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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 (i1) 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.

viii



List of Abbreviations and Symbols Used

AF
AFM
AGE
ANOVA
AR(L)
AR(R)
B-A-B
cl

CEP
DIC
DSC

ER
FWHM
GP

HIT

IP

LB
MTS
NaBH4
NIH
oop
PBS

SEM

t1/2

tm

Annulus fibrosus

Atomic force microscopy
Advanced glycation end-product
Analysis of variance

Axial rotation (left)

Axial rotation (right)
Bone-annulus-bone

Cement line

Cartilaginous endplate
Differential interference contrast
Differential scanning calorimetry
Modulus of elasticity
Epiphyseal ring

Full-width at half-maximum
Growth plate

Hydrothermal isometric tension
In-plane

Slope of load decay during isothermal segment of a HIT experiment
Lateral bending

Material testing system

Sodium borohydride

National Institute of Health
Out-of-plane

Phosphate buffered saline
R-squared value

Scanning electron microscopy

Half-time of load decay

Denaturation temperature

Tide mark

X



Tonset Onset temperature

Theak Peak temperature

UTS Ultimate tensile strength

VEP Vertebral endplate

Ah Total specific enthalpy

Ahjert Specific enthalpy corresponding to left-hand side of endotherm
Ahyigne Specific enthalpy corresponding to right-hand side of endotherm



Acknowledgements

First and foremost, I’d like to thank Dr. Samuel Veres. Thank you for seeing my potential
and introducing me to the world of research. The support and enthusiasm you’ve
expressed since the day I first approached you as an undergraduate student with an
interest in biomedical research have allowed me to grow beyond what I ever envisioned.
I’ve learned an immense amount over the last five years because of your knowledge and

expertise, and I appreciate how you always found time anytime I needed guidance.

I would also like to thank the other people belonging to my supervisory committee. Dr.
Michael Lee, thank you for everything you’ve taught me throughout my academic
journey in biomedical engineering. From the role of professor during the classes I took
with you to the role of co-supervisor during this project, I’ve learned an extraordinary
amount from you. To Dr. Laurent Kreplak and Dr. Andrew Glennie, thank you for your

insightful comments, questions and contributions.

I would also like to express my gratitude to others who helped in completing this project.
To Michel Johnson, thank you for your assistance with performing differential scanning
calorimetry. To Micheal Isenor, thank you for your cooperation in supplying me with the
ovine tissue used throughout this project. To my funding sources — which include The
Natural Sciences and Engineering Research Council of Canada and The Dalhousie
Faculty of Engineering — thank you for your financial support. To the other members of
my lab and to those I’ve shared an office with throughout this project: thank you for your

advice, support, and for the many fun memories we’ve shared together.

An extra special thanks goes out to my family. To my parents, thank you for providing
me with the foundation necessary to complete this project. I could not have achieved
what I have if it wasn’t for your unwavering love, support and encouragement, and for all
of the important lessons you’ve instilled in me. To my grandmother, thank you for your

boundless belief in me and for always being there throughout every step of this journey.

xi



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.! 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.'™

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).!-3 The lumbar spine
is a widely-studied anatomical structure due to the global prevalence and burden of low
back pain.* 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.!

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.'™ The structure of the intervertebral disc will be

explored in detail in Section 1.2. Vertebral bodies consist of a porous core of trabecular

1



bone enclosed by a thin layer of dense cortical bone.! The architecture of trabeculae
within the vertebral body consists of tall, vertically-aligned struts — ideal for sustaining

longitudinal compression — stabilized by short, horizontal struts.?

CERVICAL

(7 vertebrae)

THORACIC

(12 vertebrae)

LUMBAR

(5 vertebrae)

SACRUM

(5 fused vertebrae)

COCCYX

(4 small fused bones)

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



Anterior
elements Vertebral foramen
Pedicle
Transverse process
Posterior . .
Superior articular process
elements
Lamina
— Spinous process
Anterior elements | Posterior elements
Superior articular process
Transverse process
Intervertebral Intervertebral foramen
disc
Vertebral
body —»

Spinous process

Inferior articular process

Pedicle

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.’



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.'” 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.!~® 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.! 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.'

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.!
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.! 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.!
The intertransverse ligament connects the transverse processes of adjacent vertebrae
together, while the ligamentum flavum connects the laminae of adjacent vertebrae

together.!™



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).!7

- ..

< .
Cartilaginous s‘\:g';"i}” 3;5 >,
Endplate\ D

<—— Annulus

v

Nucleus

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.’

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.®” The hydration of the nucleus is
achieved by a high concentration of proteoglycans, accounting for approximately 35% to

40% of its dry tissue weight.’ Proteoglycans are entrapped within to an irregular



network of type II collagen,® which accounts for approximately 10% of the dry weight of
the nucleus.’”!! 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).%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.'*

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



the distance to the innermost lamella — is often used to separate the annulus into different

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

i ; Anterior
Circumferential
Region
Anterolateral Radlti::

—_—

Lateral

Radial
Depth

Posterolateral

Posterior

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.'?

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).®” 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.!! 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).!!:!6
The transition between inner annulus and nucleus has no clear boundary: for this reason,
this region is commonly referred to as the transition zone."!%!7 Because fibres in the
transition zone are not organized into distinct lamellae, they are not included in

measurements of the radial depth.



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).""'#2° Measured from the transverse
plane, the fibre orientation at the disc’s periphery are inclined at 20° within the anterior
annulus and 40° within the posterior annulus.?’ The fibre-orientation angle does not vary
significantly with increasing radial depth for any annular region.?’ 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.!® 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.'*1%2!22 The radial thickness of lamellae is
observed to decrease as radial depth increases for all annular regions.!®*> 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.*
The lamellar structure of discs, in general, does not change significantly with spinal

level.?®

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
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,?* while
smaller cross bridges are structural features that may play a role in resisting lamellar

deformation and shear stress.?%2’



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 65°. CEP = cartilaginous endplate; VEP =
vertebral endplate. Images are unstained cryosections taken using DIC optical microscopy.
Modified, with permission, from Rodrigues.’
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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.?®

The Cartilaginous Endplates

The cartilaginous endplates, which are approximately 0.6 mm thick (in the superior-
inferior direction), cap the disc superiorly and inferiorly.?® 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).1252%30 In contrast, the calcified layer of
cartilage extends to the periphery of the disc.?! 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.?>*>=? The cement
line corresponds to the border between calcified cartilage and the vertebral endplate
(Figure 1.9).25313332 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).?® The collagen fibres from the inner annulus bordering the
cartilaginous endplate penetrate through the uncalcified layer and insert directly into the
calcified layer.?*?33% While the collagen fibres of the nucleus also penetrate into the

uncalcified cartilage layer,?*?°

it is unclear whether fibres extend to the calcified region.

Vertebral Endplate
Calcified Cartilage

Uncalcified Cartilage

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.’ Right: Image is an
unstained cryosection taken using DIC optical microscopy. Modified, with permission,
from Brown.?

Compositionally, the cartilaginous endplates are made up of less proteoglycans than the
annulus and, correspondingly, less water.?* 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.?** The collagen fibres of the cartilaginous
endplate run in parallel with one another across the surface of the endplate.’** Spatial
variation in the biochemical constituents exist: the concentration of proteoglycans and
water content decreases towards the vertebra, while the collagen content increases.>* The

composition of the cartilaginous endplate does not vary significantly with spinal level.??
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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.*?
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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 |
collagen.??3> 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).?>-3

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

outer annulus, collagen fibres penetrate through the calcified cartilage,??3!1-2%34

anchoring
directly to bone within the vertebral endplate.???> Collagen fibres at the periphery of the
annulus have also been observed to curve around the cement line, attaching directly to the
vertebra.>* In addition to interacting with fibres from the outer annulus, the vertebral
endplates also interact with the cartilaginous endplate, reportedly interlocking with it.
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.?**°

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.'
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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.’” 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. >89

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.** 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.*'* 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.*>* 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.*’

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.*® Measurements of the
multiaxial stress environment of the annulus have been explored primarily through finite

elemental modeling.>**3%%7 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.>>® The
maximum tensile and compressive stresses occurs at the innermost lamella and decrease
continuously towards the outer layers.>*>” 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.*’ The axial and circumferential compressive stresses in the annulus predicted by
modeling studies have been validated in vitro using a technique called stress
profilometry.*>*4° 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.*>*84

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.’® 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.>!*? 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.!%192!-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).*®

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).*3

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.! 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.> In vitro biomechanical studies have also
shown that torsion can significantly increase risk for injury when combined with flexion

(relative to flexion alone).>*

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).%-¢ 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%7 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)."%7 Radial fissures are more likely to form in the posterior annulus in comparison

to the anterior annulus.’®

A B C D

Figure 1.10: Classification of radial fissures (as defined by Bogduk!) 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.>>*° 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.%* %2
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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).3® 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.> 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).%® 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).%° 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.®*% Several different postures have been linked to an increased
susceptibility of disc herniation, such as sudden loading of the spine in flexed postures.*
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.’*” Disc herniation can lead to pain due to irritation to a spinal dorsal root or
its ganglion due to extruded disc material.!* Herniation can also cause pain by radial

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

Intervertebral

Disc - - - -
Space

A B C

Figure 1.11: Classification of disc herniations (as defined by Fardon>® 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.® 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.® The cell-
mediated response that occurs with degenerative disc disease leads to a decrease in
proteoglycan concentration and water content — particularly in the nucleus.®° Later
stages of degenerative disc disease are characterized by annular delamination, ultimately
resulting in structural failure of the annulus.” Disc degeneration is closely tied to pain

due to its dependency on structural failure.®

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.”'””® 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.”*"
Continual research into new and improved methods for grading disc degeneration are still

being proposed today.””>

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, (ii1) lateral bending, (iv) axial rotation,
or (v) any two combinations of (1) through (iv) was explored by Schmidt et al (Figure
1.12).7® 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.”®
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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.”®

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.”” 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.”” 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.!®!%2122 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 20° within the anterior annulus and 40° within the

posterior annulus.?’

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,”® and molecular stability has been shown to be related to

the susceptibility of collagen fibrils to loading-induced disruption.”®-3

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.®!~® 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.®! 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.33#* Interestingly, when samples are prepared parallel to a fibre-orientation angle,
the strengths of the samples appears to increase. Skaggs ef al showed that outer anterior
samples failed at approximately 10 MPa, while outer posterolateral samples failed at
approximately 5 MPa.*® 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.®? In terms of radial depth, studies have concluded that in
general, the inner annulus — regardless of region — is weaker than the outer annulus.3!-%

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.®”® 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.®® 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.®” 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.
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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
(i1) 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 (NaBHj4) 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

t,89

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

same age.”® 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.’!*> Collagen molecules in the posterior annulus will
correspondingly have a higher thermal stability (as indicated by T; through HIT analysis)
and a higher density of thermally stable crosslinks (as indicated by t; ;, in HIT analysis)

when compared to the anterior annulus.”®

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.”! Collagen molecules in the anterior and posterior annulus will

correspondingly have similar values of T, and t, , 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).”?

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 Topser and Tpeqr due to the higher extent of physiological

loading the posterior annulus is subjected to.>!-?

Hypothesis 2: Collagen molecules in the outer annulus will have a smaller range of
thermal stabilities as indicated by FWHM due to the outer annulus being composed

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

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,®'® 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. >
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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 °C 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 °C. 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 °C. Modified, with permission, from
Rodrigues.’

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.”® > 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.”®” 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.”® 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.”® 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 Wolft’s
Law.” 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

vertebrae? — thus confirming that they are subjected to axial compression.”®

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.!?’ B: Modified, with permission, from
Veres.!®

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).”%!°! 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.'®> Moreover, the orientation of collagen fibres within lamellae in the ovine
lumbar disc are similar to the values reported for the human lumbar disc.!?? Cross bridges
are also observed within the ovine annulus, sharing resemblance to those found in the
human annulus (Figure 3.3A).!9 In terms of the cartilaginous endplate, both species
share similar features (Figure 3.3B and Figure 3.4).>2>%* 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.>> 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).>?>* 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,'%104105

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,'*®!%7 the ovine growth
plate is located within the vertebral body, and is thus offset from the vertebral endplate by
a layer of trabecular bone.!>!"” 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.!® In humans, growth plate
remodelling gives rise to the apophyseal ring — the raised rim at the periphery of the
vertebral endplate.*® 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.!® 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. '
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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.?
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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 °C, 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.!®? 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.

RADIAL CIRCUMFERENTIAL
DEPTH/‘\ s, WoTH
A B C

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.!%8-110

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 °C using a hot plate, and then
maintained at 90 °C for five hours. During the temperature climb, the rate of temperature
increase was approximately 1.6 °C/min from 22 °C to 75 °C and 0.4 °C/min from 75 °C to
90 °C. 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 (T;) and half-time of load
decay (t;,,) 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.'® 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 ¢, /, using the Maxwell Decay
equation.'% 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 Ty and t, ,, 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 t, /,, 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 T,; data, while a Wilcoxon Sign Ranked test was performed

on ty, 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 NaBH; Treated Samples

Vertebra-disc-vertebra segments were retrieved from storage at -86 °C 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.® 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 °C, followed by
three 10-minute agitated rinses in distilled, deionized water at 4 °C. 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 °C, followed by using three 10-minute agitated rinses in distilled,
deionized water at 4 °C. HIT tests were then performed to determine the samples t; /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.”® 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 °C, 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 °C 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
°C, and then ramped to 90 °C at a rate of 5 °C/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 °C and 85 °C using Universal Analysis 2000
software (Version 4.5A, TA Instruments, USA), as shown in Figure 3.8. The onset
temperature (Tonser), peak temperature (Tyeqx), full-width at half-maximum (FWHM),
the total specific enthalpy of denaturation (Ah = Ahere + Ahyigpe) 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 (Ah;4p;), 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 °C and 85
°C. 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 °C and 85 °C. 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 endotherm!!! 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 Tonset, Tpeak, and FWHM 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 FWHM, 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 °C, 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 L.6-7 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 angles'?? — 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.

A

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 um 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.'? 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.

Damaged Undamaged
Region Region

A B C

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 um
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 Imagel (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 maturity'®) — 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 T,; and

t1/, 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
L5-6 n=9 n=28
Ty
L1-2 n=10 n=9
L5-6 n==6 n=2§
t1/2
L1-2 n=9 n=9

For T;, 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 ¢, /,: 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 T and ¢4/,

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 T; and t; /, per spine. A matched-pair t-

test was performed on T;; while a Wilcoxon Signed Rank test was performed on ¢y /,,

revealing that both T; and t, /, were significantly greater for the posterior annulus

compared to the anterior annulus (Table 4.2).
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Figure 4.1: Representative HIT responses during the temperature rise to 90 °C (A) and the
five-hour isothermal segment (B) for anterior and posterior samples taken from the same

L1-2 disc.

47



A
75
O Disc Level: p = 0.1391
< Annular Region: p < 0.0001
B Level*Region: p = 0.7809
S 70 -
=]
=
©
—
(8]
Q.
g 65 -
|_
c
§e]
=
S 60
=
©
c
5]
[m)]
55
L5-6 L1-2 L5-6 L1-2
Anterior Posterior
B
100
m Disc Level: p = 0.2943
< Annular Region: p = 0.0025
~ Level*Region: p = 0.1250
Y 80
N~
>
(]
® 60 -
[a]
©
@
o
— 40
Y
o
[}
IS
= 20
=
3]
< RN
0
L5-6 L1-2 L5-6 L1-2
Anterior Posterior

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 Posterior
(L5-6 & L1-2) (L5-6 & L1-2)
62.6+0.7 67.2+1.2
Ty (CO) p <0.0001
(n=10) n=9)
94+46 32.7+23.7
t hrs =0.0156
1/2( ) (n=8) (n="9) p
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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 t;,, between NaBHa-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.

Annular Region: p < 0.0001
Treatment: p = 0.5004
Region*Treatment: p = 0.6401

Ll

Untreated Treated Untreated Treated
Anterior Posterior
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Half Time of Load Decay, t,,, (hrs)
N
o

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
T Outer n=28 n=2_8
onset Inner n=28 n=9
T Outer n=2_8 n=2_8
peak Inner n=2§ n=9
Outer n=2_8 n=2_8
FWHM
Inner n=28 n=9
Outer n=28 n=2_8
Ah
Inner n=7 n=2_§
A Outer n=2_8 n=2_8
Tight Inner n=7 n="7
Outer n=28 n=2_8
Skewness Index
Inner n=7 n=7
Outer n=2_8 n=2_§
Water Content
Inner n=7 n=2_§
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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 T,,50t, 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 Tyeqx (p = 0.9108), annular

region was closer to reaching significance (p = 0.0731, Figure 4.5B). The ANOVA
results for FWHM 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 Ah, 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 Inner
(Anterior + Posterior) (Anterior + Posterior)
Skewness 71.6 5.0 69.1+43 3
Index (%) (n _ 8) (Il _ 8) pP= 0.0704
Water 84.7+4.6 909+1.9 B
Content (%) (n=8) (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

54



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 Imagel, 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=38 n=38

Stress-Displacement Slope
(MPa/mm)

Ultimate Tensile Strength,
Annulus (MPa)

Tension Strength of
Annulus Wall (N/m)

A 30
Anterior

20 ~

15 4

Stress (MPa)

10 A

0 T T T T
0 1 2 3 4 5

Displacement (mm)

Posterior

25

20

15 ~

Stress (MPa)

10 ~

O T T T T T
0 1 2 3 4 5

Displacement (mm)

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 ImagelJ, see Figure 3.12) for the anterior
and posterior annular regions for samples allocated to mechanical testing.

Anterior Posterior
132+1.6 53+1.0
Sample Radial Depth (mm)
(n=8) (n=8)
59+0.5 4.1+05
Annular Radial Thickness (mm)
n=23) n=298)

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>0.38
Stress-Displacement Slope
(MPa/mm) 17.0+4.5 13.6+4.0 p>02
Ultimate Tensile Strength, 270471 128436 »=0.0063

Annulus (MPa)

Tension Strength of Annulus

Wall (N/m) 158.0+384  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 70° (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 0of12 p=0.0052
Interlamellar damage at endplate 50f12 9of 12 p=0.2377
Damage at CEP-VEP interface 50f12 20f12 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 80° 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 65° 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.

62



1 mm

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 S: 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 (T;) and half-time of load decay (t, /,),
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 t, /, 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 FWHM.

Crosslinks — which provide strength’® and stability!!? to collagen molecules — are formed
during biosynthesis by the enzyme lysyl oxidase.'!® Initially, these enzymatically-derived
crosslinks are divalent, joining two collagen molecules together. With time, these
crosslinks spontaneously react to form trivalent crosslinks.'!® 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.”®!13!14 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).!'*!!5 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.!'!®

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 Tz up to 90 °C, indicating that both annular regions contain heat-stable
crosslinks throughout the lumbar spine.!!* 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.!!> 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.''*!!7-118 Although
samples from both annular regions demonstrated linear increases in tension to 90 °C, their
denaturation temperatures varied considerably: posterior samples denatured at a
significantly higher temperature (independent of disc level). T; corresponds to the
temperature at which the intramolecular hydrogen bonds of the triple helix structure of
collagen molecules begin to rupture. Differences in T; — 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.!%®!12 It is likely that the
samples from the posterior annulus have a larger T; 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 a-
chains of collagen molecules.!*® The rate of decay in load is slowed by heat-stable
crosslinks: thus, ¢;, is an indicator of the relative density of heat-stable crosslinks within
the sample.”*!% ¢, /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, t; /, values did not significantly change when

samples from both regions were treated with sodium borohydride (NaBH4). Because
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NaBHj4 converts enzymatic heat labile crosslinks to a heat stable form, it allows for

determination of total crosslinking: heat-labile and heat-stable combined. The ¢, /, results

indicate that both the anterior and posterior annulus contain insignificant populations of

heat-labile crosslinks relative to heat-stable crosslinks,’®!%%!13

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 T,; observed for the posterior
annulus.!%!121" 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.!!” 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 Ty and ¢, 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.*°
Moreover, the nucleus shifts posteriorly, increasing the stress on the posterior
annulus.>!? It is likely that these physiologic differences in mechanical loading have
resulted in significant changes to the molecular-level collagen architecture between
regions. Because Ty and t;/, 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,' they are also larger,!?1%3

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, NaBHj4 treatment did not
significantly slow the rate of load decay compared to their match-pair untreated samples,

as reflected by insignificant changes in t; /,. 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.'%®12* 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.'?>'?” This, in
part, is because intervertebral discs are largely avascular, which limits metabolite
transport.’%!!2 Moreover, annular tears show minimal signs of healing, which suggests
that matrix turnover is very low.®!?’ 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.!'!*

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 (T, ), the peak
temperature (Tpeqx ), and the full-width at half-maximum (FWHM). T, is @ measure
of the kinetic energy of initial a-chain uncoiling, while Tyeqy is @ measure of the point of
maximum energy absorption during denaturation.!'”!*® For T,,,sc¢, only radial depth
came close to reaching significance, with the outer annulus having a higher value relative
to the inner annulus. In contrast, for Tpeq, 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 Ty, 5e¢ and Tpeqx — the

first hypothesis was not verified, as neither parameter varied in a statistically significant

manner with region. While Ty ,50; and Tpeqr both describe aspects of the thermal stability

of collagen molecules, there are important differences to consider between these
parameters and the denaturation temperature, T,;, 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.!?®!*! Previous research has shown that T, values align better with

T

peak s opposed to Tonser- 01! 1t is interesting that regional variation in Tpear failed to

reach significance in DSC (p = 0.0731 for circumferential region) given the significant
difference seen in T, 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 Tyeqx to some extent. In terms of Ty, 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 T,,,c.; 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 (FWHM), where larger
values correspond to greater heterogeneity relative to smaller values.””!*° 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 FWHM
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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 Typset» the posterior region had a larger value of FWHM, 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 FWHM with radial depth was significant only for the anterior region.
These trends in FWHM 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.!!"!¢ 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.*® 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.®!™ 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.

Method of Load Parallel to UTS, UTS, UTs,
Tissue Sample Collagen Fibre = Anterior  Posterior  Posterolateral
Preparation Direction? (MPa) (MPa) (MPa)
Human®? Annulus Only No 1.6 - 0.7
Human® Annulus Only No 2.0° - 1.17
Human®? Annulus Only Yes 3.57 - 3.17
Human® Annulus Only Yes 10.37 - 5.6
Human®’ B-A-B No 1.7 3.8 -
Pig®® B-A-B No 7.5 4.5 -
Sheep* B-A-B Yes 27 12.8 -

B-A-B = Bone-annulus-bone. T 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 Posterior Posterolateral
(MPa) (MPa) (MPa)
Human, Annular Collagen Fibres® 7.0 - 6.2
Human, Annular Collagen Fibres® 10.3* - 5.6*%
Sheep, Annular Collagen Fibres 54.0f 25.67 -

TUTS was multiplied by two to correct for out-of-plane lamellae. * U7S 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,?' %

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).8334 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)** 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.3* B: Modified, with permission, from Skaggs.®’

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 a/ (Figure 5.2A) were quite
large, having an average cross section of 15 mm by 5 mm.%” 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.®® 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.®” B: Drawing based on samples
used by Zak and Pezowicz.%®

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.** 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 U7 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

73



tendons are from animals approximately 2 years old.”>!3! In contrast, the human sartorius

tendon are from male donors between the ages of 20 and 60 years old.'*?

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 ty/5" (hrs) T, (°C) UTS (MPa)
Young Steer Tail Tendon'®! ~0't 64.5+1.0 36 +5.6%
Old Steer Tail Tendon'! - 65.0+£1.0 47 £ 10*
Bovine Extensor Tendon™ 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 Tendon” 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 Tendon'* 55.2+54.9 66.5+0.4 32+9

"Values taken from NaBH;-treated samples for comparisons of total crosslinking. "Samples
failed too early into the isotherm to allow for t; /, 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 T; — 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 T; between
anterior and posterior annulus. The study that compared the bovine forelimb extensor and
flexor tendons showed that a difference of ~3.0 °C in T; 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.’® Given that
samples from the anterior and posterior annulus had significantly different measurements
of T4 (~5.0 °C) and UTS, these findings may allude to similar differences in terms of

toughness and susceptibility to fatigue damage as well. The values of t;, 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 t;,, — 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.'*? 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 al**' 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 T; between these groups. The results obtained found that T; 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
T,). 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,!3*!34 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).”®!31:132

To further explore the relationships between Ty, t;/,, and UTS, bivariate linear regression
was used (Figure 5.3). While the strong relationship between Ty and t, /, was anticipated
based on previous research connecting an increase in total crosslinking density to an

10812119 more interesting were the relationships involving

increase in thermal stability,
UTS. For example, comparing U7S with t, , (Figure 5.3B) suggests that U7S 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.”®!1313> Moreover,
comparing UTSwith T, (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 T;; and t; ,, 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 studies®***#)_ 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.!!® For example, it has been shown that
increasing exogeneous crosslinking in rat tail tendons using glutaraldehyde significantly
increases their tensile strength.!* Similarly, inhibition of enzymatic crosslinking in rat
tail tendons using dietary lathyrogens has been shown to significantly decrease the
ultimate tensile strength.”® These findings are also supported by atomistic modeling that
describe the mechanical properties of collagen fibrils based on crosslinking type and
crosslinking density.!*® 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

90,137,138

forelimb extensor and flexor tendons and human patellar tendons.'*” These

observations have also been reported using single-fibril tensile experiments.!#%:!14!
Comparison of bovine forelimb flexor to extensor tendon fibrils,'%’ and rat Achilles to tail
tendon fibrils'*! 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 U7Swith Ty,
there appears to be no relationship between U7S with ¢y, 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.!** There is evidence suggesting that
the shell of fibrils is more thermally stable than the core.!* 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.”® 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.’®!** 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.!*?> 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. *614%-141144 A tomistic modeling has described collagen
fibril elongation as occurring over three phases.!*® 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.!*°
These findings are supported by studies that performed stress-strain experiments on
single collagen fibrils from functionally-distinct collagenous tissues.!4*!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.'*® In contrast, collagen fibrils from flexor tendons — which

primarily contain trivalent crosslinks — appear to better resist intermolecular sliding.'** 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. > 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,!*¢ 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.”®
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.'#*
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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 Ez). Modified, with permission, from Quigley.!'*’
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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).”%!33:140 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.'* 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
damage'*’ — is associated with a decrease in lateral packing density of collagen fibrils, as
reflected through a decrease in T,,.; and an increase in FWHM relative to undamaged
tissue.!!? It is therefore possible that ruptured anterior samples measured with DSC would

show similar changes in T,,,s.; and FWHM 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).!*° C & D: Modified, with permission, from Chambers.!*?

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.®!3” Improved fatigue resistance
could be associated with a higher density of total crosslinks.” 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.!46 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.2%?%:193147 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,'%
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.’® 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.®® Moreover,

83



approximately 50% of protruded material following a disc herniation is reported to
contain fragmented pieces of endplate material.*> Given the complex loading
environment of the intervertebral disc, the exact biomechanical factors involved in disc
herniation are still not fully understood. /n vitro biomechanical studies have shown that
the endplate-vertebra junction at mid-anulus is particularly vulnerable to failure in
response to hydrostatically-induced disruption.'*® 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.? 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%).%* 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 (i) 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.®
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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.”
Given that the presence of type VI collagen has been confirmed for human lumbar

149

intervertebral discs, * 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,”® cyclic loading tests may reveal

that the posterior annulus is optimized for fatigue resistance rather than strength.
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11.
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Duration of License: Permission is granted for a one time use only. Rights herein do not
apply to future reproductions, editions, revisions, or other derivative works. This
permission shall be effective as of the date of execution by the parties for the maximum
period of 12 months and should be renewed after the term expires.
i. When content is to be republished in a book or journal the validity of this agreement
should be the life of the book edition or journal issue.
ii. When content is licensed for use on a website, internet, intranet, or any publicly
accessible site (not including a journal or book), you agree to remove the material
from such site after 12 months, or request to renew your permission license

. Credit Line: A credit line must be prominently placed and include: For book content: the

author(s), title of book, edition, copyright holder, year of publication; For journal content:
the author(s), titles of article, title of journal, volume number, issue number, inclusive
pages and website URL to the journal page; If a journal is published by a learned society
the credit line must include the details of that society.

. Warranties: The requestor warrants that the material shall not be used in any manner

which may be considered derogatory to the title, content, authors of the material, or to
Wolters Kluwer Health, Inc.

. Indemnity: You hereby indemnify and hold harmless Wolters Kluwer Health, Inc. and its

respective officers, directors, employees and agents, from and against any and all claims,
costs, proceeding or demands arising out of your unauthorized use of the Licensed Material

. Geographical Scope: Permission granted is non-exclusive and is valid throughout the

world in the English language and the languages specified in the license.

. Copy of Content: Wolters Kluwer Health, Inc. cannot supply the requestor with the

original artwork, high-resolution images, electronic files or a clean copy of content.

. Validity: Permission is valid if the borrowed material is original to a Wolters Kluwer Health,

Inc. imprint (J.B Lippincott, Lippincott-Raven Publishers, Williams & Wilkins, Lea & Febiger,
Harwal, Rapid Science, Little Brown & Company, Harper & Row Medical, American Journal
of Nursing Co, and Urban & Schwarzenberg - English Language, Raven Press, Paul Hoeber,
Springhouse, Ovid), and the Anatomical Chart Company

. Third Party Material: This permission does not apply to content that is credited to

publications other than Wolters Kluwer Health, Inc. or its Societies. For images credited to
non-Wolters Kluwer Health, Inc. books or journals, you must obtain permission from the
source referenced in the figure or table legend or credit line before making any use of the
image(s), table(s) or other content.

. Adaptations: Adaptations are protected by copyright. For images that have been adapted,

permission must be sought from the rightsholder of the original material and the
rightsholder of the adapted material.

Modifications: Wolters Kluwer Health, Inc. material is not permitted to be modified or
adapted without written approval from Wolters Kluwer Health, Inc. with the exception of
text size or color. The adaptation should be credited as follows: Adapted with permission
from Wolters Kluwer Health, Inc.: [the author(s), title of book, edition, copyright holder,
year of publication] or [the author(s), titles of article, title of journal, volume number, issue
number, inclusive pages and website URL to the journal page].

Full Text Articles: Republication of full articles in English is prohibited.

Branding and Marketing: No drug name, trade name, drug logo, or trade logo can be
included on the same page as material borrowed from Diseases of the Colon & Rectum,
Plastic Reconstructive Surgery, Obstetrics & Gynecology (The Green Journal), Critical Care
Medicine, Pediatric Critical Care Medicine, the American Heart Association publications and
the American Academy of Neurology publications.

Open Access: Unless you are publishing content under the same Creative Commons
license, the following statement must be added when reprinting material in Open Access
journals: "The Creative Commons license does not apply to this content. Use of the
material in any format is prohibited without written permission from the publisher, Wolters
Kluwer Health, Inc. Please contact permissions@lww.com for further information."
Translations: The following disclaimer must appear on all translated copies: Wolters
Kluwer Health, Inc. and its Societies take no responsibility for the accuracy of the
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24.

translation from the published English original and are not liable for any errors which may
occur.

Published Ahead of Print (PAP): Articles in the PAP stage of publication can be cited
using the online publication date and the unique DOI number.

i. Disclaimer: Articles appearing in the PAP section have been peer-reviewed and
accepted for publication in the relevant journal and posted online before print
publication. Articles appearing as PAP may contain statements, opinions, and
information that have errors in facts, figures, or interpretation. Any final changes in
manuscripts will be made at the time of print publication and will be reflected in the
final electronic version of the issue. Accordingly, Wolters Kluwer Health, Inc., the
editors, authors and their respective employees are not responsible or liable for the
use of any such inaccurate or misleading data, opinion or information contained in
the articles in this section.

Termination of Contract: Wolters Kluwer Health, Inc. must be notified within 90 days of
the original license date if you opt not to use the requested material.

Waived Permission Fee: Permission fees that have been waived are not subject to future
waivers, including similar requests or renewing a license.

Contingent on payment: You may exercise these rights licensed immediately upon
issuance of the license, however until full payment is received either by the publisher or
our authorized vendor, this license is not valid. If full payment is not received on a timely
basis, then any license preliminarily granted shall be deemed automatically revoked and
shall be void as if never granted. Further, in the event that you breach any of these terms
and conditions or any of Wolters Kluwer Health, Inc.’s other billing and payment terms and
conditions, the license is automatically revoked and shall be void as if never granted. Use
of materials as described in a revoked license, as well as any use of the materials beyond
the scope of an unrevoked license, may constitute copyright infringement and publisher
reserves the right to take any and all action to protect its copyright in the materials.

STM Signatories Only: Any permission granted for a particular edition will apply to
subsequent editions and for editions in other languages, provided such editions are for the
work as a whole in situ and do not involve the separate exploitation of the permitted
illustrations or excerpts. Please view: STM Permissions Guidelines

Warranties and Obligations: LICENSOR further represents and warrants that, to the
best of its knowledge and belief, LICENSEE’s contemplated use of the Content as
represented to LICENSOR does not infringe any valid rights to any third party.

Breach: If LICENSEE fails to comply with any provisions of this agreement, LICENSOR may
serve written notice of breach of LICENSEE and, unless such breach is fully cured within
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.

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.

Governing Law: The laws of The State of New York shall govern interpretation of this
Agreement and all rights and liabilities arising hereunder.

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.

For Copyright Clearance Center / RightsLink Only:

1.

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:

i. 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.

ii. 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
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Springer Nature Customer Service Centre GmbH (the Licensor) hereby grants you a
non-exclusive, world-wide licence to reproduce the material and for the purpose and
requirements specified in the attached copy of your order form, and for no other use, subject
to the conditions below:

1.

10.

The Licensor warrants that it has, to the best of its knowledge, the rights to license reuse
of this material. However, you should ensure that the material you are requesting is
original to the Licensor and does not carry the copyright of another entity (as credited in
the published version).

If the credit line on any part of the material you have requested indicates that it was
reprinted or adapted with permission from another source, then you should also seek
permission from that source to reuse the material.

. Where print only permission has been granted for a fee, separate permission must be

obtained for any additional electronic re-use.

. Permission granted free of charge for material in print is also usually granted for any

electronic version of that work, provided that the material is incidental to your work as a
whole and that the electronic version is essentially equivalent to, or substitutes for, the
print version.

. A licence for 'post on a website' is valid for 12 months from the licence date. This licence

does not cover use of full text articles on websites.

. Where 'reuse in a dissertation/thesis' has been selected the following terms apply:

Print rights of the final author's accepted manuscript (for clarity, NOT the published
version) for up to 100 copies, electronic rights for use only on a personal website or
institutional repository as defined by the Sherpa guideline (www.sherpa.ac.uk/romeo/).

. Permission granted for books and journals is granted for the lifetime of the first edition and

does not apply to second and subsequent editions (except where the first edition
permission was granted free of charge or for signatories to the STM Permissions Guidelines
http://www.stm-assoc.org/copyright-legal-affairs/permissions/permissions-guidelines/),
and does not apply for editions in other languages unless additional translation rights have
been granted separately in the licence.

. Rights for additional components such as custom editions and derivatives require additional

permission and may be subject to an additional fee. Please apply to
Journalpermissions@springernature.com/bookpermissions@springernature.com for these
rights.

. The Licensor's permission must be acknowledged next to the licensed material in print. In

electronic form, this acknowledgement must be visible at the same time as the
figures/tables/illustrations or abstract, and must be hyperlinked to the journal/book's
homepage. Our required acknowledgement format is in the Appendix below.

. Use of the material for incidental promotional use, minor editing privileges (this does not

include cropping, adapting, omitting material or any other changes that affect the meaning,
intention or moral rights of the author) and copies for the disabled are permitted under this
licence.

Minor adaptations of single figures (changes of format, colour and style) do not require the

Licensor's approval. However, the adaptation should be credited as shown in Appendix
below.
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(Article name, Author(s) Name), [COPYRIGHT] (year of publication)
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11.
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13.

14.

Duration of License: Permission is granted for a one time use only. Rights herein do not
apply to future reproductions, editions, revisions, or other derivative works. This
permission shall be effective as of the date of execution by the parties for the maximum
period of 12 months and should be renewed after the term expires.
i. When content is to be republished in a book or journal the validity of this agreement
should be the life of the book edition or journal issue.
ii. When content is licensed for use on a website, internet, intranet, or any publicly
accessible site (not including a journal or book), you agree to remove the material
from such site after 12 months, or request to renew your permission license

. Credit Line: A credit line must be prominently placed and include: For book content: the

author(s), title of book, edition, copyright holder, year of publication; For journal content:
the author(s), titles of article, title of journal, volume number, issue number, inclusive
pages and website URL to the journal page; If a journal is published by a learned society
the credit line must include the details of that society.

. Warranties: The requestor warrants that the material shall not be used in any manner

which may be considered derogatory to the title, content, authors of the material, or to
Wolters Kluwer Health, Inc.

. Indemnity: You hereby indemnify and hold harmless Wolters Kluwer Health, Inc. and its

respective officers, directors, employees and agents, from and against any and all claims,
costs, proceeding or demands arising out of your unauthorized use of the Licensed Material

. Geographical Scope: Permission granted is non-exclusive and is valid throughout the

world in the English language and the languages specified in the license.

. Copy of Content: Wolters Kluwer Health, Inc. cannot supply the requestor with the

original artwork, high-resolution images, electronic files or a clean copy of content.

. Validity: Permission is valid if the borrowed material is original to a Wolters Kluwer Health,

Inc. imprint (J.B Lippincott, Lippincott-Raven Publishers, Williams & Wilkins, Lea & Febiger,
Harwal, Rapid Science, Little Brown & Company, Harper & Row Medical, American Journal
of Nursing Co, and Urban & Schwarzenberg - English Language, Raven Press, Paul Hoeber,
Springhouse, Ovid), and the Anatomical Chart Company

. Third Party Material: This permission does not apply to content that is credited to

publications other than Wolters Kluwer Health, Inc. or its Societies. For images credited to
non-Wolters Kluwer Health, Inc. books or journals, you must obtain permission from the
source referenced in the figure or table legend or credit line before making any use of the
image(s), table(s) or other content.

. Adaptations: Adaptations are protected by copyright. For images that have been adapted,

permission must be sought from the rightsholder of the original material and the
rightsholder of the adapted material.

Modifications: Wolters Kluwer Health, Inc. material is not permitted to be modified or
adapted without written approval from Wolters Kluwer Health, Inc. with the exception of
text size or color. The adaptation should be credited as follows: Adapted with permission
from Wolters Kluwer Health, Inc.: [the author(s), title of book, edition, copyright holder,
year of publication] or [the author(s), titles of article, title of journal, volume number, issue
number, inclusive pages and website URL to the journal page].

Full Text Articles: Republication of full articles in English is prohibited.

Branding and Marketing: No drug name, trade name, drug logo, or trade logo can be
included on the same page as material borrowed from Diseases of the Colon & Rectum,
Plastic Reconstructive Surgery, Obstetrics & Gynecology (The Green Journal), Critical Care
Medicine, Pediatric Critical Care Medicine, the American Heart Association publications and
the American Academy of Neurology publications.

Open Access: Unless you are publishing content under the same Creative Commons
license, the following statement must be added when reprinting material in Open Access
journals: "The Creative Commons license does not apply to this content. Use of the
material in any format is prohibited without written permission from the publisher, Wolters
Kluwer Health, Inc. Please contact permissions@Ilww.com for further information."
Translations: The following disclaimer must appear on all translated copies: Wolters
Kluwer Health, Inc. and its Societies take no responsibility for the accuracy of the
translation from the published English original and are not liable for any errors which may
OCCUr.
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24.

Published Ahead of Print (PAP): Articles in the PAP stage of publication can be cited
using the online publication date and the unique DOI number.

i. Disclaimer: Articles appearing in the PAP section have been peer-reviewed and
accepted for publication in the relevant journal and posted online before print
publication. Articles appearing as PAP may contain statements, opinions, and
information that have errors in facts, figures, or interpretation. Any final changes in
manuscripts will be made at the time of print publication and will be reflected in the
final electronic version of the issue. Accordingly, Wolters Kluwer Health, Inc., the
editors, authors and their respective employees are not responsible or liable for the
use of any such inaccurate or misleading data, opinion or information contained in
the articles in this section.

Termination of Contract: Wolters Kluwer Health, Inc. must be notified within 90 days of
the original license date if you opt not to use the requested material.

Waived Permission Fee: Permission fees that have been waived are not subject to future
waivers, including similar requests or renewing a license.

Contingent on payment: You may exercise these rights licensed immediately upon
issuance of the license, however until full payment is received either by the publisher or
our authorized vendor, this license is not valid. If full payment is not received on a timely
basis, then any license preliminarily granted shall be deemed automatically revoked and
shall be void as if never granted. Further, in the event that you breach any of these terms
and conditions or any of Wolters Kluwer Health, Inc.’s other billing and payment terms and
conditions, the license is automatically revoked and shall be void as if never granted. Use
of materials as described in a revoked license, as well as any use of the materials beyond
the scope of an unrevoked license, may constitute copyright infringement and publisher
reserves the right to take any and all action to protect its copyright in the materials.

STM Signatories Only: Any permission granted for a particular edition will apply to
subsequent editions and for editions in other languages, provided such editions are for the
work as a whole in situ and do not involve the separate exploitation of the permitted
illustrations or excerpts. Please view: STM Permissions Guidelines

Warranties and Obligations: LICENSOR further represents and warrants that, to the
best of its knowledge and belief, LICENSEE’s contemplated use of the Content as
represented to LICENSOR does not infringe any valid rights to any third party.

Breach: If LICENSEE fails to comply with any provisions of this agreement, LICENSOR may
serve written notice of breach of LICENSEE and, unless such breach is fully cured within
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.

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.

Governing Law: The laws of The State of New York shall govern interpretation of this
Agreement and all rights and liabilities arising hereunder.

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.

For Copyright Clearance Center / RightsLink Only:

1.

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:

i. 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.

ii. 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
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This Agreement between Dalhousie University -- Tyler Herod ("You") and John Wiley and
Sons ("John Wiley and Sons") consists of your license details and the terms and conditions
provided by John Wiley and Sons and Copyright Clearance Center.

License Number 4550350663529
License date Mar 15, 2019

Licensed Content Publisher John Wiley and Sons

Licensed Content Publication Clinical Anatomy

Licensed Content Title Why do some intervertebral discs degenerate, when others (in the
same spine) do not?

Licensed Content Author Michael A. Adams, Polly Lama, Uruj Zehra, et al

Licensed Content Date Apr 19, 2014

Licensed Content Volume 28

Licensed Content Issue 2

Licensed Content Pages 10

Type of use Dissertation/Thesis

Requestor type University/Academic

Format Print and electronic

Portion Figure/table

Number of figures/tables 1

Original Wiley figure/table  Figure 4

number(s)

Will you be translating? No

Title of your thesis / Regional Variations in the Molecular Structure and Mechanics of the

dissertation Lumbar Intervertebral Disc Annulus

Expected completion date Apr 2019
Expected size (number of 105
pages)

Requestor Location Dalhousie University
Room 5200
Biomedical Engineering Department
5981 University Ave
Halifax, NS B3H 4R2
Canada
Attn: Tyler Herod

Publisher Tax ID EU826007151
Total 0.00 CAD
Terms and Conditions

TERMS AND CONDITIONS
This copyrighted material is owned by or exclusively licensed to John Wiley & Sons, Inc. or

127
1of5 2019-03-15, 3:53 p.m.



RightsLink Printable License

20f5

one of its group companies (each a"Wiley Company") or handled on behalf of a society with
which a Wiley Company has exclusive publishing rights in relation to a particular work
(collectively "WILEY™"). By clicking "accept" in connection with completing this licensing
transaction, you agree that the following terms and conditions apply to this transaction
(along with the billing and payment terms and conditions established by the Copyright
Clearance Center Inc., ("CCC's Billing and Payment terms and conditions"), at the time that
you opened your RightsLink account (these are available at any time at
http://myaccount.copyright.com).

Terms and Conditions

e The materials you have requested permission to reproduce or reuse (the "Wiley
Materials") are protected by copyright.

e You are hereby granted a personal, non-exclusive, non-sub licensable (on a stand-
alone basis), non-transferable, worldwide, limited license to reproduce the Wiley
Materials for the purpose specified in the licensing process. This license, and any
CONTENT (PDF or image file) purchased as part of your order, is for a one-time
use only and limited to any maximum distribution number specified in the license.
The first instance of republication or reuse granted by this license must be completed
within two years of the date of the grant of this license (although copies prepared
before the end date may be distributed thereafter). The Wiley Materials shall not be
used in any other manner or for any other purpose, beyond what is granted in the
license. Permission is granted subject to an appropriate acknowledgement given to the
author, title of the material/book/journal and the publisher. You shall also duplicate the
copyright notice that appears in the Wiley publication in your use of the Wiley
Material. Permission is also granted on the understanding that nowhere in the text is a
previously published source acknowledged for all or part of this Wiley Material. Any
third party content is expressly excluded from this permission.

o With respect to the Wiley Materials, all rights are reserved. Except as expressly
granted by the terms of the license, no part of the Wiley Materials may be copied,
modified, adapted (except for minor reformatting required by the new Publication),
translated, reproduced, transferred or distributed, in any form or by any means, and no
derivative works may be made based on the Wiley Materials without the prior
permission of the respective copyright owner.For STM Signatory Publishers
clearing permission under the terms of the STM Permissions Guidelines only, the
terms of the license are extended to include subsequent editions and for editions
in other languages, provided such editions are for the work as a whole in situ and
does not involve the separate exploitation of the permitted figures or extracts,
You may not alter, remove or suppress in any manner any copyright, trademark or
other notices displayed by the Wiley Materials. You may not license, rent, sell, loan,
lease, pledge, offer as security, transfer or assign the Wiley Materials on a stand-alone
basis, or any of the rights granted to you hereunder to any other person.

e The Wiley Materials and all of the intellectual property rights therein shall at all times
remain the exclusive property of John Wiley & Sons Inc, the Wiley Companies, or
their respective licensors, and your interest therein is only that of having possession of
and the right to reproduce the Wiley Materials pursuant to Section 2 herein during the
continuance of this Agreement. You agree that you own no right, title or interest in or
to the Wiley Materials or any of the intellectual property rights therein. You shall have

128

https://s100.copyright.com/App/PrintableLicenseFrame.jsp?publisherID...

2019-03-15, 3:53 p.m.



RightsLink Printable License

3of5

no rights hereunder other than the license as provided for above in Section 2. No right,
license or interest to any trademark, trade name, service mark or other branding
("Marks") of WILEY or its licensors is granted hereunder, and you agree that you
shall not assert any such right, license or interest with respect thereto

NEITHER WILEY NOR ITS LICENSORS MAKES ANY WARRANTY OR
REPRESENTATION OF ANY KIND TO YOU OR ANY THIRD PARTY,
EXPRESS, IMPLIED OR STATUTORY, WITH RESPECT TO THE MATERIALS
OR THE ACCURACY OF ANY INFORMATION CONTAINED IN THE
MATERIALS, INCLUDING, WITHOUT LIMITATION, ANY IMPLIED
WARRANTY OF MERCHANTABILITY, ACCURACY, SATISFACTORY
QUALITY, FITNESS FOR A PARTICULAR PURPOSE, USABILITY,
INTEGRATION OR NON-INFRINGEMENT AND ALL SUCH WARRANTIES
ARE HEREBY EXCLUDED BY WILEY AND ITS LICENSORS AND WAIVED
BY YOU.

WILEY shall have the right to terminate this Agreement immediately upon breach of
this Agreement by you.

You shall indemnify, defend and hold harmless WILEY, its Licensors and their
respective directors, officers, agents and employees, from and against any actual or
threatened claims, demands, causes of action or proceedings arising from any breach
of this Agreement by you.

IN NO EVENT SHALL WILEY OR ITS LICENSORS BE LIABLE TO YOU OR
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SPECIAL, CONSEQUENTIAL, INCIDENTAL, INDIRECT, EXEMPLARY OR
PUNITIVE DAMAGES, HOWEVER CAUSED, ARISING OUT OF OR IN
CONNECTION WITH THE DOWNLOADING, PROVISIONING, VIEWING OR
USE OF THE MATERIALS REGARDLESS OF THE FORM OF ACTION,
WHETHER FOR BREACH OF CONTRACT, BREACH OF WARRANTY, TORT,
NEGLIGENCE, INFRINGEMENT OR OTHERWISE (INCLUDING, WITHOUT
LIMITATION, DAMAGES BASED ON LOSS OF PROFITS, DATA, FILES, USE,
BUSINESS OPPORTUNITY OR CLAIMS OF THIRD PARTIES), AND WHETHER
OR NOT THE PARTY HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH
DAMAGES. THIS LIMITATION SHALL APPLY NOTWITHSTANDING ANY
FAILURE OF ESSENTIAL PURPOSE OF ANY LIMITED REMEDY PROVIDED
HEREIN.

Should any provision of this Agreement be held by a court of competent jurisdiction
to be illegal, invalid, or unenforceable, that provision shall be deemed amended to
achieve as nearly as possible the same economic effect as the original provision, and
the legality, validity and enforceability of the remaining provisions of this Agreement
shall not be affected or impaired thereby.

The failure of either party to enforce any term or condition of this Agreement shall not
constitute a waiver of either party's right to enforce each and every term and condition
of this Agreement. No breach under this agreement shall be deemed waived or
excused by either party unless such waiver or consent is in writing signed by the party
granting such waiver or consent. The waiver by or consent of a party to a breach of

129

https://s100.copyright.com/App/PrintableLicenseFrame.jsp?publisherID...

2019-03-15, 3:53 p.m.



RightsLink Printable License

4 of 5

any provision of this Agreement shall not operate or be construed as a waiver of or
consent to any other or subsequent breach by such other party.

e This Agreement may not be assigned (including by operation of law or otherwise) by
you without WILEY's prior written consent.

¢ Any fee required for this permission shall be non-refundable after thirty (30) days
from receipt by the CCC.

e These terms and conditions together with CCC's Billing and Payment terms and
conditions (which are incorporated herein) form the entire agreement between you and
WILEY concerning this licensing transaction and (in the absence of fraud) supersedes
all prior agreements and representations of the parties, oral or written. This Agreement
may not be amended except in writing signed by both parties. This Agreement shall be
binding upon and inure to the benefit of the parties' successors, legal representatives,
and authorized assigns.

¢ In the event of any conflict between your obligations established by these terms and
conditions and those established by CCC's Billing and Payment terms and conditions,
these terms and conditions shall prevail.

e WILEY expressly reserves all rights not specifically granted in the combination of (i)
the license details provided by you and accepted in the course of this licensing
transaction, (ii) these terms and conditions and (iii) CCC's Billing and Payment terms
and conditions.

e This Agreement will be void if the Type of Use, Format, Circulation, or Requestor
Type was misrepresented during the licensing process.

e This Agreement shall be governed by and construed in accordance with the laws of
the State of New York, USA, without regards to such state's conflict of law rules. Any
legal action, suit or proceeding arising out of or relating to these Terms and Conditions
or the breach thereof shall be instituted in a court of competent jurisdiction in New
York County in the State of New York in the United States of America and each party
hereby consents and submits to the personal jurisdiction of such court, waives any
objection to venue in such court and consents to service of process by registered or
certified mail, return receipt requested, at the last known address of such party.

WILEY OPEN ACCESS TERMS AND CONDITIONS

Wiley Publishes Open Access Articles in fully Open Access Journals and in Subscription
journals offering Online Open. Although most of the fully Open Access journals publish
open access articles under the terms of the Creative Commons Attribution (CC BY) License
only, the subscription journals and a few of the Open Access Journals offer a choice of
Creative Commons Licenses. The license type is clearly identified on the article.

The Creative Commons Attribution License

The Creative Commons Attribution License (CC-BY) allows users to copy, distribute and
transmit an article, adapt the article and make commercial use of the article. The CC-BY
license permits commercial and non-

Creative Commons Attribution Non-Commercial License

The Creative Commons Attribution Non-Commercial (CC-BY-NC)License permits use,

130

https://s100.copyright.com/App/PrintableLicenseFrame.jsp?publisherID...

2019-03-15, 3:53 p.m.



RightsLink Printable License https://s100.copyright.com/App/PrintableLicenseFrame.jsp?publisherID...

distribution and reproduction in any medium, provided the original work is properly cited
and is not used for commercial purposes.(see below)

Creative Commons Attribution-Non-Commercial-NoDerivs License

The Creative Commons Attribution Non-Commercial-NoDerivs License (CC-BY-NC-ND)
permits use, distribution and reproduction in any medium, provided the original work is
properly cited, is not used for commercial purposes and no modifications or adaptations are
made. (see below)

Use by commercial "for-profit" organizations

Use of Wiley Open Access articles for commercial, promotional, or marketing purposes
requires further explicit permission from Wiley and will be subject to a fee.

Further details can be found on Wiley Online Library http://olabout.wiley.com/WileyCDA
/Section/id-410895.html

Other Terms and Conditions:

v1.10 Last updated September 2015

Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or
+1-978-646-2777.

131
50f5 2019-03-15, 3:53 p.m.



RightsLink Printable License

1 of4

WOLTERS KLUWER HEALTH, INC. LICENSE

https://s100.copyright.com/App/PrintableLicenseFrame.jsp?publisherID...

TERMS AND CONDITIONS

Mar 13, 2019

This Agreement between Dalhousie University -- Tyler Herod ("You") and Wolters Kluwer
Health, Inc. ("Wolters Kluwer Health, Inc.") consists of your license details and the terms
and conditions provided by Wolters Kluwer Health, Inc. and Copyright Clearance Center.

License Number
License date

Licensed Content Publisher

Licensed Content Publication

Licensed Content Title
Licensed Content Author
Licensed Content Date
Licensed Content Volume
Licensed Content Issue
Type of Use

Requestor type

STM publisher name
Portion

Number of figures/tables
/illustrations

Figures/tables/illustrations
used

Author of this Wolters
Kluwer article

Title of your thesis /
dissertation

Expected completion date
Estimated size(pages)

Requestor Location

Billing Type
Billing Address

Total

4547130867047
Mar 13, 2019
Wolters Kluwer Health, Inc.

Spine

Tensile Properties of Nondegenerate Human Lumbar Anulus Fibrosus

Sohei Ebara, James Iatridis, Lori Setton, et al

Feb 15, 1996

21

4
Dissertation/Thesis

Individual

Figures/table/illustration
1

Figure 1

No

Regional Variations in the Molecular Structure and Mechanics of the

Lumbar Intervertebral Disc Annulus
Apr 2019
105

Dalhousie University

Room 5200

Biomedical Engineering Department
5981 University Ave

Halifax, NS B3H 4R2

Canada

Attn: Tyler Herod

Invoice

Dalhousie University

Room 5200

Biomedical Engineering Department
5981 University Ave

Halifax, NS B3H 4R2

Canada

Attn: Dalhousie University

0.00 CAD

132

2019-03-13, 1:42 p.m.



RightsLink Printable License

2 of 4

Terms and Conditions

Wolters Kluwer Health Inc. Terms and Conditions

1.

10.

11.
12.

13.

14.

15.

Duration of License: Permission is granted for a one time use only. Rights herein do not
apply to future reproductions, editions, revisions, or other derivative works. This
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author(s), title of book, edition, copyright holder, year of publication; For journal content:
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pages and website URL to the journal page; If a journal is published by a learned society
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Modifications: Wolters Kluwer Health, Inc. material is not permitted to be modified or
adapted without written approval from Wolters Kluwer Health, Inc. with the exception of
text size or color. The adaptation should be credited as follows: Adapted with permission
from Wolters Kluwer Health, Inc.: [the author(s), title of book, edition, copyright holder,
year of publication] or [the author(s), titles of article, title of journal, volume number, issue
number, inclusive pages and website URL to the journal page].

Full Text Articles: Republication of full articles in English is prohibited.

Branding and Marketing: No drug name, trade name, drug logo, or trade logo can be
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license, the following statement must be added when reprinting material in Open Access
journals: "The Creative Commons license does not apply to this content. Use of the
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Kluwer Health, Inc. Please contact permissions@Ilww.com for further information."
Translations: The following disclaimer must appear on all translated copies: Wolters
Kluwer Health, Inc. and its Societies take no responsibility for the accuracy of the
translation from the published English original and are not liable for any errors which may
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Published Ahead of Print (PAP): Articles in the PAP stage of publication can be cited
using the online publication date and the unique DOI number.
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publication. Articles appearing as PAP may contain statements, opinions, and
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manuscripts will be made at the time of print publication and will be reflected in the
final electronic version of the issue. Accordingly, Wolters Kluwer Health, Inc., the
editors, authors and their respective employees are not responsible or liable for the
use of any such inaccurate or misleading data, opinion or information contained in
the articles in this section.

Termination of Contract: Wolters Kluwer Health, Inc. must be notified within 90 days of
the original license date if you opt not to use the requested material.

Waived Permission Fee: Permission fees that have been waived are not subject to future
waivers, including similar requests or renewing a license.

Contingent on payment: You may exercise these rights licensed immediately upon
issuance of the license, however until full payment is received either by the publisher or
our authorized vendor, this license is not valid. If full payment is not received on a timely
basis, then any license preliminarily granted shall be deemed automatically revoked and
shall be void as if never granted. Further, in the event that you breach any of these terms
and conditions or any of Wolters Kluwer Health, Inc.’s other billing and payment terms and
conditions, the license is automatically revoked and shall be void as if never granted. Use
of materials as described in a revoked license, as well as any use of the materials beyond
the scope of an unrevoked license, may constitute copyright infringement and publisher
reserves the right to take any and all action to protect its copyright in the materials.

STM Signatories Only: Any permission granted for a particular edition will apply to
subsequent editions and for editions in other languages, provided such editions are for the
work as a whole in situ and do not involve the separate exploitation of the permitted
illustrations or excerpts. Please view: STM Permissions Guidelines

Warranties and Obligations: LICENSOR further represents and warrants that, to the
best of its knowledge and belief, LICENSEE’s contemplated use of the Content as
represented to LICENSOR does not infringe any valid rights to any third party.

Breach: If LICENSEE fails to comply with any provisions of this agreement, LICENSOR may
serve written notice of breach of LICENSEE and, unless such breach is fully cured within
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.

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.

Governing Law: The laws of The State of New York shall govern interpretation of this
Agreement and all rights and liabilities arising hereunder.

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.

For Copyright Clearance Center / RightsLink Only:

1.

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:

i. 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.

ii. 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

Other Terms and Conditions:
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apply to future reproductions, editions, revisions, or other derivative works. This
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period of 12 months and should be renewed after the term expires.
i. When content is to be republished in a book or journal the validity of this agreement
should be the life of the book edition or journal issue.
ii. When content is licensed for use on a website, internet, intranet, or any publicly
accessible site (not including a journal or book), you agree to remove the material
from such site after 12 months, or request to renew your permission license

. Credit Line: A credit line must be prominently placed and include: For book content: the

author(s), title of book, edition, copyright holder, year of publication; For journal content:
the author(s), titles of article, title of journal, volume number, issue number, inclusive
pages and website URL to the journal page; If a journal is published by a learned society
the credit line must include the details of that society.

. Warranties: The requestor warrants that the material shall not be used in any manner

which may be considered derogatory to the title, content, authors of the material, or to
Wolters Kluwer Health, Inc.

. Indemnity: You hereby indemnify and hold harmless Wolters Kluwer Health, Inc. and its

respective officers, directors, employees and agents, from and against any and all claims,
costs, proceeding or demands arising out of your unauthorized use of the Licensed Material

. Geographical Scope: Permission granted is non-exclusive and is valid throughout the

world in the English language and the languages specified in the license.

. Copy of Content: Wolters Kluwer Health, Inc. cannot supply the requestor with the

original artwork, high-resolution images, electronic files or a clean copy of content.

. Validity: Permission is valid if the borrowed material is original to a Wolters Kluwer Health,

Inc. imprint (J.B Lippincott, Lippincott-Raven Publishers, Williams & Wilkins, Lea & Febiger,
Harwal, Rapid Science, Little Brown & Company, Harper & Row Medical, American Journal
of Nursing Co, and Urban & Schwarzenberg - English Language, Raven Press, Paul Hoeber,
Springhouse, Ovid), and the Anatomical Chart Company

. Third Party Material: This permission does not apply to content that is credited to
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non-Wolters Kluwer Health, Inc. books or journals, you must obtain permission from the
source referenced in the figure or table legend or credit line before making any use of the
image(s), table(s) or other content.

. Adaptations: Adaptations are protected by copyright. For images that have been adapted,

permission must be sought from the rightsholder of the original material and the
rightsholder of the adapted material.

Modifications: Wolters Kluwer Health, Inc. material is not permitted to be modified or
adapted without written approval from Wolters Kluwer Health, Inc. with the exception of
text size or color. The adaptation should be credited as follows: Adapted with permission
from Wolters Kluwer Health, Inc.: [the author(s), title of book, edition, copyright holder,
year of publication] or [the author(s), titles of article, title of journal, volume number, issue
number, inclusive pages and website URL to the journal page].

Full Text Articles: Republication of full articles in English is prohibited.

Branding and Marketing: No drug name, trade name, drug logo, or trade logo can be
included on the same page as material borrowed from Diseases of the Colon & Rectum,
Plastic Reconstructive Surgery, Obstetrics & Gynecology (The Green Journal), Critical Care
Medicine, Pediatric Critical Care Medicine, the American Heart Association publications and
the American Academy of Neurology publications.

Open Access: Unless you are publishing content under the same Creative Commons
license, the following statement must be added when reprinting material in Open Access
journals: "The Creative Commons license does not apply to this content. Use of the
material in any format is prohibited without written permission from the publisher, Wolters
Kluwer Health, Inc. Please contact permissions@Ilww.com for further information."
Translations: The following disclaimer must appear on all translated copies: Wolters
Kluwer Health, Inc. and its Societies take no responsibility for the accuracy of the
translation from the published English original and are not liable for any errors which may
OCCUr.
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Published Ahead of Print (PAP): Articles in the PAP stage of publication can be cited
using the online publication date and the unique DOI number.
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Waived Permission Fee: Permission fees that have been waived are not subject to future
waivers, including similar requests or renewing a license.
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and conditions or any of Wolters Kluwer Health, Inc.’s other billing and payment terms and
conditions, the license is automatically revoked and shall be void as if never granted. Use
of materials as described in a revoked license, as well as any use of the materials beyond
the scope of an unrevoked license, may constitute copyright infringement and publisher
reserves the right to take any and all action to protect its copyright in the materials.
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best of its knowledge and belief, LICENSEE’s contemplated use of the Content as
represented to LICENSOR does not infringe any valid rights to any third party.

Breach: If LICENSEE fails to comply with any provisions of this agreement, LICENSOR may
serve written notice of breach of LICENSEE and, unless such breach is fully cured within
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.

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.

Governing Law: The laws of The State of New York shall govern interpretation of this
Agreement and all rights and liabilities arising hereunder.

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.

For Copyright Clearance Center / RightsLink Only:

1.

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:

i. 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.

ii. 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
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RightsLink Printable License https://s100.copyright.com/App/PrintableLicenseFrame.jsp?publisherID...

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.
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