0.54 mm in the circumferential direction and 5.21 ± 1.15 mm in the radial direction, as 

measured using digital calipers.  

 

 

Figure 3.5: The method of preparing an anterior bone-annulus-bone sample for HIT 
analysis. A: The vertebra-disc-vertebra segment thawed to room temperature. B: The 
vertebra-disc-vertebra segment after cutting the rectangular bone-annulus-bone segment 
from the anterior region. A similar sample was also removed from the posterior portion of 
the segment. C: The bone-annulus-bone segment used for HIT testing.  
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HIT analysis was performed using a custom apparatus, as described previously.108–110 

Briefly, the samples were isometrically mounted longitudinally between a load cell and 

fixed support, and then submerged in a bath of room temperature distilled, deionized 

water. A tensile preload of 60 g was applied to each sample for a 10-minute period. 

Following the preload, the water was heated to 90 ºC using a hot plate, and then 

maintained at 90 ºC for five hours. During the temperature climb, the rate of temperature 

increase was approximately 1.6 ºC/min from 22 ºC to 75 ºC and 0.4 ºC/min from 75 ºC to 

90 ºC. During the test, time, temperature, and load data were recorded at 0.2 Hz using 

LabVIEW (2010 Edition, National Instruments, USA).  

Following testing, the acquired data was analyzed using Microsoft Excel (Version 1901, 

Microsoft, USA). Each sample’s denaturation temperature (𝑇𝑇𝑑𝑑) and half-time of load 

decay (𝑡𝑡1/2)  were determined (Figure 3.6). The denaturation temperature is taken as the 

temperature corresponding to the initial onset of the continuous increase in force. To 

identify the half-time of load decay, the five-hour isothermal segment is first assumed to 

follow a Maxwell decay, as described previously.108 The natural logarithm of the load 

divided by the maximum load is plotted against time, and a best-fit line is applied to a 

5000-second data interval between 2,000 seconds and 17,000 seconds, where the average 

starting time for the 5000-second interval was 6474 ± 2765 seconds. The slope of the line 

(k) is then measured to allow for direct calculation of 𝑡𝑡1/2 using the Maxwell Decay 

equation.108 Statistical analysis was conducted using JMP (Version 14, SAS Institute, 

USA). Outlier analysis was used to exclude any samples that lay outside of the upper and 

lower quartiles by greater than ± 1.5x the inter-quartile range. Statistical differences 

between disc level and annular region for both 𝑇𝑇𝑑𝑑 and 𝑡𝑡1/2 were first tested using a two-

way mixed model ANOVA with main effects (disc level and annular region), interaction 

effect, and random effect for spine included. For 𝑡𝑡1/2, the data were rank transformed 

prior to the ANOVA to improve normality. Following the two-way ANOVA, a matched-

pair t-test was performed on 𝑇𝑇𝑑𝑑 data, while a Wilcoxon Sign Ranked test was performed 

on 𝑡𝑡1/2 data.  
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Figure 3.6: A depiction of the denaturation temperature (A) and the measurement of slope 
used in calculating the half-time of load decay (B). Data taken from the anterior region of 
an L1-2 disc. 
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3.2.2 NaBH4 Treated Samples 

Vertebra-disc-vertebra segments were retrieved from storage at -86 ºC and thawed to 

room temperature to prepare bone-annulus-bone samples using the method described in 

Section 3.2.1. For samples allocated to the sodium borohydride (NaBH4) experiment, five 

spines were tested using matched-pair L1-2 and L2-3 discs. The average dimensions of 

the cross section for samples prepared (grouping anterior and posterior samples together) 

was 3.50 ± 0.56 mm in the circumferential direction and 4.40 ± 0.49 mm in the radial 

direction, as measured using digital calipers.  

Following sample dissection, crosslink stabilization was conducted using sodium 

borohydride, as described previously.89 Briefly, anterior and posterior samples from each 

L1-2 disc underwent four 15-minute treatments in fresh 100 mL borate buffer solution 

containing 0.1 mg/mL NaBH4 (pH = 9.0) with constant agitation at 4 ºC, followed by 

three 10-minute agitated rinses in distilled, deionized water at 4 ºC. The matching 

anterior and posterior samples from the L2-3 disc of the same spine – used as controls – 

underwent four 15-minute rinses in fresh 100 mL borate buffer solution (pH = 9.0) with 

constant agitation at 4 ºC, followed by using three 10-minute agitated rinses in distilled, 

deionized water at 4 ºC.  HIT tests were then performed to determine the samples 𝑡𝑡1/2 

values using the method described in Section 3.2.1. To ensure that the NaBH4 treatment 

was working as intended, samples from bovine forelimb extensor tendons, known to 

contain predominantly thermally-labile crosslinks, were used to validate the treatment 

process. The extensor tendon samples included with the NaBH4 treatments confirmed the 

efficacy of the treatment process, showing stabilization of the heat labile crosslinks, 

consistent with previously reported results.90 Statistical analysis was conducted using 

JMP. Outlier analysis was used to exclude any samples that lay outside of the upper and 

lower quartiles by greater than ± 1.5x the inter-quartile range. Statistical differences 

between disc region and NaBH4 treatment were first tested using two-way mixed model 

ANOVA with main effects (annular region and treatment), interaction effect, and random 

effect for spine included, followed by matched-pair t-tests.  
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3.3 Differential Scanning Calorimetry 

Vertebra-disc-vertebra segments were retrieved from storage at -86 ºC, taken out of their 

sealed bags, and thawed to room temperature (Figure 3.7A). Nine spines were tested, 

using one disc per spine (four L4-5 discs and five L5-6 discs). All soft tissues from the 

anterior and posterior region of the segment were removed, including the posterior 

longitudinal ligament. A mini hacksaw was used to cut small rectangular bone-annulus-

bone samples from the anterior and posterior regions of each segment (Figure 3.7) as 

described in Section 3.2. The average dimensions of the cross section of posterior 

samples were 4.77 mm in the circumferential direction and 5.16 mm in the radial 

direction, while the average dimensions of anterior samples were 4.78 mm in the 

circumferential direction and 6.89 mm in the radial direction (as measured using digital 

calipers). Samples were then stored overnight at 4 ºC in fresh distilled, deionized water 

(using 50 mL Falcon tubes). The next day, the annulus from each sample was separated 

from the bone using a razor blade (Figure 3.7D). The posterior annulus was subdivided 

into two radial categories (outer and inner) while the anterior annulus was subdivided 

into three radial categories (outer, mid, and inner). For both regions, two samples from 

the inner and outer regions were taken for subsequent testing. Hermetic aluminum pans 

(DSC Consumables) were used for testing and were weighed prior to sample preparation. 

Excess water was removed from the surface of the samples by dragging samples lightly 

across a cutting board. Each sample was weighed (average wet weight: 10.43 ± 1.33 mg) 

and then gently pressed into the bottom of the aluminum pan to maximize the pan/sample 

contact area. Pans containing samples were then hermetically sealed.   
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Figure 3.7: The method of preparing the annulus for DSC. A: The vertebra-disc-vertebra 
segment thawed to room temperature. B: The vertebra-disc-vertebra segment after cutting 
the rectangular bone-annulus-bone segment from the anterior region. A similar sample was 
also removed from the posterior portion of the disc. C: The bone-annulus-bone segment 
cut from the vertebra-disc-vertebra segment. D: The annulus separated from the bone-
annulus-bone segment.   

A Q200 differential scanning calorimeter (TA Instruments) was used for testing. An 

Indium standard was used for calibration prior to testing. Sample pans were tested 

alongside an empty hermetically sealed aluminum pan. Samples were equilibrated at 30 

ºC, and then ramped to 90 ºC at a rate of 5 ºC/min. Following testing, sample pans were 

pierced (to allow moisture to escape) and placed in a vacuum desiccator. The mass of 

each pan was measured every 24 hours in order to determine the dry weight of the sample 

(which was concluded once the mass of the pan remained constant between 

measurements). 

Endotherms were analyzed between 55 ºC and 85 ºC using Universal Analysis 2000 

software (Version 4.5A, TA Instruments, USA), as shown in Figure 3.8. The onset 

temperature (𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜), peak temperature (𝑇𝑇𝑝𝑝𝑜𝑜𝑝𝑝𝑝𝑝), full-width at half-maximum (𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹), 

the total specific enthalpy of denaturation (∆ℎ  =  ∆ℎ𝑙𝑙𝑜𝑜𝑙𝑙𝑜𝑜  +  ∆ℎ𝑟𝑟𝑟𝑟𝑟𝑟ℎ𝑜𝑜) based on dry 

sample weight, and the water content of each sample (using the sample’s wet mass and 

dry mass) were determined. To quantify the behavior on the right-hand side of the 

endotherm, two additional parameters were determined – the specific enthalpy 

corresponding to the right-hand side of the endotherm (∆ℎ𝑟𝑟𝑟𝑟𝑟𝑟ℎ𝑜𝑜), and the skewness index. 

The onset temperature is taken as the temperature corresponding to the intersection of (i) 
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the tangent line to the inflection point of the curve corresponding to the steep increase in 

differential heat flow segment, and (ii) the linear baseline drawn between 55 ºC and 85 

ºC. The peak temperature is taken as the temperature corresponding to the maximum heat 

flow. The full-width at half-maximum measures the temperature difference at the half-

peak height of differential heat flow relative to the baseline. The specific enthalpy 

measures the area under the linear baseline between 55 ºC and 85 ºC. The area 

corresponding to the specific enthalpy was split in half by inserting a line perpendicular 

to the linear baseline at the temperature correspond to the peak temperature, allowing for 

calculation of the specific enthalpy corresponding to the right-hand side of the 

endotherm. The skewness index of the endotherm111 was taken by dividing the specific 

enthalpy of the right-hand side by the total enthalpy. Statistical analysis was conducted 

using JMP software. Data for replicate subsamples tested (for each combination of 

annular region and radial depth) were averaged. Outlier analysis was used to exclude any 

samples that lay outside of the upper and lower quartiles by greater than ± 1.5x the inter-

quartile range. Statistical differences between annular region and radial depth were tested 

using two-way mixed model ANOVA’s (after 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜, 𝑇𝑇𝑝𝑝𝑜𝑜𝑝𝑝𝑝𝑝, and 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 were rank 

transformed) with main effects (annular region and radial depth), interaction effect, and 

random effect for spine included. Matched-pair t-tests were then used on 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹, water 

content and the skewness index. 
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Figure 3.8: A depiction of the parameters measured from the endotherms produced from 
DSC. Data taken from the outer anterior region of an L4-5 disc. 

3.4 Mechanical Testing and Light Microscopy 

Vertebra-disc-vertebra segments were retrieved from storage at -86 ºC, removed from 

their sealed bags, and thawed to room temperature (Figure 3.9A). 13 discs – each from a 

different spine – were used for testing (totaling five L5-6 discs and eight L6-7 discs). 

Throughout preparation, the hydration of samples was maintained using a spray-bottle 

containing room-temperature PBS. All soft tissues were carefully removed from the 

anterior and posterior regions of the segment, including the posterior longitudinal 

ligament. A mini hacksaw was used to make a cut in the coronal plane to separate the 

anterior from the posterior (Figure 3.9B). Two 9/16” holes were drilled through the 

superior and inferior vertebral bodies – oriented in alignment with one of the fibre-

orientation angles102 – for subsequent mounting (Figure 3.9C). Once the holes had been 

created, the lateral sides of the annulus were severed using a razor to isolate the annulus 

located between the drilled holes (Figure 3.9C).  
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Figure 3.9: The method of preparing a sample for mechanical testing. A: The vertebra-disc-
vertebra segment thawed to room temperature. B: The vertebra-disc-vertebra segment after 
making a cut in the coronal plane to separate the anterior region from the posterior region. 
C: The anterior sample after drilling a hole in each vertebra and severing the lateral sides 
of the annulus. The posterior sample retrieved from the vertebra-disc-vertebra segment was 
prepared in a similar way. 

Using digital calipers, the radial depth – taken at the center of the anterior and posterior 

region (Figure 3.10A and Figure 3.10B) – as well as the circumferential width (Figure 

3.10C) were measured. The average radial depth was 5.06 ± 1.13 mm for posterior 

samples and 13.45 ± 1.37 mm for anterior samples, while the average circumferential 

width was 2.03 ± 0.18 mm for anterior samples and 3.15 ± 0.42 mm for posterior 

samples.  

A servo-hydraulic hydraulic material testing system (MTS) controlled using LabVIEW 

was used for mechanical testing. Samples were mounted to custom grips using screws. 

The screws were tightened only to the initial point of contact with the vertebral bodies, 

allowing the samples to rotate during testing. The load cell was zeroed prior to sample 

mounting. A video capture system was used to record all tests performed. Samples were 

pulled to failure at a slow displacement rate of 0.01 mm/sec. Time, displacement, and 

force data were recorded using LabVIEW. Samples were kept hydrated using a drip-feed 

of room-temperature PBS throughout testing.  
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Figure 3.10: The measurements of radial depth for anterior samples (A) and posterior 
samples (B), as well as the measurement of circumferential width (C) for samples allocated 
to mechanical testing. 

Following mechanical testing, samples immediately underwent chemical fixation for 

seven days using 10% neutral-buffered formalin. Following fixation, samples were 

decalcified by being placed in 10% formic acid under agitation for two weeks. Once 

samples were decalcified, they were stored in 10% formalin for a maximum of eight 

weeks. 

To prepare samples for optical microscopy, cryogenic sectioning was performed. 

Samples were trimmed using a razor blade to isolate the region of the sample located 

between the holes that had been drilled into the vertebral bodies (Figure 3.11B). A small 

amount of the region containing the severed annulus on the lateral sides of each sample 

was kept intact in order to distinguish the damaged region from the undamaged region. 

Samples were mounted to a metal platform using optimal cutting temperature compound 

and placed in liquid nitrogen for up to 30 seconds to freeze the sample. Once frozen, 

samples were cut into approximately 30 µm thick sections using a sliding microtome 

(Figure 3.11C). The sectioned samples were cut on an oblique angle (measured using a 

digital bevel) parallel to one of the fibre-orientation angles.102 Sectioned samples were 

wet-mounted on glass slides, covered using a cover slip, and imaged using a Nikon 

Eclipse E600 light microscope (Nikon) equipped with a 10-megapixel digital camera 
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(AmScope) within 24 hours of cryo-sectioning. For each slice, overlapping images at 4x 

magnification were taken until the entire surface of the sample had been captured.  

Figure 3.11: The method of preparing samples for light microscopy. A: One-half of a 
ruptured sample following mechanical testing which underwent chemical fixation using 
10% formalin and decalcification using 10% formic acid. B: Following decalcification, the 
sample was trimmed in preparation for sectioning using a sliding microtome. C: 30 µm 
thick sections were taken from the damaged region (corresponding to the tissue that was 
ruptured) and the undamaged region (corresponding to the tissue that was severed using a 
razor blade)  

A panoramic of each imaged cryosection was assembled from the individual micrographs 

using PTGui (Version 10.0.15 Pro, New House Internet Services BV, Netherlands). The 

annular radial thickness for each slice free of damage (obtained from the lateral sides of 

the sample, see Figure 3.11C) was measured using ImageJ (Version 1.51j8, National 

Institutes of Health, USA). The line used to measure the annular radial thickness 

bordered the cartilaginous endplate such that it was perpendicular to the largest number 

of lamellae (Figure 3.12). For each sample, the annular radial thickness was then 

determined by averaging together all measured slices free of damage for that sample.  
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The stiffness, stress-displacement slope, ultimate tensile strength of the annulus (omitting 

the area contributed by the nucleus) and the tension strength of the annulus wall were 

calculated using Microsoft Excel. The stiffness was taken as the slope corresponding to 

the linear portion of the force-displacement plot. The stress-displacement slope was taken 

as the slope corresponding to the linear portion of the stress-displacement plot. The 

ultimate tensile strength was taken as the maximum force obtained during testing divided 

by the product of (i) the annular radial thickness measured using ImageJ, and (ii) the 

circumferential width (Figure 3.10C). The tension strength of the annulus wall was taken 

as the maximum force obtained during testing divided by the circumferential width 

(Figure 3.10C). Statistical analysis was conducted using JMP software. Outlier analysis 

was used to exclude any samples that were ± 1.5x the inter-quartile range. Statistical 

differences between the anterior and posterior annular regions were determined using 

matched-pair t-tests. Samples containing an unfused or partially-fused growth-plate (a 

sign that the animal had not reached skeletal maturity15) – as well as samples that failed 

due to cracks developing within the vertebral body – were omitted from statistical 

analyses related to the calculations of mechanical properties. The proportions of different 

categories of damage observed in anterior and posterior samples were compared using 

Fisher’s exact test (2-tail). For the Fisher’s exact tests performed, samples that had 

growth plates that hadn’t completed fused (which had been excluded from the mechanical 

properties’ analyses) were included for this assessment of failure morphology. Only the 

samples that had failed due to cracks that had developed in their vertebral bodies (a sign 

of early failure) were omitted from the Fisher’s exact tests performed.  
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Figure 3.12: Representative measurements of the annular radial thickness for anterior 
samples (A) and posterior samples (B) for samples allocated to mechanical testing. 
Measurements are taken only counting lamellae that are clearly integrated with the 
cartilaginous endplate. Images are unstained cryosections taken from the same L6-7 disc 
using transmission light microscopy. 
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Chapter 4: Results 

For all results (including figures and tables), numerical data are presented as mean ± 

standard deviation. 

4.1 Hydrothermal Isometric Tension Testing 

4.1.1 Untreated Samples 

In order to assess crosslinking of collagen molecules with annular region and disc level, 

HIT analysis was performed on untreated anterior and posterior samples from L5-6 and 

L1-2 discs. Of the ten spines prepared, several samples were lost due to testing errors and 

problems encountered during sample preparation. The number of samples with 𝑇𝑇𝑑𝑑 and 

𝑡𝑡1/2 parameters successfully measured with respect to annular region and disc level are 

listed in Table 4.1. Representative HIT responses are shown in Figure 4.1. 

Table 4.1: The number of samples successfully measured for each HIT analysis parameter 

Parameter Disc Level Anterior Posterior 

𝑇𝑇𝑑𝑑 
L5-6 n = 9 n = 8 

L1-2 n = 10 n = 9 

𝑡𝑡1/2 
L5-6 n = 6 n = 8 

L1-2 n = 9 n = 9 

For 𝑇𝑇𝑑𝑑, ANOVA results revealed that annular region was a significant factor (p < 0.0001, 

Figure 4.2A), while disc level was not (p = 0.1391). The same was true for 𝑡𝑡1/2: annular 

region was a significant factor (p = 0.0025, Figure 4.2B), while disc level was not (p = 

0.2943). Based on the ANOVA results, the disc levels were pooled (Table 4.2), and the 

paired differences between the anterior and posterior regions of each disc for 𝑇𝑇𝑑𝑑 and 𝑡𝑡1/2 

data were calculated. Paired differences were then averaged across disc level (when both 
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levels were present) to yield only one value for 𝑇𝑇𝑑𝑑 and 𝑡𝑡1/2 per spine. A matched-pair t-

test was performed on 𝑇𝑇𝑑𝑑 while a Wilcoxon Signed Rank test was performed on 𝑡𝑡1/2, 

revealing that both 𝑇𝑇𝑑𝑑 and 𝑡𝑡1/2 were significantly greater for the posterior annulus 

compared to the anterior annulus (Table 4.2).  

Figure 4.1: Representative HIT responses during the temperature rise to 90 ºC (A) and the 
five-hour isothermal segment (B) for anterior and posterior samples taken from the same 
L1-2 disc. 
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Figure 4.2: The variations in the denaturation temperature (A) and the half-time of load 
decay (B) for untreated samples when grouped by annular region and disc level. 

Table 4.2: The variations in the denaturation temperature and the half-time of load decay 
for untreated samples when disc levels are pooled together. 

Anterior  
(L5-6 & L1-2) 

Posterior 
(L5-6 & L1-2) 

𝑇𝑇𝑑𝑑 (˚C) 
62.6 ± 0.7 
(n = 10) 

67.2 ± 1.2 
(n = 9) 

p < 0.0001 

𝑡𝑡1/2 (hrs) 9.4 ± 4.6 
(n = 8) 

32.7 ± 23.7 
(n = 9) 

p = 0.0156 
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4.1.2 Sodium Borohydride Experiment 

In order to assess total crosslinking, HIT analysis was repeated using samples from L1-2 

discs treated with NaBH4 and untreated samples from L2-3 discs (from the same spines 

as the matching L1-2 discs) that served as controls. ANOVA results revealed that annular 

region was a significant factor (p < 0.0001), while treatment was not (p = 0.5004). As an 

additional confirmation, paired differences in 𝑡𝑡1/2 between NaBH4-treated samples and 

untreated samples were calculated for both the anterior and posterior regions. Matched-

pair t-tests were then performed, confirming that neither annular region was affected by 

treatment (p = 0.1854 for the anterior and p = 0.7791 for the posterior). The results 

obtained from the NaBH4 HIT experiment are summarized in Figure 4.3. 

Figure 4.3: The variations with annular region and treatment in the parameters measured 
from the NaBH4 HIT experiment. 
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4.2 Differential Scanning Calorimetry 

In order to assess the thermal stability of collagen molecules with annular region and radial 

depth, DSC was performed. Samples were taken from L4-5 and L5-6 discs, with only one 

of these discs used per spine. Of the nine spines prepared for DSC, each spine had one or 

more samples that had data omitted due to errors encountered in the endotherms produced. 

After averaging replicate subsamples, the number of successful measurements for each 

DSC parameter with respect to annular region and radial depth are listed in Table 4.3. 

Representative DSC responses are shown in Figure 4.4. 

Table 4.3: The number of samples successfully measured for each DSC parameter. 

Parameter Radial Depth Anterior Posterior 

𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 
Outer n = 8 n = 8 

Inner n = 8 n = 9 

𝑇𝑇𝑝𝑝𝑜𝑜𝑝𝑝𝑝𝑝 
Outer n = 8 n = 8 

Inner n = 8 n = 9 

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 
Outer n = 8 n = 8 

Inner n = 8 n = 9 

∆ℎ 
Outer n = 8 n = 8 

Inner n = 7 n = 8 

∆ℎ𝑟𝑟𝑟𝑟𝑟𝑟ℎ𝑜𝑜 
Outer n = 8 n = 8 

Inner n = 7 n = 7 

Skewness Index 
Outer n = 8 n = 8 

Inner n = 7 n = 7 

Water Content 
Outer n = 8 n = 8 

Inner n = 7 n = 8 
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Figure 4.4: Representative endotherms for the outer annulus (A) and the inner annulus (B)
for samples allocated to the DSC experiment. Data taken from the same L5-6 disc.  
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For 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜, ANOVA results revealed that while annular region was not significant (p = 

0.5806), radial depth was much closer to reaching significance (p = 0.0607, Figure 4.5A). 

In contrast, while radial depth was not a significant factor for 𝑇𝑇𝑝𝑝𝑜𝑜𝑝𝑝𝑝𝑝 (p = 0.9108), annular 

region was closer to reaching significance (p = 0.0731, Figure 4.5B). The ANOVA 

results for 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 revealed that annular region, radial depth, and the interaction between 

annular region and radial depth were all significant (p = 0.0202, p = 0.0068, and p = 

0.0196, respectively – see Figure 4.5C and Figure 4.6). For ∆ℎ, ANOVA results revealed 

that neither annular region or radial depth were significant (p = 0.9390 and p = 0.5696, 

respectively, see Figure 4.5D). For the skewness index, however, while annular region 

was not a significant factor (p = 0.1345), radial depth was (p = 0.0080, Figure 4.5E). 

Based on the ANOVA results, the annular regions were pooled, and the paired 

differences between the inner annulus and the outer annulus for the skewness index were 

calculated. Paired differences were then averaged across annular region to yield only one 

value of the skewness index per spine. The matched-pair t-test subsequently performed 

showed that skewness index was close to being significantly larger in the outer annulus (p 

= 0.0704, Table 4.4). For water content, the ANOVA results revealed that radial depth 

was a significant factor (p = 0.0003), but annular region was not (p = 0.0650, Figure 

4.5F). When the paired differences were calculated and then averaged across annular 

region, the matched-pair t-test performed revealed that the water content of the inner 

annulus was significantly greater than the outer annulus (p = 0.0110, Table 4.4).  
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Figure 4.5: The values in the onset temperature (A), the peak temperature (B), the full-
width at half-maximum (C), the specific enthalpy (D), the skewness index (E), and the 
water content (F) with annular region and radial depth for samples allocated to the DSC 
experiment. 
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Figure 4.6: Interaction plot from the two-way ANOVA performed on rank-transformed 
full-width at half-maximum data. Annular region, radial depth, and the interaction between 
region and depth were all significant. 

Table 4.4: The variations in skewness index and water content when annular regions are 
pooled together. 

Outer 
(Anterior + Posterior) 

Inner 
(Anterior + Posterior) 

Skewness 
Index (%) 

71.6 ± 5.0 
(n = 8) 

69.1 ± 4.3 
(n = 8) 

p = 0.0704 

Water 
Content (%) 

84.7 ± 4.6 
(n = 8) 

90.9 ± 1.9 
(n = 8) 

p = 0.0110 

4.3 Mechanical Testing and Light Microscopy 

4.3.1 Mechanical Testing 

In order to determine whether the tensile properties of the annulus vary with annular 

region, matched-pair anterior and posterior samples from 13 discs were prepared for 

mechanical testing. Samples were taken from either L5-6 or L6-7 discs, with each disc 

taken from a different spine. Of the 13 spines prepared for mechanical testing, 5 were 
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omitted. Two samples (one posterior, one anterior, each from a different spine) failed 

early into testing due to a crack that developed within one of the vertebral bodies at the 

hole for the support screw. The other three spines excluded were due to the presence of 

partially fused growth plates (Figure 4.7). The number of samples with mechanical 

properties successfully measured with respect to annular region are listed in Table 4.5. 

Representative stress-displacement curves are shown in Figure 4.8. The values of annular 

radial thickness (measured with ImageJ, see Figure 3.12) were, in general, much smaller 

than the values of radial depth (measured with digital calipers, see Figure 3.10), as 

described by Table 4.6. 

Figure 4.7: A partially fused growth plate (GP) found in a sample that underwent 
mechanical testing. Samples containing partially fused growth plates were excluded from 
measurements of the mechanical properties. Image is an unstained cryosection of an L5-6 
disc taken using transmission light microscopy. 
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Table 4.5: The number of samples successfully measured for each parameter calculated 
from mechanical testing data 

Parameter Anterior Posterior 

Stiffness (N/m)                n = 8 n = 8 

Stress-Displacement Slope 
(MPa/mm) n = 8 n = 8 

Ultimate Tensile Strength, 
Annulus (MPa) n = 8 n = 8 

Tension Strength of 
Annulus Wall (N/m) n = 8 n = 8 

Figure 4.8: Representative pull-to-rupture responses for anterior samples (A) and posterior 
samples (B). Individual rupture events of lamellae can be distinguished by jagged peaks at 
the top of the stress-displacement curve. Data taken from the same L5-6 disc. 
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Table 4.6: The sample radial depth measurements (measured with calipers) and the annular 
radial thickness measurements (measured with ImageJ, see Figure 3.12) for the anterior 
and posterior annular regions for samples allocated to mechanical testing. 

Anterior Posterior 

Sample Radial Depth (mm) 
13.2 ± 1.6 

(n = 8) 
5.3 ± 1.0 
(n = 8) 

Annular Radial Thickness (mm) 
5.9 ± 0.5 
(n = 8) 

4.1 ± 0.5 
(n = 8) 

The resulting matched-pair t-tests revealed that both the ultimate tensile strength of the 

annulus and the tension strength of the annulus wall were significantly larger in the 

anterior annulus when compared to the posterior annulus (p = 0.0063 and p = 0.0005, 

respectively). In contrast, the stiffness and the stress-displacement slope did not vary with 

annular region (p = 0.8690 and p = 0.2160, respectively). The results of the parameters 

measured through mechanical testing are summarized in Table 4.7. 

Table 4.7: The variations in the mechanical properties measured for the anterior and 
posterior regions. 

Anterior Posterior 

Stiffness (N/m) 190.1 ± 48.0 175.3 ± 20.1 p > 0.8 

Stress-Displacement Slope 
(MPa/mm) 17.0 ± 4.5 13.6 ± 4.0 p > 0.2 

Ultimate Tensile Strength, 
Annulus (MPa) 27.0 ± 7.1 12.8 ± 3.6 p = 0.0063 

Tension Strength of Annulus 
Wall (N/m)  158.0 ± 38.4 51.4 ± 11.7 p = 0.0005 
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4.3.2 Light Microscopy 

Following mechanical testing, ruptured samples were cryosectioned and viewed using 

light microscopy in order to assess the microstructure of ruptured anterior and posterior 

samples. The cryosections were taken parallel to the fibre-orientation angles so that in-

plane lamellae (those loaded in pure tension) would be parallel to the plane of the image. 

Due to the cross-ply pattern of the annulus, the sectioned cuts taken resulted in the fibres 

of lamellae between in-plane lamellae being oriented out-of-plane at an angle of 

approximately 70º (measured from the plane of the image). Representative anterior and 

posterior sections taken from outside the damaged region are shown in Figure 4.9A and 

Figure 4.10A, respectively. The undamaged region (i.e. the region outside of the tested 

region where the annulus has been severed with a razor cut) can be clearly distinguished 

by a lack of splitting/fraying at the cut-ends of lamellae, as well as a lack of interlamellar 

disruption.  

The most prevalent damage observed was lamellae rupture near mid-disc height, resulting 

in samples being torn into two roughly equivalent halves. The ruptured ends of in-plane 

lamellae – the lamellae that were loaded in pure tension – generally showed signs of 

splitting or fraying (Figure 4.9B and Figure 4.10B for anterior and posterior examples, 

respectively). Of the samples tested that ruptured via annular failure (including those 

omitted from the statistical analysis for the mechanical properties due to having 

incompletely fused growth plates), all 12 anterior and posterior samples demonstrated 

extensive lamellae rupture at mid-disc height (Table 4.8). 

Evidence of disruption to the integration between in-plane and out-of-plane lamellae 

accompanied lamellae rupture at mid-disc height. Different types of interlamellar 

disruption were observed. Most common were out-of-plane lamellae with missing pieces 

close to the rupture location interposed between longer in-plane lamellae, effectively 

creating gaps between lamellae throughout the sectioned sample (Figure 4.11A and 

Figure 4.10B for anterior and posterior examples, respectively). Interlamellar damage of 

this type was found in all anterior and and posterior samples that ruptured via annular 
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failure and hence did not vary with region (Table 4.8). Another type of interlamellar 

disruption was observed where large pieces of out-of-plane lamellae were missing distant 

to the rupture location while the lengths towards both the ruptured end and the 

cartilaginous endplate remainded – termed “mid-gaps” (Figure 4.11A). Mid-gaps were 

found exclusively in anterior samples and were relatively common (Table 4.8). In more 

severe cases of disruption to interlamellar integration, disruption between lamellae 

resulted in damage to the cartilaginous endplate (Figure 4.11B and Figure 4.10C for 

representative anterior and posterior samples, respectively). Although interlamellar 

disruption extending to the endplate appeared to be more commonly observed in posterior 

samples, it was not statistically significant (p = 0.2377, Table 4.8).  

Less common were instances of in-plane lamellae (the lamellae loaded in tension) 

causing fracture at the interface between the calcified cartilaginous endplate (CEP) and 

the vertebral endplate (VEP), which tended to occur near the apex of the vertebral 

endplate. Representative anterior and posterior samples with CEP-VEP damage are 

shown in Figure 4.11C and Figure 4.12, respectively. Damage occuring at the CEP-VEP 

interface commonly resulted in pieces of the CEP still bound to the lamellae being pulled 

away from the VEP. While CEP-VEP fractures were more commonly observed in 

anterior samples, this was not statistically significant (p = 0.3783, Table 4.8).  

Table 4.8: The prevalence of the different types of damage with annular region for samples 
that were allocated to mechanical testing. 

Anterior Posterior 

Lamellae rupture at mid-disc height 12 of 12 12 of 12 

Interlamellar damage at rupture 12 of 12 12 of 12 

Interlamellar damage distant to rupture 7 of 12 0 of 12 p = 0.0052 

Interlamellar damage at endplate 5 of 12 9 of 12 p = 0.2377 

Damage at CEP-VEP interface  5 of 12 2 of 12 p = 0.3783 
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Figure 4.9: Representative anterior samples taken from the same L6-7 disc showing an 
undamaged region (A) and a damaged region (B). Fibres within in-plane (IP) lamellae were 
parallel to the direction of the applied load, while fibres within out-of-plane lamellae 
(OOP) were at an angle of approximately 80º away from the direction of the applied load. 
Arrows point at the same in-plane lamellae in order to distinguish the ends of lamellae from 
the undamaged (top) and the damaged region (bottom). In general, in-plane lamellae from 
the damaged region showed signs of splitting in response to tensile overload.  Images are 
unstained cryosections taken using transmission light microscopy. 
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Figure 4.10: Representative posterior samples taken from the same L6-7 disc showing an 
undamaged region (A) and damaged regions (B and C). Fibres within in-plane (IP) lamellae 
were loaded in pure tension, while the direction of load application in out-of-plane (OOP) 
lamellae was at an angle of approximately 65º relative to the fibre direction. Arrows point 
at examples of in-plane lamellae splitting. Interlamellar damage is observed in B and C. 
Examples of lamellae with missing ends interposed between longer lamellae (marked by 
*) are observed in B, while an example of interlamellar disruption extending to the 
cartilaginous endplate (marked by ***) is observed C. Images are unstained cryosections 
taken using transmission light microscopy. 
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Figure 4.11: Representative anterior samples showing interlamellar disruption (A and B) 
and damage at the CEP-VEP interface (C, marked by ++). Examples of missing ends 
(marked by *) and “mid-gaps” (marked by **) can be observed in A, while interlamellar 
disruption resulting in damage to the cartilaginous endplate (marked by ***) can be 
observed in B. L6-7 discs are featured in B and C, while an L5-6 disc is featured in A. 
Images are unstained cryosections taken using transmission light microscopy. 
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Figure 4.12: A representative posterior sample showing damage at the CEP-VEP interface 
(marked by ++). Arrows point at instances of the cartilaginous endplate embedded to in-
plane lamallae. Image is an unstained cryosection of an L6-7 disc taken using transmission 
light microscopy.  
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Chapter 5: Discussion 

5.1 Contributions to Disc Structure and Mechanics 

Thermal Stability and Crosslinking of Collagen Molecules 

The results obtained from HIT analysis and DSC work show, for the first time, that 

significant regional variations exist in the collagen structure of the annulus within lumbar 

intervertebral discs at the molecular level. HIT analysis indicated that collagen molecules 

from the posterior annulus have greater thermal stability and a higher density of 

intermolecular crosslinking than those from the anterior annulus, as illustrated by having 

larger values of denaturation temperature (𝑇𝑇𝑑𝑑) and half-time of load decay (𝑡𝑡1/2), 

respectively. Similar differences with annular region exist throughout the lumbar spine, 

from L5-6 to L1-2. The use of NaBH4 revealed that both the anterior and posterior 

annulus contain insignificant populations of immature thermally labile crosslinks, as 

reflected by minimal differences in 𝑡𝑡1/2 between treated and untreated samples. The 

results from DSC further revealed that variations in the thermal stability of collagen also 

exists with radial depth for the anterior region, where the inner annulus was found to have 

a greater range of thermal stabilities relative to the outer annulus, as indicated by a higher 

value of 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹.  

Crosslinks – which provide strength78 and stability112 to collagen molecules – are formed 

during biosynthesis by the enzyme lysyl oxidase.113 Initially, these enzymatically-derived 

crosslinks are divalent, joining two collagen molecules together. With time, these 

crosslinks spontaneously react to form trivalent crosslinks.113 Divalent and trivalent 

crosslinks are commonly referred to as immature and mature crosslinks, respectively. 

Many different types of enzymatic crosslinks exist, showing variance between different 

types of tissues.90,113,114 In addition to the enzymatically-derived crosslinks formed during 

biosynthesis, new crosslinks are formed throughout aging through a spontaneous (non-

enzymatic) process called glycation, resulting in the formation of advanced glycation 
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end-products (AGEs).113,115 Like enzymatic crosslinks, many different types of AGEs 

exist. While enzymatic crosslinks are limited to forming at the terminal domains of 

collagen molecules, AGEs can form at multiple locations along the length of collagen.116 

From the HIT experiments performed, samples from both the anterior and posterior 

regions (from both L5-6 and L1-2 discs) displayed linear increases in tension with 

temperature past 𝑇𝑇𝑑𝑑 up to 90 ºC, indicating that both annular regions contain heat-stable 

crosslinks throughout the lumbar spine.113 These findings suggest that the enzymatic 

crosslinks in both regions are either immature keto-amine crosslinks or mature crosslinks, 

both of which are heat stable.113 While HIT analysis cannot discriminate between 

thermally stable divalent crosslinks and trivalent crosslinks, others studies have reported 

that the annulus contains mature, trivalent pyridinoline crosslinks.114,117,118 Although 

samples from both annular regions demonstrated linear increases in tension to 90 ºC, their 

denaturation temperatures varied considerably: posterior samples denatured at a 

significantly higher temperature (independent of disc level). 𝑇𝑇𝑑𝑑 corresponds to the 

temperature at which the intramolecular hydrogen bonds of the triple helix structure of 

collagen molecules begin to rupture. Differences in 𝑇𝑇𝑑𝑑 – as observed between annular 

regions – are explained by the “polymer-in-a-box” theory, which states that the thermal 

stability of collagen molecules increases as the proximity of neighboring molecules 

increases due to the restriction in conformational freedom.108,112 It is likely that the 

samples from the posterior annulus have a larger 𝑇𝑇𝑑𝑑 due to a tighter packing of collagen 

molecules within the collagen fibrils at this location. 

During the isothermal phase of the HIT experiment, the load decay seen for anterior and 

posterior samples is attributable to gradual hydrolysis of peptide bonds within the α-

chains of collagen molecules.108 The rate of decay in load is slowed by heat-stable 

crosslinks: thus, 𝑡𝑡1/2 is an indicator of the relative density of heat-stable crosslinks within 

the sample.74,108 𝑡𝑡1/2 values differed between samples from the anterior and posterior 

annulus, with the rate of load decay being significantly slower in posterior samples 

(independent of disc level). Moreover, 𝑡𝑡1/2 values did not significantly change when 

samples from both regions were treated with sodium borohydride (NaBH4). Because 
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NaBH4 converts enzymatic heat labile crosslinks to a heat stable form, it allows for 

determination of total crosslinking: heat-labile and heat-stable combined. The 𝑡𝑡1/2 results 

indicate that both the anterior and posterior annulus contain insignificant populations of 

heat-labile crosslinks relative to heat-stable crosslinks,90,108,113 and that the posterior 

annulus is more heavily crosslinked than the anterior annulus. A higher density of 

intermolecular crosslinks will effectively lower the number of configurations the 

molecule can achieve, consistent with the higher values of 𝑇𝑇𝑑𝑑 observed for the posterior 

annulus.108,112,119 While no comparable studies were identified that considered changes in 

crosslinking with annular region in human lumbar discs, Tan et al reported on differences 

in crosslinking in human thoracic intervertebral discs.117 It was shown in this study that 

the posterior anulus had significantly higher amounts of heat-stable pyridinoline 

crosslinks relative to the anterior annulus. These findings – in combination with the 

results from this experiment – suggest that human lumbar intervertebral discs may show 

similar regional variations in thermal stability and crosslinking of collagen molecules to 

the results presented here for ovine lumbar discs. 

Given that 𝑇𝑇𝑑𝑑 and 𝑡𝑡1/2 are larger for the posterior annulus, these findings together 

confirm the first hypothesis for the HIT experiment: the posterior annulus does, in fact, 

have a higher thermal stability and a higher density of thermally stable crosslinks. These 

molecular-level structural differences are likely tied to the differences in physiological 

loading that the posterior annulus is subjected to relative to the anterior annulus. For 

example, flexion of the lumbar spine – a frequent posture during daily living – places the 

anterior and the posterior annulus under considerably different loads: while the anterior 

annulus is compressed, the posterior annulus is placed under additional tension.2,50 

Moreover, the nucleus shifts posteriorly, increasing the stress on the posterior 

annulus.51,52 It is likely that these physiologic differences in mechanical loading have 

resulted in significant changes to the molecular-level collagen architecture between 

regions. Because 𝑇𝑇𝑑𝑑 and 𝑡𝑡1/2 did not vary with disc level, the second hypothesis for the 

HIT experiment – that molecular-level structural differences would not vary with disc 

level – was also confirmed. These findings are also likely tied to in vivo loading. 

Although inferior lumbar disc levels experience larger loads relative to superior disc 
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levels,1 they are also larger,120–123 which could imply that the stresses are comparable. 

Lastly, the third hypothesis for the HIT experiment – that collagen molecules in both 

annular regions would not have a significantly higher amount of heat stable crosslinks – 

was confirmed. For both anterior and posterior samples, NaBH4 treatment did not 

significantly slow the rate of load decay compared to their match-pair untreated samples, 

as reflected by insignificant changes in 𝑡𝑡1/2. From these results, it can be concluded that 

both the anterior and posterior annulus contain an insignificant population of immature 

aldimine crosslinks, which are thermally labile. Previous research has shown that a high 

ratio of immature crosslinks to mature crosslinks may indicate a high rate of collagen 

turnover.108,124 Tissues that exhibit a high rate of collagen turnover continuously 

synthesize new collagen, which implies that there are large proportions of immature 

crosslinks present in the tissue (regardless of age). Given that matrix synthesis and 

degradation is dependent in part on the cell density of the tissue, a low density of 

immature crosslinks within the annulus is not surprising: adult intervertebral discs have 

been shown to have an extremely low cell density relative to other tissues.125–127 This, in 

part, is because intervertebral discs are largely avascular, which limits metabolite 

transport.76,112 Moreover, annular tears show minimal signs of healing, which suggests 

that matrix turnover is very low.8,129 The low rate of collagen turnover, in turn, highlights 

a vulnerability to accumulated damage, such as from repetitive loading. If damage 

occurs, it will not be remodeled at a fast rate, which can compromise the structure of the 

annulus and lead to further damage or early degeneration.114 

In addition to HIT analysis, DSC was also used to assess how the thermal stability of 

collagen molecules varies with both annular region and radial depth. This was 

accomplished primarily through measures of the onset temperature (𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜), the peak 

temperature (𝑇𝑇𝑝𝑝𝑜𝑜𝑝𝑝𝑝𝑝), and the full-width at half-maximum (𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹). 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 is a measure 

of the kinetic energy of initial α-chain uncoiling, while 𝑇𝑇𝑝𝑝𝑜𝑜𝑝𝑝𝑝𝑝 is a measure of the point of 

maximum energy absorption during denaturation.119,130 For 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜, only radial depth 

came close to reaching significance, with the outer annulus having a higher value relative 

to the inner annulus. In contrast, for 𝑇𝑇𝑝𝑝𝑜𝑜𝑝𝑝𝑝𝑝, only annular region came close to reaching 

significance, with the posterior annulus having a higher value relative to the anterior 
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annulus. Given that the first hypothesis for the DSC experiment stated that the posterior 

annulus would have a higher thermal stability – as indicated by 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 and 𝑇𝑇𝑝𝑝𝑜𝑜𝑝𝑝𝑝𝑝 – the 

first hypothesis was not verified, as neither parameter varied in a statistically significant 

manner with region. While 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 and 𝑇𝑇𝑝𝑝𝑜𝑜𝑝𝑝𝑝𝑝 both describe aspects of the thermal stability 

of collagen molecules, there are important differences to consider between these 

parameters and the denaturation temperature, 𝑇𝑇𝑑𝑑, measured in HIT analysis. In DSC, the 

onset of denaturation is detected as it occurs by a change in heat flow; in contrast, during 

HIT analysis, the onset of denaturation must first generate a measurable change in tension 

before being detected.109,131 Previous research has shown that 𝑇𝑇𝑑𝑑 values align better with 

𝑇𝑇𝑝𝑝𝑜𝑜𝑝𝑝𝑝𝑝 as opposed to 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜.109,131 It is interesting that regional variation in 𝑇𝑇𝑝𝑝𝑜𝑜𝑝𝑝𝑝𝑝 failed to 

reach significance in DSC (p = 0.0731 for circumferential region) given the significant 

difference seen in 𝑇𝑇𝑑𝑑 for HIT analysis (p < 0.0001). This discrepancy may be explained 

by the relative differences in how HIT analysis and DSC measure thermal stability. For 

samples mounted in the HIT apparatus, only the collagen that is oriented in-line with the 

grips (i.e. the in-plane lamellae) will produce a substantial signal, as collagen fibres 

oriented in other directions will not meaningfully contribute to the tensile load due to 

their orientation relative to the load cell. In contrast, all of the collagen in the samples 

prepared for DSC (in-plane lamellae, out-of-plane lamellae, and other structural elements 

like radial bridging elements) will collectively produce a response that is captured by the 

heat flow measured. It is therefore possible that measurements made through DSC are 

capturing other responses not measured with HIT analysis that are influencing the 

measurements of 𝑇𝑇𝑝𝑝𝑜𝑜𝑝𝑝𝑝𝑝 to some extent. In terms of 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜, the fact that it did not vary 

with annular region suggests that the least-stable collagen molecules in both regions have 

comparable thermal stability, while the near-significance of a higher 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 in the outer 

vs. inner annulus suggests that differences with radial depth may exist. 

The heterogeneity in the thermal stability of collagen molecules in the anterior and 

posterior regions was captured by the full-width at half-maximum (𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹), where larger 

values correspond to greater heterogeneity relative to smaller values.90,130 The results 

obtained show that annular region, radial depth, and the interaction between these factors 

were significant: the outer anterior annulus had a significantly smaller value of 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 
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relative to both the inner anterior annulus and the outer posterior annulus. These findings 

have several important implications regarding differences in the structure of collagen 

within the annulus. First, they reinforce that the posterior annulus contains collagen that 

is more thermally stable than the anterior annulus: while both regions had similar values 

of 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜, the posterior region had a larger value of 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹, indicating the presence of 

collagen molecules with greater thermal stability. Second, they show that greater 

heterogeneity in the thermal stability of collagen molecules exists in the inner annulus 

relative to the outer annulus. Given that the second hypothesis for DSC predicted that 

collagen molecules in the outer annulus will have a smaller range of thermal stabilities 

relative to collagen from the inner annulus, this hypothesis was only partially verified, as 

the change in 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 with radial depth was significant only for the anterior region. 

These trends in 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 likely reflect the different types of collagen present in the 

annulus: studies have reported that the inner annulus contains a mix of type I and type II 

collagen, while the outer annulus contains primarily type II collagen.11,16 These 

differences in collagen type may lead to differences in molecular packing, and hence 

thermal stability.  

Tensile Mechanics 

The results obtained from mechanical testing showed that samples from the anterior 

annulus were significantly stronger than those from the posterior annulus. These results 

can be compared to other studies that have explored regional variations in the tensile 

properties of the annulus (Table 5.1), though it should be noted that no other studies have 

tested mechanical properties using bone-annulus-bone samples loaded parallel to the 

collagen fibre direction, as in the current study. Zak and Pezowicz also showed that the 

anterior region was stronger than the posterior region using bone-annulus-bone samples 

from pigs.88 Moreover, several authors have reported that the anterior region is 

significantly stronger than the posterolateral region (which is adjacent to the posterior) in 

human discs.81–85 Yet, while many other studies have reported similar trends in the 

regional variations of the tensile mechanics of the annulus, the strengths measured in 

these studies were significantly smaller compared to those measured in this experiment. 
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Although it is important to note that cross-sectional areas were calculated in the current 

work using radial depth measurements made on formalin-fixed tissue, which may have 

experienced some shrinkage, it is unlikely that this would account for the magnitude of 

the difference seen between the current values and those reported previously.  

Table 5.1: The measurements of ultimate tensile strength with annular region measured in 
the current work compared to other applicable studies. 

Tissue 
Method of 

Sample 
Preparation 

Load Parallel to 
Collagen Fibre 

Direction? 

UTS, 
Anterior 
(MPa) 

UTS, 
Posterior 

(MPa) 

UTS, 
Posterolateral 

(MPa) 

Human83 Annulus Only No 1.6† - 0.7† 

Human84 Annulus Only No 2.0† - 1.1† 

Human82 Annulus Only Yes 3.5† - 3.1† 

Human85 Annulus Only Yes 10.3† - 5.6† 

Human87 B-A-B No 1.7 3.8 - 

Pig88 B-A-B No 7.5 4.5 - 

Sheep* B-A-B Yes 27 12.8 - 

B-A-B = Bone-annulus-bone. †UTS taken from the outer annulus. *From the current study. 

Because the goal of mechanical testing in the current work was to assess the tensile 

strength of collagen fibres within lamellae, the applied load was oriented parallel to one 

of the fibre-orientation angles so that that collagen fibres in half the lamellae were loaded 

in pure tension. Yet, given that only half of the lamellae were oriented in the direction of 

the applied load, the measurements obtained underestimate the true strength of collagen 

fibres. To correct for this, the cross-sectional area measured should be halved, which 

would double the ultimate tensile strengths measured. These calculations can then be 

compared to the other studies that aligned the applied load parallel to one of the fibre-

orientation angles (Table 5.2).  
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Table 5.2: The measured strength of the annulus wall and the calculated true strength of 
collagen fibres within the annulus obtained from the current work compared to other 
applicable studies  

Structure Assessed 
Anterior  
(MPa) 

Posterior 
(MPa) 

Posterolateral 
 (MPa) 

Human, Annular Collagen Fibres82 7.0† - 6.2† 

Human, Annular Collagen Fibres85 10.3* - 5.6* 

Sheep, Annular Collagen Fibres 54.0† 25.6† - 
†UTS was multiplied by two to correct for out-of-plane lamellae. *UTS was measured from 
tensile tests performed on samples containing only one lamella 

The large discrepancies in strength observed may be explained by differences in sample 

preparation. Several of these studies, for example, tested pieces of isolated annulus cut 

from the disc,81–85 which do not account for the structural role of the endplate in 

anchoring the collagen fibres of the annulus. Of the studies that tested isolated pieces of 

annulus, the failure stress of the anterior region ranged from 1.6 MPa to 10.3 MPa, while 

the failure stress of the posterolateral region ranged from 0.7 MPa to 5.6 MPa. The 

variation in strength amongst these studies was likely influenced by the direction of the 

applied load: studies that chose not to align the applied load in the direction of one of the 

fibre-orientation angles were weakest (Figure 5.1A).83,84 These observations likely reflect 

how collagen fibres within lamellae did not cross the gauge region, which would have 

reduced their ability to withstand tension. In contrast, the studies that did align the 

applied load parallel to one of the fibre-orientation angles (Figure 5.1B)82,85 led to 

increases in the measured strengths for both the anterior and posterior regions.  
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Figure 5.1: Two examples of isolated annulus samples prepared by other studies for tensile 
testing. A: A study that cut their samples parallel to the circumferential direction of the 
disc. B: A study that cut their samples parallel to one of the fibre-orientation angles. A: 
Modified, with permission, from Ebara.84 B: Modified, with permission, from Skaggs.85  

The two studies that utilized bone-annulus-bone samples each prepared their samples in 

unique ways (Figure 5.2). The samples prepared by Green et al (Figure 5.2A) were quite 

large, having an average cross section of 15 mm by 5 mm.87 The direction of the applied 

load was in alignment with the inferior-superior axis and thus not parallel to one of the 

fibre-orientation angles. Anterior samples were found to fail at 1.7 MPa, while posterior 

samples failed at 3.8 MPa. While these results may seem conflicting with the other results 

presented, several potential problems were identified with this experiment, including 

questionable means of measuring the cross-sectional area and unspecified means of 

hydration during testing. Moreover, because fibres from the anterior annulus were closer 

to the horizontal, they would have experienced greater levels of shear stress relative to 

posterior samples, which likely contributed to the lower strength observed in anterior 

samples. In contrast, Zak and Pezowicz used smaller rectangular bone-annulus-bone 

samples relative to Green et al (Figure 5.2B), having an average cross section of 6 mm by 

4 mm.88 The direction of the applied load was again in alignment with the inferior-

superior axis and thus not parallel to one of the fibre-orientation angles. Anterior samples 

had an average failure stress of 7.5 MPa while posterior samples had an average failure 

stress of 4.5 MPa. The discrepancy in measured strengths between other studies that 

utilized bone-annulus-bone samples and the results from the current work likely reflect 

the importance of aligning the applied load parallel to one of the fibre-orientation angles.  
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Figure 5.2: Two examples of bone-annulus-bone samples prepared by other studies for 
tensile testing. A: Modified, with permission, from Green.87 B: Drawing based on samples 
used by Zak and Pezowicz.88 

Table 5.1 illustrates just how sensitive the measured tensile properties of the annulus are 

to sample preparation. The role of aligning the applied load parallel to one of the fibre-

orientation angles is likely a key factor in the high strengths reported for the current 

work, as it enabled collagen fibres (in half the lamellae) to be recruited in pure tension. 

Moreover, having the cartilaginous endplates and vertebral endplates present in the 

samples preserves the integration of the annulus with bone, which likely plays an 

important structural role. These results have important implications for studies that aim to 

model the biomechanical behavior of lumbar intervertebral discs.39 Because models are 

often validated using in vitro tests (such as those cited in Table 5.1), the mechanical 

testing data obtained from the current work suggests that UTS values currently used for 

collagen fibres in models may significantly underestimate their true strength. 

5.2 Comparison of Thermal Stability, Crosslinking, and Mechanics of 

the Annulus to Other Collagenous Tissues 

The parameters measured through HIT analysis and mechanical testing for the anterior 

and posterior ovine lumbar annulus can be compared to several other collagenous tissues 

that have been investigated using comparable techniques (Table 5.3). Because samples in 

the current work were oriented such that the applied load was parallel to one of the fibre-

orientation angles, they can be directly compared to tendon, given that both types of 

tissue test uniaxially aligned collagen fibres. The steer tail tendons referenced in Table 

5.3 are from two age groups (~2 years old and ~5 years old) while the bovine forelimb 
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tendons are from animals approximately 2 years old.90,131 In contrast, the human sartorius 

tendon are from male donors between the ages of 20 and 60 years old.132  

Table 5.3: The half-time of load decay, denaturation temperature, and the ultimate tensile 
strength measured in the current work compared to other applicable studies. 

Tissue 𝑡𝑡1/2† (hrs) 𝑇𝑇𝑑𝑑 (ºC) UTS (MPa) 

Young Steer Tail Tendon131 ~0†† 64.5 ± 1.0 36 ± 5.6* 

Old Steer Tail Tendon131 - 65.0 ± 1.0 47 ± 10* 

Bovine Extensor Tendon90 3.5 ± 1.0 62.7 ± 0.4 36 ± 5 

Ovine Anterior Annulus 11.0 ± 4.9 62.6 ± 0.7 54 ± 14** 

Bovine Flexor Tendon90 11.5 ± 1.9 65.4 ± 0.7 25 ± 30 

Ovine Posterior Annulus 32.7 ± 23.7 67.2 ± 1.2 26 ± 7** 

Human Sartorius Tendon132 55.2 ± 54.9 66.5 ± 0.4 32 ± 9 
†Values taken from NaBH4-treated samples for comparisons of total crosslinking. ††Samples 
failed too early into the isotherm to allow for 𝑡𝑡1/2 to be measured. *UTS solved for by 
converting true strain to engineering strain and assuming that the engineering strain at 
failure was 18%. **UTS was multiplied by two to correct for out-of-plane lamellae.  

In terms of the parameters measured through HIT analysis, Table 5.3 illustrates that the 

thermal stability of the posterior annulus – as reflected by 𝑇𝑇𝑑𝑑 – is larger than all other 

collagenous tissues listed, including the energy storing bovine flexor tendon and the 

human sartorius tendon. The lower thermal stability of the anterior annulus, in contrast, is 

approximately the same as the adult bovine forelimb extensor tendon. Perhaps most 

interesting, however, is consideration for the magnitude of difference in 𝑇𝑇𝑑𝑑 between 

anterior and posterior annulus. The study that compared the bovine forelimb extensor and 

flexor tendons showed that a difference of  ~3.0 ºC in 𝑇𝑇𝑑𝑑 between flexor and extensor 

tendons was accompanied by significant differences in tensile strength, toughness, and 

susceptibility of collagen fibrils to both tensile overload and fatigue damage.90 Given that 

samples from the anterior and posterior annulus had significantly different measurements 

of 𝑇𝑇𝑑𝑑 (~5.0 ºC) and UTS, these findings may allude to similar differences in terms of 

toughness and susceptibility to fatigue damage as well. The values of 𝑡𝑡1/2 for both 

annular regions reveal that the annulus, overall, retained tension significantly longer than 
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all other collagenous tissues of similar age listed, illustrating just how densely 

crosslinked samples from both regions are. The only tissue that had a larger 𝑡𝑡1/2 – the 

human sartorius tendon – came from tissue that was significantly older than the ovine 

tissue, and thus had more AGE’s contributing to crosslinking density.132 The relative 

contributions of non-enzymatic crosslinks in the animal tissues listed in Table 5.3, in 

contrast to the human sartorius tendon, are likely negligible. Willett et al131 explored the 

effects of aging on crosslinking in animal tissue by quantifying the crosslinks present in a 

young group (~2 years) and an old group (~5 years) of bovine tail tendons and measuring 

the change in 𝑇𝑇𝑑𝑑 between these groups. The results obtained found that 𝑇𝑇𝑑𝑑 did not change 

between age groups and that pentsosidine – an AGE marker – was only present in trace 

amounts in the old group. In terms of strength, the anterior annulus interestingly was the 

strongest tissue while also having the least-stable collagen molecules (as indicated by 

𝑇𝑇𝑑𝑑). The posterior annulus, in contrast, was comparable to the strength of sartorius 

tendon, which also shared comparable measurements of thermal stability. While increases 

in the loading rate can lead to modest increases in strength,133,134 all of the tests 

performed were slow enough to likely not be influenced by the relative differences in 

loading rate (ranging from 0.01 mm/sec to 1%/sec).90,131,132 

To further explore the relationships between 𝑇𝑇𝑑𝑑, 𝑡𝑡1/2, and UTS, bivariate linear regression 

was used (Figure 5.3). While the strong relationship between 𝑇𝑇𝑑𝑑 and 𝑡𝑡1/2 was anticipated 

based on previous research connecting an increase in total crosslinking density to an 

increase in thermal stability,108,112,119 more interesting were the relationships involving 

UTS. For example, comparing UTS with 𝑡𝑡1/2 (Figure 5.3B) suggests that UTS does not 

depend on total crosslinking density for the tissues referenced in Table 5.3, which is a 

surprising result given that previous research has shown that an increase in the total 

crosslinking density can lead to an increase in tensile strength.78,113,135 Moreover, 

comparing UTS with 𝑇𝑇𝑑𝑑 (Figure 5.3C) suggests that decreases in thermal stability lead to 

increases in strength. These findings illustrate that the strength of collagenous tissues 

may not necessarily depend on an increase in total crosslinking density, which is 

particularly interesting given that 𝑇𝑇𝑑𝑑 and 𝑡𝑡1/2 appear to be related.  
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Figure 5.3: Bivariate linear regression between: the denaturation temperature and the half-
time of load decay (A), the ultimate tensile strength and the half-time of load decay (B), 
and the ultimate tensile strength and the denaturation temperature (C).  

5.3 Relationships Between Collagen Fibril Structure and Mechanical 

Properties 

While the mechanical testing performed in the current work revealed that the anterior 

annulus is significantly stronger than the posterior annulus (which is in agreement with 

several other studies83,84,88), the hypothesis for this experiment was that the posterior 

annulus would be the stronger region – not the anterior annulus. This hypothesis was 

based on the assumption that the posterior annulus would have a higher density of 

thermally-stable crosslinks (per the first hypothesis for the HIT experiment, which was 
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confirmed), given that previous research has shown that increased crosslinking can 

significantly strengthen collagenous tissues.113 For example, it has been shown that 

increasing exogeneous crosslinking in rat tail tendons using glutaraldehyde significantly 

increases their tensile strength.135 Similarly, inhibition of enzymatic crosslinking in rat 

tail tendons using dietary lathyrogens has been shown to significantly decrease the 

ultimate tensile strength.78 These findings are also supported by atomistic modeling that 

describe the mechanical properties of collagen fibrils based on crosslinking type and 

crosslinking density.136 Given that the total crosslinking density of the posterior annulus 

was significantly larger than the anterior annulus, it would follow that the posterior 

annulus should be stronger than the anterior annulus – not weaker. Yet, studies have 

shown that greater enzymatic crosslinking density does not necessarily result in greater 

tissue strength, as revealed through the mechanical testing of samples from bovine 

forelimb extensor and flexor tendons90,137,138 and human patellar tendons.139 These 

observations have also been reported using single-fibril tensile experiments.140,141 

Comparison of bovine forelimb flexor to extensor tendon fibrils,140 and rat Achilles to tail 

tendon fibrils141 have shown that the more crosslinked flexor and Achilles tendon fibrils 

are no stronger than the less crosslinked extensor and tail tendon fibrils.  

It is interesting that tissues with greater enzymatic crosslinking, higher thermal stability, 

and smaller collagen fibrils in several studies have proven to be less strong relative to 

those with less enzymatic crosslinking, lower thermal stability, and larger diameter 

fibrils. As Figure 5.3C illustrates, while there may be a relationship between UTS with 𝑇𝑇𝑑𝑑, 

there appears to be no relationship between UTS with 𝑡𝑡1/2 for these particular tissues. 

Thus, thermal stability may be a determinant of strength for some collagenous tissues, 

rather than crosslinking density. It is possible that the relationship between thermal 

stability and strength is tied to relative differences in the size of fibrils. Collagen fibrils 

have been described as inhomogeneous structures composed of a stiff shell and a softer 

core when examined with atomic force microscopy.142 There is evidence suggesting that 

the shell of fibrils is more thermally stable than the core.143 If fibrils are structured that 

way, it is possible that smaller diameter fibrils would have a greater shell/core ratio; if so, 

this may play a role in explaining why smaller diameter fibrils have greater thermal 
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stability. For example, it has been shown that the diameter of collagen fibrils from flexor 

tendons are approximately half the size of fibrils from extensor tendons.90 As Table 5.3 

indicated, flexor tendons – relative to extensor tendons – were also weaker, had a higher 

density of enzymatic crosslinks, and had more thermally stable collagen.90,140 Another 

instance of a tissue fitting these trends is the human sartorius tendon, which has smaller 

collagen fibrils relative to fibrils from other collagenous tissues.132 As Table 5.3 

illustrates, sartorius tendons are also weaker and have collagen with higher thermal 

stability and a higher density of crosslinking relative to other the collagenous tissues. 

Although no studies were identified that have explored whether collagen fibril diameter 

changes with annular region within the annulus, the fact that the posterior annulus is 

weaker, more heavily crosslinked, and has collagen with higher thermal stability relative 

to the anterior annulus may suggest that the posterior annulus is accompanied with 

smaller-diameter collagen fibrils.  

Another factor that may contribute to the differences in mechanical properties observed 

between the anterior and posterior annulus are differences in the types of crosslinks 

present. Studies have shown that collagen fibril elongation depends on both crosslinking 

density and crosslinking type. 136,140,141,144 Atomistic modeling has described collagen 

fibril elongation as occurring over three phases.136 While the initial phase is characterized 

by deformation due to straightening of the triple helix of collagen molecules, the second 

phase is characterized by a plateau region with a reduced elastic modulus governed 

primarily by intermolecular sliding. The final phase, which is accompanied by a high 

elastic modulus, occurs once the limit to intermolecular sliding has been reached, where 

extension proceeds via direct stretching of alpha-chains and intermolecular crosslinks.136 

These findings are supported by studies that performed stress-strain experiments on 

single collagen fibrils from functionally-distinct collagenous tissues.140,141,144 For 

example, post-rupture imaging of collagen fibrils from extensor tendons – which 

primarily contain divalent crosslinks – indicate that they experience significant 

intermolecular sliding.140 In contrast, collagen fibrils from flexor tendons – which 

primarily contain trivalent crosslinks – appear to better resist intermolecular sliding.140 A 

higher capacity for intermolecular sliding implies less emphasis placed on extension via 
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stretching of alpha-chains and intermolecular crosslinks, which in turn could allow for 

collagen fibrils to more evenly distribute load between fibrils. 136  Because tissues are 

composed of collagen fibrils with a distribution of different lengths, shorter fibrils will be 

straightened before longer fibrils are straightened in response to an applied tensile load. 

Accordingly, shorter fibrils will generate larger stresses relative to longer fibrils for any 

given strain. Because intermolecular sliding is characterized by a reduced elastic modulus 

relative to the other phases of collagen fibril elongation,136 tissues that demonstrate a 

higher capacity for intermolecular sliding (such as extensor fibrils relative to flexor 

fibrils, see Figure 5.4) could recruit a larger amount of fibrils under a similar stress, and 

thus more evenly distribute the load between fibrils. This, in turn, could lead to an 

increase in strength, as observed when comparing flexor tendons to extensor tendons.90 

These implications may explain why the anterior annulus is significantly stronger than 

the posterior annulus: its collagen fibrils may better permit molecular sliding to occur as a 

result of the difference in the types of crosslinks present, much to the same extent as the 

differences observed between fibrils from extensor and flexor tendons.144  

Figure 5.4: The engineering stress-strain diagrams for single fibrils from extensor tendons 
(A) and flexor tendons (B). Fibrils from extensor tendons experience significant 
intermolecular sliding relative to flexor fibrils, as characterized by a region with a reduced 
elastic modulus (indicated by E2). Modified, with permission, from Quigley.140  



80 

5.4 Relationships Between Collagen Fibril Structure and Potential for 

Loading-Induced Fibril Damage 

Given that significant differences in the structure of collagen fibrils between anterior and 

posterior regions were revealed through HIT analysis and DSC, it is likely that these 

differences in structure are accompanied by differences in how these regions accumulate 

damage. For example, through atomic-force microscopy and scanning electron 

microscopy, it has been shown that less crosslinked fibrils of low stress tendons undergo 

significant fibril plasticity at failure (Figure 5.5A and Figure 5.5C), while the more highly 

crosslinked fibrils of high stress tendons show minimal signs of disruption at failure 

(Figure 5.5B and Figure 5.5D).90,133,140 Similar findings in fibril plasticity in response to 

tensile overload have also been reported when comparing rat-tail tendon fibrils to human 

patellar tendon fibrils, where fibrils from rat-tail tendons (composed primarily of divalent 

crosslinks) showed significant disruption at failure, while fibrils from human patellar 

tendons (composed primarily of trivalent crosslinks) showed minimal signs of 

disruption.144 These findings illustrate how differences in the molecular structure of 

collagen (as seen in Table 5.3 for flexor and extensor tendons) are accompanied by 

differences in how these tissues accumulate damage. Given the similarities between the 

extensor tendon and the anterior annulus in terms of thermal stability and crosslinking, 

collagen fibrils from the anterior annulus when overloaded may be accompanied by 

longitudinal fibril disruption. Similarly, fibrils in the posterior annulus may undergo 

minimal disruption at failure as observed with fibrils from the flexor tendon. The 

accumulation of damage observed in extensor fibrils – termed discrete plasticity 

damage145 – is associated with a decrease in lateral packing density of collagen fibrils, as 

reflected through a decrease in 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 and an increase in 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 relative to undamaged 

tissue.119 It is therefore possible that ruptured anterior samples measured with DSC would 

show similar changes in 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 and 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 as observed in ruptured extensor fibrils.  
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Figure 5.5: The difference in disruption between collagen fibrils from functionally distinct 
tendons as captured through atomic force microscopy (top) and scanning electron 
microscopy (bottom). A: A single collagen fibril from an extensor tendon following 
rupture, showing significant distortion throughout its length. B: A single collagen fibril 
from a flexor tendon following rupture, showing no signs of disruption. C: Collagen fibrils 
from an extensor tendon showing discrete plasticity damage following rupture. D: Collagen 
fibrils from a flexor tendon showing minimal disruption following rupture. A & B: 
Modified per the terms outlined by the Creative Commons Attribution 4.0 International 
Licenses (see Appendix).140 C & D: Modified, with permission, from Chambers.133  

While differences in the tensile properties of the annulus were directly assessed through 

the experiments performed, these regions may also differ in how they accumulate other 

types of damage, such as through prolonged loading or cyclic loading. For example, 

several studies have reported that collagen fibrils in flexor tendons, although weaker, 

showed significantly greater resistance to fatigue loading compared to fibrils from 

extensor tendons, which rapidly accumulated damage.90,137 Improved fatigue resistance 

could be associated with a higher density of total crosslinks.79 If so, its possible that the 

posterior annulus, despite being weaker, may have a molecular structure that is optimized 
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for fatigue resistance, rather than strength. Prolonged loading has also shown to cause 

extensive damage to collagen fibrils from bovine tail tendons through SEM.146 Given that 

bovine tail tendons have comparable thermal stability to the extensor tendon and the 

anterior annulus (Table 5.3), its possible that more highly-crosslinked tissue, such as the 

posterior annulus, would accumulate less damage from static loading when compared to 

the less-crosslinked tissue, such as the anterior annulus.  

5.5 Contributions to the Mechanics of Annular Disruption 

The images taken with light microscopy, while primarily serving to allow for 

measurements of the radial depth of the annulus in samples prepared for mechanical 

testing, also revealed several interesting findings related to the interlamellar cohesion of 

the annulus, the role of cross bridges, and how intervertebral discs fail under tension. 

Light microscopy revealed that all the samples pulled to rupture during mechanical 

testing primarily failed due to annular rupture near mid-disc height (Table 4.8). Three 

types of interlamellar damage were observed across samples, classified by their proximity 

to the ruptured ends of lamellae (see Figure 4.10 and Figure 4.11). Lamellae are 

interconnected through heterogeneously distributed cross-bridges that span in the radial 

direction.26,28,103,147 While several different studies have shown that cross-bridges form a 

complex and interconnected network throughout the annulus, their precise structural role 

remains unclear. It is likely that cross-bridges serve to limit interlamellar movement,103 

and may play an important role in restricting the movement of nuclear material following 

a circumferential tear. The images in the current work illustrate that significant 

interlamellar damage can result from tensile loading, resulting in the loss of cohesion 

between adjacent layers. Yet, while extensive interlamellar damage was observed, it 

appears that cross-bridges may have played a role in resisting further disruption: in some 

samples, interlamellar damage appeared to terminate at a cross-bridge (Figure 5.6). These 

observations reinforce the idea that cross-bridges can serve as a means to limit 

interlamellar damage: had cross-bridges not been present, it appears that interlamellar 

damage would have extended further towards the endplate, further increasing the loss of 
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cohesion between lamellae. Given that the posterior annulus is placed in tension when the 

spine undergoes flexion, damaging flexion loads can lead to an accumulation of 

interlamellar damage; and indeed, the posterior annulus is reported as being particularly 

susceptible to concentric tears.58 It is possible that cross-bridges may serve an important 

role in limiting the extent of concentric tearing within the posterior annulus.  

Figure 5.6: An example of cross-bridges that appear to limit interlamellar damage. A: A 
slice taken from an undamaged region, with arrows identifying cross-bridges spanning 
radially between lamellae. B: A slice taken from a damaged region, with arrows pointing 
to cross-bridges that correspond to locations where interlamellar damage terminates. 
Images are unstained cryosections of the same L6-7 disc taken using transmission light 
microscopy.  

The images obtained from light microscopy also have implications for how disc 

herniations occur. It is well known that disc herniations favor the posterior annulus: 

approximately 80% are reported to occur in the paracentral region.60 Moreover, 
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approximately 50% of protruded material following a disc herniation is reported to 

contain fragmented pieces of endplate material.63 Given the complex loading 

environment of the intervertebral disc, the exact biomechanical factors involved in disc 

herniation are still not fully understood. In vitro biomechanical studies have shown that 

the endplate-vertebra junction at mid-anulus is particularly vulnerable to failure in 

response to hydrostatically-induced disruption.148 Furthermore, the influence of torsion 

on disc herniation when combined with flexion has illustrated that the endplate-vertebra 

junction is likely sensitive to shear stress due to the increase in axial stress for annular 

fibres oriented in the direction of rotation.32 The low prevalence of endplate damage 

amongst posterior samples in the current work (~17%, see Table 4.8) was significantly 

lower than the prevalence of endplate material  observed in protruded material following 

a disc herniation (~50%).63 This finding may highlight the vulnerability of the endplate-

vertebra interface to shear stress, rather than tensile stress, reinforcing the notion that 

torsion is likely a key biomechanical factor in producing the endplate damage that 

ultimately results in disc herniation.  

Lastly, while the ultimate tensile strength of collagen fibres from the anterior and 

posterior regions have been discussed prior, these measurements do not capture how 

much tension the structure of the annulus wall can support (accounting for the differences 

in the thicknesses of the annulus). Calculations of the tension strength of the annulus wall 

account for this by considering (i) how strong the material is, and (ii) how much material 

is present. The experiments performed revealed that the tension strength of the anterior 

annulus wall is over three times as strong as the posterior wall. While the posterior 

annulus is clearly the smaller and more vulnerable region relative to the anterior annulus 

(see Figure 1.5), it is surprising just how large the disparity in strength is: these findings 

help in understanding why the posterior annulus is particularly susceptible to injuries 

such as disc herniation.60    
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Chapter 6: Conclusion 

The results of the experiments performed in the current work show that significant 

variations exist in collagen structure between the anterior and posterior annular regions of 

lumbar intervertebral discs, and that these variations are accompanied by differences in 

tensile mechanics. Collagen molecules from the posterior annulus have greater thermal 

stability and a higher density of intermolecular crosslinking relative to the anterior 

annulus throughout the lumbar spine, from L5-6 to L1-2. Variations in collagen were also 

observed with radial depth: the inner annulus has greater heterogeneity in collagen 

thermal stability relative to the outer annulus, but only for the anterior region. Despite 

being more heavily crosslinked, the posterior annulus has significantly lower ultimate 

tensile strength than the anterior annulus. The question of whether the differing structure 

of the posterior annulus is functionally advantageous in some way remains to be seen; 

while collagen molecules from the posterior region are more thermally-stable and contain 

a significantly higher density of crosslinking relative to the anterior region, these 

structural differences did not manifest in terms of strength. It is possible that the posterior 

annulus is optimized for a role other than strength, such as fatigue resistance.  

In terms of significance, these findings pertain most importantly to the field of tissue 

repair and regeneration. Therapies designed to reverse damage depend on a fundamental 

understanding of native tissue structure. Tissue engineered scaffolds may benefit from 

incorporating how the annulus varies at the molecular level. Obtaining a better 

understanding of how these molecular-level structural differences serve the posterior 

annulus would have important implications for tissue-engineered scaffolds. If the 

posterior annulus is, for example, optimized for fatigue loading, designing biomaterials 

that match this functional role may lead to improved scaffold performance.   

Future Works 

While the results presented in the current work revealed many novel findings on how the 

native structure of collagen in lumbar intervertebral discs varies regionally, there remains 
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several unanswered questions that further investigations should seek to clarify. First, 

chemical crosslink analysis, such as high-performance liquid chromatography (HPLC), 

should be used to determine the different types of crosslinks present in lumbar 

intervertebral discs. While there is evidence suggesting that pyridinoline crosslinks exist, 

other crosslinks may also be present; moreover, their proportions may significantly differ 

between anterior and posterior regions, which could contribute to the observed 

differences in thermal stability observed between these regions. Second, the native 

structure of collagen fibrils should be assessed using SEM to determine if ultrastructural 

variations between the anterior and posterior regions exist. If differences in fibril 

diameter are observed, this could help in explaining the observed differences in thermal 

stability and strength between these regions. The structure of collagen may also vary in 

other ways: for example, collagen fibrils in flexor tendons, but not extensor tendons, were 

bundled laterally by a filamentous webbing, likely composed of type VI collagen.90 

Given that the presence of type VI collagen has been confirmed for human lumbar 

intervertebral discs,149 it would be interesting to see if a similar webbing is present in the 

annulus and if so, if it favors a particular region.  

Beyond further characterizing the native structure of collagen in lumbar intervertebral 

discs, future experiments should also seek to better understand whether the anterior and 

posterior regions accumulate damage in different ways. Performing DSC on samples that 

have been pulled to rupture would allow for determination of how the molecular structure 

of collagen responds to tensile damage, and whether this response varies between 

regions. Moreover, performing SEM on samples that have been ruptured would 

determine whether discrete plasticity damage is present, and if so, whether it favors one 

region more than the other. The response of anterior and posterior samples to other types 

of damage would be important to consider as well. Given that back injuries are often 

associated with repetitive or static flexion of the lumbar spine, future mechanical testing 

that utilizes cyclic loading or static loading would be relevant physiologically. Because 

there is evidence suggesting that significant differences in crosslinking are accompanied 

by differing abilities in withstanding fatigue damage,90 cyclic loading tests may reveal 

that the posterior annulus is optimized for fatigue resistance rather than strength.  
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fifteen (15) days from the receipt of notice by LICENSEE, LICENSOR may thereupon, at its
option, serve notice of cancellation on LICENSEE, whereupon this Agreement shall
immediately terminate.

21. 

Assignment: License conveyed hereunder by the LICENSOR shall not be assigned or
granted in any manner conveyed to any third party by the LICENSEE without the consent in
writing to the LICENSOR.

22. 

Governing Law: The laws of The State of New York shall govern interpretation of this
Agreement and all rights and liabilities arising hereunder.

23. 

Unlawful: If any provision of this Agreement shall be found unlawful or otherwise legally
unenforceable, all other conditions and provisions of this Agreement shall remain in full
force and effect.

24. 

For Copyright Clearance Center / RightsLink Only:

Service Description for Content Services: Subject to these terms of use, any terms set
forth on the particular order, and payment of the applicable fee, you may make the
following uses of the ordered materials:

Content Rental: You may access and view a single electronic copy of the materials
ordered for the time period designated at the time the order is placed. Access to the
materials will be provided through a dedicated content viewer or other portal, and
access will be discontinued upon expiration of the designated time period. An order
for Content Rental does not include any rights to print, download, save, create
additional copies, to distribute or to reuse in any way the full text or parts of the
materials.

i. 

Content Purchase: You may access and download a single electronic copy of the
materials ordered. Copies will be provided by email or by such other means as
publisher may make available from time to time. An order for Content Purchase does
not include any rights to create additional copies or to distribute copies of the
materials

ii. 

1. 
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Other Terms and Conditions:
v1.18

Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or
+1-978-646-2777.

RightsLink Printable License https://s100.copyright.com/App/PrintableLicenseFrame.jsp?publisherID...

4 of 4 2019-03-13, 1:52 p.m.
139


