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Abstract

While several mechanical disruption studies of lumbar intervertebral discs have pre-

viously been carried out in vitro, none have sought to examine the microstructure

of the resulting tissue failures. Consequently, how various spinal postures during

loading and various loading rates for a given posture affect the disc’s internal failure

mechanics has yet to be documented.

In the studies contained herein, ovine lumbar intervertebral discs have been me-

chanically disrupted by injecting radio-opaque gel into their nucleus via an injection

screw inserted longitudinally through their inferior vertebra. The resulting disruption

caused to each disc was subsequently examined using micro-computed tomography

and microscopy in tandem.

A low-strain rate, gradual nuclear pressurization regime was used to disrupt discs

positioned: neutrally, flexed 7◦ and 10◦, and flexed 7◦ plus axially rotated 2◦. The

primary results were:

Neutral position (0◦ flexion)

Failure of discs always occurred within the posterior annulus. Failure resulted

from the formation of sequential circumferential tears connected by short, cir-

cumferentially distributed radial tears. Consequently, the path of gel communi-

cation between the nucleus and posterior disc periphery was highly serpentine.

Flexed 7◦

Compared to the neutral position, positioning discs in 7◦ flexion during nuclear

pressurization led to the creation of radial tears that extended through the full

thickness of the central posterior disc wall. Two types of radial tears occurred:

mid-axial and annular-endplate. Mid-axial tears were confined to the annulus.

Annular-endplate tears consisted of both annular and endplate failure; endplate

failure in these tears always occurred adjacent to the mid annulus at the carti-

laginous/vertebral endplate junction.
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Flexed 10◦

Compared to those discs positioned in 7◦ flexion, an additional 3◦ of flexion

increased the proportion of radial annular-endplate type tears observed among

the sample population. Also, a notable number of type II rim fractures occurred.

Flexed 7◦ + Axially Rotated 2◦

Compared to those discs positioned in 7◦ flexion, the addition of 2◦ axial rotation

reduced the proportion of radial mid-axial tears (tears confined solely to the

annulus). While the proportion of radial annular-endplate tears did not change,

they occurred at a substantially lower pressure than in both the 7◦ and 10◦

flexion groups.

A high-strain rate, impulse pressurization regime was used to disrupt discs posi-

tioned: neutrally, and flexed 7◦. The primary results were:

Neutral position (0◦ flexion)

In contrast to those discs gradually pressurized while in the neutral position,

impulse pressurization created predominantly radial tears. Radial tears extended

through the full thickness of the central posterior disc wall, and, in all cases,

incorporated tears of the superior cartilaginous endplate adjacent to the inner

annulus and/or transition zone.

Flexed 7◦

In contrast to those discs gradually pressurized while flexed 7◦, impulse pres-

surization decreased the proportion of radial tears and increased the proportion

of vertebral endplate failures. In all cases, those radial tears that did occur

incorporated endplate tears adjacent to the outer posterior annulus at the car-

tilaginous/vertebral endplate junction, or within the vertebral endplate.

The results contained herein detail fundamental differences in the relative strengths

of the intervertebral disc wall’s components (i.e. the annulus, endplates, and their

junctions). Further, the results also describe, for the first time, the microstructure

of herniations created in vitro with clinically relevant morphologies. These findings

should prove useful to both clinicians and future in vitro disc disruption researchers,

and, hopefully, prompt both groups to better document the morphologies of the discs

with which they deal.
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Chapter 1

Background

1.1 The Lumbar Spine

The lumbar spine, commonly referred to as the ‘lower back’, extends from the base of

the ribs to the top of the pelvis, beginning at the terminus of the thoracic spine and

ending at the start of the sacrum (Figure 1.1).1 It consists of five vertebrae, labelled

from superior to inferior L1, L2, . . ., L5, four intervertebral discs, similarly labelled

L12, L23, . . ., L45, and their associated ligaments. The intervertebral disc lying

between the lumbar spine and sacrum is labelled L5S1; it is commonly included in

discussions regarding the lumbar spine. Both the lumbar vertebrae and intervertebral

discs, hereafter interchangeably referred to simply as discs, have a distinctive kidney-

bean shape (Figure 1.2), becoming more ovular with increasing proximity to the

sacrum (Figure 1.6, page 8 vs. Figure 2.4B, page 35).2

The basic articulating unit of the lumbar spine, commonly called a functional spinal

unit or motion segment (hereafter interchangeably referred to simply as ‘segment’),

consists of two vertebrae and their intervening disc and ligaments. Components of a

motion segment are generally divided into two groups called anterior and posterior

elements, separated by a coronal plane passing through the pedicles. The anterior

elements consist of the vertebral bodies, intervertebral disc, and anterior and poste-

rior longitudinal ligaments. The posterior elements consist of the remaining tissue,

including the facet joints (a pair of synovial joints, fully named the zygapophyseal

joints), processes, and associated ligaments (Figure 1.2).3
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Chapter 1. Background

Figure 1.1: Left: the lumbar portion of the spinal column extends from the base of the ribs
to the pelvis. Lumbar vertebrae are labelled L1, L2, . . ., L5. Right: a sagittal cutting plane
reveals the internal structure of lumbar vertebrae and intervertebral discs. Sketches by Toldt.1

1.2 The Lumbar Intervertebral Disc

The primary function of intervertebral discs is to support compressive forces, while

allowing movement in each of the three rotational degrees of freedom.

2



1.2. The Lumbar Intervertebral Disc

Figure 1.2: A transverse section passing through the T13L1 disc of a newborn lamb illustrates
the division of the spinal column’s anterior and posterior elements.

1.2.1 Biochemical Constituents

The following section provides a brief description of the primary biochemical con-

stituents of the intervertebral disc: elastic fibres, collagen, and proteoglycans.

Elastic Fibres

Elastic fibres are composed of an amorphous elastin core surrounded by a meshwork

of microfibrils (Figure 1.3).4–7 During elastogenesis microfibrils, each largely com-

posed of a parallel head to tail arrangement of fibrillin,8–10 are first assembled and

arranged into a scaffold.11,12 Small quantities of the monomer tropoelastin are then

progressively secreted, crosslinked, deposited onto the microfibrillar scaffold, and fur-

ther crosslinked,13,14 forming a highly interconnected insoluble polymer network rich

in hydrophobic amino acids, notably alanine and valine.4,15

The mechanics of elastic fibres are dominated by the elastin core; the absence of mi-

3



Chapter 1. Background

Figure 1.3: Electron micrographs show an elastic fibre (1) and collagen fibrils (2). A: The elastic
fibres dense microfibril scaffold is clearly shown. x 55,000. Reproduced, with permission, from
Ushiki.7 B: In cross-section, both the elastic fibres amorphous elastin core (1a) and microfibril
scaffold (1b) are visible. x 32,000. Reproduced, with permission, from Ross.15

crofibrils does not significantly alter an elastic fibres mechanical response.16 Elastic

fibres exhibit low stiffness (0.9 MPa)16 and high elastic extensibility (between 100

and 200% strain).17,18 Their impetus to recoil is driven by changes in the molecu-

lar conformation of elastin upon stretching, which results in entropy reduction and

hydrophobic domain exposure.19,20

Collagen

Molecular collagen consists of three polypeptide chains arranged in a triple helix that

terminates at each end in non-helical globular domains.21 In each polypeptide chain,

termed an α-chain, every third residue is glycine; the remaining two residues may

be any amino acid, although are often proline and hydroxyproline.22 The consistent

positioning of glycine — the smallest amino acid — allows the three chains fit tightly

together, promoting extensive interchain hydrogen bonding.23

Each distinct type of molecular collagen is composed of a distinct combination of α-

chains.21 While intervertebral discs contain at least eight types of collagen,24 types I,

II, and VI are the primary structural contributors (see Section 1.2.2, page 7). A type

I collagen molecule is composed of two α1(I) chains and one α2(I) chain, commonly

written: [α1(I)]2α2(I). Similarly, the polypeptide compositions of types II and VI

4



1.2. The Lumbar Intervertebral Disc

collagen are [α1(II)]3 and α1(VI)α2(VI)α3(VI), respectively.21,25

Types I and II collagen belong to the fibril-forming class of collagens (which also

includes types III, V, and IX).21,26 Molecular types I and II collagen are similar;

both contain uninterrupted ∼300 nm long helices incorporating 1,014 residues/α-

chain.23,27 After their formation, collagen molecules aggregate in parallel arrays and

are covalently cross-linked to one and other via lysyl oxidase, forming long slender

fibrils.28 During fibril formation collagen molecules are first arranged laterally in

clusters of five, with each molecule staggered 67 nm relative to its neighbour — this

staggering is responsible for the characteristic striated appearance of fibrils (Figure

1.3). Similar clusters than join the growing fibril both laterally and longitudinally in

a head-to-tail fashion.26,29 While each fibril is predominantly composed of a single

type of collagen molecule, some co-polymerization of different collagen types does

occur. For example, type IX collagen molecules are often bound to the surface of

type II collagen fibrils,24 and both collagen I and II fibrils may assemble on a collagen

type V or XI microfibrillar scaffold.28

Collagen fibrils are very stiff, with a modulus of approximately 0.1 to 0.5 GPa.30,31 In

order to provide a limited low-stiffness extensibility, the collagenous annular lamellae

of the intervertebral disc have a distinctive crimped waveform morphology (Figure

1.4).32 Because the elastic fibres that co-exist within the annular lamellae also obey

this waveform morphology,33 it is suspected that the crimps are an inherent fea-

ture of the collagenous fibrillar arrangement, similar to that found in the Achilles

tendon.34,35 When stretched parallel to the collagen fibre direction, annular lamel-

lae exhibit a j-shaped stress strain response.36–41 The initial low modulus or ‘toe’

phase of stretching represents the straightening of the crimp.42 The mechanics of

this phase is likely dominated by elastic fibres,∗ as documented in other tissues,45–48

which would be stretched both as the crimp straightens and as collagen fibres change

orientation.44,49 When the crimp has flattened, the stiffness of lamellae increases

dramatically as the bonds between collagen fibrils, molecules, and bonds within the

molecules themselves begin to stretch.31,50,51

Collagen type VI molecules contain shorter helices than type I and II molecules,

spanning ∼100 nm and incorporating 335-336 residues/α-chain.21,27 Type VI col-

lagen molecules first aggregate forming antiparallel dimers, which then group into

tetramers. Cross-linking occurs via disulfides rather than lysyl oxidase.28 Tetramer

units then joint linearly forming filaments.21,27

∗While this has yet to be experimentally demonstrated in healthy discs, disc degeneration, which
leads to an increase in annular elastin content,43 also causes an increase in the annulus’ low-strain
modulus.44
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Chapter 1. Background

Figure 1.4: Intralamellar cryosections taken from a bovine caudal disc show the collagen fibres
characteristic crimped waveform morphology at both low (A) and high (B) magnifications.

Proteoglycans

Proteoglycans consist of one or more glycosaminoglycan (GAG) covalently bound

to a protein core.52,53 The primary GAGs in the intervertebral disc are chondroitin

sulphate, keratan sulphate, and hyaluronic acid (also called hyaluronan).54–56 Chon-

droitin and keratan sulphate are made up of 50 and 15 repeating disaccharide

units, respectively, with sulphate groups bound intermittently to the saccharides.

Hyaluronic acid, on the other hand, is not sulphated, and, in comparison, has a very

long chain length consisting of 10,000 repeating disaccharide units.52

A diverse range of proteoglycans exist, with varying protein core lengths and number

of attached glycosaminoglycans.53 In the context of the intervertebral disc, proteo-

glycans are generally divided into two groups based on their ability to aggregate with

hyaluronic acid.52,57

Aggregating proteoglycans found in the intervertebral disc include aggrecan and

versican.58–61 Aggrecan’s protein core is composed of 2,297 amino acids that can

bind 20-30 keratan sulphate GAG chains, and over 100 chondroitin sulphate GAG

chains.52,53 Versican’s protein core is composed of 2,389 amino acids, but can only

bind 12-15 chondroitin sulphate GAG chains.62 Both aggrecan and versican can

bond to hyaluronic acid, creating large aggregates containing up to 100 individual

proteoglycans (Figure 1.5).52

Non-aggregating proteoglycans of the disc, which are not able to bond with hyaluronic

acid, include decorin, biglycan, lumican, and fibromodulin.58,64 These proteoglycans

are small in comparison to aggrecan and versican, consisting of protein cores com-
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1.2. The Lumbar Intervertebral Disc

Figure 1.5: A proteoglycan aggregate
consisting of 63 aggrecan molecules
connected to a hyaluronic acid core,
displaying an aggregate’s characteris-
tic ‘bottlebrush’ shape. Each aggre-
can molecule is ∼250 nm long. Elec-
tron microscope, x 60,000 magnifica-
tion. Reproduced, with permission,
from Buckwalter.63

posed of ∼330-360 amino acids that are only able to bond 1-4 GAG chains.52,65

1.2.2 Structure of the Mature Disc

Intervertebral discs are composed of three distinct structural elements: the nucleus,

annulus, and cartilaginous endplates (Figure 2.3, page 33). Discussion is limited to

healthy adult discs (grade II on the Thompson scale66).

The Nucleus

The nucleus occupies the centre of a disc. It is composed of proteoglycans, pre-

dominantly non-aggregating proteolytic degradation products of aggrecan,57,61,67 en-

trapped within a type II collagenous framework that comprises 10% of the nucleus’

dry weight,68,69 and is, reportedly, randomly arranged.70–72 Due to the high con-

centration of negatively charged sulphated glycosaminoglycans in the nucleus (350

to 500 µg/mg dry tissue weight),73,74 and as a consequence of the Gibbs-Donnnan

effect,75,76 the nucleus is highly hydrated; water makes up approximately 75 to 80%

of its wet weight.73,74,77

The Annulus

The annulus encases the nucleus circumferentially. While derived from the Latin

anulus, meaning ‘little ring’,78 it is, nearly always, spelt with two n’s. The annulus

is a multilaminate structure, consisting, predominantly, of collagenous fibre bundles

that are obliquely oriented and reverse orientation in each successive lamella.79
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Chapter 1. Background

Figure 1.6: Circumferential regions of the intervertebral disc. A transversely sectioned L56 disc
from a ewe age 2-5 years is shown.

The annulus is generally divided into five circumferential regions: anterior, anterolat-

eral, lateral, posterolateral, and posterior. The posterior annulus is generally further

subdivided into a central posterior region, lying behind the central portion of the

posterior longitudinal ligament, and two mediolateral regions (Figure 1.6).

The annulus’ radial thickness and number of distinct lamellae varies with circumfer-

ential location. The anterolateral annulus of human lumbar discs is approximately

7.5 mm thick and contains 38 lamellae while the posterolateral annulus is approx-

imately 5 mm thick and contains 33 lamellae.32 Because the number of individual

lamellae in each circumferential sector of the disc varies, the annulus is not composed,

like many schematics depict, of perfectly concentric laminate rings. Rather, the disc

contains many incomplete lamellae, and in conjunction, bifurcating lamellae, which

are reported to be most numerous in the posterolateral region.79

The orientation of superficial annular fibre bundles also varies with circumferential

location, increasing from approximately 30◦ to the horizontal at the anterior and

lateral regions to 70◦ at the posterior (Figure 1.7).32,79 Moving radially inward from

the disc periphery, the oblique orientation of annular fibre bundles becomes more

vertical.32
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1.2. The Lumbar Intervertebral Disc

Figure 1.7: Variation in the oblique angle of superficial annular fibre bundles with circumferential
location. The fibre bundle angle increases markedly moving from the lateral to posterior location
(the posterior longitudinal ligament has been removed). Images are of the L23 disc from a ewe
age 2-5 years.

Radially, the annulus is generally divided into two regions: inner and outer. This

is largely based on the idea that the outer annular lamellae attach to the endplate,

while the inner annular lamellae encircle the nucleus superiorly and inferiorly, as well

as circumferentially.71 However, the claim that the inner annulus completely encap-

sulates the nucleus is somewhat suspect.80 Based upon differences in the annulus’

integration with the cartilaginous and vertebral endplates, it makes more sense to

radially divide the disc wall (annulus and adjacent cartilaginous endplates) into three

regions: inner, mid, and outer, as defined in Figure 1.8.

The annular lamellae are radially connected by bridging elements and translamel-

lar bridges. Both bridging elements and translamellar bridges are composed of fibres

that pass between the fibre bundles of lamellae. At the beginning of the interlamellar

junction, the fibres of bridging elements turn 90◦ and integrate longitudinally with

the neighbouring fibre bundle of the adjacent lamella (Figure 1.9). Translamellar

bridges are similar to bridging elements, but connect more than two in-plane lamel-

lae. Instead of turning 90◦ at the first interlamellar space, fibres continue radially,

9



Chapter 1. Background

Figure 1.8: The disc wall can be divided into three distinct zones: inner, mid, and outer.
Between the nucleus and inner zone exists the transition zone. The transition zone contains
fibres that have a well defined superior-inferior orientation, but are not organized into distinct
lamellae. Inner zone: the inner zone begins at the first well defined lamella. While no
calcification of the cartilaginous endplate is present adjacent to the nucleus, adjacent to the
transition and inner zones both calcified and uncalcified cartilaginous endplate exist. The
boundary between the calcified and uncalcified cartilage, the tidemark, is indicated by arrow
tm. The boundary between the calcified cartilage and the vertebral endplate, the cement line,
is indicated by arrow cl. The ratio of calcified to uncalcified cartilage increase with radial
distance from the nucleus. Mid zone: The cartilaginous endplate is fully calcified. The
cement line is well defined. There appears to be little to no connection between the annular
fibres penetrating the cartilaginous endplate and the vertebral endplate. Outer zone: The
cartilaginous endplate is fully calcified. The cement line is less prominent. Annular fibres
penetrating the cartilaginous endplate appear to integrate with the vertebral endplate forming
a robust disc/vertebra connection. Section taken from the mediolateral posterior aspect of
the L56 disc of a ewe age 2-3 years. Note that the posterior longitudinal ligament has been
removed. If present, it would exist outside the outer zone.
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1.2. The Lumbar Intervertebral Disc

traversing the in-plane lamella and subsequent cross-sectioned lamella (Figure 1.9B).

Bridging elements have been well documented in both bovine caudal and ovine lum-

bar discs,81,82 and translamellar bridges have been well documented in ovine lumbar

discs.82–84 The presence of these two structural elements, however, has yet to be

officially† confirmed in human lumbar discs. The variation in translamellar bridges

with circumferential location (meaning the number of bridges per x◦ segment) in any

disc type, is currently unknown. However, based on personal experience, they are

rarely found in the posterior annulus, possibly because the lumbar spine’s limited

range of motion in extension compared to flexion85,86 limits the compressive forces

that act to separate the posterior lamellae.

Biochemically, the outer annulus contains relatively few proteoglycans, and thus has

a lower water content than the rest of the disc — approximately 70% by weight.74,87,88

Its collagen content is almost exclusively type I.68,69 Moving radially inwards, the

proteoglycan concentration continually increases,74,88 changing from approximately

100 to 350 µg/mg dry tissue,73,74 and the collagen content decrease, changing from

approximately 70 to 40% of the annulus dry weight.68,89 The decrease in collagen

content moving radially inward is accompanied by a progressive replacement of type

I collagen by type II collagen.68,69,89 Other important structural constituents of the

annulus include elastic fibres and type VI collagen. Elastic fibres, which make up

approximately 2% of the annulus’ dry weight,43 are found within lamellae, running

parallel to the collagen fibres, within the bridging elements separating annular fi-

bre bundles, and within the interlamellar space.33,90–92 Type VI collagen is thought

to be the primary collagenous constituent of bridging elements and translamellar

bridges.83

The Cartilaginous Endplates

The cartilaginous endplates cap the disc superiorly and inferiorly, interfacing between

the annulus and nucleus, and vertebral endplates. These, the endplates proper, are

composed of hyaline cartilage — a proteoglycan gel entrapped within a structured

collagenous framework.93

Adjacent to the nucleus, collagen fibres within the cartilaginous endplates run hori-

zontally.71,93,94 There are, reportedly, no fibre connections between either the nucleus

and cartilaginous endplates, or cartilaginous endplates and vertebral endplates.70–72

†Robert Fraser, speaking on behalf of Barrie Vernon-Roberts, has confirmed that these features,
as presented in the work of Schollum et al,84 do exist in human lumbar discs.
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Chapter 1. Background

Figure 1.9: Bridging elements and translamellar bridges. A: Several bridging elements (arrows),
separating cross-sectioned fibre bundles (CS) and joining neighboring in-plane lamellae (IP), are
visible in this section taken from the anterior annulus of a lamb’s L12 disc (age ∼8 months).
B: While bridging elements connect two adjacent in-plane lamellae (arrow 1), translamellar
bridges may connect several, in this case 3 (arrow 2). Image from a different location of the
section shown in A. C: After passing between cross-sectioned fibre bundles (arrow), the fibres
of the bridging element turn 90◦ connecting to the adjacent in-plane lamellae. Image from the
posterolateral annulus of a ewe’s L34 disc (age 2-5 years).
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1.2. The Lumbar Intervertebral Disc

These claims, however, are suspect; the three elements seem well connected mechan-

ically.80

Moving radially outward from the nucleus, the cartilaginous endplates become in-

creasingly mineralized. Adjacent to the inner margins of the annulus the ratio of

uncalcified to calcified cartilage, which lies between the uncalcified cartilage and ver-

tebral endplate, is large.93 This ratio gradually decreases until adjacent to the mid

annulus the cartilaginous endplate is calcified through its entire thickness (Figure

1.8).95,96

The Vertebral Endplates

While not technically part of the disc, the vertebral endplates deserve special atten-

tion. The vertebral endplates, which border the disc superiorly and inferiorly, are

composed of dense, perforated, subchondral bone (Figure 2.3, page 2.3).95,97 Stud-

ies that specifically deal with the vertebral endplate generally refer to a vertebral

endplate’s location relative to its respective vertebra. Thus, the caudal vertebral

endplate of L4, for example, is the superior vertebral endplate ‘of’ disc L45.

Topographically the vertebral endplates are concave in the centre and convex at the

periphery. The convex portion at the periphery — the vertebral ring — is of par-

ticular importance as some annular fibres, which are primarily anchored via a layer

of calcified cartilage,96 penetrate its dense bone,70,71 forming a robust disc/vertebra

connection.37 Despite its importance, this peripheral portion of vertebral endplate

suffers from lack of standardized terminology; it is commonly called the vertebral,

marginal, peripheral, apophyseal, and epiphyseal ring.‡ In relation to the interver-

tebral disc, the superior and inferior vertebral endplate differ in both morphology

and mechanical properties. Compared to the inferior endplate, the superior is both

thicker and supported by denser trabecular bone, thus providing it with a higher

ultimate compressive strength.99,100

1.2.3 Life Cycle

Development of the Intervertebral Disc

The early stages of spinal development are well depicted by Keyes & Compere.101

Vertebrae and intervertebral discs develop from mesenchymal cells surrounding the

‡According to Bick98 the vertebral ring does not contribute to a vertebra’s longitudinal growth,
making it an apophysis, and thus the term epiphyseal ring technically incorrect.
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Chapter 1. Background

Figure 1.10: The longitudinal growth of human vertebrae occurs via caudal and cranial epi-
physeal plates, marked by distinctive columnar cartilage (arrow in B), and located between the
cartilaginous endplate and surface of the existing trabecular bone. Section taken from a fetus
age approximately 25 weeks. Reproduced, with permission, from Bick.102

notochord. Those that lie in close proximity to the intersegmental arteries and will

form the vertebrae differentiate rapidly, pinching off the notochord and forcing it cra-

nially and caudally into the less cellularly populated adjacent intervertebral spaces.

The mesenchymal cells surrounding the remnants of the notochord, which will be-

come the nucleus, differentiate into vertically aligned fibroblastic-type cells.

Ossification centres first develop within the cell clusters that will form the verte-

brae at 10 weeks post-conception.101 The longitudinal growth of vertebrae occurs

via caudal and cranial epiphyseal cartilage plates consisting of columnar cartilage —

the ‘growth-plate’ — covered in hyaline cartilage (Figure 1.10).102 Peripherally, the

hyaline cartilage becomes continuous with the disc’s annular fibres, connecting the

epiphyseal plates.95 Between the ages of 6 and 9 years, a secondary ossification centre

develops within the periphery of the epiphyseal plates.96,98 This secondary ossifica-

tion centre will become the vertebral ring, and does not contribute to longitudinal

growth of a vertebra making it an apophysis.98

Between the ages of 11 and 16 years, the notochordal cells within the nucleus disap-

pear103 and the nucleus loses its gelatinous translucent appearance.104 When longi-

tudinal vertebral growth is complete, generally at the age of 18 years,98 the cartilage
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1.2. The Lumbar Intervertebral Disc

separating the vertebral ring from its adjacent vertebra first calcifies and is sub-

sequently resorbed and replaced by bone, fusing the two bony elements.95 On the

surface of the vertebral rim, a covering of calcified cartilage is retained which serves

to anchor the annulus to the vertebrae.96

Normal Degenerative Changes During Aging

Between the ages of 20 and 40 years the cartilaginous endplates become increasingly

calcified,105 thereby limiting the nutrition received by the disc’s cells,106 and thus

hampering their ability to maintain and repair the disc’s extracellular matrix.107

Beginning approximately at the age of 30 years, the proteoglycan content of the

nucleus progressively decreases with increasing age,73,77,108 causing a decrease in hy-

dration73,77 and consequently hydrostatic function.109 A reduction in hydrostatic

pressure generation within the nucleus requires a higher compressive load be sup-

ported directly by the annulus,109,110 presumably contributing to the reduction in

anterior and posterior disc heights, and corresponding increase in anteroposterior

disc diameter, observed between the ages of 35 and 60.111

Annular tears first appear between the ages of 10 and 17 years,103 beginning with

circumferential tears of the outer posterior annulus, followed by perinuclear tears,

and posterior radial tears.80 With the exception of anterior circumferential tears,

which are found less frequently after the age of 50,80 the incidence of most annular

tears steadily increases with increasing age.80,103 After the age of 40 the annulus

shows progressive general degeneration including the fragmentation of lamellae and

local depositions of cartilage-like chondroid tissue.112

1.2.4 In Vivo Loading and Diurnal Changes

Lying Horizontal

The lumbar spine experiences minimal compressive forces when in the supine or prone

positions. In vivo measurements show that in these positions intradiscal nuclear

pressures are low, ranging from 0.07 to 0.15 MPa.113,114

Erect Standing

When the torso is upright, each intervertebral joint is required to support the weight

of all body elements that lie above. This equates to a vertical load of 42% body
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weight at L12, increasing to 52% at L5S1 (equal to 300 N and 372 N for a 73 kg

individual, respectively).115 However, in isolation, the osteoligamentous lumbar spine

can only support a compressive load of 90 N before lateral buckling is initiated.116

Thus, in order to maintain an upright posture in vivo, tensile forces are generated

within the muscles of the back, acting like shrouds between the lumbar vertebrae, and

pelvis and sacrum. The extension moment created by these muscles must, in turn,

be balanced by tensile forces generated by the abdominal muscles.117 Consequently,

the compressive load acting on each lumbar intervertebral joint substantially exceeds

the weight of the body elements it supports.118,119

When standing upright, in vitro testing has shown that approximately 84% the com-

pressive load applied to each lumbar intervertebral joint is supported by its disc; the

remainder is supported by the facet joints.120 In a hydrated disc,109,110,113 approx-

imately 75% of the applied compressive load is supported by hydrostatic pressure

generated within the nucleus, which is in turn supported by tensile stresses developed

in the disc wall.121

Using the data provided by Duval-Beaupère & Robain,115 Nachemson,118,121 and

Adams & Hutton,120 the compressive load acting on any given lumbar disc, and

the corresponding nuclear pressure generated can be calculated. For example, the

predicted load carried by joint L45 and corresponding nuclear pressure for a 73 kg in-

dividual in upright standing is 883 N (∼2.5x the weight of supported body elements)

and 0.58 MPa, respectively.§ The later value is very close to the mean L45 nuclear

pressure of 0.53 MPa measured in vivo during upright standing for individuals with

an average mass of 73 kg.113

Flexion

During flexion the nucleus is shifted posteriorly,122–124 while the posterior and an-

terior annulus undergo significant deformations, reaching tensile and compressive

stretch ratios of 60 and 35% at the limit of normal flexion, respectively.125,126 Large

compressive loads are generated in the lumbar spine during flexion, which are borne

almost entirely by the discs; in most cases facets joints support none of the compres-

sive load applied to an intervertebral joint after a motion segment reaches a flexion

angle of 4◦.120

§Using data from Duval-Beaupère & Robain,115, the body mass supported by joint L45 = 73 kg
∗ 49.4% = 36 kg. Using Figure 4 from Nachemson,118 36 kg corresponds to an actual compressive
force on joint L45 of 90 kg ∗ 9.81 m/s2 = 883 N. Assuming 9.6 cm2 is the average L45 functional
nucleus’ cross-sectional area,121 the nuclear pressure in L45 is: 883 N ∗ 84% ∗ 75% / 9.6 cm2 =
0.58 MPa.
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1.2. The Lumbar Intervertebral Disc

Because, in an ideal case, flexion occurs symmetrically about the sagittal plane,

the relationship between flexion and compressive force can be easily analysed in two

dimensions. In such an analysis, the pivot point for each intervertebral joint lies in the

sagittal plane at the joint’s instantaneous axis of rotation. Because the upper bodies

centre of mass is positioned well above the lumbar spine, lying approximately level

with T7 for the body elements supported by L5S1,115 relatively modest flexion angles

increase the anteroposterior distance between the lumbar intervertebral joints’ pivot

points and the centre of mass they support considerably. In order to maintain static

equilibrium in such a situation, the muscles of the back responsible for producing

extension moments, notably the fascicles of the superficial multifidus, which run from

the spinous processes to the iliac crest and sacrum, and those of the longissimus which

run from transverse processes and, for thoracic vertebrae, adjacent ribs, to the iliac

crest and sacrum,127–130 must generate large tensile forces, thus subjecting the disc to

large compressive forces.131 In vivo measurements show that a pressure of 1.3 MPa

is generated within the L45 nucleus at modest flexion angles, corresponding to an

approximate applied compressive force of 2,000 N at this level.113

Axial Rotation (Torsion)

Axial rotation movements of the torso relative to the pelvis are thought to be largely

generated by obliquus externus and internus abdominis,132 latissimus dorsi,133 and

transverse abdominis.134,135 During axial rotation a disc’s annular fibres inclined in

the direction of the applied axial rotation are stretched, while those inclined in the

opposite direction (those belonging to every other lamella) are relaxed. This has

been demonstrated in vitro by both recording the superficial fibre strains of intact

discs during axial rotation,136 and by studying the mechanical behaviour of discs

that have had annular fibres running in one oblique direction, but not the other,

severed.137

Diurnal Changes

The nucleus’ high proteoglycan concentration73,74 results, via the Gibb-Donnan ef-

fect,75 in a permanent diffusion gradient existing between discs’ nuclei and the sur-

rounding physiologic fluid, thus creating a swelling pressure within discs.76,88 When

a disc’s swelling pressure is balanced by the sum of the externally applied pressure

and tensile stress within the disc’s tissue matrix, an equilibrium point is reached

and fluid flow within the disc ceases.88 If the external compressive load acting on
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Figure 1.11: The lumbar spines range
of motion in flexion. All values
are measured relative to the upright
standing position. The ‘limit of nor-
mal flexion’ indicates the maximum
normal flexion angle for each disc that
can be achieved in vivo; data from
Adams & Hutton125 and Pearcy et
al85 have been averaged. The ‘physio-
logic limit of flexion’ represents a mo-
tion segment’s elastic limit; data from
Adams & Hutton.143 The ‘limit of disc
only flexion’ represents the interver-
tebral disc’s elastic limit following re-
moval of the posterior elements; data
from Adams et al.144

the disc is reduced, it will imbibe water.77 Alternatively, if the external compres-

sive load is increased, water will flow out of the disc,87 progressively increasing the

magnitude of the diffusion gradient — and hence swelling pressure — until, many

hours later, a new equilibrium point is reached.77,138,139 Consequently, intervertebral

discs are maximally hydrated after nightly bedrest, and progressively loose water,

approximately equal to 10% of their hydrated volume,140 throughout the day when

the torso is upright.140–142

1.2.5 In Vivo Range of Motion

Flexion

Both Adams & Hutton125 and Pearcy et al85 have measured, using radiographs,

healthy subjects’ normal ranges of lumbar motion in flexion. Radiographs were first

taken with each subject standing upright (the neutral position), and then bent over

in a toe-touching position (full-flexion). Combined, their results show that the range

of motion for each lumbar joint increases from 8.3◦ at L12 to 14.5◦ at L45 before

decreasing to 10.1◦ at L5S1 (Figure 1.11).

In vitro mechanical testing has shown that, while helping to resist the applied bend-

ing moment,145 it is not a motion segment’s disc that limits its range of motion,

but the supraspinous and interspinous ligaments.145 When flexed, these ligaments
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are the first structures to reach their elastic limit — a point termed the physio-

logic limit of flexion. The physiologic limit of flexion exceeds the limit of normal

flexion (in vivo limit) by approximately 4.5◦ at L5S1, decreasing steadily to 0.5◦ at

L12 (Figure 1.11).143 Removed of its posterior elements, a motion segment can be

flexed approximately 4◦ beyond its physiologic limit before its disc is injured (Figure

1.11).144

The instantaneous axis of rotation during flexion has also be measured in vivo for

healthy subjects using radiographs.146,147 For a movement from erect standing to

full-flexion, the instantaneous axes of rotation for the lumbar motion segments L12

to L45 lie within the inferior vertebral endplate adjacent to the nucleus. For L5S1,

the instantaneous axis of rotation lies within the nucleus rather than below it.

Axial Rotation

The range of motion in axial rotation for lumbar motion segments in vivo is small;

from the neutral position, the superior vertebra of a motion segment can rotate 1-2◦

to the left or right, relative to the inferior vertebra.148–151 As in flexion, a motion

segment’s disc, while contributing 30-50% of the torsional resistance,152,153 is not the

limiting structure in axial rotation. Rotation stops when the articulating surfaces of

the facet joint that is being compressed meet (that is, the surfaces of the facet joint

contralateral to the direction of rotation).152 Removed of its posterior elements, a

motion segment can undergo 10-20◦ axial rotation before the disc is damaged152,153

— values 10 times greater than those that occurs in vivo.

The instantaneous axis of torsional rotation for lumbar motion segments has yet

to be measured in vivo. In vitro, both Cossette et al154 and Haberl et al155 have

calculated the instantaneous axis of rotation for human lumbar motion segments.

Their results indicate that for physiologic rotations in the neutral position (≤2◦) the

axis passes through the inner posterior annulus (approximately), running near and

approximately parallel to the sagittal plane. These findings agree well with those

of Adams & Hutton152 who deduced that in vivo the axis probably passes through

the posterior annulus in the sagittal plane because motion segments show the least

torsional resistance when rotated about this axis.

Flexion + Axial Rotation

The geometry of the lumbar facet joints is such that during flexion the spacing

between the articulating facet joint surfaces of a motion segment increase. This has
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both been casually noted by Pearcy156 on the radiographs of healthy subjects, and

explicitly shown in vitro using porcine cervical motion segments.157 Given that the

compression of the facet joint contralateral to the direction of applied axial rotation

limits a motion segment’s torsional mobility,152 a motion segment should have an

increased range of motion in axial rotation when flexed. While logical, this is not

true in all situations.

In vitro testing conducted by Drake & Callaghan158 has shown that when passively

rotated∗∗ while fully-flexed, the torsional mobility of the lumbar spine is approxi-

mately 14% greater than when in the neutral position. Larger increases have been

reported for subjects undergoing active axial rotation while in seated postures that in-

duce sub-maximal flexion, averaging approximately 30% at 40% of full-flexion,156,159

and, in some cases, 100% at 50% of full-flexion.156 However, when standing, flexion

does not increase the lumbar spines mobility during active axial rotation; trunk mus-

cles simply cannot generate the required force while acting to maintain a person’s

balance.156

1.3 In Vivo Mechanical Disruption of the Inter-

vertebral Disc

While biological processes may play a currently undefined role in their development,

both disc herniation and internal disc disruption, which involve derangements of the

intervertebral disc’s internal structure, are currently thought to be caused primarily

by mechanical factors.160

Both disc herniation and internal disc disruption are relatively common: approx-

imately 25% of persons over the age of 20 have at least one herniated disc,161,162

while internal disc disruption may account for 30 to 50% of chronic low back pain

cases.163

1.3.1 Herniation

Disc herniation is defined as a focal extension of disc material beyond the disc periph-

ery.164,165 The focal extension may be caused by local bulging of the annulus without

radial displacement of the nucleus,166 or as a consequence of nuclear penetration

of the annulus.167,168 Herniations involving nuclear penetration of the annulus may

∗∗Meaning an externally applied rather than self-imposed (active) rotation.
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(a) Nuclear Protrusion: displaced nuclear mate-
rial forms a peripheral bulge, but is contained
within the annulus.

(b) Subligamentous Nuclear Extrusion: nuclear
material breaches the annulus, but is contained
by the posterior longitudinal ligament.

(c) Transligamentous Nuclear Extrusion: nuclear
material breaches both the annulus and posterior
longitudinal ligament, and remains connected to
the disc.

(d) Nuclear Sequestration: after breaching the
posterior longitudinal ligament, a fragment of
the extrudant breaks free and is no longer con-
nected to the disc.

Figure 1.12: Classification of herniations involving nuclear penetration of the annulus, following
the criteria proposed by Ohshima et al.169 Note that several synonyms for the names given exist:
protrusions may also be called ‘contained’ herniations, sub- or transligamentous extrusions called
‘uncontained’ herniations,170 or the word membranous simply substituted for ligamentous.167

be classified as protrusions, extrusions, or sequestrations depending on their basic

morphologic characteristics, as defined in Figure 1.12.

Among all the discs in the spinal column, the overwhelming majority of hernia-

tions that are treated clinically are suffered by the L45 and L5S1 discs (Figure

1.13).167,171,172 The disc’s focal bulge — the herniation — is most frequently located

in the mediolateral posterior position (Figure 1.6, page 8).172–175 Among herniations

involving displacement of the nucleus, radial tears of the disc wall communicating

from the nucleus to disc periphery are most often located in central posterior re-

gion of the disc,173,174 and tend to track inferiorly in relation to disc height.172,174

Herniated disc material may contain nucleus and annulus, alone or in combina-

tion,167,176–181 often accompanied by cartilaginous endplate,167,176,178 and sometimes
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Chapter 1. Background

Figure 1.13: Distribution of affected discs in 500 consecutive herniation cases treated opera-
tively at the Mayo Clinic. Reproduced, with permission, from Love & Walsh.171

bony fragments.176–178

Lumbar disc herniations first began to gain acceptance as a potential source of sci-

atica — radicular pain or paresthesia perceived in one or both of the lower limbs3 —

following the reports of Dandy182 in 1929 and Mixter & Barr183 in 1934. Both pa-

pers report finding herniated masses compressing one or more lumbar nerve roots of

the cauda equina, which, after resection, relieved a patient of his or her discomforts.

Many subsequent reports were published detailing larger numbers of cases each with

similar pathologic findings and operative results.171,184–186

In 1958 Smyth & Wright187 demonstrated that compression of a nerve root need not

be severe in order to generate pain, and hypothesised that repeated contact with a

herniated mass makes nerve roots hypersensitive. While the level of mechanical nerve

root compression is an important pathologic factor,188–190 it has recently been shown

that exposure of the dura to nuclear material does indeed lead to marked nerve fibre

degeneration,191,192 mechanical hypersensitivity,192,193 and hyperalgesia.194,195

While lumbar disc herniation is recognised as the most common cause of sciat-

ica,196–198 it can also cause low back pain. Although denied as recently as 1979,199 it

is now accepted that the outer one-third of the annulus does, in fact, contain nerve

endings.200–203 Disc herniations may cause low back pain by stimulating the nerve
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1.4. In Vitro Mechanical Disruption of the Intervertebral Disc

endings penetrating the posterior portion of the annulus,204–206 which connect to the

lumbar and lower thoracic dorsal root ganglia. This connection is achieved via two

separate pathways: from each lumbar disc the closest 2 to 4 dorsal root ganglia are

reached via the sinuvertebral nerves,207,208 while the more cranial dorsal root ganglia

are reached via the sympathetic trunks and ramus communicans.207–210 For example,

the nerve fibres penetrating the posterior annulus of L5S1 are thought to connect

to the L3 to S1 dorsal root ganglia via the sinuvertebral nerves, and the T12 to L2

dorsal root ganglia via the sympathetic trunks and ramus communicans; of these, the

L2 dorsal root ganglion appears to be connected to the greatest number of annular

nerve fibres.207 In turn, fibres from the dorsal root ganglia innervate the skin and

muscles of the lower back and buttocks.211

1.3.2 Internal Disc Disruption

Internal disc disruption is classified as derangement of the disc’s internal structure,

usually in the form of one or more posterior or posterolateral radial tears emanating

for the nucleus, that, unlike disc herniation, does not cause a change to the disc’s

periphery.212 The severity of internal disc disruption is graded on a four point scale

based on how far radial tears extend into the annulus,213 sometimes modified to in-

clude a fifth grade representing the existence of a circumferential tear at the terminus

of a grade 3 radial tear.214

Internal disc disruption may be precipitated by fracture of a vertebral endplate, thus

depressurizing the nucleus and transferring a greater portion of the applied vertical

load directly to a disc’s annulus.215 Internal disc disruption is thought to cause low

back pain by direct stimulation of the nerves that penetrate the outer one-third of the

annulus,200–203 as discussed above for disc herniations. Consequently, only tears that

extend into the outer lamellae of the annulus are generally painful.214,216–218

1.4 In Vitro Mechanical Disruption of the Inter-

vertebral Disc

The following section provides a chronological description of relevant works that have

studied the failure mechanics of spinal motion segments.
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Chapter 1. Background

1.4.1 Compression

When compressed while in the neutral position, motion segments consistently fail due

to vertebral endplate rupture or crushing of the underlying trabecular bone.219–224

However, with the exception of Lundin et al221 who used an immature porcine model,

no study has examined the disc wall microscopically following compression failure in

order to determine if any non-catastrophic fine-scale disruption might occur.

1.4.2 Compression + Flexion

Adams & Hutton (1982):125

Protocol: Human lumbar motion segments were wedged in anterolateral flexion (15◦

sagittal off-set) at their normal limit of flexion†† and then compressed to 8,000 N.

If failure did not occur the flexion angle was increased by 1◦ or 2◦ and compression

repeated.

Key Findings: 18 of the 61 discs tested (30%) suffered a nuclear extrusion; 72%

of these were from persons aged 33-51 years. Extrusions occurred both posteriorly

and posterolaterally. The limit of normal flexion ranged from 6.3◦ (L12) to 12.5◦

(L45); nuclear extrusions occurred at an average of 4.4◦ past this limit (i.e. in

hyperflexion).

Adams & Hutton (1982):225

Protocol:∗ Human lumbar motion segments were: (a) flexed 4-8◦ and compressed

to failure, or (c) cyclically flexed anterolaterally (15◦ sagittal off-set) to 1◦ short of

the segment’s physiologic limit,† held at this angle, and then compressed at 40 cy-

cles/min for 4 hours (average peak force ∼3,000 N).

Key Findings: Of the 32 discs subjected to protocol (a) 1 suffered a nuclear ex-

trusion and 1 suffered a protrusion. None of the 41 discs subjected to protocol (c)

suffered a protrusion or nuclear extrusion, however, several discs exhibited distorted

posterolateral lamellae.

Adams & Hutton (1985):227

Protocol: Human lumbar motion segments were: (a) flexed anterolaterally (15◦ sagit-

††The limit of normal flexion is the average maximum flexion angle that can be achieved in vivo.
Flexion beyond this limit is termed hyperflexion.125
∗In this study protocol (b), not listed, consisted of the data published in Adams & Hutton’s

previous hyperflexion paper.125 Data from protocol (c) is also published as a separate paper in the
Journal of Bone and Joint Surgery.226
†The physiologic limit of flexion, which is greater than the limit of normal flexion, is defined

as the angle at which a motion segment’s supraspinous or interspinous ligament first plastically
deforms.145
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1.4. In Vitro Mechanical Disruption of the Intervertebral Disc

tal off-set) to their physiologic limit and cyclically compressed at 40 cycles/min for

5 hours (minimum 500 N, mean maximum ∼2,200 N), or (b) gradually hyperflexed

and then cyclically compressed using a peak force that increased by 500 N every 30

minutes until failure occurred.

Key Findings: None of the discs subjected to protocol (a) suffered a protrusion or

nuclear extrusion. 6 of the 29 discs subjected to protocol (b) suffered a nuclear

extrusion (21%). Nuclear extrusions, which formed via a serpentine posterolateral

tear in 5 discs, occurred at an average angle 4.4◦ above the limit of normal flexion

(hyperflexion) and peak compressive force of ∼3540 N.

McNally et al (1993):228

Protocol: The horizontal and vertical stress profiles of human lumbar motion seg-

ments were measured by drawing a miniature pressure transducer sagittally and

coronally though the discs while they were: (a) compressed to ∼2,000 N, and (b)

compressed to ∼2,000 N while wedged at their physiologic limit of flexion in antero-

lateral flexion (30◦ sagittal off-set). Motion segments were then anterolaterally flexed

2◦ beyond their physiologic limit of flexion (again, using a 30◦ sagittal off-set), and

compressed to failure.

Key Findings: 7 of the 22 discs tested (32%) suffered herniation, each at some point

between the disc’s posterior midpoint and posterolateral corner that was more highly

stressed (contralateral to the direction of off-set flexion). Relative to the mean nu-

clear stress, motion segments that suffered herniation were found to have previously

exhibited higher vertical stresses in both the anterior and posterior annulus during

protocol (b).

Callaghan & McGill (2001):229

Protocol: Porcine cervical motion segments were compressed to 260, 867, or 1,472 N

and then cyclically flexed and extended at 1 Hz for up to 24 hours using either mo-

ment or angular displacement control. While not explicitly reported, the segments

in the angular displacement control group would have been rotated through angles

ranging from 10-18◦ depending on the applied compressive load.

Key Findings: The incidence and severity of annular disruptions increased with

increasing compressive force. However, the motion segments tested with higher com-

pressive forces were also subjected to larger angular displacements, rendering the

results of this study inconclusive.

Simunic et al (2004):230

Protocol: Bovine caudal motion segments were compressed to a set displacement in

both neutral and flexed postures. For each posture, two states of disc hydration
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(fully and partially hydrated) and two loading rates (4 and 0.004 MPa/s) were used.

Neither the average flexion angle imposed upon, nor the average compressive load

applied to the motion segments is provided.

Key Findings: Independently, the testing conditions of flexion and full hydration

were found to positively correlate with increased annular disruption.

Aultman et al (2005):231

Protocol: Porcine cervical motion segments were compressed to 1,472 N and then

cyclically flexed and extended in an off-set sagittal plane (30◦) at 0.5 Hz for 6,000

cycles. The flexion/extension angles through which each segment was bent are not

provided.

Key Findings: Posterior nuclear ‘tracking’ perpendicular to the axis of bending

occurred in 15 of the 16 discs tested.

Tampier et al (2007):232

Protocol: Porcine cervical motion segments were compressed to 1,472 N and then

cyclically bent from 2◦ extension through to 15◦ flexion at 1 Hz for up to 14,400

cycles.

Key Findings: 8 of the 16 motion segments tested developed posterior subligamen-

tous nuclear extrusions. Nuclear material travelled from the centre of the disc to the

periphery by flowing within annular fibre bundles, and communicated from one layer

to the next through small clefts. No ruptured annular fibres were found.

Together, the above studies indicate that annular disruption is most likely to occur

when the disc is fully hydrated230 and subjected to either: (a) high levels of flexion

combined with high levels of compression,125,228 (b) high levels of flexion combined

with cyclic compression,227 or (c) high levels of flexion applied cyclically with mod-

erate compression.232 From the scant structural details provided in these studies,

acute herniations created under condition (a) appear to occur via a more direct

route through the disc wall than those under the fatigue conditions (b) and (c). Fur-

ther, nuclear material appears to preferentially migrate through the disc wall in a

direction approximately perpendicular to the axis of bending.228,231,232

1.4.3 Compression + Flexion + Torsion

Gordon et al (1991):233

Protocol: Human lumbar motion segments were flexed 7◦ and compressed to 1,334 N;

the displacement was recorded. Motion segments were then cyclically compressed to

this recorded displacement at a rate of 1.5 Hz until the load-displacement response
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stabilized (average ∼7 hours). The testing rig employed was constructed such that

compression of the motion segment resulted in axial rotation of the inferior vertebra

(≤3◦). Thus, motion segments were subjected to cyclic compression plus torsion.

Key Findings: Of the 14 discs tested, 10 suffered annular protrusions (usually grade

I discs) and 4 suffered nuclear extrusions (usually grade II discs). All discs exhibited

posterolateral annular tears. Given the significance of these findings (100% of the

discs tested suffered rather severe annular disruptions), it is unfortunate that the

authors’ published no follow-up to this self-titled ‘preliminary report’.

Kuga & Kawabuchi (2001):234

Protocol: The lumbar motion segments of rats were cyclically bent in a sequence

of 30◦ flexion and 6◦ axial rotation at 1 to 2 Hz for 400 cycles. Discs were then

examined histologically. Note that, while included in this section, no compressive

force was applied to the motion segments during testing.

Key Findings: Of the 10 discs tested, 1 suffered a posterior nuclear extrusion and

3 posterior protrusions. All 4 discs contained tears at the inferior cartilaginous

endplate.

Drake et al (2005):235

Protocol: Porcine cervical motion segments were compressed to 1,472 N and then

cyclically flexed and extended at 1 Hz for up to 6,000 cycles (flexion and extension

angles are not provided). During testing, a 5 Nm static axial torque was applied to

half of the motion segments.

Key Findings: 14 of the 18 discs tested suffered nuclear herniations, 7 from each

group (axial torque vs. no axial torque). Discs tested with axial torque herniated in

fewer cycles than those tested without.

Although the data is sparse, the results of Gordon et al,233 and, in particular, Drake

et al235 indicate that axial rotation is likely an important factor in the mechanical

disruption of intervertebral discs.
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Chapter 2

Global Materials & Methods

This chapter provides information on those materials and methods that are common

to the following chapters.

2.1 The Ovine Lumbar Spine

While the use of human tissue in the following works would have been preferable,

ethical constraints made acquisition of the required volume of non-degenerate lumbar

spines prohibitive. In lieu, the ovine lumbar spine has been used as a model for the

human lumbar spine.

2.1.1 Tissue Used

For each of the four experiments contained within this thesis, ovine lumbar spines

were obtained from the same local butchery. The lumbar spines were harvested from

freshly slaughtered ewes (breed unknown), double wrapped in plastic film, and stored

at -20 ◦C. Excluding Chapter 4, the same three lumbar levels from each spine were

used for mechanical testing: L12, L34, and L56.

While the age of individual animals was not recorded, common farming practice

indicates that the population ranged from 2 to 5 years, consistent with the age range

of ‘adult’ sheep used in other studies.236–240 Importantly, for each disc tested, the

adjacent vertebral growth plates, which ossify with age as discussed below, were

assessed, thus providing an indication of the motion segments’ maturity.
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Chapter 2. Global Materials & Methods

2.1.2 Comparison of Ovine & Human Lumbar Spines

In terms of gross anatomy, while the human lumbar spine contains five vertebrae and

has a lordotic curvature,3 the ovine lumbar spine contains six or seven vertebrae and

is slightly kyphotic. Of the 55 ovine lumbar spines dissected over the course of this

doctorate, 30 (54.5%) contained seven lumbar vertebrae.

The most significant differences between ovine and human lumbar motion segments

concern the vertebrae. A detailed report on the differences in vertebral dimensions

has been written by Wilke et al.241 In general, whereas the height of human lumbar

vertebral bodies is less than their endplates’ width, the height of ovine lumbar ver-

tebral bodies exceeds their endplates’ width. In relative terms, the width of ovine

lumbar vertebral endplates is approximately 2/3rds that of their human counterpart.

Also, compared to human lumbar vertebrae, the transverse processes of ovine lumbar

vertebrae are longer and positioned slightly anteriorly, extending from the anterior

rather than posterior edge of the pedicles.

Ovine and human vertebrae grow longitudinally in different ways. Whereas the

growth plates of human vertebrae are located between the vertebral and cartilaginous

endplates (Figure 1.10, page 14), the growth plates of ovine vertebrae are separated

from the disc by bony plates (Figures 2.1, 2.2). As a sheep matures, these growth

plates are remodelled and become bone, seamlessly fusing the adjacent bony plates

with the rest of the vertebral body (Figure 2.3). Also, as ovine vertebrae grow,

marginal apophyses do not develop as do in humans (Section 1.2.3, page 13).

Importantly, despite the differences outlined above, the ovine vertebral endplates are

similarly shaped to their human counterparts. Both have a distinctive kidney-bean

shape, and become more ovular with increasing proximity to the sacrum (Figure 2.4

vs. 1.6, page 8).2,241 While ovine lumbar vertebrae do not develop a vertebral ring

via a secondary ossification center, the ovine vertebral endplates do have a raised

edge peripherally (Figure 2.3), giving them a similar topography to human vertebral

endplates bordering non-degenerate discs.
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Chapter 2. Global Materials & Methods

Morphologically, ovine and human lumbar intervertebral discs appear to be very

similar. Like human lumbar discs,79 the annuli of ovine lumbar discs are thicker an-

teriorly than posteriorly and contain a large number of incomplete lamellae (Figure

2.4, and Figure 1.6, page 8). At the annular periphery, the inclination of fibre bundles

is similar to that reported for human discs (Figure 1.7, page 9).32 The cartilaginous

endplates also vary similarly with radial location in both species. Adjacent to the in-

ner annulus, the ratio of calcified to uncalcified cartilaginous endplate in both species

starts to increase.93 This transition continues until, adjacent to the mid portion of

the annulus, the endplate contains only calcified cartilage, the fibres of which are

continuous with the annulus (Figure 1.8, page 10).96 In both species, near the disc

periphery, fibres from the outermost annular lamellae appear to pass through the

cartilaginous endplate, and integrate with the subchondral bone beneath.70,71

The consistency of the nucleus between species varies markedly based on the presence

or absence of notochordal cells.243 Nuclei containing notochordal cells,244 such as in

the commonly used porcine cervical,245–247 porcine lumbar,248 and rabbit lumbar

discs,249 are very gelatinous and nearly transparent in appearance. In contrast,

the nuclei of ovine lumbar discs, which lose their notochordal cells during the first

year after birth,250 were always white, resilient, and highly cohesive (Figure 2.4),

appearing very similar to the normal morphology of nuclei from human adult discs

described as grade II on the Thompson scale.66

Beckstein et al246 and Reid et al251 have both conducted biochemical analyses on

ovine lumbar discs. Beckstein et al246 reported the glycosaminoglycan and water

content of discs from sheep age 3.5 to 5 years, whereas Reid et al251 reported the

collagen and water content of discs from sheep age 9 to 12 months. Together, these

two studies demonstrate that ovine lumbar discs compare very well biochemically to

non-degenerate human lumbar discs.

Significant differences exist between the cranial and caudal endplates of human lum-

bar vertebrae. Compared to the cranial vertebral endplate, the caudal endplate

is both thicker and supported by denser trabecular bone, thus providing it with a

higher ultimate strength.99,100 Preliminary results from our laboratory indicate that,

similar to the human case, the caudal endplate of ovine vertebrae is both thicker and

stronger than the cranial endplate. Comparatively, preliminary results indicate that

ovine vertebral endplates have a higher ultimate compressive strength than human

vertebral endplates, consistent with previous findings that they are supported by

stronger trabecular bone,252 indicating that the ovine lumbar spine sustains larger

average compressive stresses in vivo than the human lumbar spine.253
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2.1. The Ovine Lumbar Spine

Figure 2.4: Transverse sections of the T13L1 disc from a lamb age ∼8 months (A), and L34
disc from a ewe 2-5 years (B). In both discs the nucleus is white and opaque, and highly
cohesive, characteristic of ovine discs and similar to grade II human discs.66 Note the decrease
in size of the nucleus moving from lamb to ewe. The white spots in the lamb nucleus are
mineral deposits of hydroxyapatite (arrow in A) — see Melrose et al242 for more information.
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Wilke et al240 have tested the range of motion of ovine lumbar motion segments

in each of the three rotational degrees of freedom. Considering that the testing

employed pure moments of ± 7.5 Nm, the results compare very favorably with the

human values cited in this work that were obtained using moments of ± 10 Nm.

Ovine lumbar motion segments have also been shown to have a compressive stiffness

very similar to that of human lumbar motion segments.246

Overall, the ovine lumbar spine appears to be an excellent model for the human

lumbar spine — a sentiment that several results in the forthcoming chapters, when

compared to similar findings from work conducted on human tissue, only serve to

strengthen.

2.2 Nuclear Pressurization

In each of the four studies contained herein, nuclear pressurization has been used

to create internal disruption of ovine lumbar intervertebral discs. For each motion

segment tested, a pilot hole (diameter 3.2 mm) was drilled longitudinally through

the inferior vertebra until its cranial endplate was pierced. Through this hole a

self-tapping hollow injection screw (major thread diameter 4.5 mm, internal bore

diameter 1.5 mm) was threaded until its tip contacted the centre of the nucleus.

This procedure was designed by Schechtman et al254 to allow testing of the disc wall

using hydrostatic pressure alone without having to damage the disc wall in order to

accommodate the injection apparatus.

The material injected into discs was a viscous, radio-opaque contrast gel (Figure

2.5). The base material of the gel consisted of Colgate Total Advanced Fresh Gel

toothpaste — a semi-transparent hydrated silica gel, thickened with carrageenan.

This was mixed with barium sulphate powder in sufficient quantity so that the gel

was clearly discernable from vertebral bone on micro-computed tomography images.

For this purpose, the optimal concentration of barium sulphate power was found to

be 25.9% of the mixed gel weight (110 g base + 38.5 g BaSO4 was mixed to produce

each batch of contrast gel).

The contrast gel was injected into the nuclei of motion segments, via the injec-

tion screw, using a piston-cylinder device that was manually actuated using a lead-

screw (Figure 2.6A, B). During the injection process, a pressure transducer (model

ML/2345-6, Sensotec; infinite resolution, ± 0.3 MPa accuracy) connected near the

base of the injection needle and data-acquisition system (data logger model TC-08,
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Figure 2.5: Micrographs of the contrast gel used for nuclear pressurization, before (A) and
after (B) addition of the barium sulfate powder.

PicoLog software version 5.13.4; Pico Technology) were used to record data and pro-

vide a live pressure-time response. Using a torque bar, the lead screw was turned

through 45◦ at a constant rate over 30-40 seconds, displacing the piston and injecting

contrast gel into the nucleus of the connected motion segment. 12-14 seconds were

then allowed to elapse. The leadscrew was then slowly turned through another 45◦,

stopped for 12-14 seconds, and so on, resulting in a gradual ramp-and-hold pres-

surization regime (Figure 2.7). Pressurization was continued until a catastrophic

failure event occurred, marked by either: i) a large sudden drop in nuclear pressure,

ii) a focal change to the disc periphery, or iii) extrusion of material from the disc

periphery. When a failure event occurred, the pressure within the piston was relieved

immediately.

In Chapter 4, nuclear pressurization was conducted using motion segments that were

posturally unconstrained. In Chapter 5 motion segments were held in either a 7 or

10◦ flexed position during nuclear pressurization, and in Chapter 6 motion segments

were held in 7◦ flexion plus 2◦ axial rotation. In order to maintain these postural

configurations during pressurization, the vertebrae of motion segments were first

set in stainless steel rings using dental plaster. Using grub screws, the two steel

rings holding each motion segment were then secured into a custom-made loading

rig (Figure 2.6C, D). Using the rig, each motion segment was then gradually axially

rotated and/or flexed about fixed axes using small leadscrews. A short hydraulic hose

and quick release coupling were used to connect the injection screw implanted within

each rig-bound motion segment to the piston-cylinder device (Figure 2.6A).

In Chapter 7, impulse pressure waves were delivered to the tested motion segments.

This was accomplished by adding a ball-valve between the pressure transducer at the
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Figure 2.6: Apparatus used for nuclear pressurization. A: The piston cylinder device containing
the contrast gel was compressed using a leadscrew. Connected to the piston was the injection
line (foreground). During gradual pressurization of neutrally positioned segments (Chapter 4)
the hydraulic hose, ball-valve, and quick-release coupling were removed from the injection line.
During gradual pressurization of flexed motion segments (Chapter 5) and flexed plus axially
rotated motion segments (Chapter 6) the ball-valve was removed from the injection line. The
full injection line (as shown) was used during impulse pressurization (Chapter 7). B: A larger
view of the self-tapping injection screw that was inserted longitudinally through the inferior
vertebra of motion segments. C & D: The rig used to position and hold motion segments in
flexed, and flexed plus axially rotated postures during nuclear pressurization.
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Figure 2.7: Four test specimens from Chapters 4, 5, and 6 illustrate the pressure-time response
generated by the ramp-and-hold pressurization regime. The non-linear nature of the pressure-
time responses was such that the maximum rate of pressure increase experienced by a disc,
taken as the slope of a linear line fit to the steepest ramp (as illustrated for sample L34-Spine
4 shown above), was highly dependent on the maximum pressure reached.

end of the hydraulic hose, and quick-release coupling to which the injection screw

attached (Figure 2.6A). After a baseline pressure was reached using the gradual

ramp-and-hold regime, the ball-valve was closed, pressure within the piston raised,

and the ball-valve quickly opened, subjecting the nucleus of the attached motion

segment to an abrupt pressure wave.

2.3 Micro-Computed Tomography

Following nuclear pressurization each tested disc along with ∼5 mm of its adjoining

vertebrae was imaged using micro-computed tomography (micro-CT). While frozen,

each trimmed segment was first tightly wrapped in plastic film. The cut face of each

segment’s inferior vertebra was then affixed to the stage of the micro-CT scanner

(Skyscan1172, Skyscan, Belgium) using double-sided tape. With the scanner oper-

ating at 100 kV/100 µA, each segment was repeatedly x-rayed and rotated 0.7◦ until
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it had turned through 187.6◦. Using Skyscan’s NRecon software, the resulting 268 ra-

diographs for each segment were then converted into an axial image-set, from which a

sagittal image-set was subsequently produced using DataViewer software (Skyscan).

The images in both sets were composed of pixels measuring 34.6 µm2. Using these

image-sets and Skyscan’s CTAn software, two final types of images were created: 3-

dimensional gel positive models, and maximal intensity projections (MIPs). Figure

2.8 illustrates the difference between these two types of images.

2.4 Terminology

Following inspection using micro-CT and microscopy, each disc was classified as a

vertebral or disc failure. Vertebral failures represent those cases where failure of

the disc during nuclear pressurization was predominantly due to bony rather than

soft-tissue failure. As such, vertebral failures include failure of a vertebral endplate

adjacent to the nucleus (Schmorl’s node), and type II rim fractures (as classified by

Tanaka et al255). Type I rim fractures, which are fractures of the vertebral endplate

at the disc periphery, are included in the disc failure category. Endplates are always

referred to in relation to the disc, i.e. the superior vertebral endplate of L34 is the

caudal vertebral endplate of L3.

While guides have been published,164,165 there is little standardization in the current

literature regarding the nomenclature used to name herniations of various types.

In the current set of works, subligamentous nuclear extrusions represent failures

in which nuclear material has breached the disc periphery, but is contained by the

posterior longitudinal ligament. Transligamentous nuclear extrusions represent those

failures in which nuclear material has breached the posterior longitudinal ligament

(see Figure 1.12, page 21).
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Figure 2.8: The difference between a micro-CT maximal intensity projection (MIP) image (A)
and solid model (B). A MIP image two-dimensional; it is formed by projecting sequential micro-
CT images onto a single plane. In A, images 1 to 5 have been projected to form image 6. The
pixel at any position (m,n) in image 6 is chosen as the pixel in position (m,n) of images 1 to
5 that has the greatest intensity (is the whitest). In order to make a solid model (B), each
micro-CT image must be converted into a binary image: image 1 in A has been coverted to the
binary image i in B, etc. These binary images are then stacked to produce a three dimensional
model (image vi).
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Chapter 3

Objective

The studies summarized in Section 1.4, page 23, provide details regarding which

mechanical actions are most likely to cause disruption to the intervertebral disc wall.

However, with the exception of Kuga & Kawabuchi’s234 study that employed highly

unphysiologic levels of bending, and the limited imaging conducted by Tampier et

al,232 none have sought to investigate the induced disc disruptions microscopically.

Consequently, how each of the forces and rotations used precipitates failure of the

disc wall remains unknown. Further, by not documenting the microstructure of the

created disruptions, the results of these studies cannot be adequately compared to

current or future clinical observations.

Using a comprehensive microstructural approach, the current set of investigations

was designed to determine how various postural configurations affect the internal

failure mechanics of the lumbar intervertebral disc wall.
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Chapter 4

How the Annulus Fails Under

Hydrostatic Pressure∗

4.1 Introduction

The outer annular wall of the lumbar disc is known to be innervated,200–202 and

stimulation by mechanical probing has shown to elicit pain in the lower back.206

Radial tears that extend from the nucleus into the outer third of the annulus readily

reproduce a patient’s symptomatic low back pain upon discography.214,217,256 Such

tears, which are classified by Aprill & Bogduk214 as Grade 3 or 4 manifestations

of internal disc disruption,212 may account for 30-50% of chronic low back pain

cases.163

Disc herniation, defined as the migration of nuclear material down an annular fissure

causing a distinct localized change to the outer annular wall,160 may be related

to internal disc disruption.3 While intervertebral disc herniations in the form of

protrusions are commonly found in asymptomatic individuals,161,162,257 extrusions

and sequestrations correlate well with low back pain and sciatica.173,258

Genetic factors have been shown to play a significant role in the development of

lumbar disc degeneration259 and the occurrence of herniation,260 however, the way

in which these factors may weaken the disc structure, predisposing it to structural

failure, remains unknown. Several studies have shown an increased risk of disc herni-

ation258,261,262 and low back pain263,264 among persons exposed to adverse mechanical

factors. In an attempt to pinpoint the specific loading combinations that make up

these mechanical risk factors, numerous studies have sought to create annular tears

∗Published in: Spine 2008;33(25):2711-20. Winner of the 2008 ISSLS Prize in basic science.
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or herniation in vitro.125,215,226–230,233,234,265 The combined results of these studies

demonstrate that compression, flexion/extension, and axial rotation of the spine

may all play some role in the development of these two conditions.

High-resolution Nomarski differential interference contrast (DIC) microscopy, com-

bined with simultaneous micromechanical testing, has recently documented previ-

ously unknown levels of complex structural interconnectivity that exist both within

and between the collagenous lamellae of the annulus.81,266 Despite the extensive me-

chanical testing which has been done to elucidate the loadings which may contribute

to annular tearing and disc herniation, the way in which individual loading param-

eters disrupt the highly connected annular wall remains largely unknown. This gap

in the current literature likely exists because obtaining such information is highly

problematic. While MRI and discography can, in relatively low-resolution, describe

the 3-dimensional (3D) nature of these disruptions, they cannot relate them to the

annular architecture. Microscopy, on the other hand, can provide highly detailed

structural information, but using 2-dimensional tissue sections in order to study 3D

disruptions of unknown extent or location requires time-consuming serial sectioning,

as recently demonstrated.267

In order to begin filling this gap in the current literature, a series of detailed investi-

gations into how compression, flexion/extension, and axial rotation each contribute

to disruption of the complex annular architecture is required. Using the recently

described technique of nuclear pressurization,254 and by employing a combination

of 3D micro-computed tomography (micro-CT) and high-resolution Nomarski DIC

imaging, the current study sought to provide a detailed description of the annular

disruptions caused by elevated nuclear pressures within ovine lumbar discs.

4.2 Methods

Skeletally mature ovine lumbar spines, aged 3-5 years, were harvested fresh, wrapped

in plastic film, and stored at -20 ◦C for no more than 3 months. In preparation for

testing, each lumbar spine was bathed for 2 minutes in room temperature water to

aid in the careful removal of all soft tissues from the spine’s anterior elements while it

continued to thaw. A single cut was made along the length of the spine, through the

coronal plane of the vertebral foramen, effectively removing all posterior elements,

except a small portion of the facet joints (Figure 4.1B). No attempt was made to

remove the residual facet elements for fear of damaging the disc. The spinal cord was

removed from the vertebral foramen, while the posterior longitudinal ligament was
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4.2. Methods

Figure 4.1: Anterior (A) and lat-
eral (B) radiographs show the central
placement of the injection screw tip
within the nucleus of a motion seg-
ment following testing. The injected
contrast laden gel (+) appears as a
dark mass within the centre of the
disc.

left undisturbed. Three individual vertebra-disc-vertebra motion segments, with all

vertebral endplates intact, were isolated from each lumbar spine. Prior to testing,

each motion segment was soaked for 20 hours in 0.15 M saline at 4 ◦C, a sufficient

amount of time to ensure a consistent level of hydration was reached.265,268,269

Following the method of Schechtman et al,254 the inferior vertebra of each motion

segment was fitted longitudinally with a self-tapping injection screw (major thread

diameter 4.5 mm, internal bore diameter 1.5 mm), positioned so that its tip con-

tacted the centre of the nucleus (Figure 4.1). Through this screw, a hydrated silica

gel, thickened with carrageenan, and made radio-opaque by the addition of barium

sulphate (25.9% by weight), was injected into the nucleus from a piston-cylinder de-

vice that was manually actuated (Figure 2.6A, page 38). Motion segments remained

unconstrained during the injection process as nuclear pressurization was previously

found not to cause a longitudinal expansion of specimens.254

The pressure within the nucleus was gradually increased in a ramp-and-hold manner

by repeatedly slowly advancing the piston 0.3 mm at a rate of 0.010-0.016 mm/s

and then waiting 12-14 seconds before the next advance. Nuclear gel injection was

continued in this manner until failure of the motion segment occurred, which was

marked by a sharp discontinuity in the pressure-time response combined with a large

drop in nuclear pressure and often an audible cracking or fibrous tearing. During

testing, the pressure of the injected gel was monitored using a pressure transducer

(model LM/2345-6, Sensotec, USA; infinite resolution, ± 0.3 MPa accuracy) posi-
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Figure 4.2: Interlamellar cryo-sections
were collected from un-fixed annulus
alone (A), or from the annulus with
its vertebral endplates still attached
following fixation and decalcification
(B).

tioned at the base of the injection screw, and recorded at a rate of 2 Hz using a data

acquisition system (data logger model TC-08, PicoLog software version 5.13.4; Pico

Technology, UK).

Following testing, motion segments were frozen at -20◦C and the vertebrae of each

segment cut transversely so as to leave approximately 5 mm of bone attached to

both ends of the disc. The radio-opaque gel content of each disc was then digitally

captured at a resolution of 34.6 µm using a micro-CT scanner (model 1172, SkyScan,

Belgium) operating at 100 kV/100 µA, then digitally isolated and reconstructed into

a 3D image using CTAn software (version 1.5.0.2, SkyScan).

Cryo-sections of the disc, approximately 30 µm in thickness, were obtained using

a freezing-sledging microtome. Each disc was sectioned using one of two methods.

The first method involved removing an annular block from the anterior, lateral, pos-

terolateral, and posterior locations of each sagittal half of the disc (Figure 4.2A).

The second method involved dividing each disc and its attached endplates into five

blocks, two from the anterior half of the disc, and three from the posterior (Figure

4.2B). Each block was then fixed in 10% formalin (with cetylpyridium chloride), and

decalcified in 10% formic acid allowing full bone-disc-bone cyro-sections to be taken.

In each of the two methods, cryo-sections were taken along one of the obliquely ori-

ented annular fibre directions (Figure 4.2A, B). These sections extended radially from

the disc periphery to the nucleus. Detailed investigation of the resulting disruption

to the annulus was performed using DIC microscopy in order to permit structural

imaging of the tissue slices in their unstained, fully hydrated state. DIC images of

sequential serial slices of the disc annulus were correlated with the 3D micro-CT im-

ages of the radio-opaque gel permitting reconstruction of the 3D patterns of annular

failure.

Testing and subsequent inspection of lumbar motion segments was carried out until

a repeatable mode of microstructural failure was confirmed. In total, 12 motion

segments were used for this study, dissected from 4 lumbar spines.
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Figure 4.3: Normal (sample L56-Spine 4) and abnormal (sample L34-Spine 1) nuclear pressur-
ization pressure-time responses. Abnormal pressure-time responses, which occurred in 3 cases,
were caused by pressurization of a motion segment’s inferior vertebra rather than its disc. For
the 9 of 12 samples that pressurized successfully, the non-linear nature of the pressure-time
responses was such that the maximum rate of pressure increase experienced by a disc, taken
as the slope of a linear line fit to the steepest ramp (as illustrated for L56-Spine 4 above), was
highly dependent on the maximum pressure reached.

4.3 Results

General Failure Modes. 3 of the 12 motion segments tested were excluded from the

results due to improper placement of injection screw, resulting in pressurization of

the inferior vertebra rather than the nucleus. These samples were easily identifiable,

marked by both an atypical pressure-time response (Figure 4.3) and micro-CT scan.

Mean failure pressure of the remaining 9 motion segments was 14.1 ± 3.9 MPa. Peak

rates of pressurization, which, due to the non-linear nature of the discs’ pressure-

time responses, were highly dependent on the maximum pressure reached (Figure

4.3), ranged from 0.1-0.4 MPa/s. Upon failure, 7 of these 9 motion segments ex-

truded gel from the outer annular wall, most commonly from the posterior annulus,

indicating that disc failure had occurred. The remaining 2 motion segments extruded

gel from the inferior vertebra, indicating that rupture of the inferior endplate had

occurred. The failure pressure, site of gel extrusion, and volume of gel injected into

each successfully pressurized disc are listed in Table 4.1.
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Table 4.1: Failure data for successfully pressurized ovine lumbar motion segments.

Lumbar
Spine

Failure Site of Gel Disc Gel
Level Pressure (MPa) Extrusion Content (mL)
L67 2 12.6 PA/PLA 0.32
L56 1 11.3 PA 0.14
L56 3 12.4 PA 0.12
L56 4 12.0 PA/PLA 0.08
L45 2 14.8 PA 0.24
L34 3 17.2 PA 0.09
L34 4 12.1 PA/PLA 0.13
L23 2 11.3 IV 0.10
L12 3 23.3 IV 0.05
mean ± SD 14.1 ± 3.9 0.14 ± 0.09

PA = posterior annulus, PLA = posterolateral annulus, IV =
inferior vertebra.

Disc Failures. For clear interpretation of the included figures, two points should

be noted. First, the micro-CT images show only the positive image of the radio-

opaque gel entrapped within a disc, not the disc structure itself, akin to the images

generated using CT-discography in clinical practice. Second, in all microscope images

the injected gel appears black due to its high opacity compared to the disc tissue.

Tissue voids with blackened margins in the microscopic images represent the negative

image of the injected gel.

From the site of injection, micro-CT images showed that the gel most often spread

laterally, filling the nuclear lobes (sites N in Figures 4.4A, B). In all cases, penetration

of the inner annulus occurred in the central posterior location (site IP in Figures

4.4A, B). However, in 5 discs this was complemented by penetration of additional

aspects of the inner annulus, including the central anterior (site IA in Figures 4.4B,

C), lateral (site IL in Figure 4.4A), and posterolateral regions.

3D micro-CT images of the injected gel showed that following penetration of the

annulus it spread circumferentially forming two or three thin sheets that followed

the lamellae contours (Figures 4.4A-C). DIC microscopy revealed that each sheet

was formed by gel flow within and along the length of numerous consecutive fibre

bundles of an individual lamella (Figures 4.4A, B; Figure 4.5A). Despite their less

distinct structure, even the fibres of the innermost annular lamellae were able to

direct the injected gel into discrete flow paths (Figure 4.5B). Disruption to fibre

bundles varied in severity, ranging from minor damage to a small portion of each

fibre bundle through to full disruption of entire fibre bundles, including rupture of

the bridging elements that both compartmentalize the fibre bundles of a lamella, and
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Figure 4.4: 3D micro-CT gel positive images show only the injected radio-opaque gel entrapped
within the disc. Images of two typical samples are shown. A: superior view of disc L45, spine 2;
an image of its vertebral endplate is shown for reference. B and C: superior and anterolateral-
superior views, respectively, of disc L56, spine 1. N indicates gel within the nucleus; IA, gel
penetration of the inner anterior annulus; IP, gel penetration of the inner posterior annulus;
IL, gel penetration of the inner lateral annulus; F, gel contained within a fibre bundle; L, gel
contained within numerous fibre bundles of a lamella; ∗, site of gel extrusion. Dashed lines
bound triangular regions of severe posterior disruption. Note the lack of a left lateral gel
connection (†) in B and C; + and ++ mark equivalent locations in these two images.

join its two neighbouring lamellae (Figures 4.6A-D).81

This pattern of disruption was common to all regions of the annulus except the pos-

terior. In each disc, including those that extruded gel from the posterolateral aspect,

gel had disrupted nearly all of the lamellae making up the posterior annulus. Fur-

thermore, gel had not spread circumferentially within the majority of these disrupted

lamellae. Instead, it was largely contained within a triangular region oriented with
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Figure 4.5: Numerous discrete disruptions (CD) were commonly observed amongst the cross-
sectioned fibres (CS) of lamellae in the mid-annulus (A). Following sectioning, the highly
disrupted annular tissue contained in the centre of these disruptions has dispersed into the
post-sectioning saline creating voids. In essence, image A is a cross-sectional negative of
feature L on the 3D micro-CT gel positive image in Figures 4.4A or B. Although considerably
less often, discrete cross-sectioned disruptions were also found in the inner annulus (B). IP
indicates in-plane fibres.

its apex in the central nucleus, and bounded by the posterior/posterolateral junc-

tions (dashed lines in Figures 4.4A, B). Included in the minority of cases where gel

had spread circumferentially from the posterior annulus were the three discs that ex-

truded gel from the posterolateral annulus upon failure (Table 4.1). In each of these

three cases the posterolateral annulus was largely undisturbed; gel that had reached

the outer posterior annulus had tracked circumferentially to the posterolateral aspect

where it then breached the outer annular wall.

Within the posterior annulus, the mode of gel disruption was dependent on radial

location, i.e. inner, mid, or outer annulus. In a similar flow pattern to that observed

in the anterior, lateral, and posterolateral annulus, gel flow within the inner and mid

posterior annulus occurred predominantly within annular fibre bundles (sites PD in

Figure 4.7B; sites CD and PD in Figure 4.8). This mode of disruption changed

dramatically in the outer annulus where gel had not flowed within lamellae, but

between them severing the interlamellar connections (sites BD in Figures 4.7C, 4.8).

In many cases the separation of two adjacent lamellae extended along the full length

of the outer annular fibres from endplate-to-endplate.
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Figure 4.6: The scope of disruption severity to fibre bundles of a single lamella. The cross-
sectioned fibre disruptions (CD) in images A, B, and C correspond to cross-sectional views of
the disrupted annular fibre bundles in schematic D at cutting planes a, b, and c, respectively.
Schematic D depicts four fibre bundles of a single lamella running in the plane of the page; gel
is shown in black. With increasing proximity to the bundle-bundle gel connections (∗ location
in D), disruption severity to the fibre bundles increases, culminating in complete destruction
of bundles and their bounding bridging elements (BE) (C). IP indicates in-plane fibres; CS,
cross-sectioned fibres; RG, residual gel; DD, direction of disruption propagation between fibre
bundles; EP; endplate.
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The pattern of lamellar disruption observed in disc L67, spine 2, (Table 4.1) differed

from all other discs tested. The 3D micro-CT image of the gel penetration within

this disc was largely consistent with the other samples: gel had spread laterally filling

the nuclear lobes, formed sheets following the lamellae contours, and had disrupted

nearly all of the lamellae in the posterior annulus. However, microscopic investigation

showed that gel induced disruption had occurred between lamellae in all regions of

this disc.

In 5 of the 7 discs that experienced annular failure, radial ruptures within the pos-

terior annulus did not propagate in a straight line from the nucleus to the outer

annular wall, but were distributed circumferentially. These ruptures occurred near

the mid-axial plane of discs and were most severe in the outer annulus (Figure 4.8).

Serial sections were required to locate radial ruptures, which were identified by either

a sharp change in gel flow path from the radial direction to along the in-plane fibre

direction (site Ei in Figure 4.8B), or as a radially displaced section of lamella (site

Em in Figure 4.8B). Due to the highly non-linear path by which the injected gel had

reached the disc periphery, these five discs were said to have suffered diffuse failure

of the posterior annulus.

In two discs a single radial rupture extended from the nucleus to outer annulus in a

direct path. In the case of disc L34, spine 3, the radial gel rupture path was clearly

visible in the micro-CT gel image, which showed an uncharacteristic absence of gel

diffusion into the surrounding annular fibres (RP in Figure 4.9). Inspection of serial

bone-disc-bone sections taken from the posterior annulus showed that this rupture

occurred along the superior annular-endplate junction in the inner annulus (flat

region on top of path RP in Figure 4.9B), and then moved downwards, continuing

through the mid and outer annulus near the mid-axial plane (Figure 4.9C).

The other direct radial rupture occurred in disc L34, spine 4, and appears to have

initiated from a crack within the vertebral endplate near the injection screw, which

was probably caused during the screw’s insertion. Serial bone-disc-bone sections

showed that this crack was pressurized, eventually causing the overlying portion of

cortical bone to break free. Near the start of the mid annulus the gel exited this

crack (site T in Figure 4.10) and moved upwards to the mid-axial plane, where

it proceeded to rupture through the mid and outer annular lamellae (site RL in

Figure 4.10). Interestingly, the rupture path contained a large fragment of vertebral

endplate lodged in the mid annulus, and a fragment of cartilaginous endplate lodged

near the disc periphery (site LF & SF in Figure 4.10, respectively).
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Figure 4.7: Images from a posterior section of annulus (A) show the change from intralamel-
lar disruption (PD) commonly observed in the mid annulus (B), to interlamellar disruption
(BD) which was largely confined to the outer posterior annulus (C). The intralamellar damage
shown in B occurs amongst in-plane fibres (IP), and is equivalent to a longitudinal view of
the intralamellar disruption to cross-sectioned fibres shown at locations CD in Figures 4.5 and
4.6. AP indicates the annular periphery; N, nucleus; CS, cross-sectioned fibres; BE, bridging
elements.
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Figure 4.8: Radial ruptures in diffuse failure of the posterior annulus. A: an image of the
posterior annulus shows two mid-axial radial ruptures, one within the inner annulus (Ri) and
a second in the mid annulus (Rm). B: a sequential tissue section, separated by approximately
40 µm in the plane of the page from A, shows clear evidence of these ruptures (Ei and Em).
Cross-sectioned fibre disruptions (CD) and in-plane fibre disruptions (PD) are orthogonal sec-
tional views of gel flow within a fibre bundle (feature F, Figures 4.4A or B). Note the change
from intralamellar disruption (CD and PD) in the inner and mid annulus to interlamellar dis-
ruption (BD) in the outer annulus. AP indicates the annular periphery; N, nucleus; SE, superior
endplate; IE, inferior endplate.
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4.4 Discussion

It is well documented that when loaded in pure compression, the elevated pressure

generated within the nucleus of a motion segment causes vertebral endplate failure

prior to macroscopically visible annular damage.222,224 However, compression, and

hence elevated hydrostatic nuclear pressures, are thought to play an important role in

the development of disc herniation125,227,228,233,258,261 and, due to its close morpholog-

ical connection,3 possibly internal disc disruption. In order to study the role elevated

nuclear pressures play in annular disruption, isolated from any other compounding

mechanical loads, it is necessary to create a non-physiologic disruption.

In this study annular disruption has been induced using hydrostatic pressure alone.

Using the nuclear pressurization technique developed by Schechtman et al254 allowed

direct modulation of the lumbar disc’s hydrostatic nuclear pressure without causing

any artificial disruption to the annular wall. The introduction of a radio-opaque in-

jection gel has allowed 3D inspection of the resulting disruption using micro-CT prior

to sectioning and high-resolution inspection via DIC microscopy. Using these inves-

tigative techniques in tandem has uncovered several structural features of clinical

relevance.

This study clearly demonstrates that the posterior annulus is more vulnerable to

structural failure in the presence of hydrostatic loading than any other region of the

annulus, even when loaded in a neutral posture. A feature common to all samples

was a concentration of severe damage within the posterior annulus, contained within

the posterior-posterolateral boundaries (Figure 4.4A, B). The limited ability of the

injected gel to cross these boundaries, effectively concentrating hydrostatic stress

within the posterior annulus, indicates that the laminate architecture along these

radial lines is of mechanical significance. A concentration of hydrostatic stress in

the posterior annulus is consistent with the clinical observation that the majority

of radial fissures and herniation-related ruptures are found within the central and

mediolateral posterior annulus.173,267,270 It remains unclear why this distinct pattern

of failure occurs in the posterior annulus. However, the low annular wall thickness

at this site, and the relatively large number of incomplete lamellae in the adjacent

posterolateral annulus are likely contributing factors.79

All regions of the mid annulus, other than the posterior, had the ability to distribute

hydrostatic forces circumferentially, creating discrete sheets of disruption that fol-

lowed the lamellae contours (Figure 4.4), similar in gross appearance to those created

by Oliphant et al.271 These discrete circumferential disruptions were created by gel
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Figure 4.9: Superior (A) and lateral (B) micro-CT gel positive images show a direct gel rupture
path (RP) from the nucleus (N) to the annular periphery (AP). C shows the gel negative image
of this same rupture path (feature F common to images C and B) and confirms the absence
of gel diffusion into the surrounding annulus. SE, indicates the superior endplate; IE, inferior
endplate; RG, residual gel.

flow within the numerous fibre bundles of a single lamella (Figure 4.4, Figure 4.5A,

Figure 4.6), a disruption mode also observed by Pezowicz et al,272 not by the sepa-

ration of lamellae. This indicates that within the mid annulus, rupturing intralamel-

lar bridging elements between fibre bundles requires significantly less force than is

needed to rupture interlamellar connections. It is therefore possible that a portion

of the commonly reported circumferential tears to the mid annulus of degenerate

discs267,270,273 may actually be created by separation within a lamella, rather than

between lamellae.
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Figure 4.10: Annular failure combined with endplate disruption. A direct gel rupture path was
artificially initiated by a fracture in the inferior vertebral endplate (IE) along edge UE. From
the terminus of the endplate fracture (T) the gel rupture continues through the mid and outer
annulus in the mid-axial plane. As a result of the endplate disruption, a large fragment of bone
(LF) was lodged in the mid annulus, and more interestingly, a smaller fragment of cartilaginous
endplate (SF) was carried to the annular periphery (AP), towing attached lamellae with it (RL).
N indicates nucleus; SE, superior endplate.

The abrupt change in disruption pattern from within lamellae in the mid annulus,

to between lamellae in the outer posterior annulus clearly demonstrates that these

outer lamellae have a distinct lack of interlamellar connectivity (sites PD and CD

versus BD in Figures 4.7, 4.8). This is even more surprising and significant when one

considers that the gel pressure near the disc periphery would certainly be less than

the measured nuclear pressure due to frictional resistance encountered along the flow

path. From the current results it is not possible to determine whether this structural
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distinction is common to all outer lamellae, because disruption to the outer lamellae

only occurred frequently in the posterior annulus. This finding suggests that nuclear

material migrating down a radial fissure may easily track circumferentially within

an interlamellar space upon reaching the inner lamellae of the outer annulus. This

may explain why the vast majority of herniations are limited to asymptomatic pro-

trusions161,162 and may not develop into an extrusion or sequestration over time.274

Furthermore, this finding provides an explanation for the existence of Grade 4 inter-

nal disc disruption,163,214 and additionally supports the proposition made by Osti et

al270 that such tears are likely caused by mechanical stress.

Radial ruptures from one lamella to the next were always found in the mid-axial plane

(sites Ri, Ei, Rm, Em in Figure 4.8). The natural tendency for fibres to rupture in

this location is further illustrated by disc L34, spine 4, where the radial rupture

was artificially initiated at the endplate and naturally migrated upwards continuing

through the mid and outer annulus in the mid-axial plane (Figure 4.10). These

observations suggest that for a radial fissure or herniation to occur at the annular-

endplate junction, a compounding bending or torsional load is required, consistent

with the findings of Adams et al125 and Lu et al.275 Clinically, extruded disc material

often contains fragments of cartilaginous endplate.167 While an annular-endplate

rupture provides an obvious explanation for this, disc L34, spine 4, demonstrates

that if a detached endplate fragment exists within a disc, it could conceivably be

swept up and extruded out through a herniation pathway in the mid-axial plane

(site SF in Figure 4.10).

The atypical failures that occurred in disc L67, spine 2, and disc L34, spine 3, suggest

that these two discs may have possessed inherent annular defects. Disc degeneration

and herniation studies carried out on twin populations indicate that some discs are

inherently predisposed to structural failure.259,260 Spine 2, disc L67, certainly appears

to have possessed an inherent lack of interlamellar connection, precipitating wide-

spread interlamellar disruption without any trace of the intralamellar disruptions

typically seen. In vivo, a disc created with inherently weak interlamellar cohesion

would likely experience accelerated delamination, and therefore circumferential cleft

formation.267 The only natural annular-endplate rupture that occurred was in spine

3, disc L34, suggesting that this disc had an inherent lack of structural integrity at

this location. Moreover, the lack of gel diffusion into the annular fibres surrounding

the radial rupture path suggests that the posterior lamellae gave way suddenly, allow-

ing the gel to reach the periphery of the disc very quickly (Figure 4.9). Interestingly,

the failure pressures of these two aforementioned samples were consistent with the

observed mean. However, their disruption patterns suggest that they possessed an
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inherent, but as yet unidentifiable, fine-scale difference in annular architecture.

4.5 Key Points

• With respect to the annular wall, the posterior region is most susceptible to

failure in the presence of high nuclear pressure, even when loaded in the neutral

position

• Within the mid annulus, intralamellar bridging elements separating annular

fibre bundles fail prior to interlamellar connections

• The lamellae of the outer posterior annulus possess weaker interlamellar cohe-

sion than those of the mid annulus

• Radial ruptures of the annulus due to hydrostatic pressure alone occur in the

mid-axial plane

• Discs may contain inherent structural features which predispose them to a

certain mode of annular disruption
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Chapter 5

The Morphology of Acute Disc

Herniation: A Clinically Relevant

Model Defining the Role of

Flexion∗

5.1 Introduction

Flexion of the spine and lumbar disc herniation have a longstanding association. It

was common for patients who presented with some of the earliest surgically confirmed

cases of symptomatic herniation to recall a definitive traumatic event involving either

lifting184 or, more generally, flexion185 coinciding with the onset of their pain.

Prompted by the anecdotal evidence provided by presenting patients, Adams &

Hutton investigated the effect of compressing cadaveric discs positioned in hyper-

flexion.125 Unlike earlier studies involving the mechanical compression of neutrally

positioned motion segments, which consistently resulted in vertebral rather than disc

failure,219,220,222,223 herniation occurred in approximately half of Adams & Hutton’s

hyperflexed discs.

To date, several attempts have been made to induce herniation in vitro using complex

mechanical loading scenarios involving flexion. Flexion and compression,125,228 flex-

ion with cyclic compression,227,233 and cyclic flexion/extension with light or no com-

pression229,231,232,234,235 have all been employed with varying degrees of success.

∗Published in: Spine 2009;34(21): 2288-96.
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Chapter 5. Morphology of Flexion Related Disc Herniation

Clinically, discography and histology have provided an increased understanding of

the range of herniation morphologies that can occur. Herniations are commonly di-

vided into two groups: protrusions and extrusions.164 Protrusions can occur with or

without nuclear involvement.166,169 Extrusions can be subligamentous, transligamen-

tous, or sequestered.167,169 Herniation routes commonly occur in the central posterior,

mediolateral posterior, and posterolateral annulus,173,174 and may track superiorly,

inferiorly, or at mid-disc height.174 Herniated material can include nucleus, annulus,

and endplate, alone or in combination.166,167,177,178

Given that flexion does play a developmental role in some herniations, a hypothesis

that is now supported by more formal epidemiologic evidence,262,276 how do those

created in the laboratory compare with those observed clinically? Which of the

numerous clinically observed herniation characteristics is a flexion related injury

likely to possess? How does flexion render discs vulnerable to rupture?

For in vitro herniation studies to help answer these questions, adequate clinical

comparisons must be made. This necessitates a detailed morphological examination

of the ruptures created in vitro. Although preliminary studies of this nature have

been conducted,232,234 clinically relevant herniations, created using physiologic levels

of flexion, have yet to be thoroughly detailed.

In the current study herniations have been created using modest levels of flexion com-

bined with nuclear pressurization. The annular ruptures created have been studied

using micro-computed tomography (micro-CT) and microscopy in tandem. Com-

paring these results with those from previously pressurized neutral discs (Chapter 4,

page 45) has enabled an assessment of how flexion affects the ability of the annulus

to resist rupture. The morphologic details of these in vitro herniations will allow

higher-level comparisons to be drawn with future clinical observations and in vitro

studies.

5.2 Methods

Fourteen freshly harvested ovine lumbar spines, aged 2-5 years, were wrapped in

plastic film and stored at -20◦C for no more than 3 months. Each spine was randomly

assigned to one of two test groups: 7◦ flexion or 10◦ flexion. In preparation for

testing, each spine was removed of extraneous soft tissues and posterior elements as

previously descibed (Section 4.2, page 46). The L12, L34, and L56 motion segments

were isolated from each spine by bisecting the discs above and below. Each bisected
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disc was visually inspected; no macroscopic ruptures, clefts, or areas of discoloration

were found. Prior to testing, each motion segment was soaked for 20 hours in 0.15 M

saline at 4◦C to ensure a consistent level of hydration.

Following the method of Schechtman et al,254 a self-tapping injection screw (major

thread diameter 4.5 mm, internal bore diameter 1.5 mm) was inserted longitudinally

through the inferior vertebra of each motion segment so that its tip contacted the

centre of the nucleus (Figure 2.6B, page 38; Figure 4.1, page 47). Using dental

plaster, each segment’s vertebrae were then potted in stainless steel rings in such

a way that the two rings and inferior vertebra were coaxial. During this process,

the exterior of the intervening disc was wrapped in saline soaked gauze covered by

plastic film to prevent dehydration.

A bench-top rig was used to flex each potted segment about a fixed transverse axis

running through the nucleus at mid-disc height (Figure 2.6C, page 38). Each segment

was first aligned with the rig’s central hinge and then gradually flexed (approximately

0.02◦/s) to its assigned limit of either 7◦ or 10◦ from the neutral position by manually

rotating a small torque bar at a constant rate. Using a quick release coupling,

the injection screw was connected to a manually actuated piston-cylinder device

containing a viscous radio-opaque gel, described in Section 2.2, page 36. At this

point the saline soaked gauze covering the disc’s exterior was removed to allow visual

monitoring during the injection process.

The pressure within each disc’s nucleus was gradually increased in a ramp-and-

hold manner by advancing the piston 0.3 mm at a rate of 0.008-0.012 mm/s and

then waiting 12-14 seconds before the next advance. Injection was halted and the

intradiscal pressure immediately relieved when either: (i) a focal change in the disc’s

periphery was observed, (ii) material extruded from the periphery, or (iii) there was a

sudden drop in nuclear pressure. During testing, the pressure of the injected gel was

monitored using a pressure transducer (model LM/2345-6, Sensotec, USA; ±0.3 MPa

accuracy) positioned at the base of the injection screw, and recorded at a rate of

2 Hz using a data acquisition system (data logger model TC-08, PicoLog software

version 5.13.4; Pico Technology, UK).

After removal of the injection screw, each segment’s vertebrae were transected leaving

∼5 mm of bone attached to both ends of the disc. These trimmed segments were

immediately wrapped in plastic film and frozen at -20◦C. Each segment was imaged

at a resolution of 34.6 µm using a micro-CT scanner (model 1172, SkyScan, Belgium)

operating at 100 kV/100 µA and subsequently processed into axial and sagittal image

sets using NRecon and DataViewer software (version 1.5.0.2 & 1.3.2, SkyScan).
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Chapter 5. Morphology of Flexion Related Disc Herniation

Following micro-CT, each segment was fixed in 10% formalin and then decalcified

in 10% formic acid. Using a scalpel, each segment was bisected in the coronal

plane. Two oblique cuts, running along the annular fibre direction, were used to

remove a large central posterior block. Using a freezing-sledging microtome, the

posterior block of each segment was cut into approximately one-hundred 30 µm

thick oblique radial bone-disc-bone cryosections. Cryosections were wet-mounted and

examined unstained using oblique illumination microscopy. In the limited number of

cases where micro-CT images indicated posterolateral or anterior disruption, these

additional regions were also microscopically inspected.

In order to ensure that the flexion process itself was not causing any damage to the

discs, the L12, L34, and L56 motion segments of three additional spines were tested

as controls. These segments were taken through the same experimental procedure

as the 10◦ flexion group, but no contrast gel was injected into the nucleus. Posterior

cryosections from each disc were examined microscopically.

Statistics were computed using SPSS software (version 12.0.1). Mean failure pres-

sures were compared using t-tests. Categorical group-outcome associations were

tested for significance with two-tailed p-values calculated using Fisher’s exact test.

5.3 Results

9 motion segments were tested as controls at an angle of 10◦ to ensure that the flexion

process alone did not damage discs. No tissue disruption within any of these 9 discs

was observed during microscopic examination of their posterior cryosections.

21 motion segments were tested in each of the 7◦ and 10◦ flexion groups. Peak

rates of pressurization ranged from 0.04-0.10 MPa/s. Nuclear gel injection failed in

8 segments, 4 from each group, due to gel leakage at the inferior endplate/screw

interface. These samples exhibited both abnormal pressure-time responses and large

inferior vertebra/disc gel content fractions. Following inspection by micro-CT, the

remaining 34 segments were each classified as either a vertebral or disc failure and

then further sub-classified after microscopic investigation. Herniations were classified

as nuclear extrusions if nuclear material had breached the outer annular wall. Failure

data for the 34 successfully pressurized segments are listed in Table 5.1.

Because the age of each spine was not available, the maturity of each motion seg-

ment was assessed by documenting the status of its growth plates as observed on

central posterior cryosections. Growth plates, which ossify with age, were recorded
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Table 5.1: Ovine lumbar motion segments successfully pressurized while flexed.

Failure Segment Site of Gel Detailed Failure Growth
Mode (angle-spine-disc) Extrusion Failure Mode Pressure (MPa) Plate Status

Vertebral:

7-1-L34 SV Cen (SV) 10.6 U
7-5-L34 SV Cen (SV) 14.0 U
7-2-L34 IV Cen (IV) 8.7 U
7-3-L34 IV Cen (IV) 7.6 F
7-2-L56 IV Rim (IV) 8.8 U
7-2-L12 CP Rim (IV) 10.6 U





mean ± SD 10.1 ± 2.3

Disc:

7-5-L56 ML Diff 15.8 U
7-6-L56 ML Diff 13.3 U
7-6-L34 ML Diff 13.9 U
7-7-L56 ML MA 8.4 F
7-7-L34 PL MA 9.8 F
7-1-L12 CP & PL MA - SNE 13.0 U
7-7-L12 CP MA - SNE 11.8 F
7-1-L56 ML A/E (IV) - NF 10.1 U
7-4-L12 CP A/E (IV) - NF 8.3 P
7-4-L56 CP A/E (IV) - SNE 11.1 F
7-4-L34 CP A/E (SV) - TNE 8.2 P








mean ± SD 11.2 ± 2.5

Vertebral:

10-8-L56 IV Cen (IV) 7.7 U
10-9-L56 IV Cen (IV) 7.0 F
10-9-L12 IV Cen (IV) 9.5 P
10-12-L34 IV Cen (IV) 5.5 U
10-14-L34 IV Cen (IV) 11.5 U
10-14-L12 IV Cen (IV) 8.3 U
10-10-L34 ML Rim (SV) 14.3 F
10-10-L12 CP & PL Rim (SV) 15.1 F
10-11-L34 CP Rim (IV) 10.6 U
10-11-L12 IV Rim (IV) 9.9 U







mean ± SD 9.9 ± 3.1

Disc:

10-12-L56 ML Diff 13.3 U
10-9-L34 ML A/E (SV) 11.7 P
10-8-L12 PL A/E (IV) 6.6 U
10-13-L56 ML A/E (IV) 9.7 F
10-10-L56 CP A/E (IV) - NF 6.1 F
10-11-L56 CP A/E (SV) - SNE 10.7 P
10-14-L56 CP A/E (IV) - SNE 10.4 P





mean ± SD 9.8 ± 2.6
ML = mediolateral posterior annulus, CP = central posterior annulus, PL = posterolateral an-
nulus, Cen = central, Rim = rim fracture, Diff = diffuse annular rupture, MA = radial mid-axial
annular rupture, A/E = radial annular-endplate rupture, SV = superior vertebra, IV = inferior
vertebra, NF = nuclear flow through rupture, SNE = subligamentous nuclear extrusion, TNE =
transligamentous nuclear extrusion, U = unfused, P = partially fused, F = fused.
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Chapter 5. Morphology of Flexion Related Disc Herniation

as unfused, partially fused, or fused (Table 5.1). No significant association was found

between motion segment maturity and failure mode.

Vertebral Failures:

16 segments suffered vertebral failure, 6 in the 7◦ group and 10 in the 10◦ group (Table

5.1). 10 failures occurred adjacent to the centre of the nucleus; 8 of these were located

at the inferior vertebra/screw junction. While the presence of the injection screw

may have played a role in failure of these samples, they did not exhibit the abnormal

pressurization characteristics mentioned above, and thus could not be discounted as

technical failures.

In 6 segments a crescent-shaped piece of bone was separated from the outer central

posterior portion of one vertebral endplate. These were classified as rim fractures. In

these segments, the vertebral endplate had failed adjacent to the inner to mid pos-

terior annulus. From this point the fracture propagated near the cortical/cancellous

bone interface, spreading an average of 6.5 mm circumferentially, and extending

radially to the posterior periphery (Figure 5.1).

Disc Failures:

18 segments suffered disc failure, 11 in the 7◦ group and 7 in the 10◦ group (Table

5.1). The mean failure pressures of these two groups were not significantly different.

No significant associations were found between segment maturity and detailed failure

mode or the occurrence of nuclear flow through the annulus.

Upon failure most segments extruded gel from either the central or mediolateral pos-

terior annulus. Qualitatively, the central posterior extrusions were both more sud-

den and voluminous than the mediolateral extrusions. Discs which suffered central

posterior extrusions often emitted a sharp snap, whereas those that suffered medi-

olateral extrusions emitted a softer intermittent tearing sound before gel emerged

from the disc’s periphery. A distinct subligamentous bulge was observed in several

discs (Figure 5.2A), and gently removing the extruded gel revealed a central posterior

transligamentous nuclear extrusion in one segment (Figures 5.2B, C). The extruded

nuclear material, like the nucleus of those discs that were bisected when isolating the

tested motion segments, was resilient and cohesive; it could not be described as hav-

ing the ability to “[flow] under its own weight” as some extrusions have previously.125

Posterolateral gel extrusions were least common, occurring in only 4 segments (Table

5.1).

Axial micro-CT projections showed that gel-induced disruption of the posterior an-

nulus occurred in each of the 18 segments. The disruption was highly confined;
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5.3. Results

Figure 5.1: The morphology of a typical posterior rim fracture (segment 7-2-L56 is shown).
The inferior vertebral endplate has ruptured adjacent to the inner annulus. The fracture, which
contains both contrast gel (∗) and nuclear material (+), has propagated radially, near the
cortical/cancellous bone junction, to the disc periphery. SV = superior vertebra, IV = inferior
vertebra, N = nucleus, DP = disc periphery.
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Chapter 5. Morphology of Flexion Related Disc Herniation

Figure 5.2: Post-testing photographs
show subligamentous (+ in A; seg-
ment 10-11-L56) and transligamen-
tous (∗ in B & C; segment 7-4-L34)
nuclear extrusions. The radial tears
found within each of these two discs
are shown in Figures B.4 and B.5,
pages 140 and 141, respectively.

rarely did gel penetrate the inner anterior, lateral, or posterolateral annular regions.

Circumferential gel flow from the inner and mid posterior to the posterolateral an-

nulus was also rare. In discs that had extruded gel from the posterolateral annulus,

micro-CT projections showed that gel had reached the point of posterolateral ex-

trusion by tracking circumferentially from the outer posterior annulus, not by radial

posterolateral rupture (Figure 5.3).

Microscopic examination of sequential posterior cryosections from each segment

showed that three distinct modes of disc failure occurred: diffuse annular rupture,

radial mid-axial annular rupture, and radial annular-endplate rupture. These three

modes of disc failure are illustrated schematically in Figure 5.4. While the charac-

teristics of each failure mode were similar between flexion groups, the incidences of

each varied as listed in Table 5.2.
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5.3. Results

Figure 5.3: These axial micro-CT pro-
jections show only the injected con-
trast gel and vertebrae. In most discs,
disruption was largely confined to the
posterior annulus. Posterolateral gel
extrusions (∗) were caused by circum-
ferential gel flow from the outer poste-
rior annulus, not by direct radial rup-
ture from one of the nuclear lobes (N).
+ marks the site of gel injection in
each segment; ∗∗ marks the locations
of central posterior extrusions. A: seg-
ment 7-1-L12 is shown. B: segment
7-7-L12 is shown; a cryosection of the
posterior disc wall, taken along the
dashed line, is shown in Figure 5.6,
page 75.

Table 5.2: Incidence of disc failure modes observed in flexed and non-flexed segments. As
the flexion angle during nuclear pressurization increased, the occurrence of diffuse ruptures
decreased, and radial annular-endplate ruptures increased.

Flexion Incidences of Disc Failure
Angle Diffuse Mid-Axial Annular-Endplate
10◦ 1 0 6
7◦ 3 4 4
0◦∗ 5 2 0

∗data from Chapter 4, page 45.
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5.3. Results

Diffuse rupture of the posterior annulus occurred in 4 of the 18 segments. These

ruptures were characterised by large amounts of circumferential gel flow within the

posterior annulus, which occurred preferentially within the fibre bundles of lamellae

(Figure 5.5). Some instances of interlamellar disruption were observed, but only

in the outer posterior annulus. Radial ruptures were short, usually spanning only

a single lamella, and were circumferentially distributed. No endplate disruption or

flow of nuclear material occurred in these samples.

Radial mid-axial annular ruptures were the cause of disc failure in 4 segments, all

from the 7◦ flexion group. These ruptures were characterised by a single radially

oriented rupture through the entire thickness of the central posterior annular wall

in the mid-axial plane. In two cases, a large fragment of nuclear material was found

within the rupture that had reached, but failed to breach, the posterior longitudinal

ligament (Figure 5.6). No endplate disruption occurred in these samples.

Radial annular-endplate ruptures were the most common mode of disc failure, occur-

ring in 10 segments. Like the radial mid-axial ruptures, these occurred as a single

radially oriented rupture though the entire thickness of the central posterior disc

wall. Unlike the mid-axial ruptures, the site of tissue failure along the radial length

of these ruptures consistently changed from annulus to endplate to annulus. The

initial annular portion of these ruptures occurred in the mid-axial plane of the inner

annulus. At the apex of the vertebral rim, adjacent to the mid-annulus, the rupture

shifted from annulus to endplate. At the beginning of the outer annulus, the ruptures

shifted back into the mid-axial plane (Figure 5.7).

The endplate portion of these ruptures, which most often was located inferiorly, al-

ways occurred at the cartilaginous/vertebral endplate junction and extended a radial

distance of approximately 1 mm (Figure 5.8). Circumferentially, these endplate rup-

tures extended an average of 5 mm (range 1-7 mm), often spreading considerably

farther than the annular portion of the rupture (Figure 5.9).

Fewer of the 10◦ radial annular-endplate ruptures contained nuclear material than

those of the 7◦ group, however, qualitatively the 10◦ ruptures contained a larger

volume of nuclear material (Figure 5.10 vs. Figure 5.7). In one 10◦ segment (10-

14-L56), the portion of unanchored annulus adjacent to the endplate rupture was

carried out to the disc periphery by a large volume of nuclear material (Figure 5.10).

In this case, nucleus, annulus, and cartilaginous endplate were all extruded from the

disc.
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Chapter 5. Morphology of Flexion Related Disc Herniation

Figure 5.5: Diffuse rupture of the posterior annulus (segment 7-6-L56 is shown). The prefer-
ential mode of gel flow is within annular fiber bundles, which appear as discrete disruptions
(arrows) on radial sections. SV = superior vertebra, IV = inferior vertebra, N = nucleus, DP
= disc periphery.

5.4 Discussion

Limited availability and the required ethical processes made the use of healthy hu-

man tissue in this study unfeasible. In lieu, ovine lumbar spines have been used,

which are similar to human lumbar spines in anatomical structure,241 biomechanical

function,240,253 and biochemical disc composition.251

In order to induce herniation, various methods of flexion have been used. Flexing

specimens in an oblique sagittal plane, thus loading one posterolateral aspect of the

disc more than the other, has been a popular choice.125,227,228,231 Because the direc-

tion of nuclear tracking and axis of bending may have an approximately orthogonal

relationship,231 and roughly half of the radial tears associated with symptomatic

herniations traverse the central posterior annulus,173,174 flexion was conducted about

an axis perpendicular to the sagittal plane in this study. The findings of the cur-
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5.4. Discussion

Figure 5.6: Radial mid-axial annular rupture (segment 7-7-L12 is shown). Compressed nuclear
material (∗∗) has bisected the posterior annulus, but has not breached the posterior longitudinal
ligament (PL), forming a subligamentous nuclear extrusion. Tissue voids, outlined in residual gel
(∗), indicate that the injected gel has flowed through this rupture and spread circumferentially
between the PL and outer annulus. SV = superior vertebra, IV = inferior vertebra, N = nucleus,
gN = gel in nucleus.

rent study support those of Aultman et al;231 radial ruptures always occurred in the

central posterior annulus, perpendicular to the axis of bending.

In order to halt nuclear pressurization immediately if a focal change to a disc’s

periphery occurred, the posterior elements of each spine were removed allowing the

posterior annulus to be observed. The zygapophyseal (facet) joints of lumbar motion

segments have been shown to play a significant role in resisting flexion.145 In order

to strain the fibres of the annulus in a reasonably physiologic manner during flexion,

a fixed axis of rotation was imposed on segments, approximating the instantaneous

axes calculated for upright-standing to full-flexion movements in vivo.146,147

Previous in vitro herniation studies have typically used flexion angles in excess of

those that normally occur in the human lumbar spine.125,227,228,232,234 During the

transition from erect standing to a toe-touching posture, an average healthy person

75



Chapter 5. Morphology of Flexion Related Disc Herniation

Figure 5.7: Radial annular-endplate rupture of the posterior disc wall. This mode of disc
failure was characterized by two regions of mid-axial annular rupture (∗∗) connected by an
endplate rupture adjacent to the mid annulus (∗). In disc 7-4-L56, shown here, nuclear material
(+) has reached, but failed to rupture the posterior longitudinal ligament (PL) resulting in a
subligamentous nuclear extrusion. SV = superior vertebra, IV = inferior vertebra, N = nucleus.

will experience between 8◦ and 14◦ of flexion at each lumbar level.85,125 Following

the example of Gordon et al,233 the flexion angles used in the current study — 7◦

and 10◦ — were selected to represent levels of flexion that lumbar discs would be

subjected to on a regular basis.

Nuclear pressurization has been used previously to modulate intradiscal pressure in

lieu of direct compression.254,272,277 In Chapter 4, page 45, this technique was used to

explore how neutrally positioned ovine lumbar discs fail under hydrostatic pressure.
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5.4. Discussion

Figure 5.8: Failure of the endplate in radial annular-endplate ruptures always occurred at
the cartilaginous/vertebral endplate junction. The ruptured portion of the junction generally
extended a radial distance of approximately 1 mm. The thickness of the cartilaginous endplate
is indicated by white-filled arrows adjacent to both the intact junction (+) and dislodged
annular-endplate fragment (∗). Prior to rupture, the separated regions marked by arrows 1 and
2 would have been connected. IV = inferior vertebra, PL = posterior longitudinal ligament.
Segment 7-4-L56 is shown.

In the current study, the same pressurization technique used in Chapter 4 has been

employed, thus allowing a direct comparison of discs pressurized in the neutral and

flexed positions, and subsequent assessment of how flexion affects the disc’s ability

to resist rupture.

Flexion reduces the disc’s ability to withstand high nuclear pressure. Disc failure in

the 10◦ flexion group occurred at a mean pressure of 9.8 MPa, significantly lower

(p = 0.02) than the mean annular failure pressure of 13.2 MPa for discs previously

pressurized while in the neutral position (Table 4.1, page 50). This same statistic

was not significant for the 7◦ disc failure group; however, it remained significant if the

7◦ and 10◦ groups were combined (p = 0.03), indicating a trend toward decreasing

failure pressure with increasing flexion angle.
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In vivo, intradiscal pressures range from 0.10 MPa while lying supine, to 2.30 MPa

while lifting 20 kg in torso-flexion.114 While a failure pressure of 10 MPa may seem

unphysiologically high, during a fall or jolt involving large magnitudes of deceleration,

intradiscal pressures could conceivably reach this level. For example, given that an

intradiscal pressure of 2 MPa is generated when a compressive load of 2 kN is applied

to an average non-degenerate L45 motion segment,109 the 8.7 kN compressive force

reportedly experienced by the L45 segment of players during an American football

‘blocking’ manoeuvre278 would result in an intradiscal pressure of 10.9 MPa.

Being positioned in flexion has a drastic effect on how a disc ruptures when hy-

drostatically overloaded. Compared to those discs previously inflated while in the

neutral position (Chapter 4, Section 4.3, page 49), the results of this study show that

flexion facilitates the flow of nuclear material, and limits circumferential disruption

while promoting radial rupture. These observations can be explained as follows. In

flexion, the nucleus is pushed posteriorly,122–124 thereby decreasing the chance of an

inner anterior annular rupture when the nucleus becomes hydrostatically pressur-

ized. Conversely, the inner posterior annulus, which in a neutrally positioned disc is

known to be the most vulnerable region of the inner annulus (Chapter 4), is placed at

greater risk of rupture when a disc is flexed. When the inner posterior annulus rup-

tures, the posterior force acting on the nucleus — responsible for its prior posterior

migration as cited above — facilitates nuclear flow.

In a neutrally positioned disc, viscous gel flow through the inner and mid annulus

occurs preferentially within adjacent annular fibre bundles, forming circumferential

disruptions within lamellae (Figure 4.5, page 52; Figure 4.6, page 53). This mode

of disruption has also been documented by Pezowicz et al272 who studied neutrally

pressurized bovine caudal discs. In flexed discs, the fibre bundles making up the

posterior annulus would be elongated, and therefore of a reduced diameter, which

would increase the internal flow resistance along their length. As hydrostatic stress

in a flexed disc is less readily distributed circumferentially, once the inner posterior

annulus has been penetrated intradiscal pressure is relieved more frequently by a

radial rupture than diffuse annular failure (Table 5.2).

The word ‘acute’ has been used in the title of this study to describe the herniations

presented herein because they have been produced using a single load application

rather than cyclic loading. Adams & Hutton227 noted that herniations produced us-

ing flexion and a single application of compressive load differed from those produced

using flexion combined with cyclic compression. Those produced cyclically tended to

extrude small amounts of nuclear material that had traversed the annular wall in a
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5.4. Discussion

Figure 5.9: Circumferentially, the endplate portion of the radial annular-endplate ruptures
generally extended farther than the annular portion. In this posterior cryosection of segment
7-1-L56, the endplate rupture, outlined in residual gel (+) and containing nuclear material (∗),
is sill prominent, whereas the annulus is largely intact. SV = superior vertebra, IV = inferior
vertebra, DP = disc periphery, N = nucleus.

meandering fashion. Tampier et al232 found that discs which were lightly compressed

and cyclically flexed underwent a similar mode of disc herniation. Interestingly, this

group noted that nuclear material had wound its way through the annular wall by

flowing within annular fibre bundles. In the current study, a straight-line radial rup-

ture was the most common cause of disc failure, consistent with the view of Adams

& Hutton227 that progressive and acute herniations are likely morphologically dis-

tinct.
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Chapter 5. Morphology of Flexion Related Disc Herniation

Figure 5.10: In segment 10-14-L56 a large volume of nuclear material (∗∗) has swept the
unanchored portion of annulus (∗), along with its attached endplate (+), out beyond the disc
periphery (DP). Prior to rupture, the separated regions marked by arrows 1 and 2 would have
been connected. SV = superior vertebra, IV = inferior vertebra, N = nucleus.

Unlike the discs previously pressurized in Chapter 4 while in the neutral position, in

the current study endplate disruption occurred frequently among both flexion groups.

Endplate disruption occurred in two forms: rim fractures and radial annular-endplate

ruptures. Rim fractures were generally centred on, and symmetric about, the sagittal

plane, and had propagated radially at the cortical/cancellous bone junction (Figure

5.1). These features are similar to those of a Type II avulsion or limbus fracture

described by Takata et al255 and Epstein.279 Given that patients presenting with rim
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fractures clinically often have a history of trauma,279 it is possible that flexion plays

a role in the development of these lesions.

Radial annular-endplate rupture was the most common mode of disc failure to occur.

These ruptures displayed a consistent subset of the morphologic characteristics that

symptomatic herniations frequently exhibit,167,173,174 and therefore may be morpho-

logic signatures of an acute flexion related injury. These ruptures always occurred in

the central posterior annulus and, after starting in the mid-axial plane, tracked to-

wards one endplate, most often the inferior, as they moved radially outwards (Table

5.1). Endplate rupture, which was located adjacent to the narrowest portion of the

annulus, always occurred at the cartilaginous/vertebral endplate junction (Figure

5.8), allowing the possibility of endplate and/or annulus to be extruded in addition

to nuclear material (Figure 5.10).

The annulus-endplate-annulus failure pattern that most radial ruptures displayed

shows how the relative strength of a healthy disc’s posterior components vary with

radial location (Figures 5.7 and 5.10). This same failure pattern has also been ob-

served by Green et al,37 who performed ultimate tensile strength tests on vertebra-

disc-vertebra blocks. Green et al37 found that inner annular blocks failed in the

mid-axial plane, while blocks from the outer annulus underwent a primary and then

secondary failure. Failure first occurred along the inner half of blocks at the end-

plate/vertebra junction, approximately adjacent to the mid annulus. The outer

1-2 mm of the disc continued to bear load after this initial failure, and eventually

the annulus failed in the mid-axial plane.

Both Inoue71 and Hashizume70 have documented that fibres from the outer two-

thirds of the annulus anchor into the vertebral bodies. The author’s observations

indicate that, within ovine lumbar discs, only the fibres of the most peripheral portion

of the posterior annulus integrate with the vertebral endplates (Figure 1.8, page 10).

On the other hand, Francois has advocated that annular fibres are secured to the

vertebral rim indirectly via calcified cartilage, and do not penetrate the vertebral

bodies.96,280,281 Regardless of how the outer two-thirds of posterior annulus’ lamellae

are anchored, the results of the current study and those of Green et al37 indicate

that the outer one-third of the annular/vertebral junction is most robust — more so

than the lamellae it secures.

The vertebrae of humans and sheep develop in different ways. While vertebral growth

occurs between the cartilaginous endplate and existing vertebral bone in humans, it

does not in sheep (Figure 1.10 vs. 2.1, pages 14 and 31, respectively).282 It is not un-

reasonable to suspect that relative to the adjacent annulus, differences in the strength
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Chapter 5. Morphology of Flexion Related Disc Herniation

of the endplate junctions may therefore exist between species. The most interesting

and reassuring point given the similarity in failure mode transition with radial loca-

tion observed by ourselves and Green et al,37 is that their study was conducted on

human discs. Therefore, despite the differences in vertebral development between

these two species, the relative strength between annular and endplate components

varies systematically in a similar manner.

The use of nuclear pressurization to modulate intradiscal pressure has proved to be

extremely sensitive in allowing assessment of the effects that different postures have

on the intervertebral disc’s response to hydrostatically imposed stress. Using an

ovine lumbar model has provided a consistent reliable supply of healthy tissue —

essential to the success of this study. It is important to note that some of the motion

segments used in this study were younger than those used in Chapter 4, none of which

had unfused growth plates. However, any confounding factors that this difference

may have introduced would be minimal as the majority of clinically relevant disc

failures in this study occurred among the more mature motion segments (those with

partially or completely fused growth plates). Despite the fact that this study has not

been carried out using human tissue, the results contained herein currently represent

the first clinically relevant in vitro herniations to be fully documented.

5.5 Key Points

• Flexion limits circumferential disruption while promoting radial rupture of the

central posterior annulus by pressurized nuclear material

• The mid annulus is stronger than its adjacent cartilaginous/vertebral endplate

junctions, which are at increased risk of failure when a disc is flexed

• The outer annulus is weaker than its adjacent endplate connections

• Flexion may play a developmental role in those herniations possessing a central

posterior radial rupture that incorporates a short span of endplate disruption

along the apex of the vertebral rim

• The relative strength between annular and endplate components varies system-

atically with radial location in a similar manner within the posterior disc wall

of both sheep and humans
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Chapter 6

Torsion: A Herniation Catalyst∗

6.1 Introduction

During maximal axial rotation of the torso, in vivo measurements indicate that

each lumbar motion segment rotates axially through an average angle of 1-2◦ from

its neutral position.85,148,149,151 The range of rotational motion between adjacent

lumbar vertebrae is not limited by the intervertebral disc, but by contact of the

articular surfaces of the facet joint that is being compressed.152 Although the disc

does contribute approximately 30-50% of a motion segment’s resistance to torque,

damage to a disc is not sustained until it has rotated through an angle of 10-20◦,152,153

well above the physiologic norm. Thus, when applied as the sole rotation, torsion is

unlikely to participate in the mechanical derangement of intervertebral discs.

While torsion alone may not pose a threat to the lumbar intervertebral discs’ struc-

tural integrity, it appears to have a marked effect when applied in conjunction with

flexion. In vitro mechanical testing of motion segments has demonstrated that al-

though the addition of a torsional moment to discs that are cyclically flexed while

compressed does not increase the incidence of herniation, it does induce herniation in

significantly fewer loading cycles.235 Similarly, epidemiologic evidence suggests that

among persons who lift heavy objects on a daily basis with low frequency, those who

couple lifting with a twisting motion are over 3 times as likely to suffer a herniated

lumbar disc, while twisting does not increase this risk for those who lift with high

frequency.261

Why the combination of flexion and torsion may act to expedite disc herniation

is unknown. The combined action of flexion and torsion has been found to shift

∗Accepted for publication in the European Spine Journal.
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Chapter 6. Torsion: A Herniation Catalyst

the nucleus posterolaterally in an asymmetric fashion, such that during flexion plus

left axial rotation the nucleus pushed against the right posterolateral annulus.283

Using finite element analysis, Schmidt et al284 found that under this same loading

combination, flexion plus left axial rotation, the fibers of the inner right posterolateral

annulus experience the largest shear strain. It is possible that the combination of

flexion and torsion acts to drive a herniation posterolaterally, contributing to the

∼10% of herniations that are found in this region clincally.172,173,285

In Chapter 5 the internal failure mechanics of lumbar intervertebral discs subjected

to high nuclear pressures while positioned in flexion was explored. Analysis of the

ruptured discs using micro-computed tomography (micro-CT) and microscopy in

tandem revealed that radial rupture of the discs’ central posterior region involving

both annular and endplate disruption was the most common cause of disc failure.

Using this previous study’s methodology as a base, the current study sought to

determine if a physiologic level of torsion, when applied in combination with flexion,

alters the internal failure mechanics of intervertebral discs subjected to high nuclear

pressures.

6.2 Methods

The lumbar spines of ten ewes, aged 2-5 years, were harvested immediately following

slaughter, wrapped in plastic film, and stored at -20 ◦C for no more than 3 months.

In preparation for testing, the extraneous soft tissues and posterior elements were

removed from each spine, as described in Section 4.2, page 46. Each spine was then

dissected into L12, L34, and L56 motion segments by bisecting the adjacent discs.

Each bisected disc was visually inspected; no macroscopic ruptures, clefts, or areas

of discoloration were found.

In order to ensure a consistent level of hydration during testing, each motion segment

was soaked for 20 hours in 0.15 M saline at 4 ◦C. The exterior of each intervening

disc was then wrapped in saline soaked gauze covered by plastic film to impede water

loss. Following the method of Schechtman et al,254 a hollow injection screw (internal

bore diameter 1.5 mm) was inserted longitudinally through the inferior vertebra of

each segment so that its tip contacted the centre of the nucleus (Figure 2.6B, page 38;

Figure 4.1, page 47). Each motion segment’s vertebrae were then potted in stainless

steel rings using dental plaster, aligned so that the two rings and inferior vertebra

were coaxial.
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6.2. Methods

A custom-built, bench-top rig was used to position each motion segment in a com-

bined posture of left axial rotation and flexion, which was maintained throughout the

testing process (Figure 2.6C, page 38). After potted motion segments were correctly

aligned with the rig’s axes, the superior vertebra each was first axially rotated 2◦ to

the left about a fixed axis running longitudinally through the inferior vertebra and

passing through the centre of the nucleus. Segments were then flexed 7◦ about a fixed

axis running perpendicular to the sagittal plane of the inferior vertebra and inter-

secting the torsional axis in the nucleus. Both rotations were carried out gradually,

at approximately 0.02 ◦/s.

In order to allow visual monitoring of the discs during nuclear pressurization, the

saline soaked gauze covering each disc’s exterior was removed. Using a quick release

coupling, each segment’s embedded injection screw was connected to a manually

actuated piston-cylinder device containing a viscous contrast gel, as described in

Section 2.2, page 36. A pressure transducer (model LM/2345-6, Sensotec, USA;

±0.3 MPa accuracy), mounted at the base of the injection screw, and data logger

(model TC-08, PicoLog software version 5.13.4; Pico Technology, UK) were used to

monitor and record the pressure of the injected gel throughout testing.

The pressure within each disc’s nucleus was gradually increased in a ramp-and-hold

manner, as previously employed in Chapters 4 & 5, by advancing the piston 0.3 mm at

a rate of 0.008-0.013 mm/s and then waiting 12-14 seconds before the next advance.

When failure of each segment occurred, marked by a focal protrusion, extrusion,

and/or sudden drop in nuclear pressure, the injection process was halted and the

intradiscal pressure immediately relieved. After removing the injection screw, each

motion segment’s vertebrae were transected leaving approximately 5 mm of bone at-

tached to both ends of the disc. These trimmed segments were immediately wrapped

in plastic film and frozen at -20 ◦C.

Using a micro-CT scanner (model 1172, SkyScan, Belgium) operating at 100 kV/100 µA,

each trimmed motion segment was imaged at a resolution of 34.6 µm, allowing a

three-dimensional assessment of the injected contrast gel. The dataset for each seg-

ment was processed into axial and sagittal image sets using NRecon and DataViewer

software (version 1.5.0.2 & 1.3.2, SkyScan), and subsequently flattened into maximal

intensity projection (MIP) images using CTAn software (version 1.7.0.5, SkyScan).

Following micro-CT, each motion segment was fixed in 10% formalin and decalci-

fied in 10% formic acid. The posterior portion of each segment was then processed

into approximately one-hundred 30 µm thick oblique radial bone-disc-bone cryosec-

tions using a freezing-sledging microtome, as illustrated in Figure 4.2B, page 48.
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Cryosections were wet-mounted and examined unstained using oblique illumination

microscopy.

Statistics were computed using SPSS software (version 12.0.1). Mean failure pres-

sures of the samples tested in the current chapter were compared to those tested in

Chapter 5 using a one-way ANOVA with post-hoc Scheffé’s test. Categorical group-

outcome associations were tested for significance using Fisher’s exact test.

6.3 Results

30 motion segments, dissected from 10 spines, were tested. Peak rates of pressuriza-

tion ranged from 0.03-0.11 MPa/s. 5 motion segments exhibited abnormal pressure-

time responses and very low disc:vertebra gel content ratios, indicative of gel leakage

at the inferior vertebra/injection screw interface. These 5 segments, which had failed

to pressurize correctly, were excluded from the results.

Following analysis using micro-CT and microscopy, each motion segment was clas-

sified as suffering either vertebral or disc failure. Motion segments that suffered

catastrophic failure of a vertebral endplate, leading to gel and/or nuclear extrusion

into a vertebral body, were classified as vertebral failures. The remaining motion

segments, which suffered predominantly soft-tissue failure, were classified as disc

failures. Of the 25 successfully tested motion segments, 17 suffered vertebral failure

and 8 disc failure. Details regarding each segment’s failure pressure and mode of

failure are listed in Table 6.1.

The skeletal maturity of each motion segment was assessed using posterior cryosec-

tions by microscopically examining the growth plates superior and inferior to the

intervening disc. Each motion segment’s growth plates were recorded as fused, par-

tially fused, or unfused (Table 6.1). When the fused and partially fused categories

were combined, a significant correlation between motion segment maturity and fail-

ure mode was found: mature segments (i.e. those with fused or partially fused growth

plates) were significantly more likely to suffer disc failure than immature segments

(p = 0.01; Table 6.2).

In all 25 successfully tested motion segments, axial micro-CT MIP images showed

that from the point of injection near the centre of the nucleus, contrast gel spread

laterally filling the nuclear lobes. Annular penetration of the contrast gel via the

nucleus occurred exclusively at the central posterior location, with the exception of

a single disc where a small volume of contrast gel entered the anterior annulus.
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Table 6.1: Vertebral growth plate morphology and failure data for successfully pressurized ovine
lumbar motion segments.

Failure Mode
Segment Growth Detailed Failure Failure Pressure

(spine-disc) Plate Status Mode (MPa)

Vertebral:

1-L12 U S - rML 11.5
4-L56 U I - rML 12.6
3-L12 U S - C 10.1
4-L34 U S - C 13.4
4-L12 U S - C 14.1
6-L34 U S - C 9.7
1-L56 U I - C 14.4
2-L56 P I - C 8.0
6-L56 P I - C 6.8
6-L12 U I - C 6.8
7-L56 F I - C 5.9
7-L34 F I - C 6.5
8-L34 P I - C 5.0
9-L56 U I - C 12.9
9-L34 U I - C 5.4
9-L12 U I - C 4.2
10-L56 U I - C 10.8












mean ± SD 9.3 ± 3.5

Disc:

3-L56 F Diff 7.1
8-L56 F Diff 11.4
8-L12 U MA (TNE) 10.5
7-L12 P A/E - S 9.0
3-L34 P A/E - I (TNE) 8.0
5-L56 F A/E - I (NF) 7.4
5-L34 F A/E - I 4.2
5-L12 P A/E - I 5.6






mean ± SD 7.9 ± 2.4
U = unfused, P = partially fused, F = fused, S = superior, I = inferior, rML =
right mediolateral, C = central, Diff = diffuse annular rupture, MA = radial mid-
axial annular rupture, A/E = radial annular-endplate rupture, NF = nuclear flow
through rupture, TNE = transligamentous nuclear extrusion. For vertebral failures,
the detailed failure mode lists the vertebral endplate that failed, followed by the
point of failure in relation to the nucleus. For disc failures, the endplate portion of
radial annular-endplate ruptures is listed as occurring superiorly or inferiorly.
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Table 6.2: A significant association was observed between motion segment maturity, as indi-
cated by vertebral growth plate morphology, and mode of failure (p = 0.01).

Vertebral Disc Disc Failure
Failure Failure Fraction

Fused & Partially Fused 5 7 54%
Unfused 12 1 8%

Vertebral failures:

Rupture of the inferior vertebral endplate adjacent to the centre of the nucleus was

the most common cause of vertebral failure, occurring in 11 of 17 segments. In 6 seg-

ments the point of failure was readily distinguishable from hole left by the injection

screw, most often lying to the posterior of this point (Figure 6.1). While the point

of vertebral endplate failure in the remaining 5 segments could not be accurately

distinguished from the hole left by the injection screw, the segments displayed nor-

mal pressure-time responses and micro-CT scans, and thus could not be discounted

as technical failures. Central rupture of the superior vertebral endplate was con-

siderably less frequent, occurring in only 4 segments. The remaining two segments

suffered vertebral endplate failure adjacent to the right mediolateral aspect of the

nucleus (Table 6.1).

Microscopy revealed that the injected contrast gel had breached the inner posterior

annulus in 8 of the 17 motion segments, but had failed to penetrate the discs radially

beyond this point (Figure 6.1). Apart from the location of catastrophic vertebral

endplate failure, no additional sites of endplate disruption were found in any of the

17 segments.

Disc failures:

2 discs suffered diffuse rupture of the posterior annulus. Each contained a large

volume of contrast gel within the posterior annulus, which had formed sequential

circumferential tears by flowing within fibre bundles of the inner and mid annular

lamellae (Figure 6.2). Radial tears between lamellae were short and circumferentially

distributed (Figure 6.2C). In both discs, contrast gel had pooled behind the posterior

longitudinal ligament, causing severe disruption to the outer annular lamellae before

extruding mediolaterally at the posterior longitudinal ligaments left margin (Figure

6.2C). A small tear within the superior cartilaginous endplate adjacent to the inner

posterior annulus existed within disc 8-L56 (Figure 6.2C). No other form of endplate

disruption was observed in these two discs.

88
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Figure 6.1: Rupture of the inferior vertebral endplate was the most common mode of failure
among tested motion segments. In this disc (7-L56) the inferior vertebral endplate has ruptured
near inner annulus (arrow). Nuclear material has entered the vertebral body (∗∗). Among mo-
tion segments that suffered vertebral failure, the injected contrast gel, which appears black in
the micrograph, often penetrated the inner posterior annulus (∗), but never reached beyond this
point, leaving the mid and outer portions of the disc intact. N = nucleus, SV = superior ver-
tebra, IV = inferior vertebra, PL = posterior longitudinal ligament. The dashed line represents
the insertion site of the injection screw, visible in subsequent sections at this location.

The 6 remaining discs contained very little contrast gel within the posterior annulus,

indicating that failure had occurred suddenly rather than in a progressive fashion

like the two cases of diffuse failure (Figure 6.3A vs. Figure 6.2A). Upon failure, 5 of

the 6 discs extruded gel from the central posterior annulus, which was accompanied

by nuclear material in two discs. The other disc (disc 5-L56) extruded gel from the

right mediolateral aspect of the posterior annulus. Microscopy confirmed that each

of the 6 discs had suffered a radial rupture, extending through the central posterior

disc wall from nucleus to disc periphery. In 5 discs the ruptures followed the same

general morphologic pattern: failure of the inner annulus, followed by endplate failure

adjacent to the mid annulus, ending in failure of the outer annulus (Figure 6.3).

These discs were said to have undergone radial annular-endplate rupture.
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Chapter 6. Torsion: A Herniation Catalyst

Table 6.3: Endplate tear morphology for motion segments that suffered disc failure.

Segment Failure Affected Radial Circumferential Location in Endplate
(spine-disc) Mode Endplate Location∗ Span∗∗ Location lML C rML

3-L56 Diff — — — — — — —
8-L56 Diff sup inner 2.9 C → rML — E E
8-L12 MA† inf mid 1.5 rML — — E/V
7-L12 A/E sup mid 4.1 C → rML — E/V +E/V
3-L34 A/E† inf mid 2.9 C → rML — E/V E/V
5-L56 A/E inf mid 2.5 C → rML — E/V +A/E
5-L34 A/E inf mid 5.6 lML → rML E/V E/V E/V
5-L12 A/E inf mid 5.9 lML → rML E/V E/V +A/E

∗In relation to the posterior annulus. ∗∗Listed in millimeters. Diff = diffuse annular rupture, MA
= radial mid-axial annular rupture, A/E = radial annular-endplate rupture, † = transligamentous
nuclear extrusion, sup = superior, inf = inferior, C = central posterior, lML = left mediolateral
posterior, rML = right mediolateral posterior, E = within the cartilaginous endplate, E/V =
between the cartilaginous and vertebral endplates, A/E = between the annulus and cartilaginous
endplate, + = only fibers inclined in the direction of the applied torque were ruptured.

Among the 5 discs that suffered radial annular-endplate rupture, the endplate tear

occurred inferiorly in 4 discs. In the central posterior region, where the radial rup-

tures communicated from nucleus to disc periphery, endplate tears always occurred

between the vertebral and cartilaginous endplates (i.e. at the cartilaginous/vertebral

endplate junction), and extended a radial length of approximately 1 mm. Circum-

ferentially, the endplate portion of these ruptures extended farther than the annular

portion. In other words, moving laterally away from the radial rupture, the annular

portions of the rupture dissipated prior to the endplate tear (see Figure 5.9, page

79). In 2 discs the endplate tear extended 3 mm to either side of the disc’s sagit-

tal plane, while in 3 discs the endplate tear extended only toward the right (again

by approximately 3 mm). Details of each disc’s endplate tear are listed in Table

6.3.

In 3 of the 5 discs that suffered radial annular-endplate rupture the morphology of

the endplate tear varied with circumferential location. While the endplate tear was

radially continuous at the central posterior location, mediolaterally only those fibres

inclined in the direction of the applied torque had been affected (Figure 6.4). In

contrast to the central posterior portion of these ruptures, which always occurred at

the cartilaginous/vertebral endplate junction, mediolaterally the lamellae had failed

at the annular/cartilaginous endplate junction in two discs (Figure 6.5).

Sample 8-L23 was the only disc with unfused endplates to suffer disc failure, and the

only disc to suffer a radial rupture through the entire thickness of the central posterior
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6.3. Results

Figure 6.4: Endplate tear morphology and circumferential location. Disc 7-L12 is shown. The
axial (A) and sagittal (B & C) micro-CT MIP images show the location of the micrographs (D
& E). The endplate portion of the radial annular-endplate ruptures spanned between 2.5 mm
and 5.9 mm circumferentially, most often extending to the right from the discs mid-line (Table
6.3). At the central posterior location tears always occurred at the cartilaginous/vertebral
endplate junction and extended a radial distance of ∼1 mm, disrupting the anchorage of both
in-plane (I) and cross-sectioned (C) lamellae (D). The right mediolateral aspect of the endplate
ruptures were often morphologically distinct; only fibres inclined in the direction of the applied
axial rotation were affected (I vs. C in E). IV = inferior vertebra, SV = superior vertebra, rg
= residual gel. Arrows marked ‘ep’ indicate the thickness of the cartilaginous endplate.

annulus in the mid-axial plane (Table 6.1). Interestingly, disc 8-L23 also suffered an

endplate tear located adjacent to the mid annulus at the cartilaginous/vertebral

endplate junction. However, unlike the discs that suffered radial annular-endplate

failure, the endplate tear was located beyond the right lateral margin of the radial

mid-axial annular rupture, and therefore appeared not to have directly contributed

to the disc’s failure (Figure 6.6).
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Figure 6.5: The axial (A) and sagittal (B) micro-CT MIP images show the location of the
micrograph (C). While the endplate portion of radial annular-endplate ruptures usually occurred
at the cartilaginous/vertebral endplate junction, in two discs the right mediolateral portion of
the endplate tear occurred at the annulus/endplate junction (disc 5-L12 is shown). In both
discs, only fibres inclined in the direction of the applied axial rotation were ruptured, in this
case those of the in-plane lamellae (I), but not the cross-sectioned lamellae (C). IV = inferior
vertebra, rg = residual gel. The arrow marked ‘ep’ indicates the thickness of the cartilaginous
endplate.

6.4 Discussion

The current study has used the technique of nuclear pressurization, as employed in

Chapters 4 & 5, and by others,254,272 to mechanically disrupt intact intervertebral

discs positioned in a combined posture of flexion and axial rotation. Micro-CT and

microscopy have subsequently been used in tandem to investigate how this posture

affects the disc’s internal failure mechanics.

With the exception of the 2◦ of applied axial rotation, the methods used to mechan-

ically disrupt motion segments in this study replicated, as exactly as possible, those

applied to the motion segments that were pressurized while flexed 7◦ in Chapter 5.

Given that the ovine tissue used in these two studies was acquired from the same

source, and that each group was similarly distributed according to skeletal maturity,

the differences in failure response of the motion segments between these two inter-

study groups can therefore be directly attributed to the applied axial rotation.

94



6.4. Discussion

Figure 6.6: The unique case of disc 8-L12, shown here, highlights that while torsion tended to
direct endplate ruptures contralaterally, the central posterior portion of the disc wall was most
vulnerable to radial rupture. The two cryosections shown lie approximately 1.5 mm apart in
the same plane. A: this right mediolateral cryosection shows a region of endplate disruption
adjacent to the mid annulus (arrow). B: this central posterior cryosection shows that nuclear
material (∗∗) has bisected the annulus, forming a transligamentous nuclear extrusion in the
absence of any form of endplate disruption. N = nucleus, IV = inferior vertebra, PL = posterior
longitudinal ligament, rg = residual gel.
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Table 6.4: The variation in disc failure mode with motion segment posture during nuclear
pressurization.

Flexed 7◦† Flexed 7◦ +
Flexed 10◦†

axially rotated 2◦

Incidence per total discs tested:
All disc failures 65% (11/17) 32% (8/25) 41% (7/17)
Diff. ruptures 18% (3/17) 8% (2/25) 6% (1/17)
MA ruptures 24% (4/17) 4% (1/25) 0% (0/17)
A/E ruptures 24% (4/17) 20% (5/25) 35% ( 6/17)
Mean failure pressure ± SD (MPa):
All disc failures 11.2 ± 2.5∗ 7.9 ± 2.4∗ 9.8 ± 2.6
A/E ruptures 9.4 ± 1.4 6.8 ± 1.9 9.2 ± 2.3
†Data from Chapter 5. A/E = radial annular-endplate rupture, MA = radial
mid-axial annular rupture, Diff. = diffuse annular rupture. ∗Indicates a signifi-
cant difference (p = 0.03; one-way ANOVA, Scheffé’s post-hoc).

Together, the results of this study and those from the 7◦ flexion group in Chapter

5 show that when combined with flexion, axial rotation: i) reduces the occurrence

of radial ruptures involving only the annulus (i.e. those that do not incorporate an

endplate tear), and ii) facilitates the formation of radial ruptures that involve an

endplate tear adjacent to the mid annulus.

32% of the total motion segments successfully tested in the current study suffered

disc failure. Among the motion segments pressurized Chapter 5 while positioned in

7◦ flexion, this proportion was 65%. In both studies, the same three modes of disc

failure were identified: diffuse, radial mid-axial, and radial annular-endplate rupture.

The observed decrease in the proportion of disc failures with the addition of 2◦ of

axial rotation occurred primarily as the result of a decrease in diffuse and radial mid-

axial ruptures — failure modes that generally only incorporate annular disruption

(Table 6.4).

When torsion is applied to a flexed disc, half of the annular fibres, those belonging

to every other lamella, are subjected to increased levels of strain. The opposite

is true for the remaining annular fibres; compared to the flexed state, they are

relaxed. This torsional effect is shown in Figures 6.4 and 6.5, and has also been

demonstrated Heuer et al136 and Krismer et al.137 The reduction in radial mid-axial

annular ruptures observed in the current study is likely a result of these relaxed

lamellae, which, when pressed upon by nuclear material or the injected gel, are not

taut enough to rupture. Thus, it is unlikely that torsion plays a significant role in

radial ruptures of the disc’s posterior wall that involve only annular failure.
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During the nuclear pressurization of flexed discs conducted in Chapter 5, it was

found that increasing the flexion angle from 7◦ to 10◦ resulted in an increased inci-

dence of radial annular-endplate rupture among the total population of discs tested.

Compared to the 7◦ flexion group, and in contrast to the effects of an additional 3◦

of flexion, in the current study the 2◦ of superimposed axial rotation did not lead

to an increase in the proportion of radial annular-endplate ruptures observed among

the sample population. It did, however, markedly reduce the pressure at which these

ruptures occurred (Table 6.4).

Compared to the flexed state, only Drake et al235 have previously used in vitro test-

ing to assess whether combining flexion with torsion alters the disruption mechanics

of discs. In their study, porcine cervical motion segments were cyclically flexed and

extended while compressed. During cyclic loading, one group of specimens was sub-

jected to static axial torque; the other was not. While an equal number of discs

herniated in both groups (7/9), axial torque induced herniation in fewer loading

cycles. Epidemiologically, Kelsey et al261 studied the relationship between occu-

pational lifting and twisting, and suffering a herniated lumbar disc. Their results

indicate that when lifting, simultaneous twisting only increases the risk of disc her-

niation among persons who perform the task with low to moderate frequency, not

high frequency.

The results of the current study, those of Drake et al,235 and those of Kelsey et

al261 can all be interpreted as follows: given a population of discs, some will be

susceptible to herniation when exposed to compression plus flexion. Axial rotation,

if combined with compression and flexion, will not increase the number of susceptible

discs. However, among those discs that are susceptible to herniation, axial rotation

will markedly facilitate the herniation process.

Because radial ruptures involving endplate failure constituted ∼60% of disc failures

in the current study, the final sentence of the above statement should more appro-

priately specify: ‘among those discs that are susceptible to radial annular-endplate

rupture, axial rotation will markedly facilitate the herniation process’. This specifi-

cation is important; compared to the 7◦ flexion group previously tested, the addition

of axial rotation decreased the incidence of disc failures involving only the annulus,

as discussed above (Table 6.4). Thus, it is likely that it is the effect of torsion on the

endplate complex that is responsible for decreasing the disc wall’s ability to support

elevated nuclear pressure.

Radial annular-endplate ruptures always incorporated endplate tears at the cartilagi-

nous/vertebral endplate junction adjacent to the mid annulus. Because this junction
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is brittle, shown by the tendency for tears at this location to propagate circumfer-

entially (Table 6.3, page 92; Figure 5.9, page 79), a small, localized separation at

this junction could effectively compromise its full radial span (∼1 mm). Torsion

may promote the creation of this initial separation via its effect on shear strain and

load-sharing within the posterior disc wall.

It is intuitive that the addition of axial rotation to a flexed disc would increase the

posterior cartilaginous/vertebral endplate junction’s susceptibility to failure; annular

fibres inclined in the direction of rotation would experience larger normal strains.

Similarly, one may think that a posture of 10◦ flexion would place this junction at

greater risk of failure than 7◦ flexion plus 2◦ axial rotation; given that the flexion and

torsion axes intersected near the centre of the nucleus in this experiment (as noted in

the preceding Methods section), 10◦ flexion would produce larger peak normal strains

in the posterior annulus. However, the mean nuclear pressure required to cause radial

annular-endplate rupture in the current study was nearly 30% lower than for those

discs previously pressurized while flexed 10◦ (Table 6.4). This indicates that the type

of stress experienced by the posterior annulus may be important: while 7◦ flexion

plus 2◦ axial rotation would impose lower peak normal strains on posterior annular

fibres than 10◦ flexion, it would subject the adjacent endplate/vertebra junction to

higher levels of shear stress (Figure 6.7).

If the endplate/vertebra junction is sensitive to shear stress, the negative effects of

torsion in this sense would be further compounded by uneven load-sharing among

lamellae. Tensile testing has shown that annular lamellae function in a non-linear

stress-strain fashion; they become stiffer as they are stretched.38,39,286 Consequently,

when a disc is axially rotated, every second lamella effectively becomes stiffer than

its two neighbours. This creates an uneven load-sharing situation when the nu-

cleus is pressurized: the stiffer, more highly strained lamellae will support most of

the applied load. Thus, compared to the flexed state, the addition of torsion may

be detrimental to the disc by forcing half of the annular lamellae to support well

over half of the applied nuclear pressure, therefore increasing peak stresses at the

cartilaginous/vertebral endplate junction.

Radial annular-endplate rupture was the most common mode of disc failure to oc-

cur in this study, as was also the case during the study of flexed discs in Chapter

5. The morphology of this type of disc failure is consistent with common clinical

observations. The rupture frees a portion of cartilaginous endplate adjacent to the

mid annulus, most often inferiorly. Clinically, the endplate is often implicated in

herniations, as demonstrated by the presence of endplate in the material extruded

98



6.4. Discussion

Figure 6.7: Endplate reaction forces and rupture susceptibility. The conformation of a single
annular fibre bundle located in the mid posterior annulus of a disc positioned neutrally (0◦), in
flexion (F7◦ and F10◦), and in flexion plus torsion (F7◦+T2◦) is shown schematically. In each
posture the fibre’s neutral position is shown for reference. The cartilaginous endplates (shaded
bands), which anchor the fibre bundle superiorly and inferiorly, are calcified, thus preventing
reorientation of the fibres contained within. The shear (Rxi) and axial (Ryi) reaction forces
at the inferior cartilaginous/vertebral endplate junction (CEP/VEP junction), resulting from
posturally induced stretching of the fibre bundle, are shown. The vector sum of Rxi and Ryi,
RT i, is directly proportional to the fibre bundles change in length (li - l0). The magnitude
of the shear force at the junction, Rxi, is directly proportional to the product of RT i and the
cosine of θi, the fibre bundle angle. The detrimental effects of applying axial rotation to a
flexed disc, may, in part, result from an increase in shear stress at the cartilaginous/vertebral
endplate junction. Note that while the total reaction force at the junction, (RT i) is largest
when the disc is flexed 10◦ (F10◦), the junction is most susceptible to failure, as indicated
by the nuclear pressure required to produce radial annular-endplate rupture (shown in MPa as
mean ± SD), when the shear force (Rxi) is largest — a situation that occurs when the disc is
flexed 7◦ and axially rotated 2◦ (F7◦+T2◦). †Data from Chapter 5.

from discs.167,176 Radial annular-endplate ruptures always occur in the central pos-

terior portion of the disc. Clinically, approximately 50% of disc herniation routes

are documented as radially traversing the central posterior disc wall.173,174

The natural history of intervertebral discs is well documented. As the disc ages, the

nucleus progressively loses glycosaminoglycans, leading to increased dehydration,73,77

and reduced hydrostatic functionality.109 While the nuclei of ovine discs, like that

of Grade II human discs,66 is whitish, cohesive, and resilient — far from a freely-

flowing substance — it seems unlikely that nuclear extrusion, as shown in Figures

6.3 and 6.6, would occur after a certain threshold level of nuclear dehydration is

reached. This ideology is consistent with the fact that the risk of disc herniation

diminishes markedly after the age of 50.287 Similarly, with age the cartilaginous
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Chapter 6. Torsion: A Herniation Catalyst

endplates become increasingly calcified,105 which would, presumably, increase both

the stiffness and brittleness of the endplate/vertebra junction.

Clinically, persons age 40 to 50 years have the greatest risk of suffering a herni-

ated lumbar disc.167,287 Approximately 45% of the motion segments with fused or

partially-fused growth plates tested in both the current study and in Chapter 5

suffered radial annular-endplate failure. Similarly, Adams & Hutton125 found that

approximately 65% of motion segments from persons age 39 to 51 years suffered nu-

clear extrusion when compressed while positioned in hyperflexion. These susceptible

discs are clearly morphologically distinct, in some currently undefined way, from the

remainder of their cohort. It may be that in these susceptible discs the nucleus is suf-

ficiently hydrated to flow under pressure, while endplate calcification has increased

the stiffness of the cartilaginous/vertebral endplate junction to a point where its

ultimate strength is surpassed during maximal, but normal, in vivo strains.

Several mechanical in vitro studies have previously reported the creation of pos-

terolateral herniations.125,227,233 The combination of flexion and torsion has been

reported to shift the nucleus posterolaterally,283 and subject the inner posterolateral

region of the annulus to the largest shear strain.284 In the current study a tendency

for posterior endplate ruptures to propagate circumferentially from the central pos-

terior location, contralateral to the direction of applied axial rotation was noted.

This finding may be due to the fact that the annular fibres medial to the pedicles

and inclined in the direction of the applied rotation are shorter contralaterally than

ipsolaterally, as illustrated by Marchand & Ahmed,79 and would thus be strained

more highly during torsion. Despite this tendency at the endplate region, radial rup-

tures communicating from nucleus to disc periphery occurred centrally, consistent

with the predications made by Lu et al.275 The posterolateral disc wall appears to

be very robust compared to the posterior; radial ruptures that form here are likely

etiologically distinct from those found in the posterior disc wall.

Two points should be noted regarding posterolateral herniations. First, postero-

lateral herniations, a term used widely in in vitro studies, correspond to intra- or

extraforaminal herniations clinically.164,165,175 Such herniations are far less common

than central posterior or mediolateral posterior herniations.172–174 Second, a postero-

lateral protrusion or extrusion does not necessitate a posterolateral radial rupture.

During discography, it is not uncommon to reveal a centrally located radial rupture

that deviates circumferentially at its terminus.174,214,288 Such ruptures have been re-

ported as a common finding during the transverse sectioning of cadaveric lumbar

discs.289 Observations made in Chapter 5 indicate that nuclear material may read-
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ily move circumferentially within the outer posterior annulus (Figure 5.3, page 71),

which may possess weak interlamellar cohesion (Chapter 4, Figure 4.7, page 55), and

is prone to circumferential tears.80 A portion of the intra- or extraforaminal herni-

ations observed clinically likely connect to the nucleus via a central posterior radial

rupture.

Adams & Hutton have suggested that torsion is unlikely to play a role in mechanically

disrupting lumbar intervertebral discs.125,152 While it is unlikely that torsion can

disrupt discs when applied as the sole rotation, the results of the current study

clearly show that 2◦ of axial rotation when applied in combination with flexion

markedly affects the disc wall’s ability to withstand high nuclear pressure. Further,

flexion has been shown to increase interfacet spacing,157 thereby allowing the lumbar

spine an increased range of motion in axial rotation.156,158,159 Thus, during a flexed

posture in vivo, lumbar discs may be axially rotated beyond the normal 2◦ limit,

thus amplifying the negative effects of torsion documented herein.

6.5 Key Points

When combined with flexion, torsion:

• Reduces the occurrence of radial ruptures confined solely to the annulus (i.e.

those that do not incorporate an endplate tear)

• Facilitates the formation of radial ruptures that involve an endplate tear adja-

cent to the mid annulus

101



102



Chapter 7

How Loading Rate Influences Disc

Failure Mechanics∗

7.1 Introduction

Disc herniation first began to gain widespread recognition as a cause of sciatica during

the 1930’s and 40’s.183,184,290,291 Coincident with this recognition came speculation

regarding herniation’s ætiology. The ensuing debate, generally based on patient

histories gathered by clinicians, focused primarily on the role of physical trauma.

Among the many possibilities, two mechanical events dominated the debate: heavy

lifting and sudden loading — slips, falls, jolts, or similar events.184,186,292–296

Among those supporting the role of sudden loading in the development of herniated

discs, it was noted that the slip, fall, or jolt event often preceded the development

of sciatica by a period ranging from several months to several years.296 This posed a

problem; few persons could, nor in the present day can, accurately boast that they

have not suffered a slip, fall, or jolt in recent memory.

Due to the inability to accurately link a prior, trivial sudden loading event with the

onset of sciatic pain, this causative theory was overshadowed by that of flexion and

heavy lifting. As a result, much of the mechanically based in vitro herniation research

conducted over the past 30 years has focused on the combined ætiological role of

flexion and compression.125,225–230,232 While several studies aimed at determining how

the basic material properties of intervertebral discs vary with loading rate have been

conducted,39,238,297–302 the effect of loading rate on the internal disruption of discs

has yet to be explored.

∗Submitted for publication to Spine. Winner of the 2010 ISSLS Prize in biomechanics.
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While it is rare that high strain-rate events such as slips, falls, or jolts immediately

precede the development of sciatic pain, this does not mean that they cannot damage

the intervertebral disc. Similarly, the inability to correlate a past slip, fall, or jolt

with recently acquired symptoms does not mean that such an event cannot contribute

to the initial developmental stages of disc herniation.

The mechanical responses of many tendons and ligaments are strain-rate depen-

dent.303–310 According to the studies cited, as the rate at which these tissues are

stretched increases, so do their stiffnesses and/or ultimate strengths. When testing

integrated bone/soft-tissue structures, the time dependence of the structure’s load

response can also affect how the structure fails. For example, when testing ante-

rior cruciate or medial collateral bone-ligament-bone specimens, the mode of failure

(tearing of the ligament mid-substance, avulsion of subchondral bone, failure at the

bone/ligament junction, etc.) is dependent upon the rate of elongation used during

testing.304,306,307

Given that the failure mechanics of some ligaments display significant strain-rate

dependencies,304,306,307 it is not unreasonable to suspect that intervertebral discs,

too, may share this property. If so, damage caused to discs in high-rate loading

situations should be distinguishable from that caused in low-rate situations.

In Chapters 4 and 5 the internal failure mechanics of both neutrally positioned and

flexed discs, respectively, were explored using the technique of nuclear pressurization.

In both studies, nuclear pressurization was carried out in a gradual, low strain-rate

manner.

In order to determine if the internal failure mechanics of intervertebral discs are

strain-rate dependent, and comment on what role, if any, slips, falls, or jolts may

play in the development of disc herniation, these two nuclear pressurization studies

have been repeated in this new investigation using very high rates of loading.

7.2 Methods

The lumbar spines of nine sheep, aged 2-5 years, were collected immediately following

slaughter, wrapped in plastic film, and stored at -20 ◦C for no more than 3 months.

The spines were distributed between two test groups: neutral and flexed. Four

spines, chosen at random, were assigned to the neutral group; the remaining five

spines formed the flexed group.

In preparation for testing, the extraneous soft tissues and posterior elements were
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removed from each spine, as described Section 4.2, page 46. The L12, L34, and

L56 motion segments were isolated from each spine by bisecting the adjacent discs.

Each bisected disc was visually inspected; no macroscopic ruptures, clefts, or areas

of discoloration were found. Nuclei appeared whitish and opaque, and were soft,

resilient, highly cohesive, and far from freely-flowing. Prior to testing, each motion

segment was soaked for 20 hours in 0.15 M saline at 4 ◦C to ensure a consistent level

of hydration.

The impulse nuclear pressurization apparatus consisted of the following components

connected in series: a piston-cylinder device, hydraulic hose, pressure transducer,

ball valve, quick-release coupling, and injection screw (Figure 2.6A, page 38). The

piston-cylinder device, which was manually actuated using a leadscrew, contained a

viscous contrast gel described in Section 2.2, page 36. During pressurization, data

output from the pressure transducer (model LM/2345-6, Sensotec, USA; ± 0.3 MPa

accuracy) was recorded at a rate of 2 Hz using a data acquisition system (data logger

model TC-08, PicoLog software version 5.13.4; Pico Technology, UK).

Following the method of Schechtman et al,254 a self-tapping injection screw (major

thread diameter 4.5 mm, internal bore diameter 1.5 mm) was inserted longitudi-

nally through the inferior vertebra of each motion segment so that its tip contacted

the centre of the nucleus (Figure 2.6B, page 38; Figure 4.1, page 47). Motion seg-

ments belonging to the neutral test group were then connected to the pressurization

apparatus via the quick-release coupling.

In order to position motion segments belonging to the flexed group in forward bend-

ing, following insertion of the injection screw each segment’s vertebrae were potted

in stainless steel rings using dental plaster. Potting was done in such a way that the

two rings and inferior vertebra of each segment were coaxial. During this process,

the exterior of the intervening disc was wrapped in saline soaked gauze covered by

plastic film to prevent dehydration. Potted segments were then mounted in a bench-

top rig and flexed about a fixed axis running perpendicular to the sagittal plane and

through the nucleus at mid-disc height. Each segment was gradually flexed (approx-

imately 0.02 ◦/s) to 7◦ from the neutral position. The saline soaked gauze covering

the disc’s exterior was then removed, and the motion segment was connected to the

pressurization apparatus via the quick-release coupling.

The pressure within each disc’s nucleus was gradually increased in a ramp-and-hold

manner by advancing the piston 0.3 mm at a rate of 0.008-0.013 mm/s and then

waiting 12-14 seconds before the next advance. This process was continued until the

disc’s nuclear pressure, as indicated by the transducer, had reached 8 MPa. The ball
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valve was then closed, isolating the motion segment from the piston-cylinder device.

The gel pressure within the injection line was then increased to 12 MPa. The ball

valve was quickly opened, subjecting the nucleus to a abrupt pressure impulse.

Failure of a motion segment was deemed to have occurred when either: (i) a fo-

cal change in the disc’s periphery was observed, (ii) material extruded from the

periphery, or (iii) there was a large drop in nuclear pressure. If the first pressure

impulse did not cause a motion segment to fail, the ball-valve was closed, injection

line re-pressurized to 12 MPa, and a second impulse delivered. Pressure impulses,

increasing in magnitude to 14 MPa after four 12 MPa impulses, and 16 MPa after

two 14 MPa impulses, were delivered in this manner until one of the three failure

criteria occurred, at which point the intradiscal pressure was immediately relieved

and no further impulses delivered.

Following testing, each motion segment’s vertebrae were transected leaving approx-

imately 5 mm of bone attached to both ends of the disc. These trimmed segments

were immediately wrapped in plastic film and frozen at -20 ◦C. Each segment was

imaged at a resolution of 34.6 µm using a micro-CT scanner (model 1172, SkyScan,

Belgium) operating at 100 kV/100 µA. The resulting datasets were processed into ax-

ial and sagittal image sets using NRecon and DataViewer software (version 1.5.0.2 &

1.3.2, SkyScan), and subsequently flattened into maximal intensity projection (MIP)

images using CTAn software (version 1.7.0.5, SkyScan).

Following micro-CT, each segment was fixed in 10% formalin and decalcified in 10%

formic acid. The posterior portion of each segment belonging to the neutral test

group was then processed into approximately eighty 30 µm-thick oblique radial bone-

disc-bone cryosections using a freezing-sledging microtome, as illustrated in Figure

4.2B, page 4.2. Flexed segments were processed into approximately eighty 30 µm-

thick oblique sagittal bone-disc-bone cryosections, each extending from the anterior

to posterior disc periphery. Within both test groups, if micro-CT images showed

disruption of other areas, these regions were also sectioned.

Cryosections were wet-mounted and examined unstained using oblique illumination

microscopy. As well as documenting the damage inflicted upon each disc, the skeletal

maturity of each motion segment was assessed. The growth plates superior and

inferior to the central posterior portion of each disc were examined and classified as

fused, partially fused, or unfused.

Statistics were computed using SPSS software (version 12.0.1). Categorical group-

outcome associations were tested for significance using Fisher’s exact test.
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Figure 7.1: Representative pressure-time responses are shown for one neutrally positioned seg-
ment (0-1-L56) that failed after the second 12 MPa pressure impulse, and one flexed segment
(7-6-L56) that failed after the first 14 MPa impulse.

7.3 Results

27 motion segments were tested; pressure impulses were delivered to 12 motion seg-

ments positioned neutrally, and 15 motion segments positioned in 7◦ flexion. Repre-

sentative pressure-time responses for one neutrally positioned and one flexed segment

are shown in Figure 7.1. The injection screw was misplaced in three motion segments,

two from the neutral group and one from the flexion group. In one neutral segment

and the one flexed segment the injection screw was not inserted far enough, causing

gel to be injected directly into the inferior vertebra. In the remaining neutrally posi-

tioned segment the injection screw was inserted too far anteriorly, causing gel to be

injected directly into the annulus. These three motion segments were excluded from

the results.

Failure data for the 24 successfully tested motion segments are listed in Table 7.1.

Following microscopic analysis, each motion segment was classified as suffering either

a disc or vertebral failure. Motion segments that suffered predominantly soft tissue

failure were classified as disc failures, while those that suffered catastrophic failure

of a vertebral endplate, leading to gel and/or nuclear material extrusion into the

vertebral body, were classified as vertebral failures.
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Neutrally positioned motion segments suffered disc failure significantly more often

than flexed segments (89% vs. 43%, respectively, p = 0.04; Table 7.2). Flexed motion

segments withstood a greater number of impulses than neutrally positioned motion

segments (3.6 vs. 3.0, respectively), however, this difference was not significant (this

excludes the single neutrally positioned segment that failed prior to the first impulse).

Within the flexed group, L56 motion segments suffered disc failure more often than

L12 and L34 segments, however, this trend failed to reach significance.

Disc Failures:

Among the 15 motion segments that experienced disc failure, each disc was found to

have suffered one primary intradiscal tear — the tear that was the principal cause

of the disc’s failure. Three distinct types of primary tear occurred: circumferential,

diffuse, and radial.

Circumferential tears were the least common primary tear, causing disc failure in

2 neutrally positioned segments and no flexed segments (Table 7.1). In one disc

gel penetrated the inner lateral annulus, and then travelled circumferentially to the

posterior disc periphery. In the second disc, gel penetrated the inner anterior annulus,

and travelled circumferentially to the posterolateral disc periphery (Figure 7.2A). In

both discs circumferential disruption was caused by gel flow both between and within

lamellae. No form of endplate disruption was observed in either disc.

Diffuse tears, which always occurred within the posterior disc wall, were the principal

cause of 5 disc failures. These tears were composed of sequential circumferential tears

(Figure 7.2B), connected by short, circumferentially distributed radial tears (Figure

7.3). Sequential circumferential tears were caused predominantly by gel flow between

lamellae, but some flow within lamellae also occurred (Figure 7.3). In 4 of the 5 discs

that suffered diffuse tears, no form of endplate disruption occurred. In the 5th disc

(7-8-L12), the outer central posterior annulus and adjoining cartilaginous endplates

had been completely separated from the adjacent vertebrae by superior and inferior

tears at the cartilaginous/vertebral endplate junctions (Figure 7.4).

Radial tears were the most common type of primary tear, occurring in 3 flexed discs

and 5 neutrally positioned discs. Radial tears consisted of a single, radially oriented

rupture extending through the full thickness of the disc wall from nucleus to periphery

(Figures 7.5 and 7.6). Radial tears always occurred in the central posterior position.

In many cases, near the disc periphery, primary radial tears connected with secondary

circumferential tears, leading to mediolateral posterior gel extrusions in 4 discs, and

a lateral gel extrusion in one disc (Figure 7.2C).
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Table 7.1: Vertebral growth plate morphology and failure data for successfully pressurized ovine
lumbar motion segments.

Failure
Mode

Segment Growth Primary Tear Endplate Tear Extr- Final
(angle- Plate

Type Site Inner Mid Outer
usion Impulse

spine-disc) Status Site (MPa)

Neutral
Vertebral: 0-2-L34 Pf IV C 2nd @ 12

Disc:

0-1-L34 F Circ L→P CP 3rd @ 12
0-4-L56 F Circ A→PL PL 1st @ 12
0-1-L56 F Diff P ML 2nd @ 12
0-3-L12 U Diff P ML 1st @ 12
0-2-L56 F Rad CP CP 8†

0-2-L12 Pf Rad CP
S a/e, S a/e,

S e/v ML 2nd @ 12
S e/v S e/v

0-1-L12 Pf Rad CP S e/e I e/v
CP,

2nd @ 12
ML

0-4-L34 Pf Rad∗∗ CP S e/e I e/v CP 1st @ 16

0-4-L12 Pf Rad∗∗ CP S e/e I e/v
CP,

1st @ 16








ML

Flexed

Vertebral:

7-5-L56 F IV C 1st @ 12
7-5-L34 F IV C 2nd @ 12
7-5-L12 Pf IV C 2nd @ 12
7-6-L12 U IV C 1st @ 14
7-7-L12 Pf IV C 3rd @ 12
7-8-L34 F IV C 2nd @ 12
7-9-L34 U IV C 2nd @ 14






7-9-L12 U IV C 1st @ 16

Disc:

7-8-L56 F Diff P CP 1st @ 12
7-9-L56 U Diff P CP 1st @ 16

7-8-L12 F Diff P
I e/v, ML,

2nd @ 14
S e/v PL

7-6-L34 Pf Rad CP
I e/v,

CP 2nd @ 12
S e/v

7-6-L56 Pf Rad∗ CP I e/v I v/v ML 1st @ 14

7-7-L56 F Rad∗ CP
I e/v,

I v/v
CP,

1st @ 12






I v/v L
U = unfused, Pf = partially fused, F = fused, IV = inferior vertebra, Diff = diffuse, Circ =
circumferential, Rad = radial, C = central, P = posterior, L = lateral, A = anterior, PL =
posterolateral, S = superior, I = inferior, e/e = within cartilaginous endplate, v/v = within
vertebral endplate, a/e = annulus/cartilaginous endplate junction, e/v = cartilaginous/vertebral
endplate junction, ML = mediolateral posterior, CP = central posterior. ∗Subligamentous nuclear
extrusion. ∗∗Transligamentous nuclear extrusion. †Sample failed before the first impulse.

109



Chapter 7. Loading Rate Influences Disc Failure Mechanics

Table 7.2: A significant association (p = 0.04) was observed between motion segment posture
during nuclear impulse pressurization and mode of failure.

Vertebral Disc Disc Failure
Failure Failure Fraction

Neutral 1 8 89%
Flexed 8 6 43%

Figure 7.2: Axial micro-CT maximal
intensity projection images show cir-
cumferential (A), diffuse (B), and ra-
dial (C) primary tears. The verte-
brae are dark grey and injected con-
trast gel is whitish. A: Circumferen-
tial tears occurred when the injected
contrast gel penetrated the inner an-
nulus either anteriorly (circle) or lat-
erally, traveled circumferentially be-
tween and within lamellae, and ex-
truded posterolaterally (∗) or posteri-
orly (disc 0-4-L56 is shown) B: Dif-
fuse tears were caused by sequen-
tial circumferential tears connected by
short circumferentially distributed ra-
dial tears (disc 0-1-L56 is shown). C:
Primary radial tears commonly ter-
minated in secondary circumferential
tears (disc 7-7-L56 is shown; the ra-
dial tear is shown in Figure 7.5). As
well as extruding mediolaterally (∗1),
contrast gel has traveled circumferen-
tially within the outer annulus and ex-
truded laterally (∗2). + indicates the
location of the injection screw, gn =
contrast gel in the nucleus, ∗ marks
points of gel extrusion.
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Figure 7.3: Primary diffuse tear of the posterior annulus. A cryosection of the central posterior
disc wall from segment 7-8-L56 is shown. Due to its high opacity, the injected gel appears
black, inverted with respect to the micro-CT images in Figure 7.2. Diffuse primary tears were
composed of sequential circumferential tears caused by gel flow both within (+) and between
(∗) lamellae. Radial tears connecting the circumferential tears were short, usually spanning only
a single lamella (arrow), and were circumferentially distributed. Consequently, the chance of
any one tissue section containing a radial tear was slim. SV = superior vertebra, IV = inferior
vertebra, PL = posterior longitudinal ligament.

Radial tears frequently involved a combination of both annular and endplate dis-

ruption. Along the length of radial tears, distinct differences were observed in the

location of endplate tears between the flexed and neutrally positioned discs (Table

7.1). Flexed discs frequently suffered tears adjacent to the outer annulus at the

cartilaginous/vertebral endplate junction, or within the vertebral endplate (Figure

7.5). Neutrally positioned discs, on the other hand, frequently suffered tears of the

superior cartilaginous endplate adjacent to the transition zone and/or inner annulus

(Figure 7.6). These ‘inner’ endplate tears, which were located at the lateral margins
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Figure 7.4: Primary diffuse tear of the posterior annulus with endplate disruption in the flexed
disc 7-8-L12. The dashed rectangles b and c in A show the locations of the enlarged images
B and C. At the outer posterior annulus the injected gel has caused a large interlamellar tear
(arrow 1 in A). At the superior (B) and inferior (C) terminus of this tear, endplate ruptures,
located between the cartilaginous and vertebral endplate, extend to the disc periphery (arrows
2 in B and 3 in C). The arrows labelled ‘cep’ in B and C mark the thickness of the cartilaginous
endplates. Arrow 4 in A marks bony debris resulting from insertion of the injection screw. SV
= superior vertebra, rg = residual contrast gel, N = nucleus, IV = inferior vertebra, Ant =
anterior, Post = posterior.

of the radial ruptures (unilaterally in one disc and bilaterally in two), occurred within

the cartilaginous endplate (Figure 7.7) and extended up to 1.9 mm in length radially

(Table 7.3). In both groups, central posterior endplate tears adjacent to the mid

annulus were observed, most often occurring inferiorly at the cartilaginous/vertebral

endplate junction (Figure 7.6C, 7.5A). These ‘mid’ endplate tears extended up to

1.1 mm in length radially, significantly shorter than the inner endplate tears (p =

0.04; Table 7.3).
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Figure 7.5: Primary radial tear of the posterior disc wall in a flexed disc. Two oblique sagittal
cryosections of disc 7-7-L56 are shown, separated by approximately 1 mm. Of the 3 flexed
discs that suffered primary radial tears, 2 suffered endplate failure at the cartilaginous/vertebral
endplate junction adjacent to the mid annulus (arrow 1 in A), and all 3 suffered endplate failure
adjacent to the outer annulus at either the cartilaginous/vertebral endplate junction or within
the vertebral endplate (arrow 2 in B). In this disc nuclear material (∗) has reached the posterior
longitudinal ligament (PL), resulting in a subligamentous nuclear extrusion. SV = superior
vertebra, rg = residual contrast gel, N = nucleus, ant = anterior, post = posterior, + marks
bony debris resulting from insertion of the injection screw.
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Figure 7.6: Primary radial tear of the posterior disc wall in a neutrally positioned disc. Four
oblique sagittal cryosections from the posterior portion of disc 0-4-L12 are shown, arranged in
order, moving from the left mediolateral position in A to the right mediolateral position in D.
Of the 4 neutrally positioned discs that suffered primary radial tears after at least one pressure
impulse, 3 discs shared similar endplate failure characteristics. (continued next page)
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Figure 7.6: (continued from previous page) All 3 discs suffered rupture within the superior
cartilaginous endplate adjacent to the inner annulus (arrows 1 in A, 3 in D) and rupture of the
inferior cartilaginous/vertebral endplate junction adjacent to the mid annulus (arrow 2 in C).
In this disc, a large amount of nuclear material lies within the radial tear (∗ in B and C), and
has ruptured the posterior longitudinal ligament forming a transligamentous nuclear extrusion.
SV = superior vertebra, DP = disc periphery, N = nucleus, rg = residual contrast gel.
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Figure 7.7: Endplate tears adjacent to the transition zone and inner annulus always occurred
within the cartilaginous endplate. Shown here is a portion of the inner cartilaginous endplate
tear found on the right lateral side of disc 0-1-L12’s primary radial tear. Arrows mark the
thickness of cartilaginous endplate still attached to the superior vertebral endplate (sVEP).
Outlined asterisks mark a portion of the dislodged cartilaginous endplate. N = nucleus, iPA =
inner posterior annulus.

The failure characteristics of two discs, 0-2-L12 and 7-6-L56, warrant highlighting.

The radial rupture that occurred in the neutrally positioned disc 0-2-L12 was unique.

Not only did it extend along the superior endplate from inner annulus to disc periph-

ery, but failure adjacent to the inner and mid annulus occurred both at the cartilagi-

nous/vertebral endplate junction and annulus/cartilaginous endplate junction. As a

result, a large fragment of cartilaginous endplate was freed, thrust through the radial

tear, and deposited behind the posterior longitudinal ligament (Figure 7.8).

Disc 7-6-L56 was one of two flexed discs that suffered a radial tear resulting in a sub-

ligamentous nuclear extrusion. While the impact of the pressurized nuclear material

hitting the outer annular lamellae and posterior longitudinal ligament caused the

inferior vertebral endplate to fracture, instead of continuing radially to the disc pe-

riphery, the nuclear material was directed circumferentially, travelling a considerable

lateral distance away from the radial tear (Figure 7.9). While secondary circum-

ferential tears commonly accompanied primary radial tears, in all other cases the

injected gel had forged the circumferential tear rather than nuclear material.
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Table 7.3: Tears of the cartilaginous endplate occurring adjacent to the transition zone and/or
inner annulus extended a greater maximum radial distance than those occurring adjacent to
the mid annulus (p = 0.04; t-test).

Cartilaginous endplate tear length (mm)†
Adjacent transition Adjacent Mid
zone/inner annulus∗ annulus

0-1-L12
1.90 (R)

0.45
1.00 (L)

0-4-12
1.50 (R)

0.70
1.25 (L)

0-4-L34 0.65 (L) 0.35
7-2-L56 – 0.60
7-3-L56 – 1.10

Mean ± SD 1.26 ± 0.47 0.64 ± 0.29
†Maximum radial length measured to the nearest
±0.05 mm on micrographs parallel to both the sagittal
plane and endplate tear. ∗Disc 0-2-L12 is excluded as
the endplate tear spanned the full radial length of the
posterior disc wall (Figure 7.8). R and L indicate right
and left lateral margin of the primary radial tear.

7.4 Discussion

The mechanical response of intervertebral discs subjected to axial compression at

various loading rates is well documented. As the rate of compression increases,

so does the disc’s stiffness.298–302 Within the nucleus — which in hydrated discs

transfers most of the applied axial load from one vertebra to the next109,110,121 —

the high concentration of negatively charged sulphated glycosominoglycans73,74,108 is

complimented by a high concentration of free cations, thus preserving the condition

of electroneutrality.311,312 Consequently, due to the Gibbs-Donnan effect,75 the nu-

cleus’ interstitial fluid is physiologically hypertonic causing water to be drawn into

the disc until the tensile stresses developed in the tissue matrix balance the osmotic

pressure.76,77,88 When a compressive load is applied, water flows out of the disc as the

nuclear matrix compacts.87,140–142 Due to the low hydraulic permeability of the an-

nulus and cartilaginous endplates,313,314 a new state of equilibrium, achieved when

fluid flow within the disc ceases, takes many hours to be established.138,139 Thus,

during compression at normal physiologic rates, fluid pressure within the disc ini-

tially supports most of the applied load, as has been shown explicitly in the similarly

biphasic articular cartilage.315,316 Consequently, the disc’s time-dependent mechani-

cal response in compression is dominated by fluid flow drag forces.317–319

While the poroelastic nature of the intervertebral disc in compression is well defined,
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Figure 7.8: The mode of failure observed in disc 0-2-L12, shown here, was unique: the pri-
mary radial tear extended along the full length of the central posterior disc wall’s superior
endplate (A). The boxed regions ‘b’ and ‘c’ in A indicate the respective locations of the en-
largements shown in B and C. Interestingly, failure appears to have occurred at both the
cartilaginous/vertebral endplate junction and the cartilaginous endplate/annulus junction, as
indicated by the lack of cartilaginous endplate present on each of the fracture surfaces (arrows
in B and C) and the presence of a large volume of cartilaginous endplate (∗ in A) pressed
against the posterior longitudinal ligament (PL) at the radial tear’s terminus. The morphology
of the superior vertebra (SV) is markedly abnormal, possibly contributing to the unique mode
of failure suffered by this disc. N = nucleus, rg = residual contrast gel.
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relatively few studies have examined the effect of tensile or shear strain-rate on the

disc wall (i.e. annulus, endplates, and their junctions). Adams & Dolan297 studied

the effect of flexion rate on the bending moment response of lumbar motion segments.

In their study the motion segments’ supraspinous and interspinous ligaments were

present, which contribute significantly to bending resistance145 and are known to be

viscoelastic.305 Also, as per the physiologic condition,320 their method of applying

flexion employed the use of compression, which would, as discussed above, contribute

to the observed viscoelastic response. Thus, the increase in bending moment with

increasing flexion rate reported yields little information regarding the tensile response

of the posterior and posterolateral disc wall.

Costi et al299 studied the mechanical response of motion segments removed of their

facet joints, and spinous and transverse processes in each of the 6 degrees of freedom.

Under shear and torsional loading, disc stiffness increased with increasing dynamic

loading frequency, consistent with the earlier findings of isolated annular blocks tested

in torsional shear.321 Because shear loading is thought to impart little fluid flow

within biphasic tissues at low strains,322,323 the results of these studies indicate that

the disc wall is viscoelastic. While similar, though less conclusive findings have also

been reported for excised vertebra-disc-vertebra blocks subjected to tensile testing

both axially,238 and along the annular fibre direction,39 the viscoelastic response of

the disc wall to radially directed forces has not been studied.

In the current study pressure impulses have been delivered directly to the nucleus

in order to subject the disc wall to a very high rate of internal radial loading, as

could be expected during a high deceleration event such as a fall on the buttocks. In

Chapters 4 & 5 nuclear pressurization was used to internally disrupt ovine lumbar

discs positioned in both neutral and flexed postures, respectively. In these previous

studies nuclear pressurization was conducted gradually, and the resulting internal

disruption morphologies of the disc’s were examined microscopically. The current

study has employed the same testing protocols used in these two previous studies,

but has subjected discs to high strain-rate pressure impulses rather than a gradual

low strain-rate pressure increase. Consequently, differences in internal disruption

morphology observed between motion segments in the current study’s neutral group

and those reported in Chapter 4, and between segments in the current flexed group

and those flexed 7◦ reported in Chapter 5 can be directly attributed to the different

loading rates employed.

Significant morphologic differences existed between the neutrally positioned motion

segments tested in the current study and those previously tested in Chapter 4 using
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Figure 7.9: Circumferential flow of nuclear material within the outer posterior annulus. A
primary radial tear extending into the outer annulus, and containing a large volume of nu-
clear material (∗ in A) was found in the central posterior region of disc 7-6-L56. Subsequent
cryosections showed that from the radial tear’s terminus, nuclear material flowed circumferen-
tially within the posterior annulus (∗ in B), traveling a distance of approximately 6.5 mm. In
the above images, the cryosection shown in B lies approximately 5 mm laterally to the sec-
tion shown in A. Clinically, this figure highlights that a mediolateral posterior or posterolateral
extrusion does not exclude the possibility of a central posterior radial tear. SV = superior
vertebra, PL = posterior longitudinal ligament, N = nucleus, rg = residual contrast gel, ant =
anterior, post = posterior.
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Table 7.4: Compared to those samples previously tested in Chapters 4 & 5 using low strain-rate
gradual pressurization, the occurrence of primary radial tears during high strain-rate impulse
pressurization increased among neutrally positioned discs, but decreased among flexed discs.

Impulse Pressurization Gradual Pressurization
Neutral† Flexed 7◦ Flexed 7◦∗ Neutral∗∗

per total discs tested:
Vertebral Failures 11% (1/9) 57% (8/14) 35% (6/17) 25% (2/8)

Disc Failures 89% (8/9) 43% (6/14) 65% (11/17) 75% (6/8)
per total disc failures:
Primary Diffuse Tears 25% (2/8) 50% (3/6) 27% (3/11) 83% (5/6)
Primary Radial Tears 50% (4/8) 50% (3/6) 73% (8/11) 17% (1/6)
†Excludes disc 0-2-L56 that failed prior to the fist impulse (Table 7.1). ∗Data
from Chapter 5. ∗∗Data from Chapter 4; excludes disc L34, spine 4, that suffered
damage during insertion of the injection screw (Figure 4.10, page 59).

a gradual pressurization regime. Of the motion segments that suffered legitimate∗

disc failures in Chapter 4, 83% suffered diffuse failure of the posterior annulus (5 of 6

discs). In contrast, of those neutrally positioned motion segments that experienced

disc failure after at least one impulse in the current study, only 25% suffered the

analogous primary diffuse tear of the posterior annulus (Table 7.4). While both

groups of diffuse tears, by definition, were composed of sequential circumferential

tears, those created previously using gradual pressurization occurred largely within

lamellae (Figure A.2, page 136), while those in the current impulse pressurization

study occurred largely between lamellae (Figure 7.3).

During their scanning electron microscopy exploration of rat tail discs, Iatridis &

Gwynn324 found that annular fibre bundles contain small cylindrical passageways —

tubules — aligned parallel to the bundles’ length. Similar tubules have also been

found in bovine tail discs, and have been hypothesized to aid diffusion processes

within the disc.325,326 Although less apparent in the micrographs presented herein

due to the fully hydrated state of the tissue during imaging, similar annular tubules

appear to exist in ovine lumbar discs (Figure 7.10). It is likely that these tubules

played a significant role in encouraging the intralamellar flow of contrast gel noted

in the neutral discs gradually pressurized in Chapter 4 (Figures 4.5 and 4.6, pages

52 and 53, respectively). However, when confronted suddenly with a high volume

of pressurized fluid material, it seems that these small tubules cannot provide the

required pressure release before the strength of the interlamellar connections are

surpassed, giving rise to the predominance of gel flow between lamellae seen in the

current discs. In contrast to the intralamellar flow of nuclear material documented

∗one disc failure was initiated by insertion of the injection screw (Figure 4.10, page 59).
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Figure 7.10: A differential interference
contrast micrograph of an oblique
sagittal cryosection of the outer pos-
terior disc wall (ovine L56) displays
the fibres of alternating lamellae in-
plane (IP) and in cross-section (CS).
Amongst the cross-sectioned fibres,
small tubules, 5-10 µm in diame-
ter, can be seen (filled arrows), sim-
ilar to those described in rat324 and
bovine325,326 tail discs. Above the an-
nulus, the tide mark (tm) indicates the
start of the calcified cartilaginous end-
plate (ccep), which extends to the ce-
ment line (cl) where the superior ver-
tebral endplate (sVEP) begins. Char-
acteristic of the outer disc wall, annu-
lar fibres can be seen extending well
beyond the cement line, penetrating
the vertebral endplate (∗).

in vitro following fatigue loading,232 high-rate loading is, therefore, more likely to

cause interlamellar circumferential tears, even in discs that have not experienced

prior delamination.267

Accompanying the reduction in primary diffuse tears seen in the current neutrally

positioned discs compared to those previously subjected to gradual pressurization

(Chapter 4) was an increase in primary radial tears. Of the motion segments that

suffered legitimate∗ disc failures in this previous study, only a single disc suffered a

primary radial tear (Figure 4.9, page 58). In contrast, half of the neutrally positioned

motion segments that experienced disc failure after at least one impulse in the current

study failed due to a primary radial tear (Table 7.4). Like the observed transition

from intra- to interlamellar disruption discussed above, the observed increase in radial

tearing with increased loading rate likely stems from the inability for pressure to be

quickly relieved by the intralamellar flow of fluid material.

Primary radial tears were the most common mode of disc failure among motion

segments that were previously gradually pressurized while maintained in a flexed

posture (Chapter 5). Compared to these previously documented radial tears, those

found within the current neutrally positioned sample group had an important, clin-

ically significant, morphologic distinction: all of the radial tears created after at

∗one disc failure was initiated by insertion of the injection screw (Figure 4.10, page 59).
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Table 7.5: Pressurization rate had a significant effect on the creation of endplate tears, both
adjacent to the transition zone and/or inner annulus (inner CEP) and outer annulus (outer
CEP or VEP).

Inner CEP tear
p-value

among radial tears created during: Yes No
Flexed + Gradual Pressurization∗,† 3 11

0.01
Neutral + Impulse Pressurization∗∗ 4 0

Outer CEP or VEP tear
among disc failures created during: Yes No
Flexed 7◦ + Gradual Pressurization∗,‡ 1 10

0.03
Flexed 7◦ + Impulse Pressurization 4 2
CEP = cartilaginous endplate, VEP = vertebral endplate. ∗Data from Chap-
ter 5. †Includes those samples that suffered radial mid-axial and radial
annular-endplate ruptures from both the 7◦ and 10◦ test groups. ∗∗Excludes
disc 0-2-L56, which failed prior to the first impulse (Table 7.1). ‡Includes all
samples from the 7◦ group that suffered disc failure.

least one impulse were accompanied by endplate ruptures adjacent to the transition

zone and/or inner annulus (Table 7.1). In contrast, only 3 of the 14 flexed discs that

failed via primary radial tears previously during gradual pressurization suffered inner

endplate tears — a statistically significant difference (p = 0.01; Table 7.5).

Using macro photography and high speed flash, Oloyede et al327 studied both the

static and impact loading deformation responses of articular cartilage — similar to

the nucleus in that it is primarily composed of proteoglycans entrapped within a

type II collagenous framework.69,73,74,328–330 During gradual loading (ε̇ = 10−5s−1)

tissue deformation was localized to the indenter’s contact area, while during impact

loading (ε̇ = 103s−1) deformation extended well beyond the contact area. The cre-

ation of endplate ruptures adjacent to the transition zone and inner annulus, not

observed previously during gradual loading in Chapter 5, but found in the current

study during impulse loading may be closely related to the findings of Oloyede et

al.327 During gradual pressurization, material in the nucleus presses radially against

the transition zone and inner annulus. The gradual nature of the pressure increase

allows sufficient time for interstitial fluid within the transition zone and inner an-

nulus to flow away from the leading edge of the pressure front, located at mid-disc

height. This, in turn, leads to localized consolidation of the disc matrix and as-

sociated tissue creep at the pressure front. Because tissue deformation is localized

at mid-disc height, little of the radial load applied to the transition zone and inner

annulus is transferred to the adjacent endplates. In contrast, during impulse loading

there is insufficient time for localized interstitial fluid flow or creep to occur. In this

situation the elastic response of the disc wall is dominant. Consequently, when an
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Figure 7.11: The effect of nuclear pressurization rate on the failure morphology of the inner
posterior disc wall. During gradual pressurization there is sufficient time for localized fluid flow
away from the pressure front (small arrows), leading to localized stretching and, eventually,
failure of annular fibres. In contrast, during impulse pressurization there is insufficient time for
localized fluid flow, leading to annular displacement over the full disc height which, in neutrally
positioned discs, leads to tearing of the inner superior cartilaginous endplate (Figure 7.6, page
114).

impulse pressure wave hits the transition zone and inner annulus at mid-disc height,

tissue displacement occurs over the full disc height, thus transferring to the endplates

more than the threshold level of force required to initiate tearing (Figure 7.11).

Using scanning electron microscopy, Hashizume70 and Inoue71 examined the struc-

ture of human L45 discs. Both authors reported a distinct lack of fibrous connection

between the cartilaginous and vertebral endplates. In the current study, endplate

tears found adjacent to the transition zone and inner annulus always occurred within

the cartilaginous endplate, close to, but not at, the cartilaginous/vertebral endplate

junction (Figure 7.7). While fibres of the cartilaginous and vertebral endplates may

not penetrate each other, this observation clearly indicates that, at least within

a healthy ovine lumbar disc, a statement such as “no anchoring structure exist[s]

between the cartilage end-plate and the subchondral bone”71 is simply not valid.

Concern with this contention has also been expressed by Vernon-Roberts et al80 who

have studied human lumbar discs, and interestingly state that during the “patho-

logic examination of surgically excised disc protrusions containing CEP, we have

found that the plane of cleavage is not always located at the junction of the CEP

and BEP but sometimes is within the CEP”†, lending substantial credibility to the

†In this quotation from Vernon-Roberts et al80 CEP = cartilaginous endplate and BEP = bony
endplate.
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inner endplate rupture morphology documented in the present study. Given that ad-

jacent to the transition zone and inner annulus, mechanically induced failure of the

endplate complex preferentially occurs within the cartilaginous endplate, separations

at the cartilaginous/vertebral endplate junction may be precipitated by degenerative

biological processes.

One of the more puzzling aspects of disc herniation has, for some time, been the fre-

quency with which cartilaginous endplate is found within herniated material.167,176,178

The only experimentally documented herniation morphology capable of dislodging

endplate material — the annular-endplate rupture — is described in Chapter 5 (Fig-

ures 5.7 and 5.10, pages 76 and 80, respectively). However, the radial span of lib-

erated cartilaginous endplate in these previously documented annular-endplate rup-

tures was consistently 1 mm, limiting the total possible volume of herniated endplate

material. In contrast, the inner endplate tears observed in the current study, which

in two discs occurred bilaterally, extended up to 1.9 mm in length radially (Table

7.3). Further, these inner endplate tears were always accompanied by endplate tears

adjacent to the mid annulus, dramatically increasing the possible volume of liberated

endplate material.

It has been well established that when neutrally positioned motion segments are com-

pressed, failure of the vertebral endplate or underlying trabecular bone occurs prior

to catastrophic failure of the disc wall.219–224 That being said, no such study utilizing

skeletally mature tissue has looked microscopically for non-catastrophic damage to

the disc wall that may also occur. Bisecting a motion segment sagittally and study-

ing the cut surface macroscopically may be sufficient to identify vertebral endplate

failure or trabecular damage, but cannot be used as a measure of the disc wall’s

structural integrity. Due to the three-dimensional nature of disruptions to the disc

wall, serial sectioning and subsequent time-consuming serial microscopy are required

for adequate assessment. This fact can be readily appreciated in Figures 7.5, 7.6,

and 7.9 where any one of the shown cryosections cannot accurately describe failure

of the featured disc. Thus, it remains possible that during compression alone small-

scale damage to the inner disc wall, specifically the endplates, and specifically during

high-rate loading, may occur.

A surprising difference between the flexed motion segments subjected to impulse

pressurization in the current study, and those gradually pressurized while flexed 7◦

in Chapter 5 was the increase in vertebral failure proportion from 35% to 57% (Table

7.4). While this increase was not statistically significant, Table 7.2 indicates that

compared to the neutral position, the disc wall may be better able to withstand
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high rates of internal loading when flexed. During flexion, the posterior annulus is

radially compressed due to its required elongation (related via its Poisson’s ratio331)

and the nucleus’ posterior migration.122–124 It may be that in this compressed state,

the amplitude of the longitudinal impulse pressure wave transmitted from inner to

outer annulus is limited, thereby essentially protecting the innermost lamellae — a

situation similar to that of the sequential pendulum assembly ‘Newton’s Cradle’ in

that energy is transmitted between individual intermediate particles that undergo

little appreciable global displacement.

Among disc tissues, the outermost annular lamellae have the greatest collagen/proteoglycan

content ratio.68,74,89 While more hydrated due to a higher glycosaminoglycan con-

tent, the outer annulus is similar in collagen content to knee ligaments.332,333 During

tensile testing of anterior cruciate and medial collateral bone-ligament-bone sam-

ples, Noyes et al307 and Crowninshield & Pope,304 respectively, found that at low

strain-rates failure occurred via bony avulsion, while at high strain-rates failure oc-

curred within ligaments. In contrast, Lydon et al306 reported that anterior cruciate

bone-ligament-bone samples failed by fibrous avulsion at low tensile strain-rates and

bony avulsion at high strain-rates. In the discs gradually pressurized while flexed 7◦

in Chapter 5, failure of the outer portion of the posterior disc wall occurred within

the annulus in 10 of the 11 cases of disc failure. In contrast, among the flexed discs

subject to impulse loading in the current study, 4 of the 6 discs that experienced

disc failure suffered tears of the outer disc wall at the cartilaginous/vertebral end-

plate junction or within the vertebral endplate, rather than within the annulus — a

statistically significant difference (p = 0.03; Table 7.5).

Clinically, herniations that incorporate bony avulsion of the posterior cortical mar-

gin, liberating a fragment free of cancellous bone, are commonly described as Type

I rim or limbus fractures following the classification system proposed by Takata et

al.255 The cause of Type I fractures, which are a relatively uncommon accompani-

ment to lumbar disc herniation334 and present mainly within adolescents and young

adults,255,334 remains speculative.335 The findings of the current study indicate that

the outermost annular lamellae are more robust at high loading rates than their

vertebral endplate anchorages (Figure 7.10), suggesting that an incomplete nuclear

herniation is most likely to extend radially as a Type I rim fracture during events

involving large decelerations when the spine is flexed. It should be noted that this

hypothesis does not necessitate that a traumatic event — more often absent than

present in clinical reports279,334,336 — directly precede the onset of symptoms; fol-

lowing fracture of the vertebral rim, the posterior ligament and periosteum must be

permanently deformed before neural compression occurs — a process that could take
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many months of normal loading.

In summary, the nuclear pressurization methods employed previously in a gradual

loading scenario (Chapters 4 & 5) have been adapted to internally disrupt lumbar

intervertebral discs using high-rate impulse loading. It must be emphasized that

this study has not attempted to prove that an impact loading event, such as a fall

on the buttocks, can damage intervertebral discs. This study has, however, using

a controlled method and thorough microscopic analysis, shown that the internal

failure mechanics of the intervertebral disc wall does vary with the rate of radial

load application. Further study in this area is, therefore, warranted.

7.5 Key Points

• The internal failure mechanics of lumbar intervertebral discs vary with the rate

of radial load application

• In both neutral and flexed postures, the central posterior disc wall is the region

most prone to failure when pressure within the nucleus is elevated

• Compared to the neutral position, discs are better able to withstand sudden

increases in nuclear pressure when moderately flexed

• Cartilaginous endplate tears adjacent to the transition zone and inner annulus

are most likely to occur during events involving large decelerations when discs

are in the neutral position

• An incomplete nuclear herniation contained within the outer posterior annulus

is most likely to extend radially via failure of the vertebral endplate or carti-

laginous/vertebral endplate junction during events involving large decelerations

when the disc is flexed

127



128



Chapter 8

Final Remarks

8.1 Summary

In this series of studies, nuclear pressurization has been used to elevate the hy-

drostatic pressure within the nuclei of ovine lumbar intervertebral discs, leading to

internal mechanical disruption of the disc wall.

Pressurization has been conducted using a viscous radio-opaque gel, allowing, with

the aid of micro-CT, 3-dimensional observation of how pressurized material has

moved through the disc wall. Using the micro-CT data for each disc as a regional

internal disruption map, serial cryosectioning and subsequent serial microscopy have

been used to provide a detailed morphologic description of each disc’s internal failure

characteristics.

By first morphologically characterizing the failure mechanics of discs in the neutral

position (Chapter 4, page 45), and then applying the same pressurization regime to

discs held in a flexed posture (Chapter 5, page 63), followed by a combined flexed

and axially rotated posture (Chapter 6, page 83), it has been possible to assess how

both flexion and torsion affect the disc wall’s ability to withstand elevated nuclear

pressure. In the last part of this study (Chapter 7, page 103), nuclear pressurization

of discs in both the neutral and flexed positions were repeated, but using a very

high, rather than gradual, rate of pressurization, thus allowing an assessment of how

loading rate affects disc failure mechanics.

The most significant typical variations in disc failure morphology resulting from

changes in disc posture at a given loading rate, and loading rate for a given posture

are summarized in Figures 8.1 and 8.2.
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(a) Diffuse Annular Failure
Posture: Neutral (0◦)
Thumbnail of: Figure 5.5, page 74

(b) Mid-Axial Radial Tear
Posture: Moderate flexion (7◦)
Thumbnail of: Figure 5.6, page 75

(c) Annular-Endplate Radial Tear
Posture: Moderate flexion (7◦). Caused at
lower pressures with the addition of torsion
(7◦ flexion + 2◦ axial rotation), and observed
with increasing frequency in full flexion (10◦).
Thumbnail of: Figure 5.10, page 80

(d) Type-II Rim Fracture
Posture: Full flexion (10◦)
Thumbnail of: Figure 5.1, page 69

Figure 8.1: Using a consistent, gradual nuclear pressurization regime, substantial variations in
internal failure morphology were observed between discs held in varying postural configurations
during pressurization.
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(a) Inner Endplate Tear
Posture: Neutral (0◦)
Thumbnail of: Figure 7.6, page 114

(b) Type-I Rim Fracture
Posture: Moderate flexion (7◦)
Thumbnail of: Figure 7.5, page 113

Figure 8.2: Compared to those discs tested using the gradual nuclear pressurization regime
(Figure 8.1), substantial variations in internal failure morphology were observed when high-
strain rate impulse nuclear pressurization was employed.

The goal of this study was to investigate how various postural configurations and

loading rates may affect the internal disruption mechanics of the disc wall. The

technique of nuclear pressurization was chosen for this task because it: i) allows

the highly interconnected and inhomogeneous disc wall to be tested in situ and

undamaged, and ii) allows a decoupling of compression and hydrostatic pressure

generation. Because of this decoupling, the technique of nuclear pressurization is

inherently non-physiologic. Were compression to be used in lieu of nuclear pressur-

ization to reproduce the results contained herein, it is possible that larger flexion and

torsion angles would be required in order to compensate for the resulting reduction

in axial annular fibre strain. Conversely, the reduction in annular height caused by

a compressive force would act to separate annular fibre bundles, possibly helping to

facilitate nuclear penetration of the annulus.

While it is important to note the limitations of nuclear pressurization, the unphys-

iologic nature of this technique does not detract from the many significant findings

contained within this manuscript. For example, it has little bearing on the find-

ing that the cartilaginous/vertebral endplate junction adjacent to the mid annulus,

particularly the inferior junction, is inherently vulnerable to rupture, or that fluid

material may move circumferentially with relative ease between the poorly adhered

outer posterior lamellae, or that the cartilaginous endplate adjacent to the inner
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annulus is only vulnerable to tearing during high-rate loading, etc.

Creating herniations, using physiologic mimicry or otherwise, was never the goal

of this research. That being said, nuclear herniations that display highly clinically

relevant morphologies have been created in Chapters 5, 6, and 7. I cannot express

the intensity of my excitement when I first viewed sections of disc 10-11-L56, shown

in Figure B.4, page 140, under the microscope. For, despite the wealth of hernia-

tion literature available, not a single microscopic image of a freshly herniated disc

expressing a clinically relevant morphology currently exists. It is my hope that the

herniation images contained within this manuscript will serve as the much needed

impetus for: i) in vitro researchers to better document the morphology of the me-

chanical disruptions that they create, and ii) for clinicians to better document the

morphology of the herniations that they treat. Thus, as medical imaging technolo-

gies improve, the structural features of a herniation seen clinically will, based upon

the results of in vitro research, provide a strong indication of the conditions under

which it occurred.

Finally, while there is a current trend toward replacing pathologic discs with me-

chanical implants, there is little doubt that future repairs and/or replacements will

be biological in nature. Because you can’t fix it properly if you don’t understand why

it broke, the four studies contained within this manuscript should prove a valuable

resource for tissue engineers.

8.2 Current and Future Work

Following my initiative, and under my supervision, our biomaterials laboratory now

has three undergraduate students working on two disc projects:

1. Mapping the structural and mechanical properties of the ovine lumbar vertebral

endplates

The ovine lumbar spine is a valuable model for the human lumbar spine. Many

of the results presented in this thesis, when compared to similar results and

reports from studies conducted on human lumbar discs, only act to strengthen

this statement. However, with the increasing morphologic detail with which

studies in our laboratory are being conducted, more detailed mechanical and

structural comparisons of the human and ovine lumbar discs are needed in order

to increase the credibility of the resulting implications. The above project aims

to fill one of several current knowledge gaps in this area. In future studies it
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would be beneficial to quantify the ovine lumbar discs’ circumferential variation

in annular structure (thickness and number of distinct lamellae). It would also

be beneficial to study the rheology and poroelastic behavior of ovine lumbar

nuclei. Based on appearance alone, ovine lumbar nuclei are very similar human

lumbar nuclei, while the same cannot be said of some other commonly used

animal models, such as porcine cervical,245–247 porcine lumbar,248 and rabbit

lumbar discs.249

2. The failure mechanics of ovine lumbar motion segments subjected to compres-

sion while wedged in flexion

This study aims to combine a testing procedure similar to that used in Adams

& Huttons125 landmark study with detailed microscopic analysis using full

oblique-sagittal cryosections, as employed for the flexed samples in Chapter

7, page 104. Following morphologic characterization of resulting failures, this

study should be repeated with the addition of torsion. Once again, the study

should then be repeated, but using off-set sagittal flexion plus torsion, thus

determining the relative ease/difficulty with which posterolateral herniations

are created. Not a single posterolateral herniation was created in the current

set of studies. In my opinion, posterolateral herniations likely possess a funda-

mentally different ætiology than mediolateral and central posterior herniations.

The results of Chapters 5, 6, and 7 have shown that, in relation to the adjacent

annular lamellae, the robustness of the cartilaginous/vertebral endplate connection

varies with radial location. This relative robustness also appears to vary with both

the type and rate of loading experienced by the disc wall. The results of Chapter 6

indicate that the ratio of shear to tensile force acting on the cartilaginous/vertebral

endplate junction adjacent to the mid annulus may be an important factor in this

junction’s susceptibility to rupture. The results of Chapter 7 indicate that the car-

tilaginous endplate adjacent to the transition zone and inner annulus, and both the

cartilaginous/vertebral endplate junction and vertebral endplate itself adjacent to

the outer annulus are at placed at increased risk of failure during high strain-rate

loading. Our laboratory has recently acquired a new PhD student, Mr. Kelly Wade,

who is currently working on characterizing these variations in the disc’s vertebral

connections more fully. Given the findings of the current studies, this investigation

should include a more in-depth assessment of how both shear forces and loading rate

may contribute to failure of the disc wall.
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Appendix A

Supplemental Figures for

Chapter 4

Figure A.1: Axially sectioning discs following testing (A) yielded little information regarding the
complex pattern of gel distribution that occurred, which could be fully analyzed using micro-
CT (B). Both images are of disc L67, spine 2 (Table 4.1, page 50); ∗ and + mark equivalent
locations in the two images.
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Figure A.2: A: An axial micro-CT MIP image of segment L56, spine 3, displays a large amount
of circumferential disruption, typical of discs pressurized in the neutral position. B & C:
Posterior and anterior coronal micro-CT MIP images show that the circumferential gel sheets
in A are composed of vast arrays of consecutive gel filaments, angled along the annular fibre
directions. The dashed lines marked b and c in A indicate the location and thickness of tissue
represented in the coronal projections B & C, respectively. D: A posterior croyosection from
this disc, taken parallel to the dashed line d in B, clearly shows that these gel filaments occur
within the annular fibre bundles of lamellae (∗ in D).
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Appendix B

Supplemental Figures for

Chapter 5

Figure B.1: A: A motion segment secured in the custom built rig that was used to hold motion
segments in a flexed posture during nuclear pressurization. B: Following micro-CT, fixation,
and decalcification, each motion segment was cut into four segments. The central posterior
portion (∗) was processed into approximately 100 cryosections, each 30 µm thick.
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Figure B.2: Radial mid-axial rupture in segment 7-7-L12. The foreground (A) and background
(B) central posterior cryosections lie in the same plane, separated by approximately 400 µm.
A: The origin of the compressed nuclear material (∗∗) that has bisected the annulus (B) is
shown. Nuclear material has been swept towards the black-outlined arrow, as indicated by the
blue arrows. The black-outlined arrows mark equivalent locations in the two images. Image B
is shown in greater detail in Figure 5.6, page 75. SV = superior vertebra, IV = inferior vertebra,
PL = posterior longitudinal ligament, N = nucleus, gN = gel in nucleus.
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Figure B.3: A & B: axial and sagittal micro-CT MIP images of segment 10-11-L56, which
suffered a subligamentous nuclear extrusion. A post-testing photograph of this disc is shown
in Figure 5.2A, page 70; a posterior cryosection from this disc is shown in Figure B.4, page
140. C & D: axial and sagittal micro-CT projections of segment 7-4-L34, which suffered a
transligamentous nuclear extrusion. Post-testing photographs of this disc are shown in Figures
5.2B & C, page 70; a posterior cryosection from this disc is shown in Figures B.5 and B.6,
page 141 and 142, respectively. Arrows 1 & 2 mark the central posterior extrusion in each disc;
arrows i and ii mark the location of the endplate tear. The dashed lines marked b and d in A
and C indicate the location and thickness of tissue represented in the sagittal projections B &
D, respectively.
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Figure B.4: The radial annular-endplate rupture in segment 10-11-L56 resulted in a subligamen-
tous nuclear extrusion. The posterior longitudinal ligament that contained the large volume of
extruded nuclear material (+), as shown in Figure 5.2A, page 70, was lost during cryosection-
ing. The two regions of mid-axial annular rupture are marked by (∗∗); the intervening endplate
tear is marked by (∗). Axial and sagittal micro-CT MIP images of this segment are shown in
Figures B.3A & B. SV = superior vertebra, IV = inferior vertebra, N = nucleus, gN = gel in
nucleus, DP = disc periphery.
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Figure B.5: The radial annular-endplate rupture in segment 7-4-L34 resulted in a transligamen-
tous nuclear extrusion. A large portion of the extruded nuclear material (∗) was lost during
cryosectioning; post-testing photographs show the full volume in Figures 5.2B & C, page 70.
The two regions of mid-axial annular rupture are marked by (∗∗); the intervening endplate
tear is marked by (∗). Axial and sagittal micro-CT projections of this segment are shown in
Figures B.3C & D. SV = superior vertebra, IV = inferior vertebra, N = nucleus, PL = posterior
longitudinal ligament.
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