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Abstract

It is widely accepted that aging and degeneratrerfactors that affect the biomechanics
of the intervertebral disc. Most important for adiis to maintain a broad range of
flexibility and shock absorption against daily mment and spinal load, as these define
normal disc functionality.

Biomechanical characterization of discs is achigweadonducting mechanical testing to
spinal motion segments, with or without the posteglements. The testing is usually
done on a servo-hydraulic universal tester usiniglashearing, bending and torsion
loads, statically or dynamically, with load maguiés corresponding to the physiological
range. However, traditional testing to motion segtwegives mean values of the
mechanical properties of the disc treating it asig without giving a view of the loading
and deformation states of the disc components:emscpulposus, annulus fibrosus and
endplate. Thus, the internal state of the stredsstrains of the intervertebral disc can not
be obtained in this way, and can only be predibedumerical methods, one of which is
the finite element method. The objective of thissiB was, to study the biomechanical
response of degenerated intervertebral discs t ¢oaditions in compression, bending
and torsion, by using mechanical testing and aefiaiement model of disc degeneration,
based on magnetic resonance imaging (MRI).

Therefore, ten lumbar discs from cadavers corredipgnto spinal levels L2-L3 and
L4-L5 with mild to severe degeneration based omecton with magnetic resonance
imaging were used. Intervertebral osteochondrosd spondylosis deformans were
found in almost all the discs but especially insladrom the L4-L5 level, reaffirming the
clinical experience that lower lumbar discs are emsrsceptible to severe degeneration.

Next, all the discs were tested to static and dyoaronditions and the results gained
corresponded to the disc stiffness (to compresdiending, and torsion load), the stress
relaxation response, and the disc dynamic resp@isthese, the stiffness response was
used to validate the finite element model of disgeheration.
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The biomechanical testing included loads of 1006oRpression, a 5 N-m moments in
bending and in torsion, and a dynamic load in casgion of 500 N at the frequencies
between 0.2 Hz and 5 Hz. The results from thertgstuggest that discs with advanced
degeneration over discs with mild degeneration,l@ss rigid in compression, are less
stiff under bending and torsion and show less builgall load modes, and reduce their
viscoelastic and damping properties. This studyshibiat degeneration has an impact on
the disc biomechanical properties which can jedpardisc functionality.

Development of one finite element model of discategation started by choosing a MRI
of a degenerated disc that corresponds to spimal l£-L3. Segmentation of bone and
disc materials based on pixel brightness and ragyofundamentals were done, and a
finite element mesh was created to account fodibeirregular shape. The disc materials
were modeled as hyperelastic using the Mooney4Rigblid model, while the bone
materials were modeled as elastic orthotropicidnitalues of the material properties
were assigned according to literature values, &edfihal adjustment of the Mooney
coefficients for the annulus fibrosus gave value€p= 0.10, and €= 0.025 (E = 750
KPa) which match the stiffness for a mild degenereatissue.

The validation of the disc degeneration model warsgpmed, and included a study of the
distributions of stress and strain under loads ahgression, bending and torsion. Of
these, the compression load was simulated firshgusa step displacement of
1.43 mm axially, and a study of the disc bulge wés0 performed. Similar strain
distributions for the annulus fibrosus and nuclpukposus were found, with compressive
and tensile strain maximum values of 40% and 1(8peaetively. The stress distributions
showed that the annulus develops compressive arsileestresses of 2 MPa and 0.25
MPa respectively, whereas the nucleus developeg oompressive stresses with a
maximum of 1 MPa. The disc bulge was found to baragtrical, but four times larger
than the testing values. Next, the flexion, extemsand lateral bending loads were
simulated using an eccentric vertical step displearg of 5.76 mm applied anteriorly,
5.80 mm posteriorly and 4.54 mm applied laterakygpectively. A study was performed
of the compressive and tensile strains, and tlessds developed for each bending load.
Similar strain distributions were also found forethannulus and nucleus, with
compressive and tensile strain maximum values &6 20d 5% respectively. The stress
distributions showed that the maximum principaksses were of equal value being
+ 0.50 MPa for the annulus, and + 0.20 MPa forrtheleus. Finally, the axial rotation or
torsion was simulated using pairs of tangentigbldisesment of 9.84 mm of eccentricity,
and a study of the strains and stresses developesl performed. Similar strain
distributions were found for the annulus and nugleudth maximum shear strain values
of 40% and 30% respectively. The stress distrilmstishowed that the maximum shear
developed in the annulus was 0.40 MPa while theimam shear in the nucleus only
reached 0.20 MPa. The study showed the relevans®foftissue deformation mostly
noticed in advanced degeneration. In contrasthibleer stresses in the bone over those
of the intervertebral disc showed the relevandeonfe predisposition to fracture.

Such kind of studies, should contribute to the usi@ding of the biomechanical
response of degenerated discs.



Biomechanical study of intervertebral disc degetiena

Presentation

Resumen

Es ampliamente aceptado que la edad y la degeé@eraon factores que afectan la
respuesta biomecanica del disco intervertebral.mas importante para un disco es
mantener una amplia gama de flexibilidad y de atiéoral choque contra el movimiento
y carga diaria de la columna vertebral, ya que dsfme el funcionamiento normal del
disco.

La caracterizaciéon biomecanica de discos se logrdiante la realizacion de ensayos
mecanicos a segmentos vertebrales funcionalesp sim los elementos posteriores. Las
pruebas mecénicas se realizan en una maquina saliservo-hidraulica aplicando carga
axial, transversal, flexion y torsion, de formaaéisa 6 dinamica, con magnitudes de
carga correspondientes al intervalo fisiol6égicon &mnbargo, los ensayos tradicionales a
segmentos lumbares proporcionan solo valores medidas propiedades mecéanicas del
disco tratandolo como una unidad, sin dar una wigi@ los estados de carga y
deformacion de los componentes del disco: nucldpopao, anillo fibroso, y la placa
terminal de cartilago hialino. Por lo tanto, elést interno de tensiones y deformaciones
del disco intervertebral no puede ser obtenidoslia manera, y solo se puede predecir
por métodos numéricos, uno de los cuales es eldnéte elementos finitos. El objetivo
de esta tesis fue, estudiar la respuesta biomecégidiscos intervertebrales degenerados
bajo condiciones de carga en compresion, flexidorsgion, mediante el uso de ensayos
mecanicos y de un modelo de elementos finitos dke¢generacion de disco, basado en
imagenes de resonancia magnética (MRI).

Por lo tanto, se usaron diez discos intervertebraéecadaveres y correspondientes a los
niveles lumbares L2-L3 y L4-L5, con grados leveeaeso de degeneracion basada en
inspeccion a imagenes de resonancia magnéticanceated que la mayoria de los discos

presentaron osteocondrosis intervertebral y esfasislideformante, pero en especial los

discos del nivel L4-L5, reafirmando la experiencimica sobre la degeneracion severa
en discos de la zona lumbar baja.
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A continuacion todos los discos fueron ensayada®raliciones de carga estatica y
dinamica y los resultados obtenidos correspondiarianrigidez (a compresion, flexion y
torsion), a la relajacion de tensiones, y al congoiento dinamico del disco. De estos,
la respuesta a la rigidez se utilizé para validamedelo de elementos finitos de la
degeneracion del disco.

Las pruebas biomecanicas incluyeron cargas de esprde 1000 N, momentos de
5 Nm a flexion y a torsion, y una compresion diréande 500 N a frecuencias entre
0.2 Hz y 5 Hz. Los resultados de las pruebas seigique los discos con degeneracion
avanzada sobre aquellos con degeneracion levemsans rigidos en compresion, son
menos flexibles en flexion y torsion, presentan ongrotuberancia en todos los modos
de carga, y ven reducida sus propiedades viscmaldisy de amortiguamiento. Este
estudio muestra que la degeneracion tiene un impactias propiedades biomecéanicas
del disco, poniendo en riesgo su funcionalidad.

El desarrollo de un modelo de elementos finitodaddegeneracion de disco comenzé
eligiendo una resonancia magnética de un disconeegeo, el cual correspondié al nivel
lumbar L2-L3. La segmentacion de los tejidos égeésebras) y del disco intervertebral
se llevd a cabo basados en la intensidad de hiidlopixel y en fundamentos de
radiologia, y se cred una malla de elementos finitmrrespondiente a la forma irregular
del disco. Los materiales del disco se modelaromocdniperelasticos utilizando el
modelo de sélido de Mooney-Rivlin, mientras quetlgglos éseos se modelaron como
materiales elasticos ortotropicos. Los valoresiates de las propiedades de los
materiales fueron asignados de acuerdo a los gatleda literatura, y el ajuste final de
los coeficientes de Mooney para el anillo fiboroso dhagnitudes de £= 0.10 y
C, = 0.025 (E = 750 KPa), que coincide con una rigigara un tejido con degeneracion
leve.

La validacion del modelo de degeneracion de disckesd a cabo, e incluyd un estudio
de las distribuciones de esfuerzo y deformaciow loaygas de compresion, flexion y
torsion. De estos, la carga de compresion se sipnmdero usando un desplazamiento
axial de 1.43 mm, e incluyé un estudio de la pretabcia de disco. Se encontraron
similitudes en las distribuciones de deformaciohaséllo fibroso y el nucleo pulposo,
con magnitudes maximas de 40% en compresion y dé #d traccidon. Las
distribuciones de esfuerzos mostraron que en dloasé desarrollan tensiones de
compresion y de tracciéon de 2 MPa y 0.25 MPa rds@agente, mientras que en el
nacleo solo se desarrollan tensiones de compres@m,un maximo de 1 MPa. La
protuberancia de disco resulté ser simétrica, peatro veces mayor que las magnitudes
experimentales. A continuacion, las cargas de dlexiextension y doblez lateral se
simularon aplicando un desplazamiento excéntriatica¢ de 5.76 mm anteriormente,
5.80 mm posteriormente y 4.54 mm lateralmente,eds@mente. Se realizo un estudio
de las deformaciones de compresion y traccion, lpslesfuerzos desarrollados por cada
una de las cargas. Se encontraron similitudes ulifdribuciones de deformacion del
anillo y del nacleo, con magnitudes maximas de 2096ompresion y de 5% en traccion.
Las distribuciones de tension mostraron que losirm@ss esfuerzos principales eran de
igual valor siendo + 0.50 MPa para el anillo, y.20MPa para el ndcleo.

Vi
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Finalmente, la rotacién axial o torsion se simutdizando pares de desplazamiento
tangencial de 9,84 mm de excentricidad, y se llevacabo un estudio de las
deformaciones y tensiones desarrolladas. Se eacontsimilitudes en las distribuciones
de deformacion del anillo y del nucleo, con magiggkimaximas de deformacion de corte
de 40% y 30% respectivamente. Las distribucionesstigerzo mostraron que el cortante
méximo desarrollado en el anillo fue de 0.40 MPigntnas que el cortante maximo en el
nacleo solo alcanzé 0.20 MPa. El estudio mostiénf@ortancia de las deformaciones de
los tejidos blandos, principalmente notados eretgederacién avanzada. Por el contrario,
las tensiones mayores observadas en los cuerpebnates sobre las que ocurrieron en
los discos intervertebrales mostraron la importamig la predisposicion a las fracturas
Oseas.

Este tipo de estudio debe contribuir a la compénde la respuesta biomecanica de los
discos degenerados.

Vil
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Chapter 1

-

/
2 )

The Intervertebral disc and disc
degeneration

The objective of this chapter is to describe thecstire, function and pathology of the
human lumbar intervertebral disc. The materialrgaaized starting with a description of
the spine anatomy, with emphasis in the lumbaroregrhe study of the intervertebral disc
starts with its development and growth, followeddyintroduction to the initial signs of
disc degeneration, such as vacuum formation antinces to severe cases such as the
collapse of disc space. Impact of disc degeneratromaterial properties and normal disc
functions are cover in the section of structure pathology of the nucleus pulposus and
annulus fibrosus. The diagnosis of intervertebrateochondrosis and spondylosis
deformans using MRI are presented and a gradinig $oa evaluation and scoring the
gross anatomy of discs is included. Finally, wespre: the state of the art in biomechanical
studies of discs, using experimental protocolsramnderical methods.
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A, Disc cross section LVW, Lower vertebra width

AF, Annulus fibrosus MR, Magnetic resonance imaging
C1-C7, Cervical spine NP, Nucles pulposus

CEP, Cartilage endplate PDH, Pedicle height

Cs, Chondroitin PDW, Pedicle width

CT, Computer tomography SCD, Spinal canal depth

DDD, Disc degeneration disease SCW, Spinal canal width

GAG, Sulphated glycosaminoglycan SD, Spondylosis deformans

HA, Hyaluronic acid T1-T12, Thoracic spine

HDa, Disc height at anterior site (mm) TRL, Longitude of transversal process
HDp, Disc height at posterior site (mm) uvD, Upper vertebra depth

10, Intervertebral osteochondrosis Uvw, Upper vertebra width

KS, Keratan sulphate VB, Vertebral body

L1-L5, Lumbar spine VBHa, Vertebra height at anterior site
LBP, Low back pain VBHp, Vertebra height at posterior site
LVD, Lower vertebra depth

The human spine

a. Spine Anatomy

The human vertebral column is composed of inteebeal discs and vertebrae bone
arranged in a sandwich form throughout 4 anatonregions: cervical, thoracic, lumbar
and pelvic, see Figure 1.1.

Located below the skull along the neck is the @aiwiegion which consists of 7 vertebras,
labeled C1 to C7. The purpose of the cervical spn® contain and protect the spinal

cord, support the skull, and enable diverse headement (e.g. rotate side to side, bend
forward and backward). Additionally a complex systef ligaments, tendons and muscles
(flexors, extensors and rotators) helps to supgadtstabilize the cervical spine. Ligaments
work to prevent excessive movement that could tésw serious injury to the spinal cord,

while muscles also help to provide spinal balamak stability, and enable movement.

The thoracic spine is the longest portion of thenespmnd is located in the chest area
containing 12 vertebras, numbered T1 to T12. Ths donnect to the thoracic spine
forming the thoracic cage that protects vital oggémeart and lungs). Thus, the flexibility
of the thoracic spine is limited by the firmly j@d between the sternum or breastbone and
the ribs.

In the lower back is the lumbar spine which comssadt5 vertebrae, labeled L1 to L5 and

four large intervertebral discs. This area of th@es is the source of much body motion and
supports most of the body weight. Finally, the sactis a large triangle bone at the base of
the spine and at the upper and back part of thacpedvity, where is inserted like a wedge

between the two hip bones. Its upper part conneitksthe last lumbar vertebrae, and the

bottom part with the coccyx (tailbone), see Figure 1.1b.
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Figure 1.1. (a) Arrangement of vertebrae-disc-vierée. (b) Anatomical regions of the
vertebral column. Modification from SpineUnivetse

Viewed laterally the vertebral column exhibits sedveurves, each corresponding to one of
the four spine regions previously mentioned.

Beginning at the apex of the odontoid process efsécond vertebra (the axis) and ending
in the middle of the second thoracic vertebra e d¢arvical curve, which convex forward
and attaches to the thoracic curve, concaves forveard ends at the middle of the twelfth
thoracic vertebra. The thoracic most prominent pbighind corresponds to the spinous
process of the seventh thoracic vertebra. The lumilrae, convex anteriorly, begins at the
middle of the last thoracic vertebra and endsasthart of the sacrum. The convexity of the
lower three vertebrae is much greater than th#tetipper two. The pelvic curve begins at
the sacrovertebral articulation, and ends at thet @d the coccykx; its concavity is directed
downward and forward, see Figure 1.1.

The development of the spine curvature starts duhe fetal life and is characterized by a
C-shaped form (up to six weeks). The thoracic agldip curves are alone present during
this period and are called primarily curves. Afbath, when the child achieved to hold up
his head (at three or four months) and to sit ugpr{gt nine months), the cervical curve is
developed. Finally, the lumbar curve starts to ttgvevhen the child begins to walk (after
twelve or eighteen months), see Figure 1.2.
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Coccygeal

Figure 1.2. Lateral view of the developed spinevature from: (A) a fetus, (B) a one
year old infant and (C) a six year old boy. Modifion from“Fundamentals of
Anatomy & Physiology”. Frederic H. Martini. PrenedHall International, Inc. 1998.

Each vertebra consist of three elements: (1) aebeat body, (2) the posterior elements
including a spinous, a transversal, an articulaocess, lamina, pedicles and (3) the
vertebral foramen (hole), see Figure 1.3.

Transverse A rticular
Process Vertebral Process
« Body -
Spinous | g\
| — —_—
Pmmss{ﬁ_ﬁ x_/;‘f N ? i
e - -
Vertebral
Spinous Body
Process

(@) (b)

Figure 1.3. The anatomy of a vertebra, (a) axigwiand (b) lateral view. Modification
from SpineUniverse

Because of its location in the lower back the lum$gine bears most weight. The five
intervertebral discs and vertebrae with the lundmnous process are more massive than
the cervical and thoracic counterparts. These rdiffees are illustrated in Figure 1.4.

It can be seen that lumbar vertebrae have massideesd and cervical vertebrae have
bigger foramen. In the next section, a descriptibeach vertebra part for the lumbar spine
will be given. Our presentation of the spine witwi shift to the lumbar section in which
are located the intervertebral discs L1 to L5.
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(a) Cervical

(b) Thoracic

(c) Lumbar

Figure 1.4. Anatomy of the vertebrae from (a) tleevical region, (b) the thoracic
region and (c) the lumbar region. Modification fr@pineUniver

b. The lumbar spine

Normally, the lumbar spine has five vertebrae wtdoh labeled L1 to L5 corresponding to
the first and fifth level respectively, see Figur®. However, some differences arise in
individuals showing only four vertebras, while athidividuals show six. Lumbar
disorders that normally affect L5 level will affdcd or L6 in these individuals.

The vertebral body is the part of a vertebra thahdfers weight along the axis of the
vertebral column. The bodies of adjacent vertelrasnterconnected by ligaments but are
separated by patches of fibrocartilage, calleditiervertebral discs. Ligaments connect
bone to bone, whereas tendons connect muscle te. borthe spine, tendons connect
muscles to the vertebrae, see Figure 1.6. The Bg&nand tendons help to stabilize the
spine and guard against excessive movement iniegstidn.
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Figure 1.5. The lumbar spine, from the first lumbartebra (L1) to the fifth vertebra
(L5). Modification from SpineUniver3e
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Figure 1.6. Lumbar ligaments. Extraction from “Fuardentals of Anatomy &
Physiology”. Frederic H. Martini. Prentice Hall letnational, Inc. 1998.

Each vertebral body is made of two kinds of bonghe periphery; a thin layer of compact

bone called cortical shell encloses the remainiagsithat is made of porous tissue, called
trabecular or cancellous bone, see Figure 1.7.
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<
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Figure 1.7 Cortical and trabecular bone from thenlbar vertebrae. Modification from
SpineUniverse

Human bone is an anisotropic, heterogeneous anal diependent material, therefore its

mechanical properties change with location, dicectand age. Hence, an orthotropic

formulation for the behavior of the lumbar vertebes been suggested by (Lu et al., 1996)
to take into account the higher stiffness of bowerdhat of the softer intervertebral disc.

Such formulation gives three Young’s moduli; sedléal.l, which also show the shear

moduli and the Poisson’s ratio for the cortical #mel cancellous or trabecular bones.
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Table 1.1. Mechanical properties for lumbar vertbrbone. Taken from Lu et al.,
(1996).

Material Young’'s Modulus (MPa) Poisson’s Ratio
Ex = 11300 vyy = 0.484
E,y = 11300 vyz = 0.203
Cortical bone E,, = 22000 vox= 0.203
Gy = 3800
Gy, = 5400
G« = 5400
Exw = 140 Vyy = 0.45
E,, = 140 vyz = 0.315
Cancellous or trabecular E,, =200 vx= 0.315
bone Gy =48.3
Gy, =48.3
G, =48.3

The form of the vertebrae body is complex, an oyaé, wider from side to side than from
front to back, and a little thicker in front tham lback. It is flattened or slightly concave
above and below, concave behind, and deeply cotestrin front and at the sides. In
general, lower lumbar levels, such as L4 and L%eHavger bodies than upper levels. The
dimensions of the vertebral body width, depth aeigit are indicated in Figure 1.8a were
(UVW) denotes upper vertebra width, (LVW) denotesvér vertebra width, (UVD)
denotes upper vertebra depth, (LVD) denotes lowatebra depth, (VBHa) denotes
vertebra body height in the anterior part and (VBMe@rtebra body height in the posterior
part.

The pedicles are two short, thick processes, wpiofect backward, one of each side, from
the upper part of the body, at the junction of thesterior and lateral surfaces;
consequently, the inferior vertebral notches arecarisiderable depth. They change in
morphology from the upper lumbar to the lower lumi#a increase in sagittal width from
9 mm to up to 18 mm and an increase in angulatioiise axial plane from 0o 20 at
level L5 have been reported (Zhou et al., 2000ni€dlly pedicles are used as a portal of
entrance into the vertebral body for fixation wgldicle screws or for placement of bone
cement as kyphoplasty or vertebroplasty. Pedictthw{PDW) and pedicle height (PDH)
locations are shown in Figure 1.8b.
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UvD
LVD

; Y a. Vetebral body . b. Pedicles

Vertebrae Level, L3 Level, L4 Level, L5
body and (mm) (mm) (mm)
pedicles
parameters.
uvw 32.3-53.3 37.6 —59.3 42.3 -67.1
LVW 39.8 -63.2 42.8 - 68.2 38.1-73.1
uvD 24.4 - 41.8 26.4 — 46.2 28.8-47.8
LVD 27.8-44.8 29.7 - 47.9 27.1-50.1
VBHa 23.2-35.1 22.9-36.1 24.1-37.5
VBHp 23.1-37.1 21.8-34.1 20.6 —31.6
PDW 54-14.4 7.1-17.1 9-22.6
PDH 10.1-19 11.1-18.3 9.5-19.9

Figure 1.8. Dimensions for the lumbar body and pleéicles. Modification from Zhou
et al., (2000).

In the posterior side of the vertebrae there aversé elements which include protuberance
processes for muscle attachment, laminas for straictonnection and hollow spaces for
the passage of the spinal cord. The laminas arebtead plates, short directed backward
and medially from the pedicles. They fuse in theldte line posterior, and so complete the
posterior boundary of the vertebral foramen andefioee allow connection between the
spinous process and the pedicles, see FigurenltBe lupper lumbar region the laminas are
taller than wider but in the lower lumbar spinerthewuch wider.
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The spinous process is a thick, broad, and somegulaatrilateral protuberance; it projects
backward from the junction of the lamina and endsairough, uneven border, thickest
below to provide surface area for the attachmembwér back muscles and ligaments that
reinforce or adjust the lumbar curvature, see Edus®.

The transverse process projects laterally on bisgk Hom the point were the lamina joints
the pedicles. The longitude of the transverse @®ohanges between levels (Zhou et al,
2000). Unlike the spinous process the transversalamg and slender protuberances, see
Figure 1.9. They are horizontal in the upper tHrgabar vertebrae and inclined a little
upward in the lower two. In the upper three verebthey arise from the junctions of the
pedicles and lamina, but in the lower two they seefarther forward and spring from the
pedicles and posterior parts of the vertebral mdihey are situated in front of the
articular processes instead of behind them asainhbracic vertebrae, and are homologous
with the ribs.

TPL

d. Lamina

D b. Articular process |:I e. Foramen
. c. Spinous process

a. Transverse process

Posterior elements Level, L3 Level, L4 Level, L5
parameters. (mm) (mm) (mm)
TRL 69.8 - 114 65.4 to 108.9 73.3t0117.8
SCW 16.2 -34.9 189-344 19.8 - 38
SCD 11.8-20.3 11 -275 10.1 -32.7

Figure 1.9. The posterior elements of the lumbatel@ae. TRL is the longitude of the
transversal process, SCW is the spinal canal waatith SCD is the spinal canal depth.
Adaptation from Zhou et al., (2000).
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The superior and inferior articular processes amdl-defined, projecting respectively
upward and downward from the junctions of pedicdes laminas. The two articular
processes lie on each side of the vertebra. Thactibn is to connect adjacent vertebras
throughout the joints facets, see Figure 1.10. tSame the superior processes concaves and
look backward and medialward; while those on tHeriar side convexes and are directed
forward and lateralward. The former are wider apfzah the latter, since in the articulated
column the inferior articular processes are emlataog the superior processes of the
subjacent vertebra. In addition, the facet joirgpHto make the spine flexible.

Vertehral
Body

Facet Joint

Figure 1.10. Lumbar articular process with facetings. Extraction from
“Fundamentals of Anatomy & Physiology”. Frederic Martini. Prentice Hall
International, Inc. 1998.

The foramen is a hollow space that encloses thekpanal containing the spinal cord and
located between the vertebral body and the posteteanents. The foramen of adjacent
vertebrae make the spinal canal, which has a WB@W) and a depth (SCD), see Figure
1.9. At the lumbar level the size and form of tlbeamen is a small triangular. At this
region the spinal cord contains only the nerveg tuwamtrol the lumbar region and the
extremities. As it proceeds cranially along eactarieen, the diameter of the spinal cord
increases, and so does the diameter of the foragiean by SCW and SCD, until it

reaches the top of the cervical region were th@adptord contains all the nerves that
connect the brain with the rest of the body.
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Development and function of the intervertebral disc

The human intervertebral disc has an oval struatareposed of a nucleus pulposus (NP),
an annulus fibrosus (AF) and a cartilage endplateR). Located at the center of the disc is
the NP, which is a mixture of proteoglicans cellghwwater in a gel-like substance.
Surrounding the NP at the periphery lies the AFawhis a bright white matrix of
fibrocartilage strengthen by annular collagen fbé&overing the NP on the top and bottom
lies the CEP which is a permeable layer of hyatiasilage, see Figure 1.11.

Together, the nucleus, annulus and endplate givihdointervertebral disc its material

properties which decay with time and used. Bec#luséumbar discs bear the most weight
and deformation in the spine they are exposed teerdamage than upper spine discs.
Here, normal lumbar discs will be described, wherdagenerated discs will be cover in
the section of disc pathology.

Annulus \/

fibrosus —|: b
Nucleus (=
pulposys ———— =

Vertebral Body

Ring End-Plate
Apophysis

/

Anulus Fibrosus

Lamellae

Vertebral Body

(b) ()

Figure 1.11. (a) The arrangement of the nucleup@siis and annulus fibrosus. (b)
Schematic illustration of the disc in the saggitew. (c) Actual appearance in saggital
view for a normal and degenerated disc. Modificatirom Saunders et al.,
(2008).”Swellable gels fix bad backs”. Chemical&uie Vol. 2008(6) p.919.
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a. Intervertebral disc development

The origin of the intervertebral disc starts at kvéeur of the embryo development, as
mesoderm on either site of the spinal cord andahaia forms a series of mesenchymal
blocks called somites. Mesenchyme in the medidigus of each somite, a region known
as the sclerotome, will produce the vertebral colufithe migrating cells differentiate into
chondrocytes and produce a series of cartilaginmosks that surround the notochord.
These cartilaginous blocks, which will develop anthe vertebral bodies, are separated by
patches of mesenchyme. Expansion of the vertelwdieb eventually eliminates the
notochord, but it remains intact between adjacentebrae, forming the nucleus pulposus
of the intervertebral discs. Later, surrounding emetiymal cells differentiate into
chondrocytes and produce fibrocartilage within @aimaulus fibrosus, which surrounds the
nucleus pulposus, see Figure 1.12.
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body
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Figure 1.12. Development of the intervertebral disiom Anatomy and Physiolology.
Frederic H. Martini. Prentice Hall Internationalnk. 1998.
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Disc height and size magnitudes vary from individuaize, age, gender and race. In the
adulthood cross section area, A, ranges from 1000 imthe upper lumbar, e.g. L1 and L2
discs to 3000 mfin the lower lumbar, e.g. L4 and L5 discs. Disigheranges from 10 to
16 mm in the anterior site, HDa, and from 6 to 1@ m the posterior site, HDp, see Figure
1.13.

Figure 1.13. Disc cross section area A and heightthe anterior site, HDa and
posterior site, HDp. Modification from SpineUnivets

b. Disc functions

The basic functions of a healthy intervertebracdise (1) allowance of spine flexibility
during body movement, (2) shock absorption andgmgen of excessive wear to the facet
joints during spine loading.

Spine movement during daily activities is complbgcause it involves a combination of
plane movements with couple motions done in thalagoronal and saggital plane. In the
coronal plane, the spine movement takes place vamenndividual bends forward or
backwards, typically when doing exercise and hdaasis. Forward bending of the spine is
defined adlexion, while backward bending is callextension Movement in the saggital
plane is achieved when bending laterally to thbtray to the left. Bending the spine to the
right is calledright bending and to the left is callel&ft bending. Spine movement in the
axial plane follows after applying an axial rotatiolockwise or counterclockwise. Axial
rotation of the spine is defined @ssion, see Figure 1.14.
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Figure 1.14. (a) Axial, coronal and saggital anaioal planes. (b) Body and spine
movement in flexion, extension, lateral bending smdion. Adaptation from Pearson
Educational, Inc. Publishing Benjamin Cummings 2004

Because the lumbosacral spine carries the hedwading and also experienced the largest
deformation in the vertical column, its discs, hgants and vertebra bodies are exposed to
severe damage, thus affecting its integrity. Thetionoresponse of a normal and
degenerated lumbosacral spine in ex-vivo and io-hi&s been a subject of intense study in
clinical biomechanics in recent years. Only a fegwegimental studies involving the whole
lumbosacral spine have been done. In a recent latiesnstudy (Guan et al., 2006) to ten
ex-vivo lumbosacral spines columns it was concludedt L5-S1 motions were
significantly greater than L1-L5 motions under ftax and extension loadings and were
lower than L1-L5 motions under lateral bending, Begire 1.15.
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Figure 1.15. Ex-vivo lumbosacral spine means motesponse to 4 Nm in flexion-
extension and right-left lateral bending. Extractiivom Guan et al., (2006).

In another kinematics study a 3D analyzing systeam developed for tracking the relative
motion of individual vertebrae using magnetic resme imaging (MRI) and analyzed in
vivo 3D intervertebral motions of the lumbar spdheing trunk rotation (Fuijii et al., 2007).

Their results shown that trunk rotation promoteglasotation (torsion) on each lumbar
segment accompanied by coupled motions in flexiieresion, and right-left bending.

Magnitudes were compared with ex-vivo results aifigérénces found were attributive to
the environment and loading conditions, see Figuté.
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In vivo studies have the advantage of working wéhl physiological conditions, whereas
in ex-vivo it is not possible. When analyzing in@i spine movements, the main
disadvantages are couple motions and the influehosuscles. In overall, the significance
of the results, both in-vivo and ex-vivo is thaeyhcan help in the optimal orthopedic
management of lumbar spinal disorders and validaifdinite element studies.
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Figure 1.16. In-vivo lumbosacral motion response4&s trunk rotation. Taken from

Fujii et al., (2007).

Spine movement in any one of the three anatomieales involves disc loading, relative
and coupled motion between levels. Disc loading t@n achieved by four ways:
compression, shearing, bending and torsion, sagé-iy17. When bending by flexion the
anterior part of the disc is in compression and plosterior part is in tension. When
bending in extension, the opposite is accomplished.
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Bending laterally causes compression on the latdal and tension on the opposite side.
Torsion will cause axial rotation, which is maximwanthe disc periphery. Shear loading
will cause relative displacement between the uppet lower part of the disc. When

applying axial compression, the discs undergo defbion in the longitudinal and

transversal directions, thus reducing disc heighthie former direction and increasing
radial bulging in the latter. Load removal will c&udisc height recovery, which will

depend on the state of disc tissue.

% &

COMPRESION SHEARING
e =
"_
BENDIMG TORSION

Figure 1.17. Types of loading that are applied e intervertebral disc upon spine
movement. Adaptation from “Biomecanica del raquissistemas de reparacion”.
Instituto de Biomecanica de Valenciaetlicion 1999.

Here, the proteoglycans gives the nucleus the dgptcbind water and confer a high
negative fixed charge on the matrix; the conceitnadf fixed negative charges determines
the concentration of extracellular ions in theueswhich in early life is the highest. When
loading the disc, the abundant chains will rejeathe other, thus creating a swelling
pressure that act hydrostatically, distributingsgrge evenly to the adjacent annulus and
the endplate, and thus acting as a shock abs@deFigure 1.18.

Ll ’
Nuclens 2= Annulus . ° ' Hydrostatic
| "N pressure

Figure 1.18. Development of the intradiscal pressium the nucleus pulposus by
compressive loading. Modification from SpineUnieBrs
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Early in vivo and ex-vivo measurements of swellprgssure in the nucleus pulposus were
reported in the range of 0.2 MPa to 2.5 MPa wheslyapg up to 2000 N of compression
to the disc (Nachemson, 1960). This has also beem an compressive testing on portions
of nucleus and annulus tissues were the osmotgspre measurements were reported in
the range of 0.05 MPa to 0.25 MPa for loads up @@ B (latridis et al., 1996).
Compressive loading to the disc shows that theemscpulposus behaved in a hydrostatic
fashion in normal and slightly degenerated discacfi¢mson, 1960), and also spinal
movements influence intradiscal pressure and asniitwosus loading, see Figure 1.19
(Nachemson, 1960; Wilke et al., 1999).
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Figure 1.19. Intradiscal pressure in common postueand activities normalized to
standing. Taken from Wilke et al., (1999).

In particular, a repetitive motion limited to theaneo-caudal direction, such as jumping or
running, will imply a disc loading in compressionthva significant coupled motion in
torsion. Cyclic compression of the disc gives ingata of nucleus pulposus stiffness and
damping which decay with age and degeneration.sA bdecomes stiffer and less hysteretic
as compression frequency is increased from 0.@0tbiz, which is a wide physiological
range (Izambert et al., 2003). Stiffness and dagpalues ranged from 1.9 to 3.66 MN/m
and 32 to 2500 Ns/m respectively, see Figure 1S#ffness and damping values increase
with loading increase under dynamic flexion andeaston, (Crisco et al., 2007). Values of
bending stiffness and damping coefficients wererntepgl in the range of 97 to 200 Nm/rad
in the former and 1.4 to 4 Ns/m in the latter.
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Figure 1.20. Disc stiffness and damping responsgyt@amic compression. Taken from
Izambert et al., (2003).

Structure and pathology of the intervertebral disc

As a soft tissue, the intervertebral disc undergdesnges both in its anatomy and its
biochemistry with time and degeneration. The thmeggor constituents of the disc are
water, fibrillar collagens and aggrecan, the largggregating proteoglycan. The
composition and organization of the collagens amdepglycans make up the disc tissue,
and since they change during development, growjihgeand degeneration they affect how
the disc responds to changes in mechanical loadimd ultimately affect normal disc
functions. A comprehensive study of the structund &unction of the disc elements is
essential in order to address disc pathology astthduish normal aging from degenerative
diseaselntervertebral Osteochondrosis (I@ndSpondylosis Deformans (Sbefer to the
degenerative disease of the nucleus pulposus atithgi@mous endplate in the case of the
former and to the annulus fibrosus for the lat®e begin with a physical description of
the disc followed by the physiological changes @geheration for each disc component.
The diagnosis and evaluation of these disordersugiirout the used of Magnetic
Resonance Imaging (MRI) will be cover in section IV

a. The nucleus pulposus and intervertebral osteochondsis

Localized in the central portion of the disc is thecleus pulposus, being nearer to the
posterior than to the anterior border of the anmtilorosus. In a healthy state, the nucleus
can be distinguished from the annulus fibrosusctupies about 50 to 60% of the cross
sectional area of the disc and the nucleus heglthat of the disc. In a newborn, the
nucleus appears as a transparent gel-like massaiihted, see Figure 1.21; this is due to
a high population of notochord cells.
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Figure 1.21. The nucleus pulposus of newborns avittansparent gel-like appearance.
Adaptation from SpineUniver&e

The development of the nucleus pulposus begindhatembrionary stage. The active
notochord cells presence in the fetus spine duheggestation period and throughout the
child first years of life produce proteoglycans andtrix components, such as hyaluronic
acid (HA). The aggrecan proteoglycan cells consish protein core to which up to 100
highly sulphated glycosaminoglycan (GAG) chainsingpally chondroitin (CS) and
keratan sulphate (KS) are covalently attached. gdigsaccharine chondroitin sulphate,
because of its polar hydroxyl group, gives the euslthe capacity to bind water, which at
this stage is about 90% of weight (Muir, 1995). rAentioned, the population of highly
sulphated GAG chains determines the capacity ohtludeus to develop swelling pressure
which decreases by age and degeneration. Nucleoepbility decreases with dehydration
and rate of deformation, values have been repant¢ide range of 0.3 x 18 to 1 x 10"
m*N-s. These changes in the tissue properties affechucleus behavior from fluid in a
nondegeneration to a viscoelastic solid or a mdastie solid in a severe degeneration
according to latridis et al., (1996) and Johannesseal., (2005).

At four years old, the notochord cells are replalsgdhose of chondrocytic appearance but
of unknown origin. These cells continue to prodgpeeteoglycans but also synthesized
collagen type Il and significant amounts of collagtype 1lI, V, VI, IX, XI, XII and XIV
(Urban et al., 2000; Roughley, 2004). Nucleus cositp;m has shown also the presence of
small proteoglycans such as versican, decorin, y&agl, lumican, perlecan and
fibromodulin and proteins such as elastin and fieatin (Markolf et al., 1974; Sztrolovics
et al., 1997). At this stage, the intervertebratditarts to contain proteases enzymes, which
can degrade the macromolecular components collagdnaggrecan at the nucleus, see
Figure 1.22.
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Figure 1.22. Schematic representation of the biploganges in the nucleus pulposus.
Taken from Urban et al., (2004).

The composition of the extracellular matrix of tiecleus becomes cartilage-like and in the
child and juvenile the appearance turns from asttenent gel-like to a white and opaque,
see Figure 1.23, which consists mainly of a highcentration of aggrecan embedded in a
fine network of collagen type Il fibrils (Urban &k, 2000).

Figure 1.23. The white nucleus appearance of a filtmm a juvenile. Adaptation from
SpineUniverse

With age, the cell density in the nucleus pulpashenges from about 14 million/érin an
infant to 4 million/cniin the mature adult (Roughley, 2004). The proporiof aggrecan
and water in the nucleus fall steeply to approxetyaB0% at 20 years old, and even further
to 70% at more than 60 years old, while the proportof type Il collagen rises
(Buckwalter, 1995), see Figure 1.24; a similar ¢ears seen in degenerated discs. But,
with age and disc degeneration the levels of acpiv@geases present in the nucleus
increases, supporting their suggested role in whatrix turnover and degradation (Cream
et al., 1997). These changes appear to arise fvesndf aggrecan rather than an increase in
the amount of collagen produced and laid down (Ao et al., 1996).
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Figure 1.24. Percentage of water, collagen and @oglicans (GAG) contents in a
healthy and a severe degenerated disc. Adaptatoon Buckwalter et al., (1995).

The process which causes dehydration of the nuclauposus has been termed
Intervertebral Chondrosisand, when it also involves the neighboring boneca#led
Intervertebral OsteochondrosisTypical features of this physiology are loss ccheight
and homogeneity between nucleus and annulus fisrassues, see Figure 1.25. In the
adult, the nucleus becomes less hydrated and notlegjenous. It discolors, changing from
white to yellow-brown in color through the accuntida of products of non-enzymatic
glycosylation; these can also form crosslink’s lestw polypeptide chains and may reduce
tissue's flexibility and resiliency (Hormel et @991; Nerlich et al., 1997).

The disc remains healthy while the rate of macrexwhr synthesis and breakdown are in
balance. However, if the rate of breakdown increameer synthesis, the nucleus matrix
will ultimately disintegrate and the disc will deggrate (Urban et al., 2000). The activity of
disc cells can be regulated by growth factors aiidkines and by physical factors such as
mechanical stress (Shinmei et al., 1988; Thompsaal.£1991). Nutrient supply to the
avascular disc also affects cellular metabolismmiBgantly and loss of nutrient supply is
thought to be a major cause of disc degenerati@ct{Bimson et al., 1970; Urban et al.,
1995).
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Figure 1.25. Schematic representation of Interandé Osteochondrosis and nucleus
pulposus dehydration. Modification from Urban et 2004.

It is accepted that nucleus nourishment and remoWavasted products is done in two
pathways, axially across the endplate and radihligughout the annulus fibrosus (Urban
et al., 2004), see Figure 1.26.
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Figure 1.26. Routes of nutrient supply to the aubscintervertebral disc. Adaptation
from Urban et al.,( 2004).

Since solute transport uses the blood stream,aitmeef trajectory is by far the most used
by cells because of the advantage of travelingsactie trabecular bone instead of rigid
pack collagen fibers. However, it is in this romtere most of the changes in nutrient
supply takes place, such as: changes in blood pupglerosis of the subchondral bone,
endplate calcification and most of the cellulanatyt (Rajasekaran et al., 2004; Urban et
al., 2004), which are typical aspects of disc degation, see Figure 1.27.

Disc cells require nutrients that include glucoseygen and aminoacids to stay alive and
function. Their main supply of energy comes fromcglysis; thus, they consume glucose
and produce lactic acid at a relatively high rate much as 100 times higher than the rate
of incorporation of sulphates, an essential compboé proteoglycans (Maroudas et al.,
1975). Cells will survive under hypoxia and low pblt not with very low glucose. If
glucose concentration drops below 0.5 mmol/L forenbhan a few days, the cells begin to
die (Horner et al.,, 2001). However, a higher glecasncentration gradient leads to a
reduction of pH due to accumulation of lactic acédwasted product that has to be
removed. If the nucleus pH falls below 6.4 cellabiiity will be in jeopardy. Cells can
survive up to 14 days with no oxygen present bateahinactive and matrix synthesis is
severely reduced (Bibby et al., 2004).

The cell density through the nucleus is not unifdoot is highest at the edge of the
endplate and the annulus, which are closer to lilge and oxygen supply and then falls
steeply as we approach the nucleus center (Maratdds 1975). Here, the levels of lactic
acid are at maximum and the tissue turns acidie, FSgure 1.28. Therefore, diffusion
gradients, which are regulated by cell density ehidne higher rates near the endplate.
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Figure 1.27. Schematic view of the blood supplynfithe vertebral body to the disc
shows (a) details of the capillary bed at the subehral bone/nucleus junction; (b)
“holes” through the subchondral plate allowing cépry penetration with possible
evidence of partial blockage by calcified cartilagad (c) schematic section through
the endplate-disc bone junction showing the cagiilaus endplate and calcified
cartilage. Taken from Urban et al,( 2004).
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Figure 1.28. (a) Schematic view of nutrient gradsescross the disc from top vertebrae
x to bottom vertebra y ; (b) saggital section thghua human lumbar disc showing the
dimensions of the disc and the direction of thedgmat shown in a. Extraction from
Urban et al.,(2004).
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Transport of nutrients from the vertebra into tlelaus is done under gradients through a
distance of 7 to 8 mm long and is done mainly Bfudion, but also some convection takes
place, both of which are ruled by properties of tmgcleus matrix and the solute
(Rajasekaran et al., 2004; Urban et al., 2004). iiadrix components as well as the
cartilage endplate act as a selective permeabidityier to entry of molecules into the disc.
Only small particles diffuse, and in the case ofjéamolecules only low concentrations are
allowed (Urban et al., 1979).

For macromolecules with lower diffusivity such aowth factors, proteases and their
inhibitors, convection movement due to load-indufleti movement in and out of the
disc, may contribute significantly to their moverhéimrough the matrix (Boubriak et al.,
2003). The role of convection may also be importemtruling movement of newly

synthesized matrix molecules through the matrix amdetermining the rate of loss of
matrix breakdown products and lactic acid (Urbaal£t2004).

Additional literature on nucleus cell behavior amgtrition supply can be found in the
studies done by Jackson et al., (2008); Bennekal,dR005); Kluba et al., (2005); Chiu et
al., (2001) and Roberts et al., (1996). In all, #lehor's emphasis the continuing changes
of bone and cartilage properties and cellular deimamd their impact on normal disc
function.
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b. The cartilage endplate

Between the vertebral bodies and the intervertetisal is the cartilage endplate (CEP). It
consists of a dense collagen fiber framework whelaligned parallel and horizontally
embedded in a thin layer of hyaline cartilage. OtEP expands from the outer 2/3 of the
annulus to above the nucleus center a radial distah15 to 20 mm with a thickness of up
to 1.6 mm (McLauchlan et al., 2002). The CEP carstaio fibrillar connections with the
collagen of the subchondral bone of the vertebta®/e the nucleus pulposus, here the
thickness of the CEP ranged from 0.1 to 1 mm. Tdg& of interconnection between the
CEP and the vertebrae may render disc weaknesssagarizontal shear forces (Inoue H,
1981). In the outer 2/3 of annulus fibrosus the GlE€kness grows to a maximum due to a
firmly fibrillar anchored into vertebral bodies,esEigure 1.29.

CEP Smallest
Thickness Vertelira Body

Annulus

Vertebra Body CEP aschorige mear
T Al
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the outer annulos
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ik _,,/I 1 at mucleus fevel

(b)

Figure 1.29. A schematic representation of (a)dhdilage endplate thickness and (b)
the collagen framework of the intervertebral disedathe interconnections of the
nucleus, annulus and the endplate. Extraction fhooue, (1981).
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Structurally the collagen fibers from the disc ¢oné into the endplate, turning to

approximately 120from the lamellae of the outer annulus and 86m the nucleus at the

disc — endplate interface (Roberts et al., 198@reHnumerous microscopic irregularities
throughout the endplate of degenerated discs hagr laentified, most notorious are the
cartilaginous nodes called Schomorol’s nodes whiehprotrusions from the disc into the
bone or viceversa. Where theses anomalies arenprise is dehydration accompanied
by a significant loss of proteoglycan in both thecdand endplate. With age the hyaline
cartilage of the CEP at the interconnection with ltlone calcifies blocking the pathway of
nutrient diffusion coming from the blood vesseks &igure 1.30.

Figure 1.30. A schematic representation of theroaenections between the endplate,
the disc, and the vertebrae bone. A= annulus fibspsB= vertebra bone; C.C.=
calcified cartilage; D= disc; E= endplate (Noncaf@d part); M.S.= marrow space;
N= nucleus pulposus; T= tidemark. Extraction frombRrts et al., (1989).

With advance degeneration the thickness of thefislccartilage of the endplate increases
up to 60um and within cells exhibits fibrosis. This in tuaffects the diffusion of nutrients
to the nucleus, thus promoting matrix degradatidaogan et al., 2001). A biochemical
study of the cartilage endplate from healthy didsberts et al., 1989, 1996) reveal that
the hyaline cartilage of the endplate had a similamposition to that of the articular
cartilage which shows less degradation.
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The endplate composition is not uniform, but vameth location within any one spinal
level. It resembles the disc by having a highetgoglycan and water content, 20% and
60% respectively, but lower collagen content, 8%himm center adjacent to the nucleus than
at the periphery adjacent to the annulus, wherectiheesponding contents are 15%, 54%
and 9% respectively. Cell density was measurecet825 per mrin the former location
and 250 per mfin the latter (Roberts et al., 1996). They shosoa chemical gradient
with depth through the endplate with the tissueemsao the bone having a higher collagen
content, but lower proteoglycan and water contean that nearest the disc. There were no
differences in composition between cranial and eheddplates or with changes in spinal
level. Because of the thinness of the endplateitsnglmilarity in composition to the disc,
they suggest that it provided little resistanceh® diffusion of nutrients such as glucose
and oxygen.

As the nucleus and endplate properties change e® ttie annulus fibrosus, these changes
are focused on collagenous tissue, which are goihg addressed next.

c. The annulus fibrosus and spondylosis deformans

The annulus fibrosus is a ring-like structure thatrounds the nucleus pulposus and is
located in between adjacent vertebrae. It is coegbad a complex network of collagen
fibers embedded in a ground substance and arrangederies of circumferential laminas
that serves to resist the nucleus pressure imatfialrand tangential directions.

Characterization of the annulus structure has lbmre by Cassidy et al.,, (1989) and
Marchand et al., (1990) using human lumbar spirsesdi They reported a hierarchical
model at the lamellar and fibrillar level base ormadyents of lamellar thickness,
interlamellar and crimp angle. They found that¢lreumferential laminas are discontinued
and therefore their geometric characteristics chamgionally and radially. In the radial
direction, the thickness of laminas is smaller he buter than in the inner annulus, see
Figure 1.31. In the anterior region the annulusilaid two distinct zones of laminas
distribution: an outeperipheral zonevhere up to 18 collagenous layers of single theslsn
between 13Qum to 330um are stack one another, and an intmansitional zonethat
borders the nucleus where up to 20 layers of sitiutkness that ranges from 200 to
520 um are organized. In the annulus lateral and pasteegions there is a broad
distribution of layer thickness from 80 to 4Qafh in the former and from 50 to 25%0n in
the latter. Cassidy et al.,, (1989) found that thgets cross section are not totally
rectangular but have crimping profiles with theldaling geometrical features: an
interlamellar angleg, a crimp length, a crimp angle, a crimp periogh, see Figure 1.31.
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Figure 1.31. Hierarchical model of the annulus 6bus showing lamellar structure,
fiber orientation and crimp morphology. Taken fr@assidy et al., (1988).

The interlamellar fiber anglé varies from 62 in the outer layers to 44n the inner layers
throughout all the annulus regions. The laminassreection have a rectangular form
where the collagen type | fibers are stacked indlesrand surrounded by the ground
substance which is composed mainly by collagen tymnd water. The crimp angle
increases from about 2@t periphery to 45in the lamellae closest to the nucleus while the
crimp period appears to decrease linearly throbhghdepth from 26 to 20m (Cassidy et
al., 1989). Peripheral lamellae, with a larger iilst®ellar angle and a smaller crimp angle,
are less deformable than those closer to the nsidecording to Galante, (1967) who study
the mechanical properties of the lamellae as atimmof radial depth through the annulus.
He reported that specimens cut from the periphlarakllae were stiffer and had lower
energy dissipation and residual deformation thaselof more central lamellae. Values of
lamellae tensile modulus were reported for varidirections and degeneration grades
being greater in less degenerated tissues anddntations parallel to the fiber direction
where values of around 60 MPa were obtained. Itepos studies done by Ebara et al.,
(1996); Skaggs et al., (1994) and Marchand et(#989) they reported tensile modulus
values for the annulus lamellae and collagen fiberte range of 60 to 140 MPa for the
former and 210 to 645 MPa for the latter, in a# thigh tensile values are due to the fiber
stiffness. The annulus compressive mechanical ptiepeof non degenerated levels L3-L4
and L4-L5 were investigated by Best et al., (199%)ey report values of compressive
modulus in the range of 2 to 10 MPa, also the divbyalraulic permeability and swelling
pressure were reported to be around 0.25% ff/(N-s) in the former and 0.12 MPa for
the latter.
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Studies on mechanisms of layer discontinuity anel mated changes in layer thickness
and percentage of ground substance per layer iswedane by Marchand et al., (1989)
and Tsuji et al., (1993). They reported that atsie40% of the annulus layers were
circumferentially discontinued or had been altebgdmerge of adjacent layers. The site
where most layer discontinuity takes place is tbstgrolateral. Also, on older specimens
the layer thickness and percentage of volume afirgfcsubstance increase from 0.17 mm
in the young to 0.44 mm in the elderly for the femand from 13% in the young to 24% in
the elderly for the latter. They concluded thaeiderly and degenerated discs the annulus
tissue losses its viscoelastic behavior. The previ@sults on the annulus morphology are
summarized in Figure 1.32.
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Figure 1.32. Annulus fibrosus morphology.

In addition to the physical characteristics, thewuns biochemical composition and cell
morphology have also been studied. In generalatmeilus is formed by collagen type | in
the periphery and slowly decreases through therianaulus where type Il collagen is
more abundant.
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The changes in collagen type | and Il content aahterior and posterior sites due to age
were studied by Brickley-Parsons et al., (1983hgissadaver lumbar spine discs. They
reported a decrease of collagen type | at the ianteuter layers from 78% in young discs
to 66% in elderly discs. An opposite trend was oles for the inner layers in which the
collagen content increased from 33% in young dise$5% in the elderly. Analysis of the
posterior site shows an increased of collageneabther layers from 78% in young discs to
85% in the elderly, while in the inner layers thes@s a reduction from 34% in young discs
to 30% in elderly. The increased of collagen in plosterior site of elderly discs can be
explained by the synthesis of new collagen or gitges, as a response to mechanical
stimulus, as described by Wolff's law of bone remloty. The formation of new bone or
osteophytes at the disc margins is ternggubndylosis Deformanslhis concept was
developed by Christian Schmorl (1932) and emphasatmormalities in the peripheral
fibers of the annulus fibrosus as the initiatingtéa. The breakdown and subsequent loss of
anchorage of the intervertebral disc to the vediebody led to movement and thus load
stimulus see Figure 1.33. A detail explanationhas process will be given in section IV of
this chapter.

AF fiher

Anchorage Mo AF anchorage

Disc Material

Displacement

Osteophyte \
Formation

Spondylosis
Deformans

Normal Disc

Figure 1.33. Schematic representation of Spondyl@=sformans. Modification from
Urban et al.,( 2004).

Posterior lumbar spine curve concaves and theréfilseshape favor compressive loading
which leads to osteophyte formation. In young dibesratio of collagen type | to type Il in
the anterior and posterior outer layers are theesamad equal to 3.5 (Brickley et al., 1983)
with age they changes to 2 and 6 respectivel it ithe annulus posterior site were most
biochemical changes occur and in combination whth $tructural variations affect the
tissue mechanical properties and eventually thefdisctions.
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Cell morphology in the annulus as been charactyriaest recently by Bruehlmann et al.,
(2002) in which they reported differences in théutar matrix, cell shape, arrangement of
cellular process and cytoskeleton architecture éetwthe outer and inner annulus, see
Figure 1.34.

Outer Annulus—

Single
Lamella

Figure 1.34. Division of the outer and inner anrailmones by identification of cell
morphology. Observe also the increase thicknetanoélla in the inner annulus. Taken
from Bruehlmann et al., (2002).

They distinguish three forms of cells attachmerthmradial direction. In the outer annulus
cells exhibit an extended cordlike appearance @u@ tdominant longitudinal process
parallel to the collagen fiber, the length of thesdls is around 6Qum and favors an
interconnected network, see Figure 1.35A-D. Initimer annulus and nucleus pulposus the
cells are of spherical shape, their morphology EExhiextensive sinuous process, see
Figure 1.35 E-F. In addition, a distinct cell moopdgy, which also displayed some
regional variation, they identified in the spacéwsen lamellar layers. These cells exhibit
broad branching process. This branching procesperpendicular to the longitudinal
process and increases in quantity at the innerlasnsee Figure 1.35 F.
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Quter Anniulus

Figure 1.35. Gradual transition of cell morpholodiirough the thickness of the
annulus. Scale bar represent 3fn. A-D. Outer annulus(A) Cord-like cells at the
periphery. (B) Reduction in the length and increeséhe thickness of the longitudinal
processes and appearance of some lateral processw@® (C) The longitudinal
process is further reduced in length and isolatmincells is apparent. In addition,
lateral process turn and follow the collagen fibairection, sometimes bifurcating
(arrows). (D) Fusiform-shaped cells with no procedsthe border with the inner
annulus. E-F. Inner annulu$pherical cells with either short or extensiveqasses or
some elongated cells. Taken from Bruehlmann e24lQ2).

From Figure 1.35E-F, the inner annulus biologicaviemnment resembles that of the

neighboring nucleus. Their changes include a pssjve migration of spherical collagen

type 1l cells from the inner annulus to the nuclasssuggested by Antoniou et al., (1996).
With age the amount of migrating collagenous i@ hucleus increases, supporting their
suggested role in disc matrix turnover Cream e{3097).

The relevance of these studies is the clinical icagibns such as understanding low back
pain (LBP) diseases and management of diagnosithenapy. Hence, a basic introduction
to radiological imaging using Magnetic Resonancadmg (MRI) gives a familiarity with
the key features of disc degeneration and servesutisequent application in modeling the
complex geometry of the intervertebral disc.
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V. Magnetic resonance imaging (MRI) and radiodiagnost of
intervertebral disc degeneration

Like any other biological tissue, the intervertébdisc exhibits physiological and

pathological changes that can be evaluated withcakinaging such as X-Ray, CT scan,
Ultrasound or Magnetic Resonance Imaging (MRI).ei¢he MRI imaging of the lumbar

intervertebral discs will be cover.

Magnetic Resonance Imaging (MRI) is primarily a meabtl imaging technique most
commonly used in Radiology to visualize the streetand function of the body. It provides
detailed images of the body in any anatomical plafiel provides much greater contrast
between the different soft tissues of the body tdaes computer tomography (CT),
making it especially useful in neurological (braimusculoskeletal, cardiovascular, and
oncological (cancer) imaging or where there isghlwater content. Unlike CT, it uses no
ionizing radiation, but uses a powerful magnetadito align the nuclear magnetization of
usually hydrogen atoms in water in the body. Radmiency fields are used to
systematically alter the alignment of this magregtan, causing the hydrogen nuclei to
produce a rotating magnetic field detectable bysitenner. This signal can be manipulated
by additional magnetic fields to build up enougformation to reconstruct and image the
body.

The radiodiagnostic covered in this section is emsptes in the physiological features of

Intervertebral Osteochondrosesg. loss of disc height, nucleus vacuum phenomeadéal

or longitudinal fissures and ddpondylosis Deformans.g. osteophyte formation, and

cartilaginous nodes. Finally a degenerative gradicgle based on the amount of these
changes will be given in order to classify the anat of the intervertebral discs used in

this study.

a. Vacuum phenomena and disc space narrowing

As aging progresses, dehydration and loss of tisssibency in the nucleus pulposus and
annulus fibrosus are more evident. Intervertebsté¢@chondrosis first appears in the form
of vacuum that overlie the intervertebral disc amlye as in the juvenile. These

manifestations appear as linear or circular dullections increasingly in the nucleus

pulposus (Chevrot et al., 1978). On MRI scans tlikge collections appear as opaque
areas which are produced by the accumulation ofigdke clefts or cavities, analysis

indicated that the gas is around 90% nitrogen (Fatrél., 1977). Upon extension of the
spine the disc height in the anterior site increamed attracts gas from the surrounding
extracellular fluid. In flexion the disc space ibliterated and the gas is reabsorbed
(Knutsson, 1942), see Figure 1.36. Thus, vacuunmghena are a reliable indicator of

disc degeneration, and they are very rare in teegurce of disc infection (Kroker, 1949).
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Figure 1.36. Vacuum phenomena in the nucleus pufpsiBown by X-ray, CT and MRI.

In the majority of patients with intervertebral @sthondrosis the dull collections or lesions
are most prominent over the nucleus pulposus, @adhdhey can extend to the annulus
fibrosus. However, a different significance is if solated opaque area is shown at the
outer limit of the annulus fibrosus adjacent to #eetebral body, here is most likely the

case of body fat.

As the process of intervertebral osteochondrosegresses, the original small clefts
enlarge and eventually unite one another until theglve the nucleus and annulus. As the
upper body weight compresses the disc, collapsthefcavities and narrowing of disc
space or height take place (Pritzer, 1977 and Bleret al., 1982). This combination of
effects produces bulging of the outer fibers ofdhaulus fibrosus, see Figure 1.37.

(A) (B)

Figure 1.37. Disc space narrowing. (A) Loss of dmgight. (B) Disc protrusion with
radial bulging.
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It is apparent that vacuum phenomena is a fredfureding in the vertebral column and can
be localized to the intervertebral disc or, lessmgwnly to the vertebral bodies. In both
locations, expertise of the physician or radiologemes into play when determining the
number of differential diagnostic possibilities.

b. Reactive bone sclerosis and schmorl’s nodes

The presence of reactive sclerosis seen in thedumdrtebras is preceded by disc space
narrowing. At this stage also bony eburnation israhbteristic (Glimer et al., 1975).
Although somewhat variable in its appearance, therasis is generally well defined, is
linear or triangular, and extends to the intendmdeé disc. Subchondral condensation of
bone in both vertebral bodies bordering the intdelal disc is typical (Battikha et al.,
1981). Although they may be homogeneous, the daleameas can contain radiolucent
lesions of variable size that reflect intraossedigs displacement; these lesions are termed
cartilaginous or Schmorl’'s nodes see Figure 1.3 pathogenesis of the sclerosis is not
entirely known, but it appears to be produced hpdcular remodeling and thickening as
part of the degenerative process and trabeculadecrmation about intraosseous sites of
disc displacement (Resnick et al., 1994). The wate¢ebral disc displacements of varying
size (term cartilaginous nodes) that are assocwatddintervertebral osteochondrosis are
first encountered in the second decade of life imedease in frequency and extent with
progressive age (Boos et al., 2002).

(A) (B)

Figure 1.38. Lumbar reaction bone sclerosis andaosseous disc displacement. (A)
Saggital view of vertebra and adjacent disc reatsolerosis. (B) Schmorl’s nodes.
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c. Osteophyte formation

The most obvious pathologic and radiographic deggive disease of the spine is
associated with bone production, particularly ie @nterior and lateral margins of the
vertebral column. The outgrowths are termed ostgeghand the condition is name
spondylosis deformanspinal osteophytosis is extremely common withaading age as

described by Schmorl’'s and Junghanns (1932) instesyatic evaluation of over 4000
spines removed at autopsy. As high as 80% of peopkr 50 years exhibits this

excrescences and especially in patients engageccumpations that require heavy physical
labor.

The pathogenesis of spinal osteophytosis is exgdiainy Schmorl’s (1932) concept of
spondylosis deformans, which is still accepted yodis emphasizes the abnormalities in
the peripheral fibers of the annulus fibrosus a&sitiitial factor of spondylosis deformans,
see Figure 1.39a.
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Figure 1.39. Concept and progressive stages of dyoris deformans according to
Schmorl’s. AF stands for annulus fibrosus, NP nugl@ulposus and VB vertebral
body. Adaptation from Resnick et al., (1994).

66



Chapter 1. Intervertebral disc degeneration

At this location, breakdown occurs at the site td@ment of the outer annulus fibers,
including the strongly attached Sharpey'’s fibeosthie vertebral margin, see Figure 1.39b.
This discontinuity leads to significant loss of harage of the intervertebral disc to the
vertebral body, thereby allowing anterior and asitgeral displacement of disc material.
The displacement is accentuated when the adjaceieus pulposus is relatively normal
and saturated with fluid and thus retains mosttefturgor. The separated disc tissue
produces stretching and displacement of the oveglginterior longitudinal ligament and
stress at the site of the vertebral attachmentisfligament, see Figure 1.39c. Osteophytes
develop at these stress areas, several millimétens the actual edge of the vertebra,
where the vertebral body and cartilaginous rim ejnsee Figure 1.39d. Continued body
outgrowth leads to irregular osseous collectiorad #xtend first in a horizontal direction
and then in a vertical direction and may eventualliglge the intervertebral space, see
Figure 1.39e.

Typical appearances of osteophytes in the antaridrlateral margins of the intervertebral
disc are shown in Figure 1.40. The junction betwgmndisc and vertebra body seen in
adults specimens is mostly of endocondral ossifinabrigin in which the attachment
develops during the process of transformation d€ifted cartilage to osseous tissue
(Francois, 1975, 1983). Endocondral ossificatioasdnot produce a strong attachment as
in the case of intramembranous tissue formationraviibe collagen fibers anchorages
deeply into the bone, these fibers are term Shapey

Pressure

Bone spurs
{osteophytes)

Disc degeneration -
flattening of the disc

Bone spurs
|osteaphytes)

Figure 1.40. Osteophyte formation on the anteriod gosterior sides of a lumbar
intervertebral disc. Adaptation from Spine Univéraad Adams et al., (2006).
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d. Degenerative grading scale

Due to the progressive development of disc degépara grading scale is needed to
identify and quantify the amount of damage to acsjeintervertebral disc. In literature,

there are over 20 different grading systems forc dikegeneration covering from

macroscopic anatomy and histology to plain radiplgya discography and magnetic
resonance imaging. In a recent review of theseimggasicales (Kettler et al., 2006) point
out the need of usage for multiple grading scatescoring lumbar disc degeneration for
better reliability and agreement from interobseonraand intraobservation. Such task will
involve grading scales based on anatomy, histodoglybiochemistry.

A degeneration grading scale based on the photbgmafthe disc macroscopic anatomy of
68 lumbar specimens done by Thompson et al., (18®0Jistinguish the pathological
features is still widely used. This scale includegolvement of the nucleus pulposus,
annulus fibrosus, the cartilaginous and bony erndplaand the periphery of the vertebral
body in the process of aging and degeneration.s€ake suggested that a minimum of five
categories would be required to accommodate thgerahgross appearances encountered.
A low scoring grade indicates a less degenerated ahd a high scoring grade indicates a
severe degenerated disc. The five categories afnpBon degeneration scale are described
in Table 1.2.

Table 1.2. Anatomical record for disc degeneratidiaken from Thompson et al.,
(1990).

Grade Nucleus Annulus Endplate Vertebral body
I Bulging Gel Discrete fibrous| Hyaline, uniformly Margins rounded
lamellas thick
Il White fibrous Mucinous
tissue material between Thickness irregular Margins pointed
peripherally lamellas
Extensive
M mucinous
Consolidated | infiltration; loss Focal defects in Early osteophytes at
fibrous tissue of annular- cartilage margins
nuclear
demarcation
Fibrocartilage
extending from
Horizontal subchondral bone;
v clefts parallel | Focal disruptions irregularity and Osteophytes less than 2
to endplate focal sclerosis in mm
subchondral bone

Vv Clefts extended through nucleug Diffuse sclerosis Osteophytes greater than
and annulus 2mm
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A more detailed grading system is the one propbgeloos et al., (2002). They develop a
systematic classification of disc degeneration thasethe histology report to the disc and
the cartilaginous endplate. The importance of shusly is that they used 180 discs from the
lumbar spine and classified 9 age groups rangiom ffetal age to 88 years. Evaluation
included chondrocyte proliferation, mucous degeinmna cell death, tears and cleft

formation, granular changes, cartilage disorgammatcartilage cracks, microfractures,

new bone formation and bony sclerosis. As with otfrading systems a low scoring in

each category indicates low degeneration, see é&ifydrl.

Element| Evaluation Normal = 1 Severe Degenerated = 5

population | (o) Py

— = .
i » &, o
Clefts/tears -3 & = I3

Disc

Mucoid
substance

Cell death

Cell
population

CEP Cartilage
cracks

Cartilage
organization

Figure 1.41. Histological classification for discegeneration. Only shown are the
normal and the most degenerated grades. TakenBwoos et al., (2002).
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Their study reported an avascularization of the €t those groups in the first decade of
life, so that the nutrient supply is severely inmpdiwith ongoing growth and enlargement
of the disc. Such findings were relevant for furthdentification of nucleus clefts and

annulus tears as early as the second decade ,ofvliieh prove contrary to the previous
findings by Coventry et al., (1945, 1969) in tHatyt appear until the fourth decade.

A very novel and practical disc degeneration gragetem is the one based on medical
images, one of which is assessed by magnetic resenmaging (MRI). In MRI a series of
pulses of radio waves through a powerful magnétid fare used to generate disc images.
Spin echo sequence (T1) and gradient sequenceeg(@fation) are the two techniques
available. In the former anatomical inspection imevis achieved and with the latter the
biochemical and changes in the water content ofltbecan be establish.

In the case of disc degeneration MRI can detect disace narrowing, osteophyte
formation, Schmorl’s nodes, vacuum phenomena artdrweantent. The relevance of this

techniqgue is the clinical feasibility since thedemges within the disc are only depicted
with MRI and ultrasound, whereas with CT or X-raylyodense materials such as bony
structures are assessable. The reliability of MRieported in the study done in-vivo by
Pfirmann et al. (2001), in which they developedlassification system for lumbar disc

degeneration, see Figure 1.42. Their results shdksgdntra and inter observer agreement
were above 80% of over 300 discs from voluntaryepas

From the previews degeneration grade scales thdereaay ask: which is the suitable
scale to be used? It will depend on what is todeatified. In our case we were interested
in the gross and volume anatomy changes due tcaadedegeneration and this can be
accomplished by the use of the anatomy gradingesehich can be assessed with the MRI
grading scale for volume inspection, see Figurég and 1.43.

While the grading system of Pfirmann et al.,, (200&s a high clinical relevance the
grading systems of Thompson et al., (1990) and Bbas., (2002), in contrast , have more
academic than clinical value since both systemsncdrbe applied on patients. However,
both of them are based on detailed morphologicaliss, allow an in depth evaluation of
the disc and are therefore valuable tools to gdistledegeneration in vitro.
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Figure 1.42. Algorithm for the grading system and the assessment of the lumbar
disc degeneration grade. Reconstruction from Pfirmat al., (2002).
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Grade 1
Grade 2
Grade 3
Grade 4
Grade 5
% el 4
Anatomical MRI

Figure 1.43. Anatomical and MRI grading scale fasaddegeneration. A low scoring
indicates low degeneration such as a healthy di&sronstruction from Thompson et
al., (1990).
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V. Biomechanichal studies involving spinal lumbar unis

As the basis of disc degeneration has been presénteclear that degeneration changes
the biomechanical behavior of the intervertebrat@ind also that of its major components:
nucleus, annulus and endplate. Therefore, the lmbamecal study of the disc and its
components in wide range of anatomical stages rislevant approach to quantify any
change in their properties. The results have foaplication in the medical sciences in
both the clinical and the research fields for threispective interpretations, e.g. in the
treatments of back pain and related diseases, calirgrocedures or in the design of
medical devices or implants. Such assessmentsreesfuidies done firstly to spinal lumbar
units consisting of vertebra-disc-vertebra, then individual disc components with
localized dissection. It is important to distinguie behavior of the disc as a structure
from the behavior of its components alone. Wherdaeting testing the former approach
gives an overall behavior of the disc as a solgctire, while a more detailed explanation
of the internal behavior of the disc components lsarobtained with the latter approach.
Thus, in the following the biomechanical studiewoiving spinal lumbar units are
presented.

a. Load-deflection testing: stiffness characterization

Compression testing has been the most used logdmgcol for studying the intervertebral
disc mechanics. Typically, the disc is put intaading frame where forces or stresses are
applied, and the elongation or strain responseseaded. The curve into which the load
(vertical axis) against the displacement (horizordaxis) is plotted is useful for
characterizing the mechanical behavior of the spegj see Figure 1.44.

Load (Force)

..... Lo

P
i Displacement

Load

Displacement

Figure 1.44. Typical load-displacement curve ofuanbar spinal unit subjected to
compression loading.

Early biomechanical studies of spinal lumbar uregsorted the load-deflection response of
the disc, and the hysteresis loop using a commessid cyclic loading protocols (Virgin,
1951; Hirsch 1955; Brown et al., 1957; Roaf 1960)ese studies proposed a viscoelastic
model of the disc based on the nonlinear stiffmekgionship, being flexible at low loads
and more stable at higher loads and also on ther@gss shown.

73



Chapter 1. Intervertebral disc degeneration

The decrease of hysteresis in subsequent loadisgelated primarily to the imbibition of
tissue fluid by the disc (Virgin, 1951), which lead further investigation first on
intradiscal pressure measurements and then onisgvphoperties of the disc (Nachemson,
1960).

The deformation and fracture of the spinal lumbat without the posterior elements under
axial compression loading were studied by Browalgt(1957); Roaf (1960) and Rolander
et al., (1975) they reported that the first eleraeiiat failed were the vertebrae due to
endplate fracture without failure of the disc. Tadure mode was characterized by isolated
fractures of one or both endplates adjacent talthe but without separation from the bone
and depended highly on the degree of bone ostesigoamd not on the degree of disc
degeneration. Thus, these studies also showedrshénkights of the clinical relevance of

mechanical testing of the disc and vertebra bytirglahe type of disc failure to the loading

condition.

In the axial loading condition, the disc tends tdge in the horizontal plane but without
any preferred direction, which implies that the demcy of the slipped disc at the
posterolateral site, as shown by the large numbetimical cases, is not inherent to the
disc structure, but to certain load conditions,eotthan pure compression (Brown et al.,
1957; Rolander et al., 1975; Panjabi et al., 19M)ams at al., (1996) used bending
moment in flexion to show how time-related factarght affect the risk of back injury.
Adams study reported the disc stiffness at diffedeading rates, and after sustaining
loading in bending and in compression. Rapid flaxinovements increase the stiffness
compared with slow movements. In contrast, repedtexion, or sustained flexion
movement reduced the stiffness. Compressive cosgping also reduced the disc stiffness.
The changes of such movements suggest that, inthiéerisk of bending injury to the
lumbar discs and ligaments will depend not onlytlue loads applied to the spine, but also
on loading rate and loading history.

For much of the daily physiological activities thetervertebral disc is subject to
compression due to muscle activity. The nucleupgaus bears most of the compression
and develops the intradiscal pressure requiretatnlize (Nachemson, 1960; Tencer et al.,
1982; Kasra et al., 1992). However, the annulu®$bs is under tension and compression
depending on the physiological conditions. In ftexithe instantaneous axis of rotation is
perpendicular to the sagittal plane and passe®appately through the center of the disc.
Therefore, the back of the disc is subjected tsikerstresses and the front of the disc is
subjected to compressive stresses (Comin and1@@8). From the studies of Brown et al.,
(1957) it was showed that the disc protrusion tplaikce at the concave side of the column
bent where compressive stresses develop. The dpmzsiurs in extension where the front
is subjected to tensile stresses and the backbjecad to compressive stresses. In lateral
flexion the instantaneous axis of rotation is pedieular to the coronal plane and also
passes near the center of the disc. In axial ootgtiorsion) the tensile stresses appear at
45° to the plane of the disc. Thus, the study ef disc under flexion and torsion is of
particular interest, since as noted above, purepcession loads are not sufficient to cause
damage to the disc, requiring a complex combinatidoads to produce prolapse.
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The resistance of the disc to shearing was alsestigated by Markolf et al., (1974) and
Liu et al., (1975) using tangential loads to thdmate. The force and displacement of the
disc in the anterior-posterior and lateral direcsiovere insignificant to cause damage,
suggesting that failure of the disc due to pureashg is unlikely.

The load-deflection and resistance of spinal lumbaits to torsion loading were
investigated by Farfan (1970). It was reported thatposterior assembly of the vertebrae
bears 2/3 of the load, and the remaining load wesdaged by the disc. Also, when
removing the facet joints, the remaining disc shiwarge amounts of tears in the outer
periphery of the annulus as a result of the appbegues, suggesting that the intervertebral
disc alone is susceptible to shear. Adams etXH8X) also reported that torsion of spinal
lumbar units is resisted primarily by the apophygaat which is in compression and that
torsion seems unimportant in the etiology of disegeheration and prolapse when
considering complete unit vertebral functions. Untesion loads, larger discs and healthy
ones resist more than smaller and degeneratedessctively.

The disc flexibility, load-deflection and resistanesponse to flexion, extension, lateral
bending and axial rotation have been characternzddly (Brown et al., 1957; Panjabi et
al., 1976, 1984; Nachemson et al., 1979; Schultal.etl979; Adams et al., 1980, 1991,
1994, 1996; Goel et al., 1985; Miller et al., 1986&ugthon et al., 1999; Brown et al.,
2002; Patwardhan et al., 2003; Busscher et al.92@8ing off center loads applied
anteriorly, posteriorly and laterally throughoutstam load frames. These conditions
reproduce individual spine movement when bending/dodly, backwardly and laterally.
The angular deflection due to the applied load (mtnis recorded and gives the stiffness
of the spinal segment and disc, see Figure 1.4& ndyority of the studies aggress with the
nonlinear response of the disc in the healthy stdtieh becomes stiffer with increasing
degeneration and with age. Also, most of theseiesugsted the hypothesis if age, sex,
disc level and degeneration influence the mechaprogerties of the disc. They reported
that the mean behavior of the different motion segihclasses sometimes differs, but these
differences are seldom pronounced. Scatter in éiabor of individual motion segments
were pronounced, and very often overshadow ang déferences.

The axial stiffness of spinal lumbar motion segreeatd its relation to the applied loads,
age, degree of degeneration, bone mineral congeninetry of the motion segment and
degree of creep were investigated by Rostedt e{18198) and Koeller et al., (1986) using
impacts superimposed to a static load. They repateon linear stiffness which increases
with load, bone mineral content and with creep, thete was no significant influence by
degeneration and age. In other studies of thetstaldehavior of spinal motion segments
under physiological loading, Stokes et al., (2082) Gardner-Morse et al., (2004) obtain a
linear stiffness matrix expression as an equivasémicture consisting of a truss and a beam
with a rigid posterior offset (see Figure 1.46)d assess the linearity and hysteresis of the
motion segments under axial load and fluid envirenin
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In the study by Gardner-Morse et al., (2004) tlsting was to intact motion segments and
also with removal of the posterior elements andone an increase in stiffness with
increase load, linearity of the load-displacemeehdvior and reduced hysteresis with
advance degeneration. The observed fluid shiftsabeurred when specimens equilibrated
to changes in load were reported to be insufficiertause changes in the loss modulus of
the disc. With regard to the stiffness componethis,largest stiffness occurred along the
axial direction and underwent small changes betwetatt and altered motion segments,
and was attributed to the intervertebral disc agihiss element. For the rest of the stiffness
components (due to tangential displacements amatiootl displacements), they reported a
decreased in the stiffness with removal of the gromt elements, and were attributed to the
facets and ligaments which act as beams in thevalgmit structure, see Figure 1.46.
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Figure 1.45. Typical loading frame for bending axal rotation (torsion) of lumbar
motion segments and the nonlinear deflection ofitiververtebral disc. Adaptation

from Gay et al., (2008).

Time dependence is a common feature of biologisalies (Fung, 1967). Also, soft tissues
are highly anisotropic, and therefore their mectanproperties have to be measure in the
three directions. A versatile testing procedurechiidan measure mechanical properties in
various positions and directions is the indentatiest. Such technique has found
applications where demand of regional characteomas needed. For example, the effects
of degeneration on the elastic modulus of lumbtarwertebral discs were investigated by
Umehara et al., (1996) using indentation testsath discs and polyurethane specimens to
establish the relationship between the local easthdulus and indentation properties for
the latter and used it for the disc. The study rgubthat the elastic moduli in discs with
slight degeneration were symmetric about the mittshglane while discs with severe
degeneration showed irregular distributions oftedanoduli. Also, the values of the elastic
modulus in degenerated discs were relatively higinermore various than those in slightly
degenerated discs.
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Figure 1.46. Representation of lumbar motion sedgnwififness using a structure
consisting of a shear beam with rigid offsets anttugs. Adaptation from Gardner-
Morse et al., (2004).

For a complete review of the load-deflection stadd@ spinal lumbar units, see the
summary in Tables 1.3 and 1.4.

Table 1.3. Literature summary of the load-deflattiesponse of spinal unit functions
to loading conditions in compression and tangerhlear) loading.

Study Disc stiffness Applied load
(N/mm) (N)

Compression loading

Virgin, 1951 2500 4500
Hirsh and Nachemson, 1954 700 1000
Brown et al., 1957 2300 5300
Schultz et al., 1973 1500 1000
Rolander, 1975 3000 5000
Schultz et al., 1979 800 400
Keller et al., 1987 247 253
Rostedt et al., 1998 810 500
Brown et al., 2002 400 200
Stokes et al., 2002 510 500
Gardner-Morse et al., 2004 2420 850

Transverse loading

Markolf, 1970 260 150
Schultz et al., 1973 685 1000
Liu et al., 1975 300 450
Weis, 1975 830 950
Schultz et al., 1979 1000 980
Miller et al., 1986 115 150
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Table 1.4. Literature summary of the load-deflattiesponse of spinal unit functions

to loading conditions in flexion, bending and axialation (torsion).

Study Disc stiffness Applied load
(N-m/degree) (N-m)
Flexion-Extension loading
Schultz et al., 1973 4.50 20
Panjabi and White, 1978 0.8-2 10
Schultz et al., 1979 1.92-355 10.6
Nachemson et al., 1979 2.03-3.53 10
Adams et al., 1980 1.34 10.7
Adams et al., 1996 7.3 80
Miller et al., 1986 5.51-7.60 70
Brown et al., 2002 2 20
Patwardhan et al., 2003 1.33 8
Gardner-Morse et al., 2004 2.04 10
Busscher et al., 2009 0.8 4
Van der Veen et al., 2010 0.8 5
Lateral bending loading
Schultz et al., 1973 2.80 20
Panjabi and White, 1978 0.90 10
Schultz et al., 1979 2 10.6
Miller et al., 1986 4.35 60
Gardner-Morse et al., 2004 1.29 10
Busscher et al., 2009 0.5 4
Van der Veen et al., 2010 0.6 5
Axial rotation (Torsion) loading
Farfan, 1970 2 31
Schultz et al., 1973 4.50 30
Panjabi and White, 1978 2.22 10
Schultz et al., 1979 7.07 10.6
Nachemson et al., 1979 8.48 10
Adams et al., 1981 1.44 7.4
Miller et al., 1986 10.9 70
Haughton et al., 1999 7 6.6
Gardner-Morse et al., 2004 2.10 10
Busscher et al., 2009 2.5 4
Van der Veen et al., 2010 1.6 5
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b. Creep and stress relaxation testing

A material exhibits viscoelastic behavior when theiechanical properties are time
dependent, such as soft tissues (Fung, 1967). ¥amnm@e, if the trials of the previous

sections were carried out at different speeds, ing that the stiffness values change. In
particular, show an increase in the stiffness witliease loading rate. Another example of
viscoelastic behavior of the spine is the fact efréasing height of people (around 1%)
throughout the day (Tyrell et al., 1985; Krag et 4090).

The viscoelastic behavior of the intervertebratdssattributable to the viscoelastic nature
of the collagen fibers of the annulus fibrosus, #ralflow of internal fluid of the nucleus
pulposus through the annulus (Virgin et al., 193itsh and Nachemson 1954; Yorra 1956;
Markolf and Morris 1974; Kazarian 1975). The inenebral disc has three typical
viscoelastic propertiegreep stress relaxatiormndhysteresisThecreepis the tendency of

a solid material to slowly move or defornd’ ‘permanently under the influence of stresses
“o”. It occurs as a result of long exposure to lewdlstress that are below the vyield
strength. The rate of deformation in creep is afion of the material properties, exposure
time, applied load and exposure temperature. Irtirasty the relieve of stress under
constant straire is called stress relaxation Such phenomena occur in soft biological
tissues, such the intervertebral disc (Dehoff, 1948 1978) where the decay of stress
tends to be nonlinear, see Figure 1.47.

i A

N [nput I Output N [nput I Output

Creep Stress relaxation

Figure 1.47. Typical set-up for a creep test (leftyl a stress relaxation test (right) to a
lumbar motion segment without the posterior elesient

The creep and stress relaxation characteristispiafl lumbar units and their relation with
disc degeneration using analytical and computatioraaels were first studied by Kazarian
et al., (1975); Burns, Kaleps and Kazarian, (198884) and reported a decrease in the
viscoelastic effects in discs with advanced degaimar. For healthy discs, the total strain
was minor and occurred at a longer period of tinmlying a loss of ability to mitigate
shocks and to distribute the load evenly acrosetiplates.
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Most studies dealing with the creep and stresgaétan responses of complete lumbar unit
functions parameterized the testing data usingydoal models. Initially, these models

were viscoelastic, where the elastic part corredpdnto the stiffness of the posterior
elements of the unit function and the viscous paats related to the softer disc. The
mechanical model that described both behaviorsagoed springs for the elastic part and a
dashpot for the viscous part, see Figure 1.48.

E1=viscous

Figure 1.48. An example of a viscoelastic paraioetnodel applied to a complete
lumbar spinal function. The spring [Eesists elastic deformation, a dashpg) which
resists fluid flow, and a second spring \&hich resists deformation of the “drained”
structure. Adaptation from Pollintine et al., (2010

Another approach for parameterize the testing dat® take into account the flow of

internal fluid in the disc from the loading stagetthe unloading. This involves intradiscal
pressure studies, soil, porosity and permeabibtynilations that makes the treatment of
the disc as a bi-phasic structure. Currently, smduels involve also poroviscoelasticity
and could include non constant permeability andaignpressure, see Figure 1.49.

Permeability

Tutradiscal pressure
B

Endplate

- Nucleus m Annuius H Cancellous bone - Cortical borre B0

Figure 1.49. An example of a poroelastic finite nedmt structural model of the
intervertebral disc. Taken from Ferguson et alQ42).

For a review of the viscoelasticity studies of gpimotion segments using a parameterize
Kelvin solid model, see the summary in Table 1.5.
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Table 1.5. Literature summary for the viscoelag@grameters (Young's moduli and

viscosity coefficient) using the Kelvin solid model

Study

Viscoelastic parameters

Loading conditions

Kazarian, 1975

Normal discs

El =3 Mpa

E2 =5.5 Mpa

p = 150 Gpa-s

Degenerated discs

E1=7.5 Mpa

E2=12.2 Mpa

i = 90 Gpa-s

Creep. Load applied 200 N,
initial strain 5 %
5 hours.

Burns et al., 1984

Normal discs

E1l =2.95 Mpa

E2 =4.93 Mpa

p =201 Gpa-s

Degenerated discs

E1l =8.97 Mpa

E2=11.21 Mpa

p =127 Gpa-s

Creep. Load applied 180 N,
initial strain 5 % for 8 hours.

Keller et al., 1987

Normal discs

E1l =7.04 Mpa

E2 = 1.55 Mpa

p =8.29 Gpa-s

Degenerated discs

E1l =6.30 Mpa

E2 =2 Mpa

p =6 Gpa-s

Creep. Load applied 253 N,
initial strain 15% for 32 minutes|.

Li et al., 1995

Normal discs

E1l =9.25 Mpa

E2 = 6.35 Mpa

p =27.4 Gpa-s

Degenerated discs

E1=6.63 Mpa

E2 = 4.29 Mpa

p =15 Gpa-s

Creep. Load applied 450 N,
initial strain 10% for 1 hour.

Pollintine et al., 2010

Normal discs

E1=4.57 Mpa

E2 = 10.43 Mpa

p =45.1Gpa-s

Degenerated discs

E1=4.98 Mpa

E2 = 7.08 Mpa

p =30.2 Gpa-s

Creep. Load applied 1150 N,
initial strain 2.5% for 2 hours.

81



Chapter 1. Intervertebral disc degeneration

c. Dynamic testing: fatigue, hysteresis and dynamic aalysis

The intervertebral disc capacity to regeneratedreaad is limited, therefore the study of the
fatigue behavior is relevant. The typical testirfgfatigue consists of applying dynamic
compression and establishing the number of cydias the disc can sustain before any

cracks or tears appear, see Figure 1.50.
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Figure 1.50. Cyclic compression load signal typligalised to test a spine motion
segment. Adaptation from Crisco et al., (2007).

Brown et al., (1957) conducted fatigue testing @tsl using pure cyclic compression and
a combine load of axial compression with an ovedgglic flexion. They reported a low
resistance of the disc (200 cycles) against a coentdynamic loading. The initial signs of
disc failure were formations of small cracks, a thosterior annulus, which eventually
grew to larger ones. Additionally, the use of a boma cyclic loading, such as compression
with bending or torsion is relevant for addressapgdemiologic studies on work habits,
especially when heavy physical demand is involvehsas construction, mining and
farming. Studies have shown that jobs involvingnhgigant lifting (National Institute for
Occupational Safety and Health, 1997) or frequesnding (Marras et al., 1993) are
associated with increased low back disorders f$tus, most fatigue testing on spinal
motion segments is done with dynamic combine lgadin

Adams and Hutton (1985) used a dynamic loadingpmpression with flexion in 52 spinal
motion segments from a wide range of ages. Faofi®0% of the discs occur fast with
formation of annular tears (in the juvenile diskcdlowed by fracture of the endplate or the
vertebra. Subsequent studies by Hannson et aB7jl&nhd Kasra et al., (1992) in lumbar
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spinal units also showed that the nodes of Schmdrcture were predominantly
associated with motion segments with normal discg] the central endplate fracture
occurred in segments with moderately degeneratecsdMore recently Gallagher et al.,
(2005, 2007) tested lumbar motion segments fronerBldand juvenile spines to cyclic
torsion and flexion and compare their fatigue ldad also evaluate the influence of bone
mineral content on cycles to failure. It was repdrthat the most common failure in elderly
lumbar motion segments were a combination of enepfailure, disc disruption and
vertebral body fracture. In juvenile lumbar motsggments the main failure was endplate
fracture and occurred in 2/3 of the discs. Thusygared with the older motion segments,
the middle-aged motion segments exhibited incredatgue life, which they associated
with the increased bone mineral content in youngetion segments. Increasing bone
mineral content had a protective influence withheadditional gram increasing survival
times.

Hyteresis is a dissipation of energy from deforomatiit happens when the spinal motion
segment is submitted to continuous cycles of lggadamd unloading. The resulting
nonlinear load-displacement curve, which has eeléwgsteresis loop, gives the tendency of
the disc to dissipate energy. This phenomenon sosben a person jumps; the energy of
the impact is absorbed in its transmission fromttoead by the discs and the vertebrae
due to hysteresis. Thus, this phenomenon sugggststective nature of this mechanism
(Comin et al., 1998).

Early studies on the phenomenon of hysteresis mb&ar motion segments and

intervertebral discs corresponded to Virgin (19918. used compression load and carried
out cyclic and creep testing to spinal motion segeThe study reported that hysteresis
varied with load application, with age of the discsl with lumbar level. For larger loads

or faster rates of application the hysteresis wasemevident, being also greater in younger
discs. In lower lumbar discs the hysteresis was @sre relevant than the rest of the spine
levels. He suggested that the recovery of the diser deformation depended upon the
imbibition of tissue fluid by the disc and by thenmroval of the deforming force, and that

complete recovery of the disc depended on the iduraf the force.

Kazarian (1975) reported that the creep recovety decreased as time increased. In
general, the relative amount of recovery and hgsierwas found to be greater after a short
creep test than after a long one. He also showadthie hysteresis response of the disc
between successive tests differs from that wherdibe is allowed to recover before the
next load is applied. In successive tests the cmtinuously dissipates energy, indicating
that the mechanical efficiency of the disc incrsagéth used. While for testing with a
recovery period, the energy loss was less duriegutiloading phase, suggesting also an
influence of fluid redistribution within the disén another biomechanical study of the
intervertebral disc subjected to dynamic compresKioeller et al., (1986) emphasized that
a multiple regional assessment of water conterdchHa@mical composition, structural
changes of the collagen fibers, the proteoglycand,the fibrilar framework was necessary
to better address the influence of age and degeémeran the viscoelastic state and
hysteresis response of intervertebral discs sudgetd dynamic compression. On a
posterior study of fatigue strength of intervertdldiscs by Hansson et al., (1987) they
showed that the hysteresis loops at equilibrium fafdre were more marked in motion
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segments with degenerated discs than with nornsalsdtorroborating with the previous
studies. The relevance of the posterior elementpimfal motion segments with regard to
the biomechanics of jumping and twisting was adskdsby Asano et al., (1992). They
used cyclic compression and torsion loading to mmeas the hysteresis and stiffness
response of lumbar spinal units with and withow plosterior elements and reported that
the posterior elements contributed around 30% mpression and around 55% in torsion
of the total hysteresis of the intact motion segmkngeneral, it has been reported that the
proportion of energy dissipated in hysteresis vgeloat increased loading rates and that it
increase with decreasing loading rates (Race,e2@00). More recently Costi et al., (2008)
study the frequency-dependent behavior of the wvetézbral disc in response to dynamic
loading done in the three translations and threatioms (six degrees of freedom) using
frequencies below 1 Hz. They suggest that the dsgoé freedom (compression, lateral
bending, flexion and extension) should have larg@g@lastic (fluid flow) effects, and that
the degrees of freedom (anterior/posterior/latshedar and axial rotation) should exhibit
primarily intrinsic (solid phase) viscoelastic belwe. Their report showed that the time-
dependent energy storage and energy absorptiohebyntervertebral discs results from
both flow-dependent solid-fluid interactions (pdesticity) and intrinsic (solid phase)
viscoelasticity. As with previous studies, thefatiks increase and phase angle decrease
with frequency, and these differences were grdatedeformation modes in which fluid
flow effects were thought to be greater.

Other parameters that can be obtained with dyn&maiding to the disc are the dynamic
stiffness and the dynamic modulus given by theagferand loss moduli. In dynamic
loading, the viscoelastic behavior of the disc ¢@n described in terms of its elastic
component given by the storage modulus, and byistsous component given by the loss
modulus. The phase lag between stress and strdithwgives an indication of the

tendency of a material to dissipate energy, is usedetermine the dynamic modulus.
Several studies investigating the disc responseyttic loading, mostly in compression

reported varying results. Hannson et al., (198Tjetated the segment stiffness with disc
degeneration, age and segment bone mineral colardrian at al., (1975); Koeller et al.,
(1984); Race et al., (2000); and Costi et al., 806oncluded that intervertebral disc
compressive mechanical properties under dynamuingaare significantly dependent on
loading rate and hydration. For a review of thed&s involving dynamic compression

testing to spinal motion segments see Table 1.6.
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Table 1.6. Literature summary for the dynamic pasters (Dynamic modulus,
dynamic stiffness and Hysteresis) using a sinusadae front.

Study

Dynamic stiffness

Loading conditions

(N)

(N/mm)
Koeller et al., (1984) 1800 450
Kasra et al., (1992) 1500 300
Li et al., (1995) 2400 450
Brown et al., (2002) 300 200
lzambert et al., (2003) 250 400
Costi et al., (2008) 5141 1285

Dynamic modulus

Stress conditions

Study
(MPa) (MPa)
Koeller et al., (1984) 22 0.8
Hansson et al., (1987) 25 1.5
Ohshima et al., (1989) 25 1.5
Li et al., (1995) 15 0.4
Holmes et al.,(1996) 20 1.3
Race et al., (2000) 16 0.8
Costi et al., (2008) 34 0.9
Study Hysteresis Loading conditions
(Joules) (N)
Virgin (1951) 0.50 1100
Kazarian (1975) 0.25 900
Koeller et al., (1986) 0.25 950
Hansson et al., (1987) 0.63 2000
Asano et al., (1992) 0.15 1000
Li et al., (1995) 0.11 450
Race et al., (2000) 0.16 450
Brown et al., (2002) 0.10 100
Costi et al., (2008) 0.55 2000
Gay et al., (2008) 0.50 1500
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Constitutive models of the intervertebral disc

a. Viscoelasticity models

The prominence of viscoelastic behavior in theriwggebral joint, as suggested by the
biomechanical studies of Virgin (1951), Hirsch aNdchemson (1954), Markolf and

Morris (1974), Kazarian (1975) and others, prompgealytical modeling efforts by

Kazarian and Kaleps (1979), Burns and Kaleps (12884) and Sanjeevi (1982). In the
latter study by Burns and Kaleps, they recognizasgicoelastic characteristics in

compressive deformation-time data reported and @yepl a Kelvin body model with two,

three and four parameters (springs and dampersy Beries-parallel arrangement to
simulate the creep behavior of the disc under cesgion. In this theoretical model
consisting of ideal elements, the linear springh wiiffness Krepresent the elastic part and
the shock absorbers withvascosityu represent the viscous behavior, see Figure 1.51.

K, K, K, K,
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Figure 1.51. Kelvin solid model with (a) two parasre (b) three parameter, and (c)
four parameter used to study the viscoelastic &ffet (d) the lumbar spinal unit and
(e) the intervertebral disc (Burn and Kaleps, 1984)

The mechanical properties (Young's moduli and \s#yocoefficients) associated with the
Kelvin solid model (see Figure 1.48) were also abtarized using a classification of
experimental creep curves in which features of diegeneration (Schmorl's nodes,
cleavage fractures, Scheuermann’s disease) weza tato account, see Table 1.4.
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The in vitro creep behavior of lumbar motion segtaesubjected to static axial
compressive and dynamic loading can be found irstihdies by Keller et al. (1987) and Li
et al. (1995). In the former study they used thdvikelinear viscoelastic model and
reported the compressive material constants (maahdi viscosity coefficients) for each
disc using a linearization method based on a Tasdoes expansion of experimental data,
see Table 1.4. The motion segments from older aoiek rdegenerated lumbar discs were
less stable and had lower material constants tlgments from younger and less
degenerated discs. No correlation between the arbapacteristics and disc height, disc
area, segment level, or sex was reported. In ttterlatudy they investigate the disc
properties related to stress relaxation, dynamiduhus, and hysteresis and reported that
the parameters of the Kelvin solid model were ieflced by the disc level and degree of
degeneration in lumbar discs. The time of relaxatidynamic stiffness and dynamic
modulus decreased with increasing disc degeneratidnmbar discs, indicating that the
equilibrium state will be reached faster in lumdecs with moderate-severe degeneration
as compared to mildly degenerated discs. The Iserkalisc degeneration reduced the
value of the dynamic modulus in lumbar discs bytaug0% (Li et al., 1995). With regard
to hysteresis, they reported a correlation witlc dlegeneration but not with frequencies
(range tested between 0.01 and 1 Hz).

Burns, Kaleps and Kazarian (1984) reported thatwleeparameter-solid model gave poor
prediction of the observed compressive creep behawf normal spinal segments;
although, it may be a reasonable model for simngatireep characteristics of diseased
spinal segments, such as degenerated discs. Also,Young's moduli and viscosity
coefficient resulting from the three-parametergahodel analysis were optimum, while
prediction of the observed strain-time behavior idately following initial loading were
best achieved using the four-parameter-solid mdsietilar results were obtained by Li et
al., (1995); Holmes et al., (1996); and Rostedalet(1998) indicating that the standard
linear solid model was able to qualitatively simealahe effects of disc level and
degeneration on the ability of an intervertebracdio resist both prolonged loading and
low-frequency vibration. However, the model undémested the stress relaxation,
dynamic modulus and hysteresis of lumbar discsestdgl to low-frequency vibration.
Moreover, the strength of the model predictionse@ses with increasing frequency.

Recently, van der Veen et al., (2008) quantified separate contributions of vertebral
bodies and intervertebral discs to creep of a lunspaal segment in compression. They
showed that the endplate contributes significatttlthe creep of a single vertebra and that
the vertebral body contributes to the creep ofgamsmt. Creep deformation of a complete
motion segment is thus determined by the behavitmeobone, the endplates, the annulus
and the nucleus. Each part has a separate time. staep of bone is present during the
early creep phase; however, it is small comparedréep of the endplate. Creep of the
endplate was substantial during the early creegehad finally creep of the soft tissue of
nucleus and annulus dominates the late creep phase.
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Stress relaxation is common feature in viscoeldgtithe decay of stress with time is a
measure of the disc ability to mitigate loads. Rgstacopulos et al., (1987) conducted
experimental tests to establish the viscoelassparse of the disc and in particular the
relaxation response of the nucleus and annulusagUiie testing data they suggest a
phenomenological model of the disc that consideeswater content of both the annulus
and the lamellae. A master relaxation curve wapgsed, and they found that the short
term master curve for the lamellae of the annuhdsthe nucleus were similar, whereas the
long term rubbery plateau is different between ldraellae and the nucleus. Also they
reported sensitivity between changes in water cdnia the disc tissues and the
corresponding time domain in the relaxation cuiiiee relaxation modulus of the disc was
reported by averaging the properties between thelas and the nucleus. The model was
then used for studies of Schmorl’'s nodes of deggedrdiscs and for circumstances in
which hydration is important.

Holmes et al., (1996) used compression loadingtestigate the load-relaxation response
of lumbar motion segments and the ability of thecdb dissipate energy. Using a Kelvin
model with four parameters, and Fourier transforomat of the load-relaxation curves they
showed a gradual increased in the storage moduldsaagradual decrease in the loss
modulus for frequencies in the range of 0.1 Hz houa 5 Hz suggesting that at these
frequencies the lumbar spine cannot function asoaksabsorber in pure compression, and
its most likely that a bending load (mainly in flew) is associated with disc dissipation at
these frequencies. However, no study of load rélexaising flexion was reported.

The effects of frozen storage on the creep andssstrelaxation behavior of human
intervertebral discs has been investigated in #wt (Galante, 1967) and more recently by
Dhillon et al., (2001) in both studies they repdrte significant effect of freezing on the
elastic or creep response of the discs. Dhillomlat(2001) suggest that freezing for a
reasonable time with good packaging may producdleswdifects, but these potential
artifacts do not appear to alter the discs timesddpnt behavior in any consequential way.
However, the degree of pre-existing degeneratiod ha significant effect on the
compressive creep response, with the more degededadcs appearing more permeable,
according to the fluid transport model used to peaterize the creep data.

Thus, from the previous studies it is generallyepted that the Kelvin solid viscoelastic
model is particularly suited to describing statieep behavior. However, in the general
case of axial and dynamic loading, these modelschvldre based on loading rates
variations cannot explain or account for the irtBoams of the other experimentally

demonstrated intervertebral disc phenomena: theetastic flow of water that has been
observed in association with creep in the disc (irat al., 1985; latridis, 1996; Race at
al.,, 2000) and the considerable swelling presshat the nucleus has been shown to
generate (Nachemson, 1960). Thus, the use of @ fitansport model with a validation

phase is suggested by the above studies.
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b. Fiber-reinforced, incompressible fluid and strain energy models

One of the first studies of disc modeling charazeést the disc in relation to the basic
behavioral equations of its elements. Broberg et @980) modeled the disc with
cylindrical symmetry, a nucleus pulposus consis@noincompressible fluid, and 11 layers
in the annulus with inclined fibers alternatelyesEigure 1.52. With this model, the
behavior under axial compression load was studegahrted values of intradiscal pressure,
fibre strains and disc protrusion were adjustedh® experimental values and a good
approximation was obtained. However, the absendayef interconnectivity in the model
limited its use to compression loading, and furtbeometrical modifications to the disc
shape, annulus structure and endplate curvature adeed to analyze the general case of
loading such as bending in combination with torgBroberg, 1983).
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the incompressibe fluid)
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Figure 1.52. Theoretical and physical model of thiervertebral disc developed by
Broberg and Von Essen, (1980).

To take into account the annulus fibrosus beha@anathematical description is required,
yet is particularly difficult to achieve due todige nonlinearity and anisotropy. To facilitate
disc model development, the tissue is generallyeeitepresented as a composite with
discreet collagen fibers embedded in an isotrog@trisnor as an orthotropic continuum.

Examples of the first representation include thiekll pressure vessel theory applied to
develop a model for the structure of the annulo8us and the function and failure of the
intervertebral disc (Hickey and Hukins, 1980). Thedel explains the observed function

and failure of the disc in compression, torsiorg Aending; the model was based upon the
observed arrangement of collagenous fibers in timeillas which were considered to have

the same mechanical properties as tendon; thustthss required to produced a given
deformation and which irreversibly damage the fberas predicted. The annulus was
treated as isotropic material and the nucleus statsiof an incompressible fluid, see

Figure 1.53.
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Fiber composite strain energy theory has been tesewbdel the disc mechanics (Wu and
Yao, 1976; Klisch and Lotz, 1999) and the membridwe®ry (McNally et al., 1995). The
former theory gives a model which is suitable fbef stress analysis in axial compression,
such as for strips of annulus under tension. Indtter theory, the disc model is treated as
an axially symmetric structure comprising a fluilletl centre, retained by a thin, doubly
curved, fiber reinforced membrane under tensikesstr

axis of the spine c Am)_“ﬂ,!
l ‘ompression

Nuclens
Pressue P

Hoop Saress O},

i
Axial Stress o-.'

(@) (b)

Figure 1.53. (a) Arrangement of consecutive laneeti&the annulus fibrosus. (b) Stress
directions according to the theory of pressure gkssExtraction from Hickey and
Hukins, (1980).

In the strain energy theory, a strain energy funcis develop to represent the different
interactions of the disc tissues (Wagner et al042@undiah et al., 2007). Fiber-reinforce
strain energy models incorporate annulus fibrosusrastructure as a homogenous
continuum, where fibers are represented as dirtianit tensors (Wu and Yao, 1976;
Klisch and Lotz, 1999). Thus, fiber-reinforce enengodels have provided insights into the
structure-function relationships of the tissue .(egyaluating the role of fiber-matrix
interactions, fiber-fiber interactions and crodstin One advantage of these models is they
do not required input of the currently unknown @ed fiber and matrix properties and
volume fraction. Some limitations of these modaldude many invariant terms which can
be combined into a large number of permissible ggnéunctions. Therefore, knowledge
and a good selection of the more important invasiaand the appropriate energy
formulations are needed to judge the wide rangemoflel descriptions. Additional
limitations include difficulties in uniquely deteming the material properties and
interpreting the physical significance of the matladcal expression. These limitations in
energy models suggest the need for additional atialu of annulus fibrosus tissue
mechanics.

The example of the fiber-reinforce model of thecdiy Wagner et al., (2004) used a strain

energy function with separate terms to represennthtrix, the fibers, and the interactions
between the disc constituents, and applied toleeasid compressive stress-strain data of
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the annulus in the circumferential, radial and ltmjnal direction. Thus, giving a
comprehensive formulation for the multiaxial anmudéastic behavior and for elucidating
structure-function relationships of the annulusrdgdus, as its physical properties are
critical to the intervertebral disc’s biomechanifiaiction.

An example of a model of the disc using the membi@rd strain energy theory is given in
Figure 1.54. The annulus fibrosus consisted of tamellae reinforced by oppositely
oriented collagen fibers that were free to folloaths defined by the cross-ply tyre model,
which represents a plane stress state, see Figbde The behavior of the disc under
compression was also studied using this modelutation of the membrane surface shape,
fiber path and angle, fiber loads, volume of dmegd area of annulus were in reasonable
agreement with published experimental studies.

|
|

Equatorial

_______ -7 plane

{b) ™,

Ny
cross-ply
tyre model

Figure 1.54. (a) Schematic diagram of the coordgnsystem used in the mathematical
model by McNally at al.,, (1995) using membrane thedb) Schematic diagram
showing definitions of fiber angfeand the two membrane stress resultanjsaNd N.

Another approach to model the intervertebral disc the homogenization theory

(Bensoussan et al., 1978; Sanchez Palencia and, ZE287; Jones, 1999). This theory
describes the effect of microstructure on macroscoyterial properties by assuming the
material is composed of repeating representatidanve elements. An example of this

theory can be found in the study by Yin et al.,020 A homogenization model of the

annulus fibrosus for prediction in plane single andlti-lamellae annulus properties:

tensile moduli in the longitudinal and circumferahtdirections and the shear modulus
were developed. The predictions of the model wersistent with measure values, and the
parametric analysis showed strong relationship éetwmatrix modulus and tensile

module, which in turn suggest the contributionha tnatrix in annulus load support, which
may play a role when proteolysis are decreasediso degeneration, and also be an
important design factor in tissue engineering.
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c. Constitutive models of fluid transport. pore pressue,
poroelasticity, poroviscoelasticity

In the last two decades, there has been an inogeagerest in modeling soft tissues, such
as the intervertebral disc, as saturated porousamneldere pore fluid moves through the
voids until equilibrium state is attained underiaeg applied load. These kinds of models
are referred as poroelastic formulation and take account the flow of internal fluid in the
disc. The poroelasticity theory was proposed byt Bi®41), later refined by Rice and
Cleary (1976), as a theoretical extension of saoihsolidation models developed to
calculate the settlement of structures placed oil-Baturated porous soils. It is a theory
that models the influence of solid deformation dundf flow (and vice versa). A load
applied to a block of fluid-saturated porous etastaterial will be carried partly by the
solid and partly by the fluid. As the fluid is f@d from the pores, the solid material will
carry an increasing portion of the load. The metsrbehavior is, therefore, governed
both by the elastic deformation of the solid anel flow of fluid in the pores. In essence,
poroelasticity replaces de biphasic fluid-saturagelid with a single-phase material whose
behavior matches that of the two phases actingmeart (Goulet et al., 2008).

A number of linear poroelastic model studies of théervertebral disc have been
performed (Laible et al., 1993; Simon et al., 1985a In these early studies, the disc
annulus was simplified as being isotropic. Howewwmnposite theory has been used to
address appropriately the complex structure ofatteulus fibrosus morphology (Argoubi
and Shirazi, 1996) and quantify the elastic, osmaind viscous contributions of the
annulus fibrosus to the overall behavior of thennertebral disc (Huyghe et al., 2003), see
Figure 1.55. Also, poroelastic formulation has based to study the coupling of bone fluid
flow and mechanical deformation of the trabeculaewin, 1999; Goulet et al., 2008) and
cartilage modeling (Shirazi et al., 2000).
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Figure 1.55. Intervertebral disc and cancellous bomesh modeled as poroelastic
material taken from Simon study (left) and Shisdady (right).
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The creep response of the intervertebral disc Isasbeen studied using poroelastic models
(Rostedt et al.,, 1998; Palmer et al., 2004). UsinBurger fluid model they related the
creep response with the non linear stiffness otuhar motion segments and reported an
increase in stiffness with creep. Additionally, theharacterized the in-vitro compressive
creep properties of normal and degenerated distcy ws fluid-transport model, and
reported that degenerated discs became less siiff ceept more. The model results
suggested that the increased creep response wasyngizie to a diminished strain-
dependent nuclear swelling pressure. They notddhkacalculated tissue properties varied
with the applied load magnitude and rate for bathmal and degenerated discs.

In the foregoing analytical models an understandihghe principles of disc mechanics
was given by simplifying the geometry and modeling disc as a complete structure with
a few boundary conditions and assumptions. Howernenstances where the geometry of
the disc is important, then numerical models, sashthe finite element is a better
alternative. Here the disc is modeled as a summatib many simple units and

consequently many boundary parameters and assuraptiot can have highly complex
and realistic geometry, for this matter some of tbkevant finite element studies with
lumbar motion segments are presented next.

Finite element simulation of intervertebral disc dgeneration

In this section the simulation response of loadipmal motion segments with normal and
degenerated discs using the finite element metlk&M] is presented. Finite element
models generally have components representing afg¢he disc and the vertebrae, but the
exact way these are modeled varies widely betweedets. The nucleus pulposus is
normally modeled as an inviscid incompressible itig(Shirazi-Adl and Drouin, 1987).
The annulus fibrosus has been represented byr Jieksstic orthotropic elements (Spilker
et al., 1986); non-linear cable elements embedded ground matrix (Rao and Dumas,
1991); hyper-elastic bar elements in a ground mafNatali, 1991) and anisotropic
membranes in an isotropic, homogeneous matrix §3hk#&kdl, 1989). Similarly, the
properties of vertebral cortical and trabecular éodrave received a wide variety of
treatments. Fluid flow and porosity within the elamts have also been used in an attempt
to model the visco-elastic behavior of motion segmgSimon et al., 1985). All these
models are highly dependent upon their choice efrttaterial properties of the various
elements (Rao and Dumas, 1991) most of which habe estimations. Additionally, when
medical imaging techniques are not available, #tative sizes of the different areas of the
disc, fiber orientations, etc. are usually derifiemm morphological investigations of disc
structure based on sectioned, unloaded (Cassidy,€t989) and dehydrated (Marchand
and Ahmed, 1990) motion segments; the artifact®diced in this way undermine the
superficial anatomical accuracy of many models.

Most FE studies dealing with disc degenerationycamt a stress-strain analysis of the
intervertebral disc in response to applied exteloadls. The type and role of the loading
used in the simulation is a simplification from thee in reality. In vivo, the loading on a
disc is a complex combination of nonlinear disttibns that are applied statically or
cyclically, and clinically are associated with hgghysical work, lifting stationary work
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postures and vibrations, which lead to disc degsimer and are difficult to reproduce in
vitro. Thus, these loads are often simulated asiroog singularly and with a single cycle
and neglects complex loading conditions (Nataraggal., 2004). Initial models included
nonlinear and viscoelastic formulations which wiengher implemented and developed to
include poroelastic and poroviscoelastic formuladido better address disc functionality
e.g. intradiscal pressure and nutrient supply.

a. Studies with material and geometric nonlinearity: $hgle loading
simulation

When the stress of a tissue surpasses its strefagiime occurs. Therefore, in order to

understand the mechanism of disc failure, we mastkthe type, direction and magnitude

of the stresses generated in response to the ddphels, one at a time. In general, the
determination of the stress-strain state insiderntexvertebral disc is an arduous task that
has been treated by numerous studies involving enadkical models which includes the

finite element method.

Early finite element studies of stress analysihéalthy and degenerated discs included
models with axisymmetry, linear (Belytschko et &l974), and nonlinear with an
incompressible hydrostatic fluid (Kulak et al., 83.7Both studies used axial compressive
load and hypothesized a plane stress conditiorhénlaminae, and thus proposed an
orthotropic formulation for the annulus fibrosusgdsFigure 1.56. In the second study the
nucleus was formulated as incompressible. In battiss degeneration was simulated in
two ways: denucleation due to desiccation, andatddars in the annulus fibrosus. In the
former, the nucleus was modeled as a void whilentiaerial properties of the annulus
fibrosus were assumed to be unaltered. In the secase, the annulus was modeled with a
reduction of the effective elastic modulus in theef direction. Belytschko et al., (1974)
reported the effects of material properties andnggoy on the stress-distribution and
intradiscal pressures. They showed that: (1) anuate representation of the disc behavior
requires the inclusion of material anisotropy; (Raterial properties of the annulus
obtained by direct measurements underestimatetiffreess of the material; (3) reasonable
predictions of variations of disc stiffness withrtebral level can be made on the basis of
geometry; and (4) degenerative changes associatiedioas of elasticity had little effect on
the intradiscal pressure, while annular tears teisubduced pressure and are in agreement
with clinical observations. Additionally, the modey Kulak et al., (1976) predicted that
hoop or tangential stresses were dominant in lurdisms over thoracic discs and that the
change in the load-deflection curve produced byukarntears was not as drastic as that
produced by denucleation. Thus, the decrease oputed stiffness when the nucleus is
absent, lead to suggest that the nucleus playgrafisant role in carrying compressive
axial loads.

Parametric studies have been used to examine fhetsefof gross disc geometry and

material property parameters on the predicted respmf the disc: intradiscal pressure,

disc bulge, vertical deflection, etc. under compresloading (Spilker, 1980) and complex

loading (Spilker et al., 1984). If significant efteof parameters on disc response occurs,
then this can help to explain the wide scattempiteserved in raw experimental data.
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Figure 1.56. Two dimensional finite element mod#ldhe intervertebral disc (fine
mesh) and the vertebral bodies (coarse mesh) asguthe conditions of plane stress
and orthotropy for studying compressive loading) (mear model taken from
Belytschko et al., 1974, (b) nonlinear model takem Kulak et al., 1976.

Three-dimensional finite element models of the rigeebral joint for tested specimens
were developed to study the behavior of the intéebeal disc under direct shear (Liu et
al., 1975) and axial compressive load (Lin et B9.78). Both studies reported parametric
studies of the material properties of the annuilbs$us, and showed that in the lumbar
region, the Young's and Shear moduli decrease diyness a function of the degree of
degeneration of the disc.

Validation of a model require that the overall miatleconstants of the disc, which are
gained from experimental studies (Rolander, 1966ta@e, 1967; Markolf, 1972), be

recalculate optimally, by minimizing the error beem the experimental data and the
predicted response (deformations, forces, pressuarefrom the finite element analysis. A

large number of finite element studies include paats for optimization of deformations

(Belytschko et al., 1974; Liu et al., 1975; Linadt, 1978; Spilker, 1980), reactive forces
(Kulak et al., 1976) and intradiscal pressure (Yanhgl., 1983), see Figure 1.57.
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Figure 1.57. Flow diagram of the optimization tejue used by Li et al., (1978) to
yield material properties of the intervertebral clis

The detailed structure of the annulus fibrosus (@osite of collagenous fibers embedded
in a matrix of ground substance) was included 8Danonlinear finite element model of a

lumbar spinal segment to study the effects of teations of the intradiscal pressure, the
fiber angle and removal of the nucleus pulposugefgecase of disc degeneration) on the
behavior of the disc-vertebrae unit under compvesisiad (Shirazi-Adl et al., 1983, 1984),

see Figure 1.58. They showed that removal of tludens leads to: (1) reduction of the disc
stiffness; (2) an alteration in the pattern of sdreistribution in the vertebral body and in

the thickness of the annulus fibrosus; (3) an afi@n in the pattern of tensile strains in the
fibers; (4) an alteration in the pattern of the@ns bulge and the occurrence of maximum
bulge site. For a normal disc, continuing incremsthe disc stiffness was predicted with

decreasing fiber orientation. Their results showdjagreement with reported experimental
results, and noteworthy that modeling of the ansdibrosus as a composite material is
crucial in predicting axial stresses in the disciclhare consistent with measurements.
Their results indicate that under a compressivel,ldbe most vulnerable elements in a
normal disc are the cancellous bone and the eredplaheir predictions correlate with the

frequent occurrence of Schmorl’'s nodes in non-degegad discs. For the disc without

nucleus, their analysis predicts the bulk matesfathe annulus also to be susceptible to
failure. While the annulus fibers do not appeaneuhble to rupture under the compressive
load.
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Figure 1.58. Three-dimensional finite element med# the intervertebral disc for
studying compressive loading. (a) Assuming a hydtaspressure in the nucleus and
an orthotropic behavior in the annulus, taken frbm et al., (1978). (b) Assuming the
annulus as a composite, taken from Shirazi-Adl.e{983, 1984).

In a subsequent study with the lumbar segment mdeetloped by Shirazi-Adl et al.,
(1983), the posterior elements were added to thdeimand a nonlinear finite element
program developed was developed and implementedhforanalysis of loading in the
saggital plane, (Shirazi-Adl et al., 1986). Theeetf of the loss of intradiscal pressure in
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flexion and of facetectomy during extension (typicadisc degeneration) were examined
to verify their effects on the predicted responsthe model to stiffness, bulge, and stress-
strain distributions, see Figure 1.59.
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Figure 1.59. Three-dimensional finite element moadtkelthe intervertebral disc for
studying bending loading, taken from Shirazi-Adhlet(1986).
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They reported that the disc-vertebra segment shostifgning effects with increasing
loading, being stiffer in extension than in flexiofdlso, removal of the facets caused a
larger impact on stiffness decrease, than in lésstadiscal pressure. On the other hand,
loss of intradiscal pressure caused a larger impathe predicted bulge response, than that
in facetectomy. In flexion, a large intradiscal $sere was generated, while in extension
negative pressures (suctions) of low magnitude weeglicted. The stress distribution
results showed that the pathway of load transfanfthe upper vertebra to the lower one
through the posterior elements occurs in diffengatihs in flexion, and in extension. In
flexion, the ligaments are the means for such fesing extension, the load is transferred
through the pedicles, laminae and the articulacgsees. Large tensile strains: radially and
axially, occur at the anterior, and posterolatesiéé of the annulus under flexion and
extension, respectively. Loss of intradiscal pressuol flexion and facecetomy in extension
increased these strains, suggesting a cause fits &bemation between annulus layers,
which frequency of occurrence increases with agéheé annulus the maximum fiber strain
occur in flexion and was located posterolaterallyhe innermost layer. Their suggestions
indicate that large flexion moments in combinatmath other loads is a likely cause of disc
prolapse, which are commonly found at these pastircations.

In a posterior study of the mechanical respons¢éhefwhole lumbar spine in torsion,
Shirazi-Adl (1994) used a three-dimensional fingeement model (L1-S1) and also
reported stiffening effects at increasing loads, Bgure 1.60. Axial rotation caused couple
movements, mainly in transversal direction andifiexotation. Structural alteration in the
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form of facetectomy or loss of nucleus fluid in ambar level decreased the torsion
stiffness, increased the maximum fibre strain anarss in the capsular ligaments for the
remaining levels, which were severely impairedtha former.

Figure 1.60. A three-dimensional finite element elaf the ligamentous lumbar spine
based on a CT scan and showing intervertebral digagments and beam elements
connecting rigid bodies, taken from Shirazi-Adakt (1994).

The decrease of intradiscal pressure is known todmmected with the aging of the disc
(Kanematsu, 1970), eventually leading to the Idstssdydrostatic properties (Nachemson,
1960). Thus, another approach to study disc deggoerrwas one which consisted on
modeling the droop of intradiscal pressure (Kuraveskd Kubo, 1986). In this study, an
axial compressive load applied to a two dimensidirate element model showed the
influence of decreasing the intradiscal pressurehenmechanism of load transmission,
stress concentration and failure modes throughutinéar vertebral body, for healthy discs
and with degeneration. In the analyses, it wasmsduthat the degenerated disc model do
not represent the advanced stages of degenerased @iut the beginning of the
degeneration process when the nucleus still datsdifluid. Nonetheless, they reported a
common site for concentration of stresses, regssdté degeneration, and which occur
near the boundary between the cortical shell aacéimcellous bone. For healthy discs, the
largest stresses were located centrally in the latelp and with progress in disc
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degeneration (decreasing intradiscal pressure) theye to the peripheral parts of the
endplate and to the cortical wall. Their patterfissivess distribution suggest that load
transmission through the vertebral bodies also midge on the state of disc degeneration.
For healthy discs, it passes mainly through theeresf the vertebral body. When the disc
is degenerated, more loads are transmitted thréhmleortical wall. Based on their stress
distributions and load transfer pathways, they ssggdhat prediction of the mode of
damage to a vertebral body also depended on the sfadisc degeneration. Thus,
compression of motion segment with healthy dislikedy to produce cracks in the central
portions of the vertebral endplates. While compogssof motion segment with
degenerated disc is likely to collapse the cortizall and/or the lateral portions of the
endplate. Regardless of the disc condition, loeahage may also occur in the boundary
between the cortical and cancellous bone, wherbltua vessel foramen is located.

A nonlinear three dimensional finite element mosas used by Kim et al., (1991) to study
how disc degeneration at one level affects the am@ch of the adjacent levels. The

analyses were restricted to compressive loadingenadohe. Again, disc degeneration was
simulated by removing the hydrostatic capability tbé nucleus and substituting the

nucleus with a much stiffer material. Using a lumh8-L5 model, the authors showed

that the intradiscal pressure and the bulging mo@mal disc increased with respect to the
degenerated disc, and with time may trigger theederative process at the adjacent level
as well. Their report shows that with a more redifiaite element model, the predictions of

degeneration as a cascading event were possildleéhandisc degeneration at one level can
induce changes in adjacent segments, a clinicélbeved event. A posterior study with

loadings in bending and torsion showed the sandetaries (Ruberté et al., 2009).

Another feature of disc degeneration that has bwedeled is the delamination of the
annulus fibrosus, which is a clinically observedustural change, associated with disc
prolapse, rupture and herniations. This mode ofederation was explained using a
nonlinear finite element model developed by Goeallgt(1995) and later by Kim (2000). In
both studies, the lamina separation by shear saesa result of external loading was
studied. In the disc model by Goel et al., (1998lya mild state of degeneration was
analyzed, and the delaminations predicted were |lsamal occurred in the anterior and
lateral margins of the annulus. A more detailed ehaxf the delamination process was
given by Kim (2000) by modeling the annulus as laerfi composite material: fiber-
reinforced elements with a tension-only optiontfee collagenous fibers and embedded in
an isotropic matrix. The study also included twacdiconditions: healthy disc and
degenerated disc. Again, degeneration was modeglednbincrease of the disc area, a
reduction of the disc height and a decreasing enstiffness of the nucleus pulposus. The
finite element analyses showed that interlaminagashstresses were highest in the
innermost layers of the posterolateral regions,re/neost of the annular tears are clinically
identified. The analyses also showed that thesar Steesses grow further with presence of
radial and/or circumferential annular tears. Kin@@Q) further included failure modes of
the fiber and matrix, either by breakage or foldiagd showed that matrix breakage mode
is more prominent in healthy discs and occurs énahterior outer part of the annulus. The
folding failure mode in the matrix occurs in botlsa models with a location in the
posterior and posterolateral part of the annulus.
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Osteoporosis is a disease of bones, which is ctesized by loss of mass, in particular the
bone mineral density is decreased and leads tonemeased risk of fracture. Lumbar
vertebrae are more susceptible to fracture dulkdio position in the human spine. Thus, it
is relevant to differentiate the biomechanical btraof lumbar spinal segments in a
healthy state and with osteoporosis. For this masieveral finite element studies have
been done, two of which have developed an anisiotfopte element model of a human
L3-L4 lumbar segment to study the load-sharing ampression (Pitzen et al., 2002;
Mizrahi et al., 1993), for healthy bone, osteoperobone and disc degeneration.
Osteoporosis and degeneration were modeled asuati@d of the stiffness. The model
predicted a drastic change in the load-sharing éetmhealthy vertebrae and osteoporotic
vertebrae. As the stiffness is decreased, theofallee posterior elements as a load-bearing
structure is more pronounced with respect to atlydumbar spinal segment. They
showed that osteoporosis changes the load pathwadlye vertebrae, in the same way that
disc degeneration does. Thus, when osteoporogisesent, more loads are transmitted
through the cortical shell.

Disc injury, has been modeled in many ways, e.gradikhAdl et al.,, (1989) used an
analysis of progressive failure which was basedmaccumulation of strain in the annulus
fibers due to lifting, leading to localized failuaed the appearance of tears. In a posterior
study of mechanical and clinical implications ofnacleus injury, Shirazi-Adl, (1992)
modeled the changes in the fluid content of a lumibi@rvertebral disc model through a
loss or gain of the nucleus volume. Loss of fllelhds to high forces of contact in the
facets and diminished the tensile forces in theulmrnfiber layers. Also, inward bulge
appeared at the inner annulus layers causing aqssige damage to the adjacent layers
which alter the stress distribution in the vertébiadies.

In another finite element study, the removal of theleus was used as a model of disc
injury to analyzed the disc vibration responsehe dynamic loading (Guo et al., 2005).
Little et al., (2007) simulated disc injury and dagration with rim, radial and
circumferential annular lesions and by reducingribeleus pressure to zero, respectively.
In all the previous studies, they showed that lafssucleus pressure had a much greater
effect on the disc mechanics than the presencenotilar lesions. Indicating that the
development of annular lesions alone (prior to degation of the nucleus) has minimal
effect on disc mechanics, but that disc stiffnessignificantly reduced by the loss of
hydrostatic pressure in the nucleus.

The finite element method has also been used ttyzn#he mechanical interaction of
medical devices and prosthesis with the lumbaresdima recent study to a new artificial
disc model, Noailly et al., (2005) evaluated the-U43 prosthesis segment mobility,
articular contact and stress analysis in a L3-ltBdar spine physiologic model. The finite
element predictions showed that models with didossute are much stiffer than the
physiologic model. In case of good contact withdldgcent vertebrae, the implant behaves
like a physiological intervertebral disc and redpethe surrounding motion segment
biomechanics. The distribution of stress in thetelmae for the disc substitute model
showed the same tendencies as for the physiologitemsuggesting that bone remodeling
would be expected in the trabecular bone.
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b. Studies with material and geometric nonlinearity: Multiple loading
simulation

Finite element studies with multiple loading sintida include axial loading (compression
or tension), transverse or shear, bending (flexestension and lateral bend loads), and
axial rotation (torsion) loading. In the previouscson, it was shown that simulation of
loading with axial compression gives insights o tisc response to stress distribution,
intradiscal pressure, bulging, and load-deflecttbaracteristics. Moreover, transverse or
shear force simulation is used to study displaceésnand tilt of the endplate in the loading
direction, at the upper and lower site of the digloere the joint between the vertebrae and
the disc occurs. Torsion simulation is used to joteakial rotations of the annulus fibrosus
while bending simulation is used to predict couph®tions, such as flexibility and
displacements of the disc. However none of the ipusv studies consider multiple
loadings, which occur on a daily basis, and reprieaenore realistic approach of analyzing
the biomechanics of the intervertebral disc.

One of the first studies with finite element invioly complex loading was done by Spilker
et al., (1984). They examined the response of aym@mmnetric finite element model of a
human spine segment, containing two adjacent vwextelnd the intervertebral disc to
compression, shear, torsion, and bending loads, usity strength of materials theory
determined the effects of disc geometry and materaperties on response. They reported
that intradiscal pressure increases and disc depiants vary linearly with the axial
compressive pressure. The vertical displacementadidl bulge was found to decrease for
increasing disc radius and increased for increagisg height. Their predictions for shear
loading in the endplate region include radial aadgential displacements, bulge, and
tilting which showed similar trends that in axialatl. Also, predictions for torsion and
bending loading gave similar tendencies: rotatrmmeéased with increasing disc height, and
decreased with increasing disc radius. Some ofr tleginclusions were, model
displacements and strains varied inversely withetlastic modulus of the annulus; except
for compression response, model intradiscal pressigrnot change considerably, which is
consistent with experimental observations. In galneatisc radius and disc height were
major determinants of disc displacements. Typicallisplacements at a given load
increased with increasing disc height and decreasdncreasing disc radius.

A study of combined loading in torsion and compi@ssn a 3D nonlinear finite element
model of a lumbar spinal segment was done by Skidkzet al., (1986) to examined the
effects of the loss of intradiscal pressure (tylpicadisc degeneration), and removal of the
facets on the predicted response of the modeluplealisplacements, stiffness, bulge, and
stress-strain distributions, see Figure 1.61. Rerintact segment their results showed, the
stiffening behavior of the motion segment with gasing applied torque and compression.
Loss of disc pressure and removal of the posteriements decreased torsion stiffness,
being more markedly in the latter case.
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Figure 1.61. Three-dimensional finite element goidthe motion segment used by
Shirazi-Adl et al., (1986) for studying torsiondambined with compression loading.

Also, the relative contributions of an axial congsige load and the posterior elements to
the segmental rotational stiffness were associaidd the annulus fibers (which offers a
more effective resistance to rotation at low tog)uend the facet interaction (which plays
the dominant role in the segmental resistancettdiom at large torques), respectively. The
predicted deformation of the disc showed, that lafsmtradiscal pressure caused a larger
impact on the predicted bulge response, than relhvéhe posterior elements. Their
results from the stress-strain distribution prethet highest strains occurred in the annulus
outermost fibers, growing with additional loading with removal of the posterior
elements. In the posterior bony elements, the maxirstresses occurred in the articular
facets that are always in contact, suggestingithiirsion, the articular facets and the disc
annulus are the main load carriers.

Disc prolapse is a medical condition related taipjdue to complex loading. It occurs
because a group of tears in the outer annulussiilsrallows extrusion of the soft nucleus
pulposus. The tear is the result of fiber failuyedoeakage. Thus, the influence of loading
on the prediction of fiber strain has been studggifinite element models of the disc, such
as the one developed by Shirazi-Adl (1989). Liftk& done symmetrically and none
symmetrically were simulated as pure bending andmabination of bending with torsion,
respectively. The model predicted that the maxinfilbar strain occurs in the innermost
annulus layer at the posterolateral location. FFaiknalysis showed that the rupture started
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also at these sites and progresses radially tadjezent layer with only a slight increment
of load. Further progress in the rupture of fib&wwvard the annulus outer periphery,
resulted in a complete radial fissure, and disdapse occurred. The predicted failure
mechanism was in agreement with the findings frohmical, epidemiologic and
experimental studies. In a posterior simulatiorcofmbined loading in flexion-extension,
lateral bending and axial rotation to a nonlingaitd element model of a lumbar spinal
segment L4-L5 (Schmidt et al.,, 2007) also repottet the posterior and posterolateral
annulus layers were susceptible to develop lamgénst

The finite element method was also used to invatighe role of axial rotation in the
etiology of disc prolapse (Duncan et al., 1991)eylased a L2-L3 lumbar disc model to
study the relevance of axial rotation as a causdisaf degeneration and the role of facet
asymmetry in the injury mechanism. The finite elampredictions showed minimum
effect of facet asymmetry on the couple motions andthe annular strains. Also the
predictions showed minimum effect of the variatmnfacet geometric parameters on the
segment response. They concluded that, withoutt fdaenage, it is unusual that the
annulus fibers experience unusual levels of stesisstrain, either as a result of increased
axial rotation or any of the associated couple omnti

Muscles are connected to the ligamentous lumbawesapnd are able to carry load. Hence,
the effects of muscles activity on the biomechaoicthe normal and degenerated lumbar
spine are a relevant issue that has been studytrim widely (Andersson et al., 1980;
Panjabi et al., 1989; Crisco and Panjabi, 1991)wéi@r, only a few studies with finite
element have been done, one of which is Goel e{#93) in which degeneration was
simulated as a reduction of the muscle forces. Tumsd a combined, nonlinear, finite
element model of a ligamentous L3-L4 motion segnienivhich the predicted muscle
forces were used to calculate and compared digpkats and rotations, bulge, intradiscal
pressure, foramen gap, facet loading, ligamentidangompressive load in the disc, and
stress distribution in the vertebral body. Thesules indicated that the segment becomes
more stable in the presence of muscles forces., At@oforces transmitted by the facets,
grew, and the remaining parameters (intradiscabsume, stress, and forces in other
structures) decreased with increase muscle actigitggesting that muscle strength is
essential for maintaining the spinal function, whszipports the concept of degeneration as
a cascade event, that describes various stagée afegenerative process that takes place
with age.

A three dimensional finite element model of a motisegment without the posterior
elements was developed by Natarajan et al., (1&24)udy how degeneration might start
and progress in a disc under various loading camdit In particular, the model was used
to study the development of annular tears, nuctdefts, endplate fracture and the
subsequent propagation of these degenerative pexehie to compression and bending
loads. Based on the pressure vessel theory, ativieiapproach was used to determine the
location and magnitude of the highest stresselarenhdplates and in the annulus fibrosus,
at which failure can initiate, see Figure 1.62. Trigation of disc failure was identified by
one of the following: breakage of a fiber in thenalus (tensile or shear), failure of the
annular matrix (tension/compression, or shear)frawture of the endplate. The analyses
showed that the disc failure always started in é¢melplate, and not in the annulus,
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indicating that the endplates are the weakestilnthe body-disc-body unit. The model
predicted that the fracture of the endplates ocatihe junction of the annulus and the
endplate and in the posterolateral direction, wlaghees with clinical observations. The
analyses also showed that the compressive loadredqto initiate failure in the annulus
was about twice as high as that required to isiteafracture in the endplate, indicating that
annular injuries are unlikely to be produced byepcompressive loads. Prediction of large
moments in extension as compared to flexion wasiredj to initiate and propagate failure
in a motion segment, which supports the conclugianthe motion segment is much stiffer
in extension. The model also suggested that theepoe of peripheral tears in the annulus
fibrosus may have a role in the formation of cotigermnnular tears and in accelerating the
degenerating process of the disc.
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Figure 1.62. Flow chart for the model used by Najan et al. (1994) to study the
initiation and progression of the disc degeneratpyocess.

Another finite element study under loading condisaf compression and bending (Lu et
al., 1996), reported similar results using a visastec formulation for the annular fibers
and a decremental function to account for the diuflnid change in the nucleus. Also, the
analysis showed that a saturated disc was the weakeombined loading of bending and
compression. These conclusions are in agreemehtaotical observations and illustrate
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how finite element techniques can be used to stheydisc degeneration process in a way
that cannot be accomplished using in vivo or inovihodels.

The disc height reduction, which is a clinical eande of intervertebral disc aging, has also
been modeled (Natarajan and Andersson, 1999).hiomntatter, a nonlinear finite element
model generated from a computer tomography (CT stan L3-L4 lumbar segment was
further developed by including variation of thealsight and disc area, and was used to
identify disc geometric characteristics which astated to the biomechanical response of
the disc: flexibility, fiber stress, disc bulge,danucleus pressure in response to loads in
compression, shear, bending and torsion, see Figage
This model did not include any change in the meidamproperties of the disc, but only
the decrease in height, and assumed material piepéor a case of mild degeneration, in
all disc heights considered. The analyses showagl fibxibility, fiber stress, facet contact
forces, and disc bulge were increased and the msigieessure was decreased, as a result of
an increased in the disc height alone, suggestiagdiscs with low ratio of area to height
are exposed to much higher risk of failure thanepotbombinations of disc height and
geometry, confirming clinical experience and th&iino evidence.

Transverse

Spinous DIOCEss
process

Vertabra

Facet joint

Figure 1.63. Finite element model of a L3-L4 lumbagment with varying disc height
and cross sectional area, taken from Natarajanletl®99.

More recently, Ruberté et al., (2009) also modelisd¢ degeneration in the lower lumbar
spine throughout decreasing the disc height and afethe nucleus pulposus and by
modifying the Young's modulus and the Poisson ratithe annulus ground substance and
the nucleus. In particular, they varied the degregegeneration in the L4-L5 lumbar level
and predict the motion response, intradiscal presand stress in the adjacent lumbar
levels, L3-L4 and L5-S1 due to flexion-extensiomnding laterally and torsion. They
showed that degeneration causes a decrease inmresponse in the L4-L5 level and
below, and also caused a small increase in mogspanse in the above level, L3-L4.
Except for lumbar level, L4-L5, the intradiscal gsare decrease was negligible for the rest
of levels. In general, they reported that disc degation caused an increased in the
maximum normal stress and maximum shear streseiartnulus, which was more evident
below the affected level. Their conclusions alsenpout that degeneration altered the
loading and motion patterns of both, the degenéraisc and the adjacent segments,
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suggesting that single-level degeneration can teadn increased risk of injury at the
adjacent levels.

Weightbath hydrotraction treatment (WHT) is a sieploninvasive effective method of
hydro or balneotherapy to stretch the spine or tdin#hs, applied successfully in hospitals
and health resort sanitaria in Hungary for ovahlyf years. However, it is not understood
the biomechanical and clinical effects of the tmeat in a single spine segment. For this
purpose, a three-dimensional finite element modelaolumbar spine segment was
developed by Kurutz and Oroszvary, (2010), in wHiele grades of degeneration from
healthy to fully degenerate were introduced, seguriéi 1.64. They modeled the loss of
hydrostatic pressure in the nucleus by decreadiegPRoisson’s ratio, accompanied by
nucleus hardening modeled by increasing Young's utusd respectively. In the annulus
matrix a gradual increase, while in the vertebaalaellous bone and endplates a gradual
decrease of Young’s modulus were considered wiithgag
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Figure 1.64. Finite element model of a lumbar spisagment used to analyzed the
biomechanical effects of weightbath hydrotractigatment (WHT), taken from Kurutz
et al., 2010.

Their predictions of the effects of degeneratiooveétd a change in the smooth distribution
of compressive stresses in the sagittal sectiom iseleealthy discs, to a profile with a sharp
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stress increase, being maximum in the annulus-nsd®undary, and minimum in the
nucleus, these results were in agreement with puevieports (Adams et al., 1996, 2002).
In WHT the compressed and hardened state of thieumiin degeneration is reduced by
the removal of compressive preload of body (inditegction), and by the active tensile
force of buoyancy with applied extra loads as direaction loads. The traction loads
causes an extension, and partial disc height regovéeir degeneration model showed
that WHT unloads the compressed disc: extends ltbgght; decreases bulging, stresses
and fiber forces; increases joint flexibility; re&s muscles; relaxes muscles and unloads
nerve roots.

c. Studies with poroelastic behavior

In all the models described previously, the fluldwf during loading and unloading
processes was not considered. The fluid flow in ant of the disc is an important
component, because it allows the spine to carryyhkads. Also, it is the decrease in fluid
content in the disc that occurs due to degeneraiticaddition to the material of the nucleus
which becomes more fibrosus and leads to a stififer. Also, the fluid phase may have a
significant effect on the mechanical response efdisc, which may affect the nutritional
paths to the avascular interior of the disc (Ng#awraet al., 2004). Poroelastic models
suggest that the biphasic nature of the disc isngortant factor in load transfer and stress
distribution. Thus, to understand disc degeneratiand predict better response of
degenerated discs, the finite element models shoaldde not only a change in geometry
of the disc and an increase in the elastic proggeudif the nucleus, but also the change in
permeability and porosity of various disc composentd the reduction of water content of
the nucleus. To this effect, some of the relevanitef element studies are presented.

The first implementation of a poroelastic formubatiinto a finite element modeling of a
spinal motion segment was done by Simon et al8%1®y using radiographic images of
a rhesus monkey disc. Only the anterior portiorthef disc was modeled as having two
distinct phases: a fluid phase and a permeabld pblase, see Figure 1.65. The study of
Simon et al., (1985) also includes an analytical axperimental model development,
which consisted of creep testing for validationtbé FE model. With the poroelastic
constants: drained elastic moduli of the annulus @mcleus, compressibility of the solid
and fluid phase, the permeability and porosityhef $olid phase, the FE model was used to
predict the overall internal fields included defaton, fluid motion relative to the
deforming solid and the effective stress. Oncentloelel was validated, they modified it to
analyze disc degeneration, which was simulatech ascaease of the disc permeability, and
a decrease in the drained annular and nuclear mdddy showed that the relative fluid
motion is highly sensitive to small changes in digffness, and that the externally applied
loads cause a reduction in the disc volume, rewpith expression of the fluid from the
disc, being larger in the degenerated disc casggesting that this may affect the
nutritional path to the avascular interior of thecd The creep analyses also showed that
gross failure of the endplates is possible as aglailure of the cancellous bone adjacent
to the endplate. They suggest that these failuoegdcalter the fluid flow patterns and
perhaps change nutritional channels.
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Figure 1.65. Poroelastic finite element model oé thnterior portion of a motion
segment used by Simon et al., (1985) for studyiegcteep response of healthy and
degenerated discs.

Other finite element models with poroelasticity eeleveloped by Wu and Cheng (1996)
and Lee et al., (2000) which include the motiomsegt with the posterior elements. In the
former model, a creep loading was simulated, wimléhe latter model, the study of the
response of a lumbar motion segment to impact {@as included. In both studies, the
conclusions for creep loading, stress distributiod failure modes in impact were similar
than those by Simon et al., (1985). The resultgssigd that fractures are likely to occur
under short duration impact loads and that theyikeéy initiated in the endplate region or
the posterior wall of the cortical shell. Howewveejther the swelling pressure nor the initial
disc pressures were included in the analyses.

The variation of the void ratio and hence the pibyashange of the disc material with load
increment was included in the finite element maleloped by Agouti and Shirazi-Adl
(1996). Inclusion of the initial disc pressure waade possible by adopting a two step
analyses. Using a finite element model of half loé fumbar L2-L3 motion segment
including facet joints, it was shown that underegrdload, the variable permeability
markedly stiffens the creep response, reducedutieléss from the nucleus, and decreases
facet contact forces, see Figure 1.66.
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Figure 1.66. Poroelastic finite element model oé dralf of the lumbar L2-L3 motion
segment with inclusion of variable porosity, takieEom Argoubi and Shirazi-Adl
(1996).

Prediction of fluid flow back into the disc thatocars during removal of the load, i.e.,
during relaxation of the disc, requires inclusidrihee swelling pressure into the models.
The swelling process that occurs in soft tissue mwesrporated into the poroelastic finite
element model by Laible et al., (1993). Using adirlement model of a disc-vertebra-disc
without the posterior elements, they showed thatigion of swelling pressure reduced the
load on the solid phase while increases the loddarfluid phase. Overall, the effect was a
stiffening of the segment and reversal of the mggof the inner portion of the disc.
Inclusions of strain-dependent permeability and atsrpotential into a poroelastic model
of a lumbar segment was done by Riches et al.,AR@investigate the disc mechanics
associated with multiple cycles of creep compressiod expansion. They also reported
that inclusion of swelling pressure increases tiagl lin the fluid phase. These results were
corroborated by Cheung et al., (2003) using vibratoading to analyze the biomechanical
response of the disc; they reported that the fliladv and the deformation of the
intervertebral disc were dependent on the loadiaguency.
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The combination of an animal model (murine) andetated poroelastic model was
proposed to explain how compression can inducedéigeneration (Lotz et al., 1998). The
authors showed that a sustained compression loaldl ¢paintain tension in the outer
annulus, while a tensionless state was developetthieénmiddle and inner regions. The
model predictions correlated well with the in viiadings that the inner and middle
annulus became progressively more disorganized waithincrease in apoptosis and
associated loss of cellularity, which may have iggilons for disc nutrition and
modulation in cellular activities. Wognum et al2006) showed that these sites were
susceptible for crack opening and propagation eveler decreasing osmotic pressure.

Hence, the intervertebral disc nutrition is a keyue to understand disc degeneration. In
the last decade there has been numerous studiedingpthe mechanics for disc nutrition.
For instance, Ferguson (2004) predicted the inflteeof load-induced interstitial fluid flow
due to compression or swelling within the disc, mass transport using a poroelastic
model, see Figure 1.49. However, mainly macromdéssusuch as cytokines and the
proteoglycans were reported as transported sdyte®nvection. Additionally, he showed
that fluid flow did not enhance the transport ofviaeight solutes, such as glucose and
oxygen, which depended more on diffusivity, suggestthat the permeability and
deformation of the endplate and annulus bulk mategslayed a relevant role in the
transport of solutes, and that fluid flow and seldtansport should be coupled. Their
results were in agreement with the reports by 8éaal., (2003) regarding predictions of
concentration gradients of solutes throughout tise oh response to changes in disc and
endplate morphology, disc properties, and cellatdivities.

In a posterior study of coupling diffusion of oxygand lactid acid in the disc (Shirazi-AdI

et al., 2005) it was shown that the lactic productiate to lactic concentration, and oxygen
consumption rate to oxygen concentration, reached tritical values between the disc

mid-height and the nucleus-annulus boundary. Tiresults were also in agreement with
the predictions by Sélard et al., (2003) regardimgconcentrations of oxygen and glucose,
which are consumed by cells, fell towards the disoter. Concentration decreased with
decreased diffusivity, or with an increase in digight and consumption rate. In contrast,
the concentration of lactate, produce by the celés highest in the center and fell towards
the disc-blood vessel interface. A recent sengjtigtudy of the poroelastic material

properties in a L3-L4 disc FE model reveal a stromiuence of the strain-dependent

permeability of the endplate and annulus fibrosaghe fluid pore pressure and velocity
fields, suggesting the importance of endplate pahitiey at these regions in the normal

mechanical behavior of lumbar discs (Malandrinalgt2009).

To better understand the transport of nutrientsthedcellular activity in the disc, Shirazi-
Adl (2010) introduce cell viability criteria (basexh decreasing the levels of glucose and
pH) into nonlinear coupled nutrition transport etias thereby evaluating the dynamic
nutritional processes governing viable cell popatatind concentration of oxygen, glucose
and lactic acid in the disc as the endplates exgdhanea dropped from a fully permeable
condition to an almost impermeable one. Consistiily previous predictions, it was
reported that the nucleus region was the mosttafleane, being farthest away from supply
sources, and that cell death initiated first asetidplate calcified.
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The interactions of the fluid with the proteoglysacontained within the nucleus were
considered by Williams et al., (2004). The chanigethe fluid volume within the disc on
the biomechanics of the motion segment under varioading conditions were analyzed.
Swelling pressure was simulated by imposing a bapngore pressure around the disc
tissue. Their predictions were that the presengarateoglycans within the nucleus is the
driving force behind the fluid flow from the surmding tissues into the disc, as well as the
resistance of the flow of fluid out of the disc. efhshowed that the concentration of
proteoglycans creates an increase of swelling presand that this should change the
fixed charge density of the nucleus, although nenapt was made to develop an electrical
model of the disc. The model initially was used lbetter prediction of the change in disc
height during short term and long term loading, &tdr was implemented for analyzing
changes in disc height during heavy physical workolving creep and dynamic loading
with inclusion of standing recovery (Williams et,a2007). Recently, this approach was
used to investigated the biomechanical respongénésis, fluid velocity, flexibility and
daily disc height variation) to compression anddieg of a L4-L5 FE disc model in three
grades of disc degeneration: mild, moderate an@ree{Galbusera at al., 2010). They
modeled disc degeneration in six different ways):. @duction of water content was
modeled with changing the void ratio; (2) formatiofiradial tears in the annulus was
modeled with imposing discontinuities in the FE meg$3) endplate collapse and
calcification was modeled with reducing its thickeeand increasing its Young’s modulus;
(4) disc height loss was modeled with reducing ap/75% the height; (5) osteophyte
formation was modeled with increasing the Young®dumlus of the anterior annulus; (6)
diffuse sclerosis in the cancellous bone was madeiéh increasing its Young's modulus.
They reported a tendency to an increase of diffoess, and a decrease of fluid velocity,
flexibility and daily variation of disc height witprogressive disc degeneration. A similar
study was done to investigated the whole lumbanespesponse during daily dynamic
physiological activities (Schmidt et al., 2010)Iglieg fairly good results.

In the foregoing studies, the bi-phasic theory \applied to poroelasticity and used to
model the disc biomechanics. However, no attems mvade to consider the hydrophilic

and electrical nature of the proteoglycans in tise.dSuch consideration can give insights
of the functionality of the nucleus in terms of thepulation of proteoglycans and the
presence of a respective electrical potential. &the most significant biochemical change
seen in a degenerated disc is the loss of proteag)yresulting in the decrease in fixed
charge density (Lyons et al.,, 1981), its analysas delp to better understand the
biomechanics, nutrition and mechanobiology of disecsmal and degenerated. To this end,
latridis et al., (2003) introduced a finite elemembdel of a slice of lumbar disc material,

which included electrical potential, and chloridedasodium concentrations, and showed
that the mechanical, chemical and electrical badlrawvere all strongly influenced by the

density of fixed charge distribution throughout thec.

They concluded that changes in the fixed chargeitiefrom a healthy distribution to a

degenerate distribution will cause a stress ineréaghe solid matrix and can cause fluid
loss. In another study, a tri-phasic finite elemerddel of an intervertebral disc which

included electrical chargeability, inhomogeneityjsatropy and porosity was proposed
(Yao et al., 2007). In such model, the effectsisdue properties: stiffness, porosity and
fixed charge density, on the mechanical, chemiodl @ectrical signals, and the transport
of fluid and solute within the disc under axial quession load were investigated. Their
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predictions showed that the fluid pressurizatiod #re effective stress in the solid phase
were more pronounced in the region between the lasnfibrosus and the nucleus
pulposus. In the nucleus, the distribution of thadf pressure, effective stress, and
electrical potential were more uniform than thasehie annulus. Changes in modulus and
water content affected the effective stress, fluidssure and solute transport in the disc.
However, the most drastic affectation was the eladtpotential by changes in the fixed
charge density, which suggest being a reliablecatdr of disc degeneration, at least from
a biochemical point of view.

d. Studies with medical imaging: CT, MRI and Ultrasourd

Obtaining the precise geometry of soft and hardbbioal tissues, such as a lumbar spinal
unit is a challenge. In the majority of the foraggpstudies, the complex profile of the cross
sectional area, and height of the disc and veréetrere not defined precisely, and their
true forms were replaced by approximations to eutar area, or an ellipse with uniform
section. The identification of the complex geometiyumbar spinal units requires medical
imaging techniques: computer tomography (CT), stirac, or magnetic resonance
imaging (MRI). In the last two decades there hanlemn increasing use of such techniques
for implementation of database, concerning discedetation: anatomical background,
water content, annulus, nucleus and vertebral tstrei¢Roberts et al., 1997; Wehrli et al.,
2004). For example, Wong et al., (2003) developerdinear finite element model of a
lumbar disc-body unit based on CT-scan. The veatdiwdy consisted of solid tetrahedral
elements (cancellous bone) surrounded by shelleriesr(cortical bone), the disc consisted
of an incompressible nucleus, surrounded by theilasrfibers embedded in a matrix of
ground substance. They showed the model validatiotin, good agreement for loading
conditions in compression and flexion.

Computer tomography and MRI were used to genemataute element model of a L2-L3
lumbar spinal unit to study the biomechanical resgoof the intervertebral disc to axial
loading (Wang et al., 2005), see Figure 1.67. Tise @as considered as incompressible
and the vertebrae bodies were considered as ayfhotrThe model predicted that the
stress around the disc was higher than on theatehsic during compression.

Figure 1.67. (a) CT geometric model of the L2-L@har spine unit. (b) CT geometric
model of the intervertebral disc. (c) Finite elemeamdel of the L2-L3 intervertebral
disc, taken from Wang et al., (2005).

113



Chapter 1. Intervertebral disc degeneration

Computer tomography was also used to developedefielement models of disc
degeneration (Rohlmann et al., 2006; Schmidt et28107). In the former, they used a
three-dimensional nonlinear finite element modeaonfL3-L4 lumbar segment, and in the
posterior study, an L4-L5 segment. Rohimann et(2006) studied the influence of disc
degeneration on motion segment mechanics. A healiby and three grades of disc
degeneration (mild, moderately and severe cases) simulated by decreasing the disc
height and the bulk modulus of the nucleus pulposes Figure 1.68. They loaded the
model in flexion, extension, lateral bending andsitn. The finite element predictions
showed that the intersegmental rotation and indadlipressure were in good agreement
with the reported values from the in vitro studiér mild degenerated discs, the
intersegmental rotation showed an increase forloating cases. However, this trend
changed for the rest of the degeneration gradeseasing disc degeneration caused a
decreased in intersegmental rotation. For tordlmdecrease in flexibility took place only
in severe degeneration. Intradiscal pressure waserlowhile facet joint force and
maximum von Mises stress in the annulus were highex degenerated compared to a
healthy disc.

Figure 1.68. Finite element meshes of the L3-L4blmmspinal segment. a) Healthy
disc. b) Severely degenerated disc, taken fromrRanim et al., (2006).

In another finite element study with CT scan of thmbar spine, Noalilly et al., (2007)
modified an existing model of an L3-L5 bi-segmeriitaite element model and conducted a
sensitivity and validation study in order to evadughe influence of the approximations
inherent to modeling, see Figure 1.69. They ingastid the effects of changes in bone
geometry, ligaments fibres distribution, nucleussipon and disc height in flexion-
extension, lateral bending and axial rotation. Restom mobility were in agreement with
the experimental results, independently of the ganal changes. Also, they showed that
the geometrical parameters affects the distributddnstress and strain energy in the
zygapophysial joints, the ligaments and the inteéeleal disc, changing qualitatively and
quantitatively their relative role in resisting timposed loads. Thus, the authors concluded
that the validation of the lumbar spine model stdo¢ based on the relative role of its
structural components and not only on its globabifity.
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Figure 1.69. The L3-L5 lumbar spine bi-segment rhaded for the sensitivity study,
taken from Noailly et al., (2007).

The creep response of a 3D L5-S1 reconstructed el from MRI was computed
using substructuring techniques, this was basediwding the complex structure into a
series of smaller structures, called substruct(®egder et al., 2010), see Figure 1.70. In
such model, the reduction of the computational taak achieved, and the displacement
fields in three different loading conditions: coragsion, bending and torsion gave fair
results.

From the foregoing presentations, one can saythledinite element method has evolved to
become a standard technique that gives new insigintsnodeling and prediction of
intervertebral disc degeneration. Whether the mogehvolves linearities, nonlinearities,
viscoelasticity or poroelasticity, it is evidenaththe detailed stress distributions that occur
within the intervertebral disc is an arduous talkttcan be predicted only by using
numerical solutions, and when geometrical aspertstaken into account, the use of
medical imaging is advised.

recanstricted annulus fibrosus

ted nucleus pulposis

Figure 1.70. Application of the substructuring tdvérl of a L5-S1 intervertebral disc:
(a) T2-weighted image in the saggital plane andnsegtation of contours, and (b)
volume reconstruction of nucleus pulposus and amnfibrosus, taken from Swider et
al., 2010.
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Materials and Methods: MRI of Disc

Degeneration, Biomechanical Testing, and
Disc modeling

This chapter presents the materials and methods ltsestarts with a description of the
methodology used to handle cadaver intervertebisadsd specimen identification, MRI
inspection and preparation for testing. Then, thepeemental and numerical
methodologies are presented. In the former metloggokwo testing protocols were
designed, including a static loading and relaxatijp@eriod protocol and a cyclic
compression protocol applied to all discs. In be#perimental tests a period of creep
preconditioning was applied to each specimen ptmrtesting. In the numerical
methodology the construction of the finite elemeash starting from the MRI of the discs
is presented. Also, the identification of regiodac materials, assignment of the material
type, geometric properties and boundary conditismscluded.
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1/ Ky, Disc flexibility. L4-L5, Disc from in between lumbar level 4 and 5.
3D, Three dimensional. LB, Left lateral bending.

a, Major axis of the disc cross section. M, Bending moment.

b, Minor axis of the disc cross section. MRI, Magnetic resonance imaging.

Ci, G, Mooney-Rivlin deviatoric constants. g, Angular deflection in torsion.

D, Dashpot element. PMMA, Polymethylmethacrylate.

E, Young’s modulus. RB, Right lateral bending.

E*, Complex modulus. S, Spring element.

E’, Storage modulus. SLS, Standard linear solid model.

E", Loss modulus. STL, Stereo lithography.

Eu/y, Relaxation parameter. t, Time.

Er(t), Relaxation modulus. T, Torque moment.

Ex, Extension. t(r), Relaxation time.

F, Force. T1, Weighted spin echo sequence.
F(), Force over time. T2, Weighted fast spin echo sequence.
FEA, Finite element analysis. Tang, Ratio of loss to storage moduli.
FEM,  Finite element method. UVF, Unit vertebral function.

Fl, Flexion. X, Z, Radial bulging.

G, Shear modulus. Y, Vertical displacement.

H, Hysteresis. B, Phase angle difference.

HDa, Disc height at anterior site. g, Normal strain.

HDp, Disc height at posterior site. 0, Angular deflection in bending.

K, Disc stiffness to axial load. v, Poisson’s ratio.

Kwm, Disc stiffness to bending. o, Normal stress.

Kr, Disc stiffness to torsion. a(t), Relaxation functions or stress decay.
L2-L3, Disc from in between lumbar level 2 and 3.

Disc preparation

a. Material identification

Five lumbar spine sections from cadaveric eldedyais with a mean age of 70 years were
obtained from Hospital Clinic of Barcelona, Spaifhe lumbar sections were further
dissected in situ into 10 unit vertebral functiofgVF), five specimens (n=5)
corresponding to level L2-L3 and five (n=5) to level-L5. Additional removal of the
posterior elements and ligaments were done andtbalgnterior and posterior longitudinal
ligaments were preserved. The actual appearanee @isterior elements removal of two
lumbar level discs used in this study is shownigufe 2.1.

Hospital and laboratory safety regulations reqtie use of a protocol for handling post-
mortem human tissues and also for biological tiskegradation. For these purposes each
specimen was sealed in double plastic bag and aliaydled using surgical gloves.
Specimen identification (ID) such as geometry, amatal grade and testing history were
recorded in a sheet called “traveler”, see Figuge B the specimen with the traveler was
not to be tested then it was stored in the free#er20°C until the day of testing.
Conservation and degradation of biological tissaesl their subsequent mechanical
properties have been studied by Galante (1967kadrdeluded that degradation by freezing
and subsequent thawing can be neglected if tisdagve humidity is maintained close to
100%.
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Figure 2.1. Typical lumbar discs used in the présgndy. A Level L2-L8eft) and a
level L4-LY(right).
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Figure 2.2. Traveler sheets used for specimen deatation in the experimental study.

The sequence of specimen handling during this stsdyummarized in the flow chart
shown in Figure 2.3. Because the discs were tesied with 6 modes of loading all the
travelers had to be updated. Documentation inclddg of testing, type of loading,
magnitude, duration of testing including the thagviime and observations. When it was
decided that a disc was no longer needed for tegitiwas stored in an isolated cage in the
freezer along with its traveler. Access to the sliseas limited to only the laboratory
responsible and me. Additional precautions werertak the cutting of the vertebral bodies
top and bottom surfaces in preparation for the distting with polymethylmethacrylate
(PMMA) see section 3.1.c.
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Hospital Clinic Biotnaterials and Biomechanics Laboratory
™  Dissection-MEI UPC -IBEC, Barcelona, Spain

Spesimern
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Figure 2.3. (A) Flow chart for the handling of ttescs.
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Measurements were made to obtain an approximate wdlthe disc cross section area and
its height. For the latter it was assumed thaidike area had an elliptic shape as suggested
by Farfan et al., (1970). Definition of the majodaminor axis “a” and “b” respectively are
shown in Figure 2.4. The disc height was measuiiéd avcaliper in the anterior site HD
posterior site Hp), right and left lateral margins and a mean valas @assigned.

L.Ene of cut
ol posterior
elememts

Elbipiic Aren, &

I
A=0ZETTahb Lipe of oot al’ 1
1

Poseiing elements

Axial Plane Saggital Plane

Figure 2.4. Locations for measurements of the csession and disc height.

Recording of cadaver sex, age, disc levels, dissscsectional area and disc height are
summarized in Table 2.1.
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Table 2.1. Anatomical record of the specimen uedtis study. Only specimens free of
congenital diseases were included.

Axis length Elliptic
Specimen| Level | Sex | Age (mm) area, A | Disc height
(Years)| major minor A=(zab)/4 | “h” (mm)
a b (mn?¥)
A L2-L3| M 70 55 44 1900 10
B L4-L5| F 70 60 38 1790 8
C L4-L5| M 65 60 43 2026 10
D L4-L5| M 70 60 49 2309 9
F L2-L13 | M 75 55 41 1771 10
G L2-L.3| M 70 57 42 1880 12
H L2-L13 | M 65 54 40 1697 10
I L4-L5 M 75 56 42 1847 12
J L4-L5| M 70 54 42 1782 11
L L2-L3 | F 70 46 40 1445 7
Mean 70 1845 9.90
SD 3.33 222.78 1.60

Mean cross sectional area and standard deviatbph&@ues for the L2-Land L4-L5 disc
sets were reported to be 1739 frwith SD=183 mrA and 1951 mmwith SD=233 mm
respectively. The corresponding values for the disight were 10 mm with a SD=1.60
mm for both lumbar levels. Two specimens (E andng) shown in Table 2.1 were
removed because of severe osteoporosis.

After specimen identification an assessment of maric and geometric inspection of the
nucleus, annulus and vertebral bodies by magnetsonance imaging (MRI) was
performed to all the discs.

b. Magnetic Resonance Imaging (MRI) of disc degeneratn

The objective of performing magnetic resonance in@dMRI) on all the degenerated
discs was to gain the disc geometry and charaetkits anatomy. With the geometry of
the disc, a model of disc degeneration is propob#gl has proven to be an effective
procedure for input disc geometry into a finitenaést model to study the intervertebral
disc biomechanics (Wang et al. 2005). Thereforeryedisc used was inspected using the
MRI Siemens Harmon}" system, from the Radiodiagnostic facilities of pital Clinic in
Barcelona, Spain. A needle transducer permittegeictson in the axial, coronal and
saggital plane to insure that no tumors, previoastfires, diseases that effect bone or bony
abnormalities were present. Only changes due tenveitebral osteochondrosis, and
spondylosis deformans were considered, e.g. césitgation, calcified cartilage and new
bone formation were among the morphological featwerth identifying.
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Inspection with the MRI required that the interedral disc be at room temperature.
Therefore, discs that were previously stored infteezer were allowed first to thaw for 12
hours. After which they were inspected, one by améie MRI system using the following

sequence.

Values for the MRI sequence may change dependinth@miological tissue and the ex-

vivo condition, but the imaging procedure does mota morphological and biochemical

assessment of intervertebral disc degeneratiox-tave specimens done by Benneker et
al., (2005) and Perie et al., (2006) they useddhewing sequence:

- Axial localizer (spoiler gradient).
- Coronal and Saggital T1-weighted spin-echo.
- Coronal and Saggital T2-weighted Fast Spin E€1®E) for anatomical assessment.

The MRI inspection also started with a localizedusnce. For this purpose a coronal
T1-weighted spin-echo (repetition time [TR] 870 wiseho time [TE] 19 msec) and a
T2-weighted fast spin-echo “FSE” (TR=2300 msec/Di insec) sequence were used.

Once the specimens were localized then the achading protocol was determined, which
also included a coronal and saggital T1-weighteith-epho (repetition time [TR] 24.6

msec/echo time [TE] 7.2 msec) followed by a T2-wétgl FSE (TR 3400 msec/TE 94
msec) images with the following parameters fortiesequence: matrix 256 x 256; field of
view 10.4 x 10.4 mm; slice thickness, 0.4 mm); isliee gap, 0.4 mm; echo train length
(ETL), 3 and for the T2 sequence: matrix 128 x 1fgdd of view 22.8 x 22.8 mm; slice

thickness, 3 mm; interslice gap, 0.3 mm; echo tiemgth, 5.

The appearance of a localized sequence imagewnsind=igure 2.5. Only the disc and the
neighboring sides of the vertebra bodies were itsge as shown by the coronal
T2-weighted spin echo images, see Figure 2.6.

Figure 2.5. Localized sequence in the saggital)(lefd axial view (right) to a L2-L3
disc.
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Figure 2.6. Typical MRI showing the T2-weightedhspcho anatomical record of two
degenerated discs, a L2-L3 disc (left) and a L4dise (right). Resolution is shown on
the blue and red boxes while the time sequendeosrs in the yellow box. Areas with
more bright indicate higher water content typicdl soft tissues while opaque areas
indicate denser material, e.g. bone structure.

The recorded spin-echo sequences were saved asdVDIi&3 which is widely used format
that can be read by many segmentation programh, asiMIMICS, MATERIALISE ™
that was used in this study. After the MRI inspactall the discs were sealed in double
plastic bags and were frozen at -20°C until the afagsting.

c. Specimen fixation

Mechanical test of the intervertebral disc requitest each specimen is held fix in a test
fixture by mechanical or chemical means withouttifar damaging the disc tissue.
Typically the minimum spine segment that can bdettsand characterized is a unit
vertebral function (UVF) consisting of a vertebresedvertebra. In our case the UVF was
further dissected from its posterior elements, Was necessary in order to characterize the
full disc response to bending and torsion and elat@ any possible contribution of the
posterior processes. Therefore, the fixation prosedwas applied to the remaining
vertebra-disc-vertebra for all specimens whild #tilzen and included the use of a plastic
acrylic polymethylmethacrylate (PMMA), two testingylindrical plates and a custom
assembly device for achieving parallelism and cotregty of each fixed specimen, see
Figure 2.7. Due to the toxic reaction of PMMA polmzation it was advised to work close
to an extraction chamber. A general clean up ofntbekplace was advised before the start
of the procedure.
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Figure 2.7. Material used for disc setting. (A) A&sbly device, (B) testing cylindrical
plates, (C) plastic acrylic, Polymethylmethacryl&RMMA” Acry Ortho™ Ruthinium
Group, and (D) tool accessories.

The disc setting procedure is shown in Figure 2@ starts with the preparation of one
testing cylindrical plate in which the PMMA was polerized. Using a sheet of acetate, a
strip of 10 mm width was cut and sticks it with gilaine into one of the cylindrical plate,
as shown in Figures 2.8 (a-d). Anchorage of oneddrttle specimen into the plate’s base
was achieved by using screws, which had to be dedté plasticine (e). The PMMA was
formed by mixing the powder with the liquid monomeEirst, the powder was deposited
into the prepared plates. An amount of 100 g waslee for fixation of a single disc, 50 g
for the upper, and 50 g for the lower fixation s{fle After the deposition a wetting of all
the powder was done using the liquid monomer (gl the mixture of powder and liquid
achieved a gel consistency (h-i), then in a chantberspecimen was introduced and
positioned quickly into the plates containing thel guixture (j-). If needed additional
powder and liquid were added. The reaction tim@af§merization for the used PMMA
took about 15 minutes which gave time to prepagecther testing plate by repeating steps
(a-f).

A critical aspect of the setting process was theataaance of parallelism and concentricity
between the top and lower plate’s surfaces as deiermines optimal geometrical

conditions for “pure” axial loading in compressiddnce the reaction time was set on the
first plate containing the specimen, the secontephas positioned into the lower base of
the assembly device (m) and the powder wettingrepsated. Then quickly, the first plate

containing the specimen was put in the upper béskeoassembly device and was hand
hold it while turning the handle (n) until the speen reach the lower plate. Here

additional powder and liquid was added while thdahstages of the reaction took place
(o-p). After another 15 minutes the reaction ceas®tithe fixation of the specimen to the
testing plates was achieved (q).

136



Chapter 2. Material and Methods: MRI, Testing &gt Modeling

Two additional plates were assembled to the fixeelcgnen (r-t) for connection to the
testing frame. After specimen fixation the disc weady for testing. If the fixed disc was
not to be tested then it was returned to the freaze€20°C.

Figure 2.8. Setting procedure with polymethylmetyate (PMMA) for each
intervertebral disc.
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II. The experimental protocol

The purpose of biomechanical testing to degeneratdervertebral discs was to
characterize the mechanical response to staticgnamic loads, which are necessary for
gaining input data for finite element studies ofadidegeneration. The methodologies
consisted of imposing physiological loads and arelghe corresponding response of the
discs. For this purpose, a testing protocol waslbped and applied to all the discs used in
this study. The protocol consisted in two phasé$:a static loading with a relaxation
period to analyze disc stiffness and relaxatiorpoase, and (2) a dynamic loading to
analyze damping behavior and viscoelasticity. Ik gtatic testing protocol, any difference
in the deflection and relaxation response betwetarent lumber levels and degeneration
scoring were investigated, see Figure 2.9.

Prior to any testing, a period of 12 hours of thaywvas allowed to all frozen fixed discs in
the laboratory. The testing technique was basedpplying static and dynamic loading
using a hydraulic actuator. The testing apparatas & MTS Bionix 858 system with a
custom frame build that allowed the applicationtlod different modes of bending and
torsion, see Figure 2.10.

Because biological tissues dehydrate with time targlaffects its biomechanical behavior,
the entire testing protocol was applied in oneisastr every disc. Disc hydration was
observed before and during every testing. As paithe testing protocol the disc was
wrapped in a cotton tissue and was subjected taterspray every 15 minutes.

Also, the ex-vivo condition of the disc causes nespure in the nucleus to move out fluid,

thereby causing water retention in the nucleus evitile annulus dehydrates. To better
redistribute the water in the disc, it has beergssted to apply a compressive creep of 300
N for a period of 15 minutes before any testingisTdneep allows the retained water in the

nucleus pulposus to be partially distributed in #maulus fibrosus, thus bringing the disc

into a broad physiological range as suggested bgnidet al. (1995). Thus, all the discs

were creep preconditioned at the specified values.

In the second experimental protocol, a cyclic caspion load in the physiological range
was used to investigate the dynamic propertiesstii@ge modulus, the loss modulus, and
the amount of hysteresis between different lumeaels and degeneration scoring, see
Figure 2.11.
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Figure 2.9. Static loading protocol used in thisudst for characterization of disc
stiffness, Young’s modulus, deflection responsa@adation time.

(B)

©)

Figure 2.10. (A) MTS Bionix testing 858 system usedhe experimental study. (B)
Rig frame for applying bending and (C) accessoioesapplying torsion.
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Figure 2.11. Cyclic compression protocol used irs tstudy for characterization of
viscoelastic behavior.
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a. Compression load protocol

Loading the intervertebral disc to axial compressserves to determine tligsc stiffness
K, Young’'s modulus E, axial deformatigrandradial bulging X, and ZThe load type and
its magnitude were kept in the static physiologiGaige to prevent further damage and
failure of the discs. The advanced degeneratiayestaf the L4-L5 discs used in this study
favor the use of force control instead of displaeetncontrol. Therefore, a maximum
compressive forcé of 1000 N was applied with a loading rate of 18,N¥s this simulates
a broad range of daily loading activities in aceorck with Adams et al. (1995) and also
avoids rate effects (Lin et al, 1978). This loadirje gave a corresponding piston
displacement rate of about 0.5 mm/min which is adég for testing biological tissues
under static loading. After reaching 1000 N thexation test began and lasted 60 minutes
were the force decay eventually tends to stabilize.

Measurements of the applied forEein Newton (N), the vertical displacemevitof the
hydraulic actuator in millimeters (mm), and theighdulging in the anterior sid¥ and
posterior sideZ also in millimeters (mm) were recorded during kb&ding stage. Sensors
used included (1) force transducer cell Foreadings and (2) displacement potentiometers
for X andZ readings, see Figure 2.12 for specifications.

Mol 8712

Force Cell Displacement Sensor

Dealer: MTS Dealer: Burster
Model 661.18F-02 Model: 8712
Service load: 2500 N. Range of service: 0-10 mm.
Bridge resistance: 35D Accuracy: 0.05%.
Accuracy class: 0.08% Resolution: 0.01 mm.
Sensitivity: 1 mV/V

(@) (b)

Figure 2.12. Specification of sensors used in t@mression and relaxation test. (a)
Force cell and (b) displacement sensor.

A schematic representation and the actual appeadribe set up for the compression and
relaxation test are shown in Figure 2.13.
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Figure 2.13. (A) Schematic representation of thengession loading and stress
relaxation test set up. (B) Actual appearance.
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With the readings oF andY from the loading stage a calculation of the giéss-strain
o—¢ IS usually done. Here, the stress isa@mal stressc and the strain is also reormal
strainey and corresponds to the disc as a whole and nop&oteular material.

The relationship between stress and strain forobiodl tissues, such as the intervertebral
disc, tends to beonlinearwith large strainsdue to the polymeric nature of the collagen
tissues. One explanation is that in the initiagstaof the compression loading, the nucleus
pulposus develops pressure that acts radially paesion, and causes also expansion of the
outer annulus laminas where the crimped collagegrdi are stretch. This elongation of the
fibers will led to a horizontal slope, segment ArBFigure 2.14, with a low value for the
Young's modulus, .EAs the load increases the fiber stretching alsoeiases which leads to

a higher slope B-C and a corresponding higher valube E modulus, until the fiber yield

is reached, see segment C-D. In practiceYieng’s modulus Bf the disc corresponds to

a mean value of 50% to 100% of the peak load.

Nonlinear Relationship

Cmax C

Stress v/
ngh
s

A B___/

Straim,"e"
e Stress-Strain Curve = e e= Slope

Figure 2.14. Nonlinear relationship between stresand straine for soft biological
tissues.

Under compression loading, the normal stressnd the normal strain were obtained
using:

(ml\rlrz or MPa) (2-1)

(2-2)

™
I

>|< |

whereA andh are the cross sectional area (elliptic) and hedihe disc and were given in
Table 2.1. Units of stress are given in MPa while strain is adimensional. If assuming
that the vertical displacement of the disc is thfathe actuator and if the changes to disc
cross sectior\, and its heighh after the loading are too small, thenvill depend only on
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F in the same way thatwill depend only ofY. Thus, the relationship betweerande can
be written by Hooke’s law of elasticity in the tgpi form:

o =Ee (MPa) (2-3)

where E is the Young's modulus ifMPa) and represents the disc stiffness, which
graphically is the slope of segment B-C in Figuri42

The fitting of the test data for a nonlinear redaship can be done using a polynomial
function of higher order. Usually a second or ttorder is sufficient to adjust most of the

testing data. A general expression for a polynoffuattion ofo against in the canonical
form can be written as follows:

o=A"+ Be"+... + C (2-4)

If the polynomial functiono is differentiated with respect 4othe result will give the disc
instantaneou¥oung’s moduluk. Thus, we can write as follows:

- (d_aj (2-5)

this is taken at peak load and should represerdiftemean response.

To investigate any possible weaker zone of thepperal annulus, measurements of disc
bulging at the middle anterior and posterolateidgéswere done using the recorded values
of X, Z againstF. The bulging increases with loading increase, asdally gives a
nonlinear relationship for each disc, see Figui®2.

Bulging Curve

Posterior 0 Anterior

Side Z Radial Side X

Displacement

Figure 2.15. Disc bulging upon compression loading.
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b. Stress relaxation protocol

Soft biological tissues, such as the intervertetiist, undergo stress relaxation when they
are loaded. Thus, the relaxation response has tbdracterized. The stress dee@y over
time of a soft biological tissue is characterizegl dn initial rapid decline, which is
represented by segment AB in Figure 2.16, folloimyda period of transition decay
(segment BC) until it achieves thelaxation stresgsegment CD). The time for which the
stable stress is reached is tteaxation time t(r)(point C). Thus, the time-dependent
response of the disc to the loading is defined()y

Thus, in this protocol the measurement of the fodeeline over timeF(t) and the
correspondingstress decay(t) are required to analyze relaxation phenomena. Gmee
peak load of 1000 N was reached, the displaceMenthe hydraulic actuator was put to a
hold, and the disc was subjected to a conghmgation Then, immediately after, a sharp
decline of forceF(t) from the peak load took place. Thermal stressc = F/A also
decreased in an exponential fashion and was igatet until it decreased e of the
initial valueoo or achieved stability, known as thelaxation stress

Stress Relaxation curve

Stress (A
T

Relaxation
Stress —

"o(0) "

Relaxation Time ' Time, "t"

L ]
R

Figure 2.16. Stress behavior in a relaxation té&xnint C is were the stable stress is
reached and identifies the relaxation time t(r) dhd relaxation stress(t).

The nonlinear relationship between #igess decay(t) and theime tcan be approximated
with the basic first order differential equationeofponential growth:

99 _ o (2.6)

whereo is the stress at any time, amis a constant of proportionality.

The solution of Eq 2.6 is:

ot) =0, ™" (MPa) (2.7)
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where oy is the peak stressat the end of the loading stageis the time, andx is the
relaxation parameterwhich is a characteristic of each disc.

Because of the high water content, the ex-vivoruggebral disc can be modeled as a
viscoelastic bodyThe viscous part of the disc was assume basdteogel-like structure
of the nucleus pulposus, which is a mixture of watéh disorganized collagen type Il
While the elastic part comes from the annulus Bbeoand its well organized collagen type
| laminar structure that favors flexibility. Thug,was assumed that the annulus fibrosus
acts more as a spring element. Thus, the fluididmhavior of the disc can be represented
by an array oflashpotsaandspringsin parallel. The dashpot represents the viscohawer

in accordance with &lewtonian fluigd while the spring represents the elastic behawior
accordance with aolid elastic(Koolstra et al., 2007) and (Allen et al., 2006his model

is known asthe standard linear solid (SLShodel orZener model which is used for
viscoelastic analysis, see Figure 2.17.

Annulus

SRR

i
T L RALY {
A el
Figure 2.17. (A) Standard linear solid (SLS) modeld (B) application to an

intervertebral disc. Observe the arrangement ofhgaés and springs in the arms
located in the nucleus pulposus and the annulusdils.

In a Newtonian fluidthe constant of proportionality between tigear stress and the
velocity gradient of deformatiorefdt is known as theiscosityn. The equation to describe
aNewtonian fluidbehavior is:

de
T= -ﬂa (2'8)

While in a solid elastic, the constant of propartbty between theormal stress, and the
strain ¢ is known as theéroung’s modulus, .EIn elasticity, Hooke’s lawdescribes this
relationship as linear, which was introduced prasig; see Eq (2-3):

o= E¢ (2_3)
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As described previously, tiel. Smodel uses two parallel arms to predict a moreirate
viscoelastic response in termssiifess relaxationandcreep The basic models for the SLS
model are thélaxwell and theVoigt elements, which are linear and are restrictedralls
deformations (Fung YC, 1993). In the former confagion the elements are connected in
series and the strain is additive but not the sfreghich is constant. In the latter
configuration the elements are connected in parafid the stress is additive but the strain
IS maintain constant between the two arms, sea@&ig18.

Stress relaxation

-~
Force Deﬁ,malli.nné Deformation Force

Time Time Time
| | ‘
Time Time Time
Ll
3 ‘rI E ' TI [ _ i I|.|'II Fz
' i i E — ¥l Il' t
b I|'|||I||'||||i| | III,—p '1— - O ’_’—D
f —_ ﬁ "III'II |'I.|I '||I'|.I ;1 '|II|' I.I Ihlllllr- -
E 1
A) Maxwell moidel B) Voigt model ) SLS model
(Eelvin model)

Figure 2.18. Stress relaxation (in blue) and crg@p red) relationships using (A)
Maxwell, (B) Voigt, and (C) SLS (Kelvin) models.apt@tion from Tanaka et al.
(1993).

From the foregoing, the following relations exist:

For parallel components, such as Voigt model:

Otot = 0p + 05, ande = ép = &s (2-9)

For series components, such as Maxwell model:

Otot = 0D = 05, @Nderet = ép + &s. (2-10)

where the subscrip8andD refer to the spring and dashpot respectively.
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However, in the Voigt model the rate of deformatdardt is zero, and solution fatress
relaxationis not possible. To take into account relaxatasgecond spring is added next to
the dashpot of th&oigt element forming aMaxwell “arm”, and an overalSLSmodel is
form, see Figure 2.18.

We can relate the various stresses and strainBeinoverallSLS modelnd the inner
Maxwell arm as follows:

For the overall system and using Eq. (2-9)
Otot = oM t Os1. (2-11)
ot = €M = €Sl (2-12)
For the Maxwell arm and using Eq. (2-10)
oM = 0p = Os2. (2-13)
emM = ept esa (2-14)

where the subscriptd, D, S and$; refer to Maxwell, dashpot, spring one, and spting
(in the arm), respectively.

Using these relationships, their time derivativeasg the stress-strain relationships for the
spring (Eq. 2-3) and dashpot element (Eq. 2-8)s¥istem can be modeled as follows:

E{”dﬂoﬂmradﬂ
det) _ # \E, dt (2-15)
dt E +E,

whereE,;, E,,  ando(t) are theYoung modulusf each spring, theiscosityof the fluid and
thestress relaxation functiorespectively.

Prediction ofstress relaxatiomequires a strain step or an elongation step.efbers(t) is
a constant, and the rate of deformation is mllljt = 0, and Eq. 2-15 reduces to:

do(t) , E,

o(t) —ig =0 (2-16)
a7 n

This is a first order linear differential equatiddsing E/m as the integration factor and
resolving foro(t) gives:

_[ﬁjm
O(1) e =EsE+E,E[ (2.17)
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Other form of Eq. (2-17) is:

_[Ejm
a(t)total =0, + O, (e 7 (2_18)

Where agairoy is thepeak stresst the end of the loading stage. The first ternE@f (2-
18) correspond to the linear response of the sisgleng element, and the second term
contains the relaxation response of Maxwell arm given by the exponential ter&/y
known as theelaxation parametes;, and shown also in Eqg. 2-7. Thus, we can write:

— 5 (2-19)

If the response is £> n, then it will imply a dominant solid viscoelastehavior, and if
E. <<n it will imply a fluid like behavior. The inverse &q. (2-19) gives the characteristic
relaxation time @); it is physically the time needed for the streséall to 1/e of its initial
valueog or achieve stability. Also, it will vary from dido disc. Thus we can write:

t.=at= Eiz s) (2-20)

Thedisc modulus (ks may be obtained by dividing Eq. (2-18) by the defatione:

E
= 90wa _ T, To " (2-21)
& & &

E

disc

The first term of Eq. (2-21) is théoung’s modulus Eand the second term is thedaxation
modulus (R); it represents the relativ&iffnesswhen the stress relaxation ceases which
occurs at theelaxation time g. Replacingx for therelaxation time g in second term:

E.(t) = % et (2-22)

0

At t = 0 s the second term of Eq. (2-18) gives the stres& paluesy, and at a particular
time t, the corresponding stress decline. However, thdinde of stress will follow a
straight line since th8LS modeis also linear. Also, it will end at a none zeadue, unlike

the Maxwell model, see Figure 2.18.

Finally, the use of an exponential decay expres$iwnstress relaxation is simple and
effective, and additional terms in the exponentfaEq. (2-18) may be used to accurately
fit any test data. Considerations should be madmrding factors that affect stress
relaxation which include: magnitude of the initiedd, speed of loading, loading medium,
temperature and long term storage, as describédibyg YC (1993).

149



Chapter 2. Material and Methods: MRI, Testing &gt Modeling

c. Flexion-extension and right-left bending protocol

Thedisc flexibilityis a physical characteristic of healthy dideexibility is defined as the
amount of motion respongge(in degrees) due to a moment loadMgN-m). The ratio of
moment loading to motion response is bemding stiffnesky and the nonlinear relations
are analyzed on a graph of motion respaghgemoment loading/l done in the coronal and
saggital planes of the disc. Thus, in this studgpmants of 5 N-m in flexion, extension,
right and left bending were applied in this ordéhe magnitudes of the moments were
sufficient to produce physiological motions but #nesough to not injure the disc. The
loading rate of the moments were kept at 0.25 N-thiss it took 20 seconds to reach the
peak moment. The corresponding piston displacemast was about 6 mm/min. After
reaching the 5 N-m in flexion every specimen waiated and allowed a 10 minute
recovery before repeating the next loading in esiten

The testing technique was based on that use bylt3d@twal. (1979), the use of an eccentric
compression load to produce the desired moment. hijdeaulic actuator of the testing
machine provided the lod€él and the bending accessories previously shownguré& 2.10
provided the lever arm. The maximum forc& was 50 N and the lengih was kept fixed
at 100 mm. Thus, the magnitude of the applied mdommeainy bendindg/ was

M=Fx0.1 (N-m) (2-23)

A schematic representation and the actual appeaxrtbe set up for the flexion-extension
and the right-left bending tests are shown in Fegudo.

Flector Moment "M" Compression
M=FxD i Force "F"

I_ |

l e
-~ Bendin
AE:T\ 0 BFl'f::imeg

Lever Arm
HDH

Force
Cell

Bionix Work Frame

(A) (B)

Figure 2.19. Schematic view of the bending testipse{fA) The non deformed
configuration of the disc. (B) Actual appearancteafpplying a 5 N-m moment, first
in flexion-extension and then in right-left bending
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Measurements of the applied fof€eand the vertical displacemevitwere recorded during
the loading stage. These values were used detetimnmotion response of the disc in a
graph ofM againstd. The horizontal linéDA shown in Figure 2.19A corresponds to the
initial configuration of the disc. After the 5 N-bending, the lin€@DA was rotated of an
angle ¢ to the new position, shown as lif@A’ which corresponds to the deformed
configuration. Perpendicularly between F and D waaintained initially while any
movement of poinD was assumed to be small. Thus, it can be seentfrerimiangleOAA’
that

sinf = AS (2-24)
D
where,D =100 mm. Resolving fof :
0 =sint (l) (rad) (2-25)
10C

whered is given in radians. With the valuesMfandé obtained from Eq. 2-23 and 2-25 a
plot of M-8 was drawn to show the nonlinear relationship betwmoment loading and
motion response, as shown in Figure 2.20. This iepeated for the other three moments
used: extensior&), right bending RB), and left bendingL(B).

Bending Stiffness, K,

Bending
Moment
M

(N-m)

Bending Angle, 6

= Stiffness curve = Slope

Figure 2.20. Typical motion response of an intet@eral disc when bending it to
flexion-extension or to the lateral side.

When dividing equation (2-23) by (2-25) we obtdne tbending stiffnesky of the disc,
which will depend only on the applied forEeand the corresponding elongatién

oA

Kvy=—
M 7, rad

(2-26)
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d. Torsion load protocol

Another type of motion that the intervertebral dssubjected is rotation torsiondone in
the transversal plane. The disc flexibility andcdssiffnessKt have the same meaning as it
did in the bending case. The literals are now, rfmtion responséd, and for torsion
momentT. However, in the intact unit vertebral function B¥he presence of the posterior
elements leads to a high torsion strength, whighesents a 65% contribution, while the
remaining is attributed to the intervertebral diBarfan et al. 1970). To investigate the disc
strength to torsion, the posterior elements weneokeed, and was assumed that the main
load carrier was the annulus fibrosus. Therefdre, results of this protocol should give
inside information of this material.

Thus, in this study a torsion moment of 5 N-m wpgli@d to each disc, and the nonlinear
relation betweeM and@ was analyzed. Again, the magnitude of the torqgas sufficient

to produce physiological motions but small enough to injure the intervertebral discs.
The loading rate of the torsion was kept at 0.281M4; thus it took 20 seconds to reach the
5 N-m peak torque. The corresponding piston digpieent rate was about 2 mm/min.
After reaching 5 N-m every disc were unloaded alalwad to recover for 10 minutes
before applying the next testing protocol. Measweirof the torque T was done using a
torque cell with an amplifier, see Figure 2.21.

Torque Cell

Dealer: Lorenz Messtechnik
Model: DF-30
Service torque: 10 Nm +30%
Bridge resistance: 350
Accuracy class: 0.05%
Sensitivity: 1 mV/V

- Amplifier
—p  From amd (o pmt o To
i . [orgoe .
a‘f'h-lyln Ef‘:'-"-' 0 -:ﬂi l;qlarmsx Dealer: Lorenz Messtechnik
Model: SI-U10
Supply and output: 10 V
(a) (b)

Figure 2.21. (a) Torque cell used in this study.Amplifier for torque signal input into
the MTS Test Start.

The hydraulic actuator of the MTS Bionix providdxk tinitial vertical displacement and

the torsion device with a cam threaded and rolliodower mechanism allowed the
transformation of linear to helical rotati@) see Figure 2.22. The cam helix thread permits
constant torsiofl. The relationship between Y ag@tis called pitch thread and determines
the ratio of displacement, which for the torsionide was:

@ =0.0312Y (rad) (2-27)
where Y was given in mm. This mechanism allowedtthasmission of “pure” torqué

while the force compression component was elimohalge to rolling and sliding contact,
see Figure 2.22.
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Hydraalic
Actugtor

Torsion
Deviee
Yertical
Helical Dispiacement
Cam

Tursion
Rotuatien

a

Roller T l-;,
Folower r -
Guide ;
___________________ PMMA

Bise

(A) (B)

Figure 2.22. (A) Schematic view of the torsion settup and (B) actual appearance.

A typical curve ofT- @ for the intervertebral disc is shown in Figure3.Zhe initial toe
AB of the curve correspond to the uncrimping of #mulus collagen fibers, after then
stretching of the fibers takes place and the tarsidfness of the disc is given by the near
straight line BC up to the point of fiber yield CD.

Dividing the torqueT by the angular deflectio@d during the loading stage gives the torsion
stiffnessKr :

K= I (Nm/rad) (2-28)
@

Torsion Stiffness

Torsion
Moment, T

(N-m)

Torsion Angle, @

= Stiffness corve = Slope

Figure 2.23. Typical motion response of an intet®leral disc to torsion loading.
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e. Cyclic compression protocol

The cyclic compression load is used to investigie damping capacity of the
intervertebral disc. The water in the disc makesihewhat incompressible, a feature that
benefit the disc because it act as a cushion agaipsct loading that results from normal
body movement.

Lower lumbar discs are exposed to severe loadidgdaformation that compromised their
ability to shock absorbed. Part of the loading setal be axial and directed toward the
nucleus pulposus which bears initially most of daenping (Kazarian, 1975). Thus, cyclic
compression serves to evaluate its damping chaistats. For this purpose, a loading
protocol was designed and used to all the specirtessted after the static protocol. The
technique consisted of applying 85 cycles usingnaiseidal fluctuating wave, which
initially range from a minimum forc&, of 200 N to a maximum forcEnmax of 500 N.
These loads corresponded to the supine and ugragitions according to Nachemson et
al., (1964) and Wilke et al., (1999). Thus, the responding displacement was
maintained fixed between a minimuYii, corresponding to thEmax and a maximunYmax
corresponding td-n, see Figure 2.24. The decay of the mean fétgbetween the first
and the last cycle, if any, was measured. Due notdtions of PC memory and the
architecture of the software controller TestStathef MTS Bionix system the number of
applied cycles was limited to 85.

For a viscoelastic material such as the interveatatisc, the dominant disc response, e.g.
solid or fluid-like behavior will depend on the figencyw. Low frequencies (low rates)
favors elastic behavior while high frequencies favéiuid like behavior according to
latridis et al., (1996) and Tanaka et al., (2003) usage of a wide physiological range of
frequencies allows the analysis of slow and retati@st loading rates and thus, axial
motions without permanent deformation. Testing exo\discs requires using frequencies
in the physiological range from 0.1 Hz up to 20 (asra et al. 1992 and Adams et al.,
1995). Thus, in the present study it was decidagsothe range of frequencies from 0.2 Hz
to 5 Hz as this range represents most of the frezjee of light tasks done in office and at
home. For every frequency, measurements oftithe t in seconds (s), théorce F in
Newton (N) and thedisplacement Yin millimeters (mm) were recorded 360 times per
cycle.

The applied displacemeNtshown in Figure 2.24 can be written in the form
Y = Yn+ Yasint) (mm) (2-29)

wheret is the time (S) is the frequency (rad/sY, andY, are the mean displacement and
the amplitude respectively, and are constants.

Dividing the expression in Eq.(2-29) by the disa@heh, gives the straia:
€= &m * &5 SIN(wt) (2-30)

whereen is the mean strain ang is the strain amplitude.
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Force Displacement
F Y
~ 'y

Figure 2.24. (A) A three axis diagram showing trempression load fluctuation
response (right side in black) to an initial sinigal displacement (left side in blue).
Observe that the force F fluctuate without passhrgugh zero. (B) Actual appearance
of the cyclic compression test.

In continuum mechanics, if the applied displaceméihias a sinusoidal wave form, then
the response of forde of the medium will also have the same wave forrictv may be
written in the most general form as

F = Fn + Fa sint+f) (N) (2-31)

whereF, andF, are the instantaneous mean force and amplitugemss respectively and
[ is the out of phase angle between the applied atisphent and the force response.
Dividing the force expression in Eq. (2-31) by fttiec areaA gives the normal stress
response which can be written

0 = om * 04 SIN(t+f) (MPa) (2-32)
where o, and o, are the normal instantaneous mean stress andtiibgs samplitude,

respectively. The out of phase angleneasures the viscous response of the material to
dynamic strain.
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Then, with the values of ando given by Eq. (2-30) and (2-32) respectively, apbraf
stressy and deformatiom against the timéwas plotted in a three axis diagram, see Figure
2.25.

The time space between the peakssoéind of ¢ (given by the horizontal distance)
determine the value of the anglewhich is given by

S = wt (rad) (2-33)

then, it follows that the angjeis a function of the frequeney. Also shown in Figure 2.25
is the stress decay represented by the line &gto ¢’ .

Cyclic Stress-Strain, out of phase angle B and Stress Decay

________________________________________________________________________

2 : Strain
R - B R RN S YU ANSRY SN P 6 NN MO SR & W Y. O 3 £
(constant)

Stress
G

Time, t

Figure 2.25. Representation of a constant applisdisoidal straine (right side in
blue) and the resulting sinusoidal stressesponse (left side in black) of a viscoelastic
material. Decay of stress , will depend on the used frequency while the oythafse
anglep do not change between cycles.

In the case of an ideal elastic solid, the steess always in phase with the strair(i.e.,

$=0 in eq. 2-32). In contrast, the stress of a visddawtonian fluidis always 90° out of
phase (i.e.f = n/2 rad) with the strain. This, as a result from Newtoflisds law, given
by Eq. (2-8) as

i (%) (2-8)

wheren is the viscosity. Substitution of the derivativiecowith respect to timegiven by
(2-30), into eq. (2-8), gives

6= 1 ea SN (a)t+§)=aasin (wt+§) (2-34)
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where the amplitude &, = 7 w .. Thereforethe absolute value ¢f for any material will

lie in between 0° and 90°.

Once the anglg was determined, then the disemplex modulus Etould be calculated.
The usage of complex number notation is the comapgmoach by which a complex strain
g*, stress* and thereby the modul&s (according to Hooke’s law) can be represented as:

e = ga @™ (2-35)
o* = o, P (2-36)
E*=(—) ( % )e‘ﬁ (2-37)

Then, thecomplex modulusan be resolved into two components, one that ghase (i.e.,
E’) and one that is out of phase (i[”) with the applied strain. Substitution of Euler's
|dent|tye/3 = cosp +isinginto eq. (2-37) gives

E* -( a ) cosp +i ( )smﬁ (2-38)

Equation (3-22) may be written in the following rior
E*=E+IE” (2-39)

where E’ is thestorage modulugjiven as:
= ( ) cosp (2-40)
and E” is thdoss modulugyiven as:
g, . .
E"= (? ) sing (2-41)

The magnitude of theomplex modulyg E*|, was obtained as:
|E*F = (E)*+(E")* (2-42)

The ratio of loss and stored moduli defines anothseful parameter in dynamic
mechanical analysis namgah J, where

tang=——= — (2-43)
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Another useful concept in dynamic analysis is thergy dissipation ohysteresis HFor
this purpose, the stress-stratrg curve was plotted against the loading-unloadingesy
and the enclosed area was calculated, as follows:

Hysteresis= {ja Edg} - { J' o mg} (2-44)
loading unloading

& &1

The typical hysteresis for elastic, viscoelastid 8nid behavior, along with the respective

linear viscoelastic models with springs and dashmoe shown in Figure 2.26. For a

material that exhibits pure elastic behavior thivading trajectory has the same direction
than the loading trajectory, therefore, the endoseea between trajectories is zero. Most
metals exhibit this behavior as long as no permiadeformation is induced. In the stress
relaxation protocol, mechanical models that corrsouidy the elastic behavior use a linear
spring element to characterize the deflection respoThus, in the elastic region, metals
are characterized by the Young's modukisHowever, Figure 2.26A also shows stress
relaxation, a feature that is not associated wigtais.

wa
Loading-Unleading -

First cycles  —

Lust cveley  —

{-‘U Elusite

Maxwall Wads!

Helvin Medel

;
o E di_gLydo, o .
(B Viscowlastic & ( E }-a'.r ] _a.{ia_'“ ol ,-}

E, o !

E . + 5 2

I
T

{C} Fluid

Figure 2.26. Hysteresis curves for a (A) domindastc, (B) viscoelastic and (C) fluid
behavior with the corresponding mechanical moddts. the Kelvin model, an
arrangement of springs and dashpots in series amndllel permits predictions of creep
and stress relaxation phenomena.
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Loading and unloading soft biological tissues gisagnergy dissipatiomr hysteresisand
also astress relaxationThus, the enclosed area between the loading maledding curves

IS non zero, see Figure 2.26B. The shape of thiefgg@s curve for a pure elastic material
resembles a straight line, and that for a visctielasaterial resembles a “banana” shape.
While for anewtonian fluidthe hysteresiscurve shows a maximum enclosed area, see
Figure 2.26C.
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The Finite Element protocol

The use of the finite element method (FEM) in bogparering has expanded over the past
decades, beginning from the design of sport equipnand medical devices, and
continuing with the study of degenerative diseasesl most recently in cell
mechanobiology and tissue engineering applicatidws/ances in these branches have
been possible due to faster computers, more usgrdfy implementation of FEM codes
into commercial software’s and increasing use ghlresolution computerized imagining
techniques (i.e. computed tomography-CT, magnesomance imaging-MRI), which have
proven to be reliable and accurate proceduresédoonstructing complex geometries of
human organs and tissues.

In this study, two MRI, one from a L2-L3 disc, atineé other from a L4-L5 disc were used
to developed 3D models of each disc. The 2D cressesal MRI were imported into an
interactive medical imaging control system: MIMIE'S 10.01 (MATERIALISE™,
Leuven, Belgium) for converting anatomical datariramages to 3D disc models using
segmentation of soft tissue and bone structure.sélexted discs werspecimen GL2-L3
level with degeneration scoring = 3) aspecimen [L4-L5 level with degeneration scoring
= 5), see Table 2.1. Later on, in chapter 3, sedtip, is shown that these two discs best
describe significant differences in the amount imtervertebral osteochondrosiand
spondylosis deformanand therefore can be used as a reference faeheopment of a
finite element model of disc degeneration. Aftee thegmentation procedure, a finite
element mesh was created for each disc, with $ferdnt sizes, and preprocessed with
Marc Mentat" 2007 (MSC Software', Santa Ana CA, USA). However, only the L2-L3
FEM disc was validated with the results from thepeskmental testing protocol. The
validation of the L4-L5 FEM disc is left for futusgork.

The sequence for removal of air, segmentation dkteal bone and disc materials for the
two discs are shown in the flow charts of Figur272and 2.28. Once the air was removed
(layer by layer), a 3D object containing the disnitour was created. This contour wraps
the entire volume of material, corresponding to ititervertebral disc and the side of the
vertebrae which were scan. The generation of aocomhesh first, and the mesh of volume
later, were done in a copy of the 3D object, while segmentation of materials were done
in the 3D object created initially, along sepataters, forming thenasks

The segmentation allowed the identification of thecleus pulposus, annulus fibrosus,
cartilage endplate and cavities from the disc, @sd the cortical shell and the trabecular
or cancellous bone from the vertebral bodies. Tkhs,permitted an eventual anatomical
and mechanical characterization of these materfadslitional data needed for the finite

element model of disc degeneration included themgdacal properties of the mesh, the
type of formulation for the materials, the boundeoynditions, and the type of analysis.
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Figure 2.27. Flow chart for the air removal, gengoa of the contour mesh and
segmentation procedure of the vertebra bone.
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Figure 2.28. Flow chart for the segmentation of ithtervertebral disc soft tissues.
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a. Removal of air and creation of a 3D finite elemensurface mesh

At the beginning, MIMICS uses, as an input, a DIC@M containing the MRI of the
discs, see Figure 2.29. The green background slommveach of the three references for
viewing represent the scanned area in the saggaednal and axial planes of the disc and
its surrounding air, while the black backgroundresents areas that were not scanned.
Thus, the green cubic object in the lower rightneorrepresents the corresponding MRI
scan of the selected volume (including air).
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Figure 2.29. Featuring of the DICOM file containirtije MRI for the L2-L3 disc in
MIMICS™ 10.01, (MATERIALISE!, Leuven, Belgium). Anatomical reference for
viewing, starting from the lower left and in clogkesrotation: saggital, coronal, axial
and a 3D aspect of the scanned volume.

The MRI from the two selected discs had a dispielg fof view of 104 x 104 mm with a
resolution of 256 x 256 pixels, or 256 ppi (pixpkx inch) giving a pixel size of 0.406 mm
and a 0.4 mm of thickness between the scannedslajfer example, for an anterior-
posterior length of 42 mm, a total of 105 scan lay®ere obtained, which needed to be
segmented. Only the disc and the neighboring sadethe vertebra bodies were MRI
scanned, and the remaining of the vertebrae wasscat. Thus, only a fraction of the
vertebra bone was segmented and modeled, in comiiifisthe intervertebral disc which
was entirely segmented and modeled, see Figure 2.30

The key to converting anatomical data from the M&IBD models is a process called
segmentation. During segmentation the user indiclie structure(s) of interest in the
sliced image data. This information is then usecktoeate a 3D model from the segmented
structures. MIMICSY has several tools to segment, or section, regibristerest, one of

which is the Thresholdlevel, which is a parameter that acts as a fitterselect or

discriminate different regions as a function of ihiensity of brightness in a color or a grey
tone scale. In our case, the MRI was given in 12 difi grey tone scale per pixel, giving an
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intensity level (grayvalue) ranging from 0 to 40@6grayvalue of zero represents a black
pixel and that of 4096 represents a white pixeleréhis a direct association between
material density of the scanned object and thevglag assigned to each pixel in the image
data. Because of this, segmentation programs Ihaviéeixibility to create models from any
geometry distinguishable within the scanned data.

Hence, a removal of the volume occupied by airrduthe MRI scan was done to each disc
using the Thresholdlevel. With a grayvalue greater than 1040 mosttled air was
automatically eliminated in both discs. After tmgial thresholding, the remaining air was
manually eliminated layer by layer, until a 3D madlonly materials was created for each
disc, and was called mask of materials, see Figu®® and 2.31. Manual removal of air
was mostly carried out at the periphery of the .disere, care was taken to maintain the
annulus contour from a layer to the next layer. The of multiple views helped for the
coordination of air removal and material segmeaoiati

Figure 2.30. Partial removal of air from the L2-ldBsc surroundings using MIMICY
10.01, (MATERIALISE', Leuven, Belgium).

In the MRI from the discs, the air appeared asaalbbackground pixel located outside the

material. The higher concentration of water appkaas the brightest pixels and was
located at the central part of the disc. The dapieels in the region of material were
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associated with high density, and appear on tophb&halwv the disc, corresponding to the
vertebrae, or to the presence of cavities if apjredhe disc region. These observations
were in agreement with typical interpretations frémmbar spine radiology (Resnick,
1994).

Once the masks of materials were defined for eaét, M description of the surface or
contour of the 3D models was made using a Finiteméht (FE) mesh in a stereo
lithography (STL) format, which is a triangulategrfeace mesh file that allowed accurate
description of geometrical details, typical of amaical data which is in general very
intricate. The STL surface mesh file containedehmedes for each triangle and defined the
normal direction of the triangle. The generatiortted mesh follows an iterative algorithm
which interpolates with the selected tolerance50rin) all the layers (105 with 0.40 mm
of separation) from the mask of materials (contajrthe intervertebral disc and vertebrae
sides) to conform the contour. Hence, the two meshere based on a custom quality
which was based on a contour interpolation metfidis allowed shape preservation with
continuity. The parameters used for generatingStke 3D surface meshes are shown in
Table 2.2.

Table 2.2. Process parameters used to generateéSihe 3D Finite Element surface
meshes in MIMIC%' 10.01, (MATERIALISE!, Leuven, Belgium).

3D object Parameter Value
Quality Custom
Interpolation method Contour
Prefer Accuracy
Slices Reset
Matrix reduction XY resolution: 2 x
Z resolution: 2 x
Shell reduction No
Smoothing Yes
Iterations S
Smoothing factor 0.70
Compensate shrinkage Yes
Triangle reduction Yes
Reduction mode Edge
Tolerance 0.15 mm
Edge angle 40 degrees
Iteration 10
Working buffer size Below 31MB

An additional surface smoothing with a factor of@was applied to simplify complex
details, giving the 3D models the contour appeaamown in Figure 2.31.

Initially, the FE surface mesh for each disc wdsasth a triangulation of 40° edge angle as

a minimum, see Figure 2.32. As shown, the generatidhe surface mesh creates triangles
of different sizes and geometric shapes. The theasbapes can be seen by its color, the
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dark green triangles have similar apexes and thle @&l triangles have a narrow apex.
Since the sum of internal angles in a triangle ed&0°, then it follows that a green
triangle would tend to be equilateral. The rednigias with a narrow apex or an obtuse
angle tend to have collinear vertices and are pptapriate for structural analysis.

L4-L5 disc

Figure 2.31. Masks of materials showing the surfaicdhe STL 3D models (lower right
corner) for the L2-L3 disc (upper), and in the LB-Hisc (lower) using MIMICY'
10.01, (MATERIALISE', Leuven, Belgium).
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Figure 2.32. 3D Finite Element surface meshes Agrte L2-L3 disc and (B) the L4-
L5 disc using MIMIC8" 10.01, (MATERIALISE', Leuven, Belgium).

The larger triangles in the surface meshes of EidiB2 need to be reduced in size to
account for a precise stress and strain analysigele@ points or regions, which is specially
needed in the disc section. Also, the geometrib@ps of the triangles accounts for
maintaining predictable deformation, which in ttese of the disc is needed for analyzing
large deformations. In this sense, the green thgngnd to maintain the condition of mesh
triangulation upon deformation, and are said toehgwod geometric quality. In contrast,
the red triangles tend to show large distortiong do their obtuse angle, and create
inconsistencies and instability in the process. sThan improvement in the geometric

quality of the triangulation imply the reductiontbie red triangles, which is mention in the
next section.

The geometric characteristics of the 3D surfacehe®$or discs G (L2-L3), and | (L4-L5)
are shown in Table 2.3.
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Table 2.3. Geometric characteristics of the STLRbite Element surface meshes for
the L2-L3 and the L4-L5 discs.

Specimen Volume Surface Number of Number of
(mm?) (mm?) triangles. Points.

G, level L2-L3 35654 6578 4838 2421

[, level L4-L5 35148 6518 5458 2731

b. Refinement of the surface meshes

The refinement of the 3D surface meshes in Figus2 @iere accomplished in three steps
using the remeshing tool of MIMIC:

1) Reducing the contour details.
2) Reducing the size of the triangles.
3) Improving the ratio of triangles of good qualityltav quality.

The remeshing tool is base on improving the qualitthe mesh of the STL files from their
original rapid prototyping (RP) ready format to@puter aided engineering (CAE) ready
format for the preprocess analysis.

Unnecessary details of the surface were reducedpplying a second smoothing to the
surface meshes. Elimination of sharp and rougtegdgspecially in the top and bottom
regions of the vertebrae were also done, as thesmetric features were the result of the
removal of air from the MRI scan, and can be ndghbdor the modeling, since they are
not part of the disc.

The reduction of size of the triangulation was dasmg criteria which limited the length
of the triangles edges to a maximum value and antlestablished geometrical error. Thus,
the meshes contain only triangles of lower siza tee maximum edge length permitted,
which was set in the range of 1 mm to 5 mm. Thhis, lange of sizes for the triangulation
was in accordance with the size of the disc, amyewient for the purposes.

For the low geometrical quality triangles (e.g. tedngles), an improvement was done
using a criteria based on the quality paramekeight/Base(A)which measures the ratio
between the height and the base of the triangl® n@nmalizes the value to improve their
quality. For this criterion, a perfect equilatend@ngle has a geometric quality of 1, and a
triangle with a sharp apex has a geometric qualéggr 0. The parameters used for the
refinement of the surface meshes are shown in TA8le

Six different sizes for the triangulation were uded the purpose of obtaining the most
convenient size model. Recalling the main dimerssioh an adult intervertebral disc,
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height and cross section, it was decided to maintlaeé maximum edge length of the
triangulation in the range between 1 and 5 mm.

Hence, the following edge lengths were used to ldpve triangulations: 1 mm, 1.3 mm,
1.5 mm, 2 mm, 3 mm and 5 mm. The meshes appeartorcadriangulation of a 1.5 mm

are shown in Figure 2.33.

Table 2.4. The remesh parameters for the STL 3ReHEiement surface meshes.

Smooth parameters
Method Laplacian 1 order
Smooth factor 0.7
Number of iterations 3
Use compensation Yes
Reduction of triangles
Method Normal
Flip threshold angle 40°
Geometrical error 0.3
Number of iterations 5
Preserve surface contours Yes
Autoremesh
Shape quality threshold 0.4
Maximum geometrical error 0.3
Control triangle edge length Yes
Maximum edge length 1
Number of iterations 10
Skip bad edges Yes
Preserve surface contours Yes
Quality preserving reduce parameters
Shape quality threshold 0.4
Maximum geometrical error 0.25
Control triangle edge length Yes
Maximum edge length 1,1.3,15,2,3,5
Number of iterations 10
Skip bad edges Yes
Preserve surface contours Yes
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Figure 2.33. Refinement of the 3D Finite Elementa&e meshes with a maximum edge
length of 1.5 mm for (A) the L2-L3 disc, and (B3 t-L5 disc using MIMIC¥' 10.01,
(MATERIALISEM, Leuven, Belgium).

c. Setting of the mesh of volume

Once the refinement of the surface meshes was fdomach disc, they were imported to a
3 party volume mesh generation package (PATRANMSC Softwaré", Santa Ana CA,
USA). STL files are a surface representation. Toamoanalysis, a complete volume
description is needed. Generating a volume mesim feo refined surface mesh is
straightforward. This was done by filling the volardescribed by the triangulation of the
contour meshes with a prismatic element. The tymdemnent selected for the filling, was a
tetrahedron with 4 nodes. This element is a thiseedsional, isoparametric 4+1-node, low
order, tetrahedron with an additional pressure egf freedom at each of the four corner
nodes, see Figure 2.34. It is written for incomgit@de or nearly incompressible three-
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dimensional applications, such as rubber, water,soit biological tissues like the
intervertebral disc. The shape function for theteenode is a bubble function. Therefore,
the displacements and the coordinates for the eltsrere linearly distributed along the
element boundaries. The stiffness of this elengfdrmed using four Gaussian integration
points. The degrees of freedom of the center noee@ndensed out on the element level
before the assembly of the global matrix, as deedrin MSC Marc Ment&t' Tutorial for
element type # 157 (MSC Softwale Santa Ana CA, USA).

{

Triangulation Tetrahedral element, 4 nodes

Mesh of contour
Volumnetric mesh

Figure 2.34. Tetrahedral element with 4 nodes ugmdthe construction of the
volumetric meshes.

Again, the volumetric meshes for each disc were vaét different tetrahedron size,
corresponding to the different sizes of the tridagon: 1 mm, 1.3 mm, 1.5 mm, 2 mm, 3
mm and 5 mm. A summary of the geometric chara¢iesisf these volumetric meshes for
each disc is given in Table 2.5.

As shown, models G-1 and I-1 corresponded to thshes with the lowest number of

elements and larger size, while models G-6 anctctBesponded to the meshes with the
highest number of elements and smaller size. Thermen differences in the volume and

in the surface of the meshes before and after éheeshing were small with values of

0.68% and 3.24% respectively.

Once the meshes of volume were set they were imgdiack to MIMICSY for the

assignment of regional materials, as defined bythiee respective material masks, a task
which involves the segmentation of bone and disterrads, and which is described next.
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Table 2.5. The geometrical characteristics for theshes of volume for the L2-L3 and

L4-L5 discs.
L2-L3 disc
Model | Elementsize | Volume | Surface | Number of | Number | Degrees
Name | maximum (mm?3) (mm? | Elements | of Nodes| freedom
length edge DOF
(mm) (x10°)
G-1 5 35411 6365 39788 7950 316
G-2 3 35418 6365 47519 9392 446
G-3 2 35428 6366 105231 19525 2055
G-4 1.5 35438 6369 187746 34172 6405
G-5 1.3 35444 6371 342912 60641 20794
G-6 1 35457 6381 724301 12636[1 91523
L4-L5 disc
-1 5 35335 6728 24596 4907 121
-2 3 35342 6728 29375 5798 170
-3 2 35352 6729 65051 12053 784
-4 1.5 35362 6732 116060 21094 2248
I-5 1.3 35368 6734 211980 37433 7935
-6 1 35381 6745 447745 78001 34925

d. Bone segmentation and respective masks

The segmentation of bone was done in the mask ¢érraks, corresponding to the 3D
object created, see Figure 2.27. This procedumedtdy differencing the intervertebral
disc from the vertebrae. This task was relativelyyeto do, as the difference of intensity of
brightness of the pixels from the disc region wekpect to those from the vertebrae in the
MRI was evident. Thus, a clear boundary was esfabtl between the bone and the disc,
see Figure 2.35.

Bone-Disc
Boundary

Figure 2.35. Differences in the intensity of briggs of the pixels are used to identify a
boundary (red dots) between the disc and the vexteb
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The procedure used for removal of the intervertetis from the mask of materials was
also done layer by layer, and gave a mask of oeffebra bone, called Bone mask. Then,
by applying a boolean subtraction of the mask ofemi@s minus the Bone mask, gave the
mask of the intervertebral disc, called Disc mase Figure 2.27. The appearance of the
segmentations of bone and disc are shown in F23&

Figure 2.36. Masks showing the segmentation okbeate and intervertebral disc for
the L2-L3 segment done with MIMIE/SL0.01, (MATERIALISE, Leuven, Belgium)..

Once the Bone mask was obtained, then a furthenesetgtion was done to obtain the

masks of cancellous bone, compact bone or cosluall and osteophytes. However, these
segmentations were base on assumptions from thenaical features from the resolution

(256 x 256 pixels) of the two MRI. Figures 2.37 &89 shows the regions in the MRI that
account for distinguishing differences betweentthe types of bone, which were: (1) the

peripheral contour of the L2-L3 vertebra, as shdwyrthe red dots in the axial view, and

(2) the anterior sides of the L4-L5 vertebra, niba& boundary with the disc, as shown by
the blue dots in the coronal and saggital views.

Thus, for the L2-L3 segment it was proposed togasaishell of compact bone (cortical) in
the entire periphery of the MRI with a thickness bfto 2 pixels (0.4 to 1 mm) in
accordance with Silva et al. (1994), see Figure7.2.Bhis shell of compact bone
corresponded to a medium grade of disc degeneratfoauggested by Kotha et al (2007).

172



Chapter 2. Material and Methods: MRI, Testing &gt Modeling

In juvenile vertebrae there is a clear distinctioetween cortical and trabecular bone,
whereas in elderly bones is not always clear, aalbe lower lumbar discs, such as level
L4-L5.

& Cortical shell BY Cancellous hone

Figure 2.37. A ring of 0.4 to 1 mm of thicknespi¢ls) from the L2-L3 MRI contour
of the vertebra account for the segmentation ofciitical shell. The remaining gray
color in the view corresponds to the trabecularcancellous bone.

A ring of a thin wall of compact bone along therma-caudal direction was removed from
the Bone mask of the L2-L3 segment giving the trate bone, which formed the

cancellous bone mask. The boolean subtraction efBttne mask minus the cancellous
bone mask, gave the mask of the compact bone dicaloshell, see Figure 2.27. The
appearance of the segmentations of cancellous @midat bone for the L2-L3 segment is

shown in Figure 2.38.

For the L4-L5 segment, the visual inspection sholaege amounts of osteophytes in the
anterior side of the segment, these were seereiMiRI as bright pixels forming a thick
layer that extended over and below the anterioe siithe disc. With advance age and
degeneration, the presence of these bony outgramthsases, which makes it difficult to
distinguish differences between the two bones (Rksth994). Thus, it was suggested that
the elongated bright appearances on the MRI of.4hE5 segment at the anterior level, be
treated as osteophyte formation, see Figure 2.39.

The removal of bony outgrowths from the Bone matkhe L4-L5 segment gave the
cancellous bone mask. It was assumed that thecabghell was underexposed by the
presence of osteophytes. The boolean subtractidheoBone mask minus the cancellous
bone mask, gave the mask of the osteophytes, spgeFR.27. The appearance of the
segmentations of cancellous bone and osteophytethdoL4-L5 segment are shown in
Figure 2.40.

Except for osteophyte formation, any other pathiclmgchanges in the bone such as
reaction bone sclerosis or protrusions of the cisterial into the vertebra bone were not
considered for the segmentation.
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Figure 2.38. Masks showing the segmentation of @énes and cortical bone for the
L2-L3 segment done with MIMIE$10.01, (MATERIALISE, Leuven, Belgium).

# Osteophytes - Cancellous bone

Figure 2.39. A thick wall of osteophytes was idexdiat the anterior margins of the
L4-L5 segment. The remaining gray color correspdodée trabecular bone.
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. Cancellous Bone

Figure 2.40. Masks showing the segmentation ofcelémus bone and osteophyte
formation for the L4-L5 disc done with MIMIE$10.01, (MATERIALISE, Leuven,
Belgium)..

e. Intervertebral disc segmentation and respective m&s

The segmentation of the disc materials: nucleugpqaus, annulus fibrosus, cartilage
endplate and the cavities was done with the help @diologist in musculoskeletal, and
were based on disc anatomy and geometry, size piops fundamentals of disc
pathology and degeneration, and pixel brightnes® dssignment of soft tissues varied
between the two discs, and was done in the magkeointervertebral disc called Disc
mask, which was obtained in the previous sectidhs. first segmentation of disc material
corresponded to the removal of the annulus fibrdara the Disc mask, which was done
for the two models, layer by layer, and gave a n@skaining a mixture of the remaining
disc materials (nucleus, the endplate and theieavior the L2-L3 disc) or (nucleus and
cavities for the L4-L5 disc). These masks wereechNucleus + Endplate + Cavities mask.
A boolean subtraction of the Disc mask minus theldlus + Endplate + Cavities mask
gave the mask of the annulus fibrosus, called arsnolask. The second segmentation was
done in the Nucleus + Endplate + Cavities mask @rdesponded to the removal of the
endplate (only for the L2-L3 disc), which gave tmgcleus pulposus + cavities mask. A
boolean subtraction of the Nucleus + Endplate + it@@sv mask minus the
Nucleus + Cavities mask gave the mask of the etalpknally, in a third segmentation
done in the two discs, the nucleus pulposus andatiéies masks were created, see Figure
2.28.
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The resolution of the MRI (256 x 256 pixels) foettwo discs showed a blurry laminar
appearance in the outer 1/3 of each of the twptelél axes at the middle cross section.
Thus, it was difficult to distinguish laminas thiess and much less the collagen fibers, but
it was decided to treat this region as the annifittussus. The remaining region of inner 2/3
of each of the two elliptical axes at the middless section showed the highest intensity of

pixel brightness (a level of 4096) and was decittetteated as the nucleus pulposus, see
Figure 2.41.

Annelys - Nkt ﬂg

. e >

s Fndplate location ¥ :
23 of major

Nucleus-Annulus axis

YT Y
boundary

Annulus Minor axis

Major axis

Nucleus

#oee Nucleus - Annulus boundary

Figure 2.41. Assumptions made for the segmentatidhe nucleus pulposus, annulus
fibrosus and cartilage endplate.

Also, recognition of the endplate was not possibHiewever, the clear disc space shown by
the MRI of the L2-L3 segment favors the presenctheflayer of hyaline cartilage, which

was proposed to cover 2/3 of each elliptical axighe top and bottom cross section, near
the boundary with the vertebrae, see Figure 2.4&. thickness of the endplate layer was
varied from 1 pixel (0.4 mm in the center) to 2gdsx(1 mm near the annulus). For the case

of the L4-L5 segment, no assignment of endplate gaen due to the advanced
degeneration.
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The vacuum phenomenon which is a reliable indicafatisc degeneration was identified

as a group of opaque spots corresponding to cawitiech were mostly seen in the nucleus
pulposus region of the two MRI. The correspondingsks were named cavity mask and
were obtained by removing these opaque spots fnremnucleus masks, see Figure 2.28.

The appearance of the segmentation of the annidusséis for the L2-L3 segment is
shown in Figures 2.42.

Nucleus pulposus — = Annulus fibrosus

Figure 2.42. Mask showing the segmentation of tireuus fibrosus for the L2-L3 disc
using MIMICS™ 10.01, (MATERIALISE!, Leuven, Belgium).

The appearance of the segmentations of the nupldpssus and the cartilage endplate for
the L2-L3 segment are shown in Figures 2.43.

177



Chapter 2. Material and Methods: MRI, Testing &gt Modeling

E Nucleus Pulposus - Endplate

Figure 2.43. Masks showing the segmentation ohtledeus pulposus and the cartilage
endplate for the L2-L3 disc using MIMIES10.01, (MATERIALISE, Leuven,
Belgium).

The MRI from the L4-L5 disc showed a clear collap$e¢he disc space, with the highest
intensity of pixel brightness (a level of 4096) slmg in the middle cross section.
However, the resolution within the cross sectionrs wt clear enough to distinguish
differences in pixel brightness, and it was decitteanaintain the same nucleus—annulus
proportion used in the L2-L3 disc, with the exceptof the disc height. The appearance of
the segmentations of the annulus fibrosus and tlekens pulposus for the L4-L5 disc are
shown in Figure 2.44.
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- Nucleus pulposus ! Annulus fibrosus

Figure 2.44. Masks showing the segmentation ofatireulus fibrosus and the nucleus
pulposus for the L4-L5 disc using MIMIES10.01, (MATERIALISE!, Leuven,
Belgium).

f. Assigning regional materials to the mesh of volume

The mesh of volume created previously in PATRENvas imported back to MIMIC¥

for the assignment of regional materials through rtraterial masks of bone and disc. The
volume of the finite element mesh was identicathe total volume of all the masks of
materials, in accordance with the description efrttaterial segmentation.

Greyvalues of density were not assigned to thewifft masks of materials in MIMIC%,
Instead preliminary values of Young’s modulus ang$dn’s ratio for each material mask
were assigned and ratified in Marc MeftatShown in Figure 2.45 are the appearance of
the meshes of volume for each disc with their défifie masks of materials.
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Disc L4-L5

Figure 2.45. Meshes of volume with the assignmerggional materials for the L2-L3
disc and the L4-L5 disc in accordance with the dpton of Figures 2.27 and 2.28.
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The size of the tetrahedron element was the onlying parameter for studying the most
convenient FEM disc to preprocess. Hence, six félse tetrahedron element were used
for each of the two discs, see Table 2.6 which alsmws the total number of tetrahedral
elements per mask material for each model.

Table 2.6. Number of tetrahedral elements per niaiskach disc.

Number of elements, L2-L3 disc
Model Model Model Model Model Model
Mask Name G-1 G-2 G-3 G-4 G-5 G-6
(5 mm) Bmm) [ (2mm) | (L.5mm)| (1.3 mm)| (1 mm)
Annulus 13102 14302 2665% 48091 820411 168968
Cancellous_bone 13502 18177 42733 82092 141211 22020
Cartilage_ CEP 791 1046 3159 5508 11617 25976
Cavities 8 18 67 119 368 786
Cortical_shell 2748 2873 3884 6666 9449 19466
Nucleus 9633 11103 28729 45270 98168 206706
Total 39784 47519 105227 | 187746 | 342854 | 723924
Number of elements, L4-L5 disc
Model Model Model Model Model Model
Mask Name -1 [-2 -3 -4 -5 -6
Gmm) | @mm) | (2mm) | (@.5mm)| (1.3 mm)| (1 mm)
Annulus 5274 5757 10729 19358 33024 68014
Cancellous_bone 16399 19291 46061 85398 146898 83141
Cavities 25 55 206 365 1129 2411
Nucleus 1025 1182 3550 4818 10448 21999
Osteophytes 1873 3090 4505 6121 20481 41136
Total 24596 29375 65051 | 116060 | 211980 | 447745

This completed the mesh generation for the twosdiafter which the files were ready to be
preprocess in Marc Menfat 2007 (MSC Software', Santa Ana CA, USA). However,

only the L2-L3 disc was validated with the expenma results and further developed into
a finite element model of disc degeneration.
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g. Properties of the materials for the vertebrae andhe intervertebral
disc

The preprocessing of the L2-L3 FEM disc in Marc &¢f' started by defining the type of
formulation for the different materials, arrangedthe segmented masks. Hence, seven

masks with different mechanical properties werengef. A summarized of the mechanical
properties of these materials is given in Table 2.7

Table 2.7. Intervertebral disc and vertebrae bonatamnal properties: Young's
modulus E, Poisson’s ratig and Shear Modulus G.

Young’s E,
Type of and Shear G| Poisson
Material formulation Modulus ratio Reference
(MPa) \
Cartilage endplate Isotropic E=20 v=0.3 Lu et al. (1996)
Martinez et. al. (1997)
Nucleus pulposus Incompressible 05<E<1.0 04<v<05 Smit et al. (1996)
Mooney-Rivlin Pitzen et al. (2002)
Annulus fibrosus Incompressible Goel et al. (1995)
Mooney-Rivlin or 0.75<E<5 | 0.35<v<0.5 | Eberlain et al. (2000)
Neo-Hookean Pitzen et al. (2002)
Ell =140
E,, = 200 vi2 = 0.315 Goel et al. (1995)
Cancellous_bone Orthotropic Esz =140 vo3=0.315 Lu et al. (1996)
G, =48.3 va1 = 0.45 Banse et al. (2002)
ng =48.3
G31 =48.3
E;; = 11000
E22 = 22000 Vi = 0.20
Cortical_shell Orthotropic Es; = 11000 va3=0.20 Goel et al. (1995)
Gy, = 5400 va1 = 0.48 Lu et al. (1996)
623 =5400
G31 = 3800
Osteophytes Isotropic 400 0.25 Banse et al. (2002)
Cavities Isotropic 1e® 0.1
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The bone materials: cortical shell and the canasll®one, were formulated with

orthotropic properties as suggested by Lu et d996) who took into account the

anisotropy, heterogeneity and time dependent ptiegseAlso, the collagen from vertebral

bone is oriented in the craneo-caudal directioadileg to a dominant stiffness in this
direction (Hansson et al., 1980; Brickmann et 889). Thus, an orthotropic formulation

with similar stiffness along the radial and circem&ntial directions, and a higher stiffness
along the axial direction is advised (Lu et al.9@9Rohlmann et al., 2006; Noailly et al.,

2007), see Table 2.7. The osteophytes were assagnebtropic formulation since they do
not have a porous structure as the trabecular bone.

The intervertebral disc materials: annulus fibroand nucleus pulposus were formulated
as hyperelastic with isotropy and incompressihilityhile the cartilage endplate was
considered isotropic. Hyperelasticity provides aangeof modeling the non-linear stress-
strain behavior of the disc materials, specially tlucleus pulposus which contains a high
water content. In this regard, the use of an eftastw Mooney-Rivlin solid material
formulation is frequently used in modeling lumb&od mechanics with healthy (Schmidt
et al., 2007) and degenerated discs (Rohlmann .et2806; Ruberté et al., 2009).
Originally, this model was developed and used i tihbber industry by Ronald Rivlin
(1915-2005), and Melvin Mooney (1893-1968) in rasmto the hyperelastic stress-strain
behavior. The aplication of this material modethie bioengineering field is evident due to
the similarities in the hyperelastic response dt bmlogical tissues. In the case of the
intervertebral disc, the nonlinear large deformaiseen upon loading, favors its use.
Thus, it was decided that the nucleus pulposus,thedannulus fibrosus be assigned a
Mooney-Rivlinformulation with the values shown in Table 2.8.

Table 2.8. Mooney-Rivlin incompressible materiahstants for the nucleus pulposus
and annulus fibrosus based on disc degeneratiomapfation from Schmidt et
al.,(2007).

Degeneration Degeneration Degeneration Degeneration
Material Grade 1 Grade 2 Grade 3 Grade 4
Nucleus C,=0.066 C,=0.10 C,=0.14 C,=0.18
pulposus C,=0.016 C,=0.025 C,=0.035 C,=0.045

E = 0.5 MPa* E =0.75 MPa E =1.05MPa E =1.35 MPa
Annulus C;=0.10 C.=0.14 C,=0.18 C;=0.20
fibrosus C,=0.025 C,=0.035 C,=0.045 C,=0.05

E=0.75MPa* | E=1.05MPa E =1.35 MPa E =1.50 MPa

* value of E obtained with an approximated equation incompressible elastomers: E = 6ftC,) with
C,=0.25G obtaing from MSC Marc 2001.

The constant€; andC, shown in Table 2.8 refers to the material stiffpend are called
the deviatoric constants of the model, which araiolkd from experimental and statistical
studies of rubber (Marc Mentat, 2005r3). Valuestifi@se constants increase as the material
stiffens, which in the case of degenerated disesstiffening of the disc junction is caused
by the mechanisms of intervertebral osteochondmsisspondylosis deformans (Resnick
et al. 1994).
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Thus, the incompressibility is reduced due to nugldehydration and bony outgrowths in
the periphery, and the disc deformation implies s@mommpressibility (Minna et al., 1991;
Videman et al., 2008). Thus, in severe disc degeioer an elastic isotropic formulation for
the disc tissues is more appropriate, see Table 2.9

Table 2.9. Elastic material constants for the nuslgulposus and annulus fibrosus
based on disc degeneration scoring. Adaptation fikataragan et al. (2004).

Non-Degenerated Severe Degenerated

Material (Grade 1) (Grade 4)

Water Young Poisson’'s | Water Young Poisson’s

Content | Modulus E Ratio Content | Modulus E Ratio

(%) (MPa) v (%) (MPa) v

Nucleus
pulposus 85 1 0.49 75 1.6 0.40
Annulus
fibrosus 70 2 0.40 55 12 0.35

h. Criteria for the adjustment of material properties

The higher stiffness of vertebral bone over thath# intervertebral disc materials was
assumed. Hence, thoung’s modulus E, Poisson ratipand Shear modulus @lues of
the vertebral bone and cartilage endplate, andotile modulusof water for the L2-L3
FEM of disc degeneration were kept constant, widtlue&s in accordance with those
indicated in Table 2.7.

The nucleus pulposus is a jelly-like substance indisorganized arrangement of
proteoglicans cells mixed with water. With aginglalegeneration, the nucleus dehydrates
and undergoes biochemical changes (Roughley, ZB@zkwalter et al., 1995). The height
preservation appearance of disc G from the MRI sstggl a mild degenerated nucleus
with only vacuum phenomena present. Thus, the megpdlooney-Rivlin coefficient€;
andC, values for the nucleus corresponded to a mild nkexgdion and were kept fixed.

Mechanically, the annulus fibrosus presents a tobreal structure, and with disc
degeneration undergoes deformation and dehydraditering its structural arrangement,
such as: in delaminations, protrusions, tears aolen fibers much of which affects the
annulus mechanical propertiesandG (Cassidy et al., 1989). However, the MRI resohutio
(256 x 256) of the annulus region was not sufficiem distinguish these anatomical
changes, especially in the laminae structure., Stilvas suggested that the osteophytes
from the anterior side of the annulus could inflceits mechanical properties. Thus, it was
decided that the only adjustment of material progercorresponded to the annulus
fibrosus.
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The criteria used for the adjustment of the MooR&yin coefficients for the annulus was
based on the square of the sum of differences leetwee reaction force from each
simulation and the applied force from the corresiyagp mechanical testing. The minimum
force difference (F.D.) between these two process defined as the adjustment value. The
corresponding magnitude of F.D. was as follows:

F.D. = ((F.(c) =100Q* +(Fy(c,) =50 +(F(c,) =50 +(F 5(c;) =50 % +(F (c) -72%)*  (2-45)

where k, Fs, Fe, Rig and F correspond to the sum of the reaction forces fonadal
points at the disc base (see nodal set “Fixed bhadeigure 2.48) for loading simulations in
compression, flexion, extension, lateral bendingd tmsion, respectively. The right side of
Eq. 2-45 contains the applied forces in the testingthe first term a 1000 N for the
compression load; from the second to the fourtimter 100 mm off center axial load of 50
N which produced a moment of 5 Nm in flexion, esien and lateral bending; in the last
term four tangential loads of 18 N with an off aantdf 70 mm to produce a moment of 5
Nm in torsion. For a description of these loadsteedboundary conditions in the following
section.

The technique adopted for finding the minimum fodd#erence was achieved by varying
the Mooney-Rivlin deviatoric coefficientS; and C, of the annulus fibrosus according to
the range of values shown in Table 2.8. A schenfliig diagram of the adjustment of
material properties for the annulus fibrosus issghan Figure 2.46.
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v Process
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(b) Input of displacements ——— g from material property data. — e (E) =[K] ()
and supports. (c) Form stiffness matrix K for each £ :

() Input of ‘{mte"‘“l element by K= [BTDBdI for the forces F for all
properties. v i

(d) Assemble all K to form over all nodal points.
stitfness matrix.

Figure 2.46. Flow diagram for yielding the MooneipdR deviatoric constants £and
C, for the annulus fibrosus.
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I. Boundary conditions

For an analysis of stress, strain, forces and atigphents in the L2-L3 FEM of disc
degeneration, a mechanical class of boundary donditas defined in Marc Menfat.
Within the mechanical boundary class, the restailttading type, loading application,
creation and selection of nodal sets, definitionoaidcases and the implementation of a
lever arm for the purpose of simulating bending tordion loads for the two disc models
are presented.

The application of the boundary conditions to tliEMFdisc require that the displacement
versus time response for each loading scenariofoaisethe testing protocols be collected,
saved, and inputted into MSC Marc Mefthas a RAW file of data to be processed, which
is a common readable format. Similarly, the raw fibntaining the force-time responses
for each loading scenario/case were also inpufiéuls was done to verify the most
predictable simulation results between inputs atisplacement, or as a force. In other
words, it must ensure that the simulation resultiscnthe testing results, not only with the
load or elongation magnitude, but also with the viiaywhich the disc deforms. For
example, in the compression testing the verticgpldcement response was uniform across
the disc upper section. Therefore, this deformasbape had to be reproduced in the
simulation. For the case of inputs as displacemehésmaximum duration (seconds) and
the corresponding maximum displacement (mm) fohdaading type for the two models
are shown in Table 2.10.

Table. 2.10. The time and deflection response ashréhe peak loads for the FEM of
disc degeneration L2-L3 and L4-L5.

Disc Response
Loading
Type Duration (seconds) Displacement (mm)
Disc L2-L3 Disc L4-L5 Disc L2-L3 Disc L4-L5
Compression 101 101 1.43 1.01
1000 N
Flexion 44 44 5.76 4.96
5 N-m
Extension 45 43 5.80 4.97
5 N-m
Right-Bend 35 20 4.54 5.00
5 N-m
Left-Bend 29 22 3.73 5.06
5 N-m
Torsion 91 87 9.84 6.32
5 N-m
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The most convenient way of applying the boundamdaoons to a large number of nodes,
and viewing the results, was to create set of nodlbe following sets of nodes were
defined for each material of the disc and vertecagssories for testing, and the disc sides

(lower and upper sides), see Table 2.11.

Table 2.11. List of set of nodes created for the. BEFEM of disc degeneration.

Set name Description and site of the Model viewing
node set

Fixed Base Nodes from the lower flat

surface (green) of the lowe
trabecular body.

Displacement

=

Nodes from the upper flat
surface (purple) of the top
trabecular body.

Nodes from all the nucleusg
pulposus elements.

Nodes from all the annulus
fibrosus elements.

Nodes from all the cartilage
endplate elements.

Nodes from all the
cancellous, cortical and
osteophytes elements.

Nodes from the four arm
lever arm.
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For all loading simulations, the disc model neeald¢ maintained fixed to the ground.
Therefore, a restriction of movement was imposedlltmodes from the lower side of the
disc. This set of nodes was callelixed Base” Hence, the displacements in the three
axes: X, y and z were zero, see Figure 2.47.

[ ERN

Figure 2.47. Restriction imposed to all nodes atdisc base.

For the simulation of the compression loading, lbandary conditions included an input
of the vertical displacement response from theingsto all the nodes from the upper
surface of the disc, defined by the nodal d@isplacemeritin Table 2.11. Hence, only
vertical displacement was imposed, and any othessipiity for displacement was
restrained, see Figure 2.48. For the other appraaehboundary conditions included an
input of the fraction of the 1000 N force to ead@ from the nodal seDisplacement”in
accordance with the verification of the most preadite result between inputs as a
displacement, or as a force.

VT el b

Figure 2.48. Uniform vertical displacement imposed the upper nodes for the
compression simulation.
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For the simulations of the flexion, extension, latdending, and torsion loadings, it was
necessary to implement a four arm lever with atlerog 200 mm between opposite sides,
and mounted on the upper flat surface of the disdeh) as shown in Figure 2.50. A set of
all the nodes from this lever was defined and dal&teel”. For each simulation, a vertical
displacement corresponding to the vertical deftecfrom the testing was imposed at the
free end of each corresponding lever, see Table 2 Iperspective of the lever arm with

the imposed vertical displacement to induce (Axifla, (B) extension, (C) right bending

and (D) left bending are shown in Figure 2.49.

w ®)

) | (D)

Figure 2.49. Boundary conditions for the bendingdations. Implementation of a 200
mm lever arm, and imposed vertical displacementhatfree end of each lever for
simulations of (A) flexion, (B) extension, (C) tighending and (D) left bending.

For the torsion simulation, the imposed displacesevere parallel to axes X and Z, as
shown in Figure 2.50. Thus, with two pairs of dis@ments of equal value but in opposite
directions, and separated by a distance of onlyrid0from one another, the torsion was
achieved. The values of the displacements appti¢kde X and Z directions, were 9.84 mm
for disc model L2-L3 and 6.32 mm for disc model L&- These values were obtained
considering the length of the arc rotation in thé plane of the disc cross section. Thus, it
can be written:

S=r6 (2-46)

whereSis the arc length, r is the radius of rotation andqual to 70 mm, which is one half
of the lever arm length, ané is the angle of torsion. For small deformationsvas
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assumed thab ~ L, whereL is the straight line between the points A and Bhef arc, see
Figure 2.51. Thus, the length of this straight hveess determined by the cosines law:

L*> =r?+r?-2r°cosd (2-47)

when comparing values betweSmandL their differences were less than 1% indicating tha
a straight deflection witk L value of 9.84 mm and 6.32 mm could be used ad.inpu

MSE\.}.MWJI!

(A)

Section 1-1

(B)

Figure 2.50. Boundary conditions for the simulatmintorsion loading. Displacements
applied to the lever are parallel to axes X and£ause torsion.
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J. Assignment of loadcases and analysis of stress astdain

After establishing the boundary conditions, thetrsep was to define the type of Finite
Element Analysis (FEA) to be submitted, and thedlozases for all simulations:
compression, flexion, extension, lateral bending tmmsion.

Loadcases are used to define how the boundary ttmmglare going to be applied, and also
for viewing the time sequence of a particular reselg. displacements, forces, stresses,
strains, etc. The parameters used for the loadeesesthe same for all simulations and are
indicated in Table 2.12.

Table 2.12. Loadcase parameters.

Parameter Actions and values
Load Compression, Flexion, Extension, Right-Bend, LedrB or
Torsion
Solution Control Default

Convergence Testing | Relative with residual or displacement with 0.Jtiee force and
displacement tolerance

Numerical Preferences Default
Total Loadcase Time Test duration in seconds for each loading type
Stepping Procedure Fixed

Number of Steps 10 steps for Compression, and 5 steps for the leaatiing loading

Automatic Step Cut Back On

# of Cut Back Allowed 10

The simulation results are organized into elemgemsors and scalars) and nodal
guantities grouped by set of nodes, which inclutlesl disc and vertebrae materials. In
general, the results for the loading simulatiortdude the following:

1) Displacements.
2) Reaction force.
3) Stress (principal and shear).
4) Strain (principal and shear).

For each simulation, the step displacement in #néical directionY also included radial
displacements in th¥ and Z directions, which in the case of the compressiotukation
were compared with the bulging results from theings In the bending and torsion
simulations, the radial displacements were not @yegh with the testing results because
the bulging was not measured.
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The intervertebral disc undergoes large deformatiopon loading, which represents a
nonlinear problem with large displacements and kstiains. Hence, changes in the stress-
strain law can be neglected, but the contributifsam the nonlinear terms in the strain
displacement relations cannot be neglected, asridedcin the tutorial “MSC. Marc
Volume A: Theory and User Information,” (MSC Softe®”", Santa Ana CA, USA).

Nonlinearities considered for the stress and std@iribution profiles included: material

behavior, geometry, and boundary conditions andidads such as those that were
presented in the previous sections. Descriptiothefkinematics of deformation for the
case of the intervertebral disc loading favorsubke of a Lagrangian formulation approach,
which description is given in appendix V.
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Results:

MRI of Disc Degeneration; Biomechanical Testing
and Disc Modeling

This chapter presents the results of the MagnetsoRance Imaging (MRI) of disc

degeneration from a set of elderly lumbar discgh wmphasis in the medical conditions of
intervertebral osteochondrosis (IGnd spondylosis deformans (S@hd their relevance

for finite element modeling of disc degeneratiohe, the experimental results from the
series of testing protocols which include the u$estatic, and dynamic loading are
presented. The results include the characterizatfcthe motion response, disc stiffness,
flexibility, relaxation response and damping bebavand are organized by lumbar level,
and degeneration scoring.

Thereafter, the simulation results of the Finiterént Method (FEM) of disc degeneration
model with regard to stress and strain distribwgiare presented. The outcome of the series
of loading testing is used to input the boundanyditions for validation of the disc model.
The simulation results of stress and strain distitim are presented with regard to the
nucleus pulposus, annulus fibrosus and vertebrae.bBinally a comparative between
simulation and testing response of the disc meclahbehavior is given.
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L4-L5,

LB,
My
MR,

PMMA,
RB,

SLS,
STL,

t(r),
T1,
T2,
Tang,
UVF,
X, Z,

Q=™

a(t),

1/ Ky, Disc flexibility.

3D, Three dimensional.

a, Major axis of the disc cross section.
b, Minor axis of the disc cross section.
Ci, G, Mooney-Rivlin deviatoric constants.
D, Dashpot element.

E, Young’s modulus.

E*, Complex modulus.

E’, Storage modulus.

E”, Loss modulus.

Eu/n, Relaxation parameter.

Er(t), Relaxation modulus.

EXx, Extension.

F, Force.

F(t), Force over time.

FEA, Finite element analysis.

FEM, Finite element method.

FI, Flexion.

G, Shear modulus.

H, Hysteresis.

HDa, Disc height at anterior site.

HDp, Disc height at posterior site.

K, Disc stiffness to axial load.

Km s Disc stiffness to bending.

K, Disc stiffness to torsion.

L2-L3, Disc from in between lumbar level 2 and 3.

Intervertebral disc imaging using MRI

Disc from in between lumbar level 4 and

5.

Left lateral bending.

Bending moment.

Magnetic resonance imaging.
Angular deflection in torsion.
Polymethylmethacrylate.

Right lateral bending.

Spring element.

Standard linear solid model.
Stereo lithography.

Time.

Torque moment.

Relaxation time.

Weighted spin echo sequence.
Weighted fast spin echo sequence.
Ratio of loss to storage moduli.
Unit vertebral function.

Radial bulging.

Vertical displacement.

Phase angle difference.
Normal strain.

Angular deflection in bending.
Poisson'’s ratio.

Normal stress.

Relaxation function or stress decay.

a. Disc degeneration scoring and interobserver agreeme

Ten lumbar discs were analyzed, five correspontiirtpe L2-L3 level and the other five to

the L4-L5 level. The scoring of disc degeneratignabpathologist and a radiologist were
based on the degenerational scales of Pfirmanh €GD1) and Thompson et al. (1990)
and are summarized in Table 3.1. The consensusgeafithe degenerated disc resulted in
a 35% with grade Ill, 40% with grade IV, and 25%hwvjrade V scorings. There wasn’t
any healthy discs related to grade | or Il scorings

Table 3.1. Assigned and consensus grades scorovgs iy two observers.

Degenerational Grade Total
1] \Y \%
Observer Disc | Number| Disc | Number Disc | Number
Sample Sample Sample
Pathologist A G H 3 B, C, 5 I, J 2 10
D, F, L
Radiologist| A, G, H, 4 B,C,F 3 D, 1,J 3 10
L
Average 3.5 (35%) 4 (40%) 2.5 (25%) 10 (100%)
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To assess the accuracy of the observations in ¢beng of degeneration a Kappa
coefficient calculation was done in accordance Witara et al. (2005). The observation
agreement range from moderate (0.41-0.60) to soiisité0.61-0.80), see Table 3.2.

Since there were no healthy discs in the populatiod all the specimens came from
elderly people, no inquiry was necessary to sutegyer degeneration | (normal) and I

scorings. Also, because the grading was done amytione no intraobserver analysis was
needed.

On average, in nine out of ten discs there wasab&erver agreement, being higher for
degeneration scorings Il and V and lower for gradering IV. Upper lumbar discs L2-L3
are subject to lesser body weigh and deflectiom tleaver lumber discs, therefore, the
probability of assigning a moderate degeneratiarisg (Grade Ill) was good<=0.78.
Similarly, lower lumbar discs, such as L4-L5, atéjsect to more weight and motion
response that upper lumbar levels, thus, this malasn why this set of discs had also a
good probability of assigning the highest degemamnascoring (Grade V)K=0.74. The
lower kappa for grade IV can be explained by tle flaat two L2-L3 discs, and two L4-L5
discs had the same scoring, anatomically they séignificant differences in disc space
loss and osteophytes quantity, than the rest af tbgpective groups.

Table 3.2. Interobserver reliability.

Agreement
Pathologist- Radiologist Grade Il Grade IV Grade V
interobservation n % N % n %
Observed agreement 9 80 8 80 9 90
Chance agreement 0.55 (55%) 0.5 (50%) 0.62 (62%)
Kappa coefficientk 0.78 0.6 0.74

b. Anatomical evaluation of the L2-L3 and L4-L5 disc goups

To show the MRI anatomy results of the 10 inteefaral discs, it was decided to separate
them by spine level since the clinical experiencews that elderly discs from the lower
spine exhibit severe tissue damage and drastiortiesis than upper spine discs (Resnick,
1994). Also, the use of axial, coronal and saggiahes is introduced for a complete
viewing of the degenerated anatomy. Identificatadncollapse of disc height, vacuum
phenomena, osteophytes formation, cartilaginousysions into the vertebra and reactive
bone sclerosis for the L2-L3 and L4-L5 discs arensmarized in Figures 3.1 and 3.2,
respectively.

The MRI procedure was done with a localizer seqeefutlowed by the final scan
sequence. The latter sequence was done in theat@od saggital T1-weighted spin-echo
(repetition time [TR] 24.6 msec/echo time [TE] m2ec) followed by a T2-weighted FSE
(TR 3400 msec/TE 94 msec) images with the followpagameters for the T1 sequence:
matrix 256 x 256; field of view 10.4 x 10.4 mm;cdithickness, 0.4 mm; interslice gap, 0.4
mm; echo train length (ETL), 3 and for the T2 setpge matrix 128 x 128; field of view
22.8 x 22.8 mm; slice thickness, 3 mm; intersliap,d.3 mm; echo train length, 5.
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Sample Axial View Coronal View Saggital View

Z1  Vacuum Cavities (O Bone Reactive Sclerosis

2 Osteophytes ==== Annulus-Nucleus Boundary
{0 Schmorol's Nodes

Figure 3.1. Magnetic resonance imaging for theafdt2-L.3 discs and their scoring of
degeneration.
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Sample Axial View Coronal View Saggital View

Z1 Vacuum Cavities O Bone Reactive Sclerosis

A Osteophytes ==== Annulus-Nucleus Boundary
{) Schmorol's Nodes

Figure 3.2. Magnetic resonance imaging for thecfdt4-L5 discs and their scoring of
degeneration.
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c. Analysis of the disc composition

The purpose of conducting MRI to all interverteldtedcs used in this study was to obtain
geometrical data and internal anatomy of elderbcsliand use these results to develop a
finite element model of disc degeneration basedhenseverity of damage. Overall this
objective was fulfilled using the T1 and T2 weightpin echo sequences, which allowed
to distinguish differences between the anatomyhefinhtervertebral disc and that of the
vertebra bone.

In MRI the signal intensity of the anatomical T1liglged spin echo for a normal disc is
lower than that of the vertebral body, and alsodigmal intensity of a T2-weighted spin
echo and gradient echo images is higher than th#teovertebral body (Resnick et al.
1994). The signal intensity of the intervertebraicd was higher than that of the adjacent
vertebra body in the T2-weighted spin echo imagggesting a less water content, which
is typical of an aging disc, and as expected, thd Mom the L2-L3 disc set reveals less
degeneration than that of the L4-L5 disc set, sgerés 3.1 and 3.2.

A main anatomical feature of the L2-L3 disc set Was maintenance of a disc space, or
height of the disc, which was uniform from the aimteto the posterior sides, as shown by
the coronal and saggital views of disc samples,A;,FH, and L of Figure 3.1. The scoring
of degeneration for these intervertebral discs mamly grade scoring 3, and only sample
F showed a considerable lost of height mainly seeghe coronal view. This may explain
why this sample had a degeneration scoring gradé& maintenance of disc height is the
most important external sign that is taken intooact when scoring disc degeneration
(Minna et al. 1991). Such anatomical appearanc@®$h mortem favors the presence of a
hydrated nucleus and annulus, which has been ezxpdsy Videman et al. (2008).
However, in cross examination of the inner nuclpufposus, in all the discs the MRI
revealed to some extent the presence of cavitesyed in the radiographs, as a collection
of elongated black shadows. These dull collectioogespond to vacuum phenomena,
which results from nucleus dehydration throughoge é€Boos et al. 1995). A detailed
description of the vacuum phenomena and disc spE=eis given in section 1.IV.a.
Nonetheless, this set of discs are a good repsamtof a moderate degeneration and
were used as guidelines during the segmentatiaceduse of the finite element model.

Except for disc F, in the rest of the discs the M&dolution could not clearly distinguish
the boundary between annulus and nucleus. Duriagrthweighted spin-scho sequence,
we maintained constant the relaxation and echo tonell disc samples. Thus, any small
differences in nucleus hydration between sampléisence the resolution, as this may
explain the poor contrast gain between soft tisguétse rest of the discs.

Spinal osteophytosier spondylosis deformanshich forms with age were found on all
discs and the MRI confirmed as elongated prolongatiof the annulus-vertebra junction.
The most frequent place where these bony outgroatlusteophytesormed was in the
anterior side, although some showed up in the datend posterior disc margins, see
Figures 3.1 and 3.2. In the anterior side, thesg iokages connected the upper vertebra
with the lower one. The length of these “bridgesiswin general greater in L4-L5 discs
than in L2-L3 discs. However, disc F showed largéeophyte formation, being in the
anterior side where the outgrowths reach up to % imlength. For more detail of the
description of the mechanism of osteophyte fornmasiee section 1.1V.c.
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Cartilaginous or Schmorl’s nodes were found in glidcand F but only in small quantities,
in contrast with the L4-L5 discs where they appesamultiple collections of protrusions,
with different sizes and scatter all across theebdisc boundary. These protrusions are of
calcified origin from the endplate, and can promateeactive bone sclerosis if in contact
with the neighboring sponge’s bone of the vertelmadlies (Resnick, 2002). Often in
elderly discs, bone sclerosis appears in MRI a®@ague area which indicates a high
density zone, see Figure 3.2. Thus, in these aressuggested that the trabecular bone
stiffens (Wehrli et al. 2004). However, a differeneaning can result when these darker
signs appear in young adult samples without Schesnddes, which may simply indicate
the presence of body fat. Nonetheless, the MRI fedhfive L4-L5 discs were clear in
pointing out that the vertebral bodies were damdxyyeprotrusions.

The evaluation of the MRI from the L4-L5 discs ralgea clear evidence aftervertebral
osteochondrosisThe decrease in height varies from a partial total collapse. While
discs B and C show well developed vacuum phenoniertae nucleus and schmorl’s
nodes formation, they still exhibit a define heighhereas in discs D, | and J they do not,
see Figure 3.2. For these reasons, the scoringgéreration for the former discs were
grade scoring 4, while for the latter discs coroegfed to the highest, grade scoring 5.
Thus, the corresponding anatomical geometry ofsdi3cl and J were representative of
severe degeneration and they were used as a g@sleluring the segmentation procedure.

Because the MRI sequence was carried out onlyetintiervertebral disc and not the entire
vertebrae bone, only a small section of the inteenatomical structure of the lumbar bone
was considered in the finite element model. Alsoe do the resolution obtained, the
inspection was limited to collecting and characieg major anatomical changes, such as
disc collapse, osteophytosis, schmorl’'s nodes armatuwm formation. But, for
morphological changes within the annulus in theforf clear delaminations or presence of
small tears, or biochemical analysis of the nuclauannulus, or water content in the disc,
there was little information gain.

Finally, of the ten MRI volume inspections previyugresented it was decided that two of
them should represent the guidelines of the anatainydisc degeneration for the
development of the finite elemet model of disc aegation. A moderated degeneration
stage based on the appearance of a disc with arpeekeight, corresponding to a grade
scoring 3; and a severe degeneration stage basdteoappearance of a disc with a
collapse height, corresponding to a grade scoring 5
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Experimental results

a. Compression loading

Results presented from the testing protocol cooedpo the intervertebral disc as one
structure, which is composed mainly of the anndibssus and nucleus pulposus. The
annulus being more rigid is considered elastic, #rel nucleus being more gelous is
considered viscoelastic. Also, the bone is muclddrathan soft collagenous tissues, then
the corresponding bone strain should be much Idhen that of the intervertebral disc.

Therefore, the results presented in this sectiaulshrepresent the strains within the disc
tissues.

Testing of the intervertebral discs in the compmsgrotocol gave results with similarities
between samples. The mean motions to 1000 N load weeorded for all discs and the
peak value of these responses are shown in TaBleT&e first aspect to account for
mechanical evaluation of the discs was the calicuaif the strairg, and the stiffnesK in
the vertical direction, in accordance with sectibii.a. The results show that the strain
gave a value ranging from 5.2% in disc A to a maxmof 13.4% in disc B, and a stiffness
value ranging from 697 N/mm in disc G to 1923 N/mmnalisc A.

The stress-strains{e) relationship in response to the compression foadhe L2-L3 and

L4-L5 disc sets are summarized in Figures 3.3 aAdespectively. The nonlinearity of the
stress-strain curve was evident with an initiae™gorresponding to the deformation of the
softer nucleus pulposus. The fitting of e curve was done with a polynomial function:

o=Ac"+Be" +Ce"? +...+me using the program DataFit V.9.0.59 (Oakdale
Engineering") which gave an excellent adjustment¥g 98).

The first derivation ob with respect t@ gave the instantaneoty®ung’s modulus Ehich
was calculated at peak load to ensure a stretaifitige annulus fibers. Results shows that
the E modulugange from 7 MPa in the L4-L5 discs B, C and ver 20 MPa in discs A
and F from the L2-L3 set, see the loading graphSignires 3.3 and 3.4. As shown, at low
deformations theE modulusshows small variations, whereas at large defoonatE
increases in value and in variation. Overall, titenf§ showed no significant differences
between lumber level nor degeneration scorings.

With the peak load of 1000 N applied, a compressibthe nucleus and inner annulus
occurred and caused an expansion of the annules walls were bulging was measured.
Overall, the cross section area of the disc wagestdnl to a normal stress which affects
both the nucleus and annulus tissues. The corrdgmpwalue of the peak normal stress
was very similar among discs ranging between 0.£aM disc D, which had the larger
cross section, to 0.69 MPa in disc L which hadghmallest size. The normal stress mean
value for the entire population was 0.55 MPa witbva deviation of 0.067, this mainly due
to small differences in the cross section area éetwdiscs. The strain had a larger
variation than that of the stress due to the lasygation in the disc height, which ranges
from 7 to 12 mm.
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Table 3.3. Single and mean motion response witmdsta deviation of 10
intervertebral discs tested. All measurements waigde while applying 1000 N
compression load.

Motion response

Sample to 1000 N compression.
Disc and
Level Vertical Radial Bulging Stiffness, K Vertical Young's
deflection Y (N/mm) Strain, Modulus,
(mm) Anterior, X| Posterior, e* E**
(mm) Z (mm) (%) (MPa)
A-Lys 0.520 0.675 0.360 1923 5.2 21.52
B-Lus 1.072 1.748 0.061 933 134 7.54
C-Lus 1.200 1.073 0.941 833 12.0 7.83
D-Lss 0.918 1.000 0.191 1089 10.2 7.40
F-Los 0.540 0.010 0.020 1852 54 29.00
G-Los 1.434 0.855 0.773 697 12.0 11.38
H-Lo3 1.260 0.898 0.518 794 12.6 8.75
I-L 45 1.021 0.293 0.203 980 8.5 12.37
J-Lus 1.177 0.243 0.273 850 10.7 12.12
L-Los 0.590 0.341 0.273 1695 8.4 14.65
Complete Se 0.971 0.714 0.361 1165 9.84 13.26
mean values|  (0.324) (0.513) (0.299) (470) (2.81) (7.00)
and standard
deviation
(STD)
Level group 0.869 0.556 0.389 1392 8.72 17.06
Los (0.442) (0.376) (0.280) (597) (3.51) (8.21)
Values
Level group 1.078 0.871 0.334 937 10.96 9.45
Las (0.116) (0.624) (0.348) (104) (1.85) (2.56)
Values
Degeneration 0.951 0.692 0.481 1277 9.55 14.08
Grade 3 (0.464) (0.253) (0.219) (622) (3.44) (5.52)
values
Degeneration 0.937 0.944 0.341 1206 10.27 14.79
Grade 4 (0.350) (0.876) (0.520) (562) (4.27) (12.31)
values
Degeneration 1.039 0.512 0.222 973 9.80 10.63
Grade 5 (0.130) (0.423) (0.044) (120) (1.15) (2.80)
values

* approximated values based on dividing the vertiedlection Y with the constant disc height H.

** yalues were obtained by derivation @fwith respect to the deformatiarat peak load.
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Figure 3.3. Stress-strain relationship with polynahfitting for each of the L2-L3
intervertebral discs tested in this study. All diseere subject to 1000 N of compression
load, after which a one hour relaxation period (sbown) was applied.

For disc bulging, in general it was greater in #meerior than in the posterior side. The
mean bulge values for the entire population wed49.mm in the former position, and
0.361 mm in the latter position. There was a cthstinction in the mean values between
the anterior and posterior bulge for the two diseels, having a larger difference in the
lower L4-L5 disc set.
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Figure 3.4. Stress-strain relationship with polynahfitting for each of the L4-L5
intervertebral discs tested in this study. All diseere subject to 1000 N of compression
load, after which a one hour relaxation period (sbown) was applied.

However, a student t-test reveals no statistiogihiBcance (P> 0.05). Nonetheless, the
mean bulges between the anterior and posterios $tldooth lumbar levels were different,
being almost symmetrical in the L2-L3 disc set asgmmetrical in the L4-L5 disc set, see
Figure 3.5.
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Figure 3.5. Mean disc bulge and standard deviafion(A) the complete set of discs
and (B) among disc levels.

When the discs were classified for disc lumbar llemedegeneration scoring, few marked
differences were noticed in their mean mechanieddabior response, due to the large
scatter data. The stress-strain relationship wagagibetween the entire group and the two
classifications, see Figure 3.6. Although the L24diSc set had a highatiffness Kover
that of the L4-L5 disc set, but only after reachin§0% of the peak load. Thus, the mean
values for thestiffness, Kand theYoung’s modulus, Eor the L2-L3 disc set were equal to
1392 £ 597 N/mm, and 15.36 = 7 MPa respectivelyictviwvere 50% and 70% respectively
higher than the corresponding values of the L4-li&c cset, see Figure 3.6B. These
differences were in part because of the high s#fnexhibited by discs A and F over the
rest of their group. However, a student t-test aéae no statistical differences between
both groups (P>0.05) and much less for any diffeedmetween degeneration scoring, see
Figure 3.6C.
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Figure 3.6. Intervertebral disc stress-strain rédaiship obtained from the testing and
polynomial fitting for (A) the complete set of dis@B) among disc lumbar levels L2-
L3 and L4-L5, and (C) among degeneration scoring &nd 5.
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b. Stress relaxation

Every intervertebral disc showetress relaxatiorfor the entire test, which also decrease
with time. At the start of the relaxation test, {heak load of 1000 N underwent a rapid
decrease with a variable duration depending on deh which ranged from 428 to 615

seconds with an average of 507 s. During this timeestresso also decreases rapidly, and

then move on to a slow decline for the rest oftédse.

A summary of the values for thelaxation parametergor each disc, and those for the
classifications by lumbar level and by scoring efjeneration are given in Table 3.4 and
includesthe relaxation time t(r) the relaxation stressthe relaxation modulus E(t)the
relaxation parameters, and the ratio of viscous modulus to viscosity/E, ) of the
dashpot-spring assembly of thdaxwell arm model, containing the spring-dashpot
assembly, see section 2.l1l.b for the descriptiontied relaxation procedure and the
viscoelastic models.

The duration needed for the stress to fallA®of its initial valuesy and achieved stability
is called therelaxation time t(r)and was calculated from the test data. The reshtisved
that therelaxation timevaried depending on the disc in a range from 212 disc A to
1500 s in disc F, with a mean value of 944 s fer é¢ntire population. The fastest stress
decline occurred in the disc A, where, the inisaless underwent a quick relaxation and
decline a 75% value within 10 minutes. In contréis¢, smoothest relaxation occurred in
disc F, as this sample showed large amounts obpisyges in the MRI.

After the relaxation time(r), the stress is called threlaxation stressand it's not time
dependant. Thus, aftér) the stress was consider constant and represdrdesiable state
of the stress in the disc. Then, for the remainimg of the test, any further decrease of the
stress was not accountable for stress relaxatiba.ré€sults shows that after reaching the
time t(r) therelaxation streshad a narrow range of values from 0.159 MPa ic 8ido
0.255 MPa in disc L, with a mean value of 0.200 MZ20 KPa) for the disc population.

Therelaxation functiorns(t) obtained from the exponential fit contained théiahstressog
and therelaxation parametes. which is equal to the inverse of the relaxationett(r) and
represents the relaxation response of Maxwell arm model. The results show that the
values of the parameter range from 67x10 (s%) in disc F to 368x18 (s%) in disc A.
Again, the disc F gave the smallest value duesttriger relaxation response.
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Table 3.4. Stress relaxation parameters for theo$entervertebral discs used in this
study. Deviation is shown in parenthesis.

Disc and spine Relaxation Relaxation Relaxation Relaxation | Ratio B/ 7 at
level Time, t(r) Stress Modulus, parameter time t(r)
(sec) (MPa) E(t) a=t(n)"* (x10™ sec)*
(MPa) (sec’)
A-Los 272 0.193 5.05 0.00368 31
B-Lys 887 0.190 1.62 0.00113 10
C-Lys 1191 0.181 1.90 0.00084 6
D-Lys 443 0.159 1.81 0.00226 19
F-Los 1500 0.208 7.85 0.00067 2
G-Lys 862 0.196 1.92 0.00116 10
H-Lys 1421 0.217 2.16 0.00070 5
I-Ly4s 826 0.199 3.02 0.00121 10
J-Lys 1018 0.200 2.26 0.00098 8
L-Los 1024 0.255 4.03 0.00098 7
Complete Set
mean values and 944 0.200 3.16 0.001361 11
standard (385) (0.025) (1.99) (0.00093)
deviation (STD)
Lumbar Level 1016 0.214 4.20 0.00144
L2-L3 set (494) (0.025) (2.42) (0.00127) 9
Lumbar Level 873 0.186 2.12 0.00128
L4-L5 set (278) (0.017) (0.55) (0.00056) 12
Degeneration 895 0.215 3.29 0.00163
Scoring Grade 3 477) (0.029) (1.15) (0.00138) 10
Degeneration 1193 0.193 3.79 0.00088
Scoring Grade 4 (307) (0.014) (3.52) (0.00023) 8
Degeneration 762 0.186 2.36 0.00148
Scoring Grade 5 (293) (0.023) (0.61) (0.00068) 13

a+bt+ct?

*. Values based on fitting the test data with theomemtial function:o = e

The decrease of stress versus time,r@eaxation functiono(t), gave a non linear

relationship which was adjust with a second ordgioeential function:o = e***" using
the program DataFit VV.9.0.59 (Oakdale Engineeflfjg which gave a good fit #0.97).
However, the initial fit ofs(t) differs with respect to the experimental valueasymuch as
15%. Nonetheless, these differences were limitetheédfirst three minutes where the disc
was put to a sudden release of stress. A summamheofelaxation of stresscurves,
indicating therelaxation of time t(r)and the correspondinglaxation functiorns(t) as an
exponential decrease are given for each intervettelssc for lumbar levels sets L2-L.3 and
L4-L5 in Figure 3.7 and Figure 3.8, respectively.
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Figure 3.7. Stress relaxation response and expaalefitting for each of the L2-L3
intervertebral discs tested in this study. All diswere submitted to a one hour
relaxation after applying a 1000 N compression load

As shown, the exponential fit of the data curveegam initial stress, value which ranged
from 0.3931 MPa in disc D to 0.5857 MPa in disdrLaccordance with the peak stress
reach in the compression loading. Tieéaxation parameten localized in the exponential
expression showed a linear relation with the tirfegr all the discs.
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Figure 3.8. Stress relaxation response with exptakfitting for each of the L4-L5

intervertebral discs tested in this study.

In general, the relaxation respons@) was similar between the entire group and the
classifications, and only small differences whicargvnot significant were noticed. Thus,
the relaxation stress was 15% higher (0.214 MPajhie L2-L3 disc set than that for the
L4-L5 disc set. This difference grew up to a 60%ugan one hour of relaxation, but they
were not statistically significant (P>0.05), segufe 3.9. The relaxation stress response
between degeneration scorings showed even clasédasties, being a 16% the maximum
difference among the three scoring sets.
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The relaxation timé(r) varied among lumbar level sets, being longertierlt2-L3 disc set
with 1016 s which was 16% higher than that for thelL5 disc set. The(r) among
degeneration scoring shows that the scoring gratlsec4set had the longest relaxation time
of 1193 s, which was 35% and 60% higher than theerotwo sets, see Figure 3.9.
However, due to the large scatter data they wetrstatstically different (P>0.05).
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Figure 3.9. Stress relaxation response and genarale fitting for (A) the complete set
of discs, (B) among lumbar levels L2-L3 and L4-lrid C) among degeneration
scoring grades 3, 4 and 5.

Once thestress relaxation functioa(t) and therelaxation parametes were obtained from
the fit, then they were used to calculate tktaxation modulus E(t)and theratio of
viscous modulus to viscosity,(f), corresponding to the dashpot-spring assemblyhier
Maxwell arm of the standard solid modé&LSin accordance with section 2.l1l.b. The
relaxation modulus E(trepresents the relativetiffnessof the disc when the stress
relaxation ceases, which occurs at tbkaxation time t(r) The E(t) modulus for the entire
set of discs was 3.16 + 2.99 MPa and for the L2ah@ L4-L5 disc sets were 4.20 + 2.42
MPa, and 2.12 + 2.42 MPa, respectively. The degeioer scoring grades 3, 4 and 5 sets
had E(t) values of 3.29 + 1.15 MPa, 3.79 £ 3.52 MPa and 23B61 respectively, see
Table 3.4. Again, due to the larger scatter datsehdifferences were not statistically
significant (P>0.05).
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The ratioE,/n decrease with time in a linear fashion for all tdhecs. The values d&,/x for
the entire set of discs range fran®0002 g0 0.00031 swith a mean value d3.00011 sat
the relaxation timér), see Figures 3.10, 3.11 and 3.12. Disc F showetbthest value for

E./n in accordance with its longer relaxation respoasé, disc A showed the highest value

due to its faster relaxation response.
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Figure 3.10. Adjusted ratio of viscous modulus iszasity (&/x) for the set of L2-L3
intervertebral discs.
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Figure 3.11. Adjusted ratio of viscous modulus iszasity (&/) for the set of L4-L5
intervertebral discs.

The similarities in the ratids,/s among the entire set of discs, lumbar level satd, a
degeneration scoring grades are shown in Figur2. JAus, due to the large scatter data
any difference that appear was not statisticatipisicant (P>0.05).
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Figure 3.12. Ratio of viscous modulus to viscodtyr) for (A) the complete set of
discs, (B) among lumbar levels sets L2-L3 and L4dri (C) among degeneration
scoring sets 3, 4 and 5.
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c. Flexion-extension, right-left bending and torsion e@flections

Loading the discs to a 100 mm eccentric load ofN5@ave a bending moment of 5 N-m
which caused a rotation response in flexion-extensind right-left bending when were
done in the saggital and coronal plane respectivielyaccordance with the protocol
described in section 2.1l.c. While rotation respoirsthe axial plane was achieved with the
aid of the torsion device presented in section®.lThe maximum rotation response which
corresponded to the peak moment load of 5 N-m lexidn, extension, right lateral
bending, left lateral bending and clockwise torsifmm the entire set of discs, and
classification by lumbar level and degeneratiorrisgoare summarized in Table 3.5.

Table 3.5. Single and mean rotation response to -Bn Nnoment for the 10
intervertebral discs tested in this study.

Disc and spine leve

Rotation (°) due to 5 Nm moment.

Flexion Extension Right-Beng Left-Bend Torsion
A-Lx3 2.90 1.31 1.67 1.74 6.25
B-Lss 3.12 7.04 4 421 14.50
C-Lys 6.39 3.46 2.20 1.86 7.55
D-L4s 4.86 4.93 3.13 3.80 10
F-Los 0.24 0.30 0.32 0.27 2.03
G-Los 3.30 3.33 2.60 2.15 8.07
H-Lo3 2.36 2.85 2 2.06 7.46
I-L 45 0.80 1.63 0.72 0.77 5.18
J-Lys 2.73 2.28 2 0.81 5.29
L-Los 1.15 0.79 1.11 1.13 452
Complete Set mean 2.79(1.85) | 2.80(2.04) | 1.98(1.17) | 1.88(1.28) | 7.09(3.41)
values and
standard deviation
(STD)
Level group ks 1.99(1.27) 1.72(1.32) 1.54(0.87 1.47(0.78) 5.604p.
values
Level group Ls 3.58(2.13) 3.87(2.17) 2.41(1.24 2.29(1.63) 8. ’YB.
values
Degeneration 2.43(0.93) 2.07(1.21) 1.85(0.62 1.77(0.46) 6.5
Grade 3 values
Degeneration 3.25(3.08) 3.60(3.37) 2.17(1.84 2.11(1.98) 8.(2Rp.
Grade 4 values
Degeneration 2.80(2.03) | 2.95(1.75)] 1.95(1.21 1.79(1.74)  6.87%p.
Grade 5 values
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On average, in the saggital plane the entire sdisas had the same mean range of motion
response ranging from +2.79° in flexion, to -2.80%xtension. This tendency was also
observed for movement in the coronal plane, wesdr trange from + 1.98° in Right
Bending, to -1.88° in Left Bending, see Figure 3.W8wever, the mean stiffness values
had larger differences, being 241+348 Nm/rad irxiele, 221+275 Nm/rad in Extension,
241+249 Nm/rad in Right Bending and 277+295 Nmirateft Bending. Disc stiffness in
the coronal plane was only 10% higher than thahénsaggital plane, where the posterior
elements removal may cause an increased motioonespin the axial plane, rotations due
to the torque were reported only in the clockwigedion, and ranged from 2° to 14.5°
with a mean value of 7.09°, and a mean stiffne€&2aB4 Nm/rad, see also Table 3.5.
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Figure 3.13. Mean load-deflection response to 5 Nanflexion-extension, right-left
lateral bending and axial torsion for the set ofeirvertebral discs used in this study.

The nonlinear stiffness was evident in the majasityhe discs for all the loading modes, as
shown by the moment-rotation curves in Figures &idd 3.15. The stiffness curves are
organized by loading type, along with lumbar levieldividually, motion response in
Flexion-Extension at the peak load of 5 N-m gawesliB, C, and D the highest flexibility,
with up to 10° of rotation, while discs F, |, andwere the stiffest with less than 3° of
rotation. In six out of ten discs the motion resgwrvas about even between flexion and
extension, and only in discs A, C, B, and H this wot happen, being flexion the dominant
motion in the former pair, and extension in theelapair, see Table 3.5. In Right-Left
lateral bending, discs B, D, and G had up to 7fotdtion while again discs F, I, and L had
less than 1° of rotation. In eight discs the motiesponse was about even between right
and left bending, and only in discs G and J thisrdit happen, being the dominant motion
in right bending for the former disc and left berglfor the latter disc.
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In torsion, discs B, D and G were the most flexibleh at least 8° of rotation, while disc F
had only 2°, see Figures 3.14 and 3.15. With theepgtton of disc F, the rest of the discs
showed a nonlinear behavior between loading anéa®&mné in at least one loading type.
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Figure 3.14. Load-deflection response to 5 N-mlexidbn-extension, right-left lateral
bending and axial torsion for each of the L2-L3mnertebral discs.
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Among lumbar levels, the L4-L5 set of discs showmeadre flexibility for all modes of
rotation than the L2-L3 disc set, see Figure 3M6tion response for the L4-L5 disc set
gave a mean deflection angle of 3.%8 flexion, and 3.87in extension, which were 80%
and 125% more than the mean values in the L2-L8ghsup.
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Figure 3.15. Load-deflection response to 5 N-mlexibn-extension, right-left lateral
bending and axial torsion for each of the L4-L5 emertebral discs.
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Mean motion response in the L4-L5 disc set to rlgfitlateral bending and axial torsion
gave deflection angle values of 2242.29 and 8.50 respectively, which were about 50%
more in all three cases than the correspondingegabf the L2-L3 disc group, see also
Table 3.5.
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Figure 3.16. Intervertebral disc flexibility in #ten-extension, right-left lateral
bending and axial rotation (torsion) between lumbeavels sets L2-L.3 and L4-L5.

Mean stiffness values in Flexion and Extension tfee L2-L3 disc set were 350476
Nm/rad, and 345+359 Nm/rad respectively, which wE88% and 255% higher than the
corresponding values in the L4-L5 disc group. FayhRand Left lateral bending the mean
stiffness values for the L2-L3 disc group were 3% Nm/rad and 350400 Nm/rad
respectively which were 90% and 70% higher thanctireesponding values in the L4-L5
disc set.
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Torsion mean stiffness for the L2-L3 disc set was48 Nm/rad which was 66% higher
than that in the L4-L5 disc set, see Figure 3.1@¢aiA, because of the large scatter data in
the results a student test (P>0.05) reveal nosstati differences in any motion response
among disc levels and much less between degenesaiting, see Figure 3.17.
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Figure 3.17. Intervertebral disc flexibility in #en-extension, right-left lateral
bending and axial rotation (torsion) between degeatien scoring sets 3, 4 and 5.
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d. Cyclic compression

A viscoelastic behavior was shown by all the ingetebral discs tested. This was due to
the angle of phag&ébetween the stress and the strain signals, whisl gp from Q° to 26°
for the range of frequencies from 0.2 to 5 Hz refipely. There was energy dissipation, as
the tangent of thephase anglef grew with thefrequencyw. The stiffness value
corresponding to an initial 500 N cyclic compressfor each disc was around 10% less
than those obtained from the static compressiotopob Also, the vertical elongations
were less than 10% of the disc height value inhaldiscs, and were kept constant during
the load frequency testing. The results showed ttiesstress grew and tiphase angles
also grew with increaselequencyw. For the 5 Hz frequency the stress grew up todwic
the value of that at 0.2 Hz, and the phase diffexeor angle also reached its highest
value of 26°. Thus, in all the discs, the valuestls complex modulus |E*|storage
modulus |E’|, andloss modulus |E| also increased as the frequency was increased. Th
mean and standard deviation of angléor this range of frequencies are shown in Table
3.6. A zero value of anglg means a pure elastic behavior, and a 90° valuasnagpure
viscous behavior. The range of valuegdbr the low frequency of 0.2 Hz was from 1.33°
in discs B, G and H to 3.33° in disc C with a mealue of about 2° for the entire disc set.
The 1 Hz frequency gave a range of valueg fsbm 3.67° in disc B to 10° in disc J with a
mean value of 6.5°. Finally, the frequency of 5ddwe a range of values pfirom 12.33°

in disc F to over 20° in discs D, I, J and L witmaan value of 19°.

Table 3.6. Progression of the phase angfer each intervertebral disc used in this study.
All the discs were subjected to an initial 500 Nusioidal compression load.

Phase shift anglg between the load and the elongation.
Disc
0.2Hz | 0.57Hz| 1Hz 2 Hz 3.3Hz 4 Hz 5Hz
A 2 3 5 7.33 11 14 17
B 1.33 2 3.67 6 9 12 16
C 3.33 4 8 10 13.33 16.67 19
D 2 3.67 7 11 16.67 19 23.33
F 2.67 3 5.33 6.67 8 10 12.33
G 1.33 2.33 4 7 10.67 12 15
H 1.33 3.33 5 6.33 11.33 15 18.33
I 2.67 5 9 15 20.67 21 24
J 2.33 6.67 10 17 20 23 26
L 2.33 6 8 12 16 18 20
Mean 2.13 3.90 6.50 9.83 13.67 16.07 19.10
STD 0.67 1.54 2.20 3.88 4.46 4.22 4.32
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The relationship of anglp with the frequencys was found to be linear with a slope of
3.449 indicating its rate of change, as shown gufé 3.18. The fitting of thg curve and
all other curves in this section was also done gqugime program DataFit V.9.0.59
(Oakdale Engineering"), which for this fit was good (£0.99).

It can be seen that smalhase angleg (which occur at low frequencies) make the cosine
function the dominant part over the sinus expressas described in equations 2-40 and
2-41 of section 2.1l.e. Then, at low frequencies mmaterial response is described mainly
by thestorage modulus Eand to a lesser extent to tlles modulus E”
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Figure 3.18. The relationship between the phasdegfignd the frequency for the
complete set of discs tested in this study.

The inflexion point of the curve shown in Figurd 8.is located were the storage, and
loss modulus are of equal value, with no dominaifd¢e only possible value df for
which this equity is true i§ = 45°, which for the fit equation gives a frequencyalue

of 12.4 Hz, for whichkE” = E”. Thus, because this value falls out of the rarsgalun the
protocol (0.2 to 5 Hz), the disc response was givestly by the storage componétit
meaning a more solid viscoelastic disc behavior.

When analyzing thephase anglef variation between lumbar levels sets, and
degeneration scoring sets it was found that the eatchange was very similar among
them. However, the L4-L5 disc set showed a 20%drighvalue for frequencies below 1
Hz, and up to 50% highe? value for the rest of the frequencies, than thdsthe disc
group L2-L3. The degeneration scoring grade 5 sigcshowed up to a 50% higher value
of S than the other two degeneration scoring sets, sgerd-3.19. However, the
statistical analysis showed that these differeme® not significant (P>0.05).
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Figure 3.19. The relationship of the phase angheith the frequencw for (A) the
lumbar levels disc sets L2-laBd L4-L5, and (B) the degeneration scoring gra8es
4 and 5.

The input sinusoidal signals of the load, and edtiogp gave a response of stress, and
strain with similar sinusoidal signals. Then, withe phase anglef, the complex
compressive modulus Ethe compressivestorage modulus E’the compressive loss
modulus E’; and theloss tangent (tarv) were determined as dynamic viscoelastic
parameters, in accordance with section 2.1l.e. Timgan and standard deviation values
over the range of frequencies, from 0.2 to 5 He, tie complete disc set, lumbar level
and degeneration scoring classifications are suimapwarin Table 3.7. The results
indicated that the stresses grew with increaseguiéecy in all the intervertebral discs. At
the 0.2 Hz frequency the mean values of E’, E” Bhdior the entire discs set were 4.64,
0.18 and 4.64 MPa respectively, which grew to 5623 and 5.71 MPa at 2 Hz, and
reach there highest values of 7.81, 2.52 and 8.P4 &t 5 Hz respectively. Also, tless
tand parameter, or ratio of energy lost to energy sthricreases its magnitude by 10
times, between the load at 0.2 Hz and that at 59Hpwing a dissipation tendency,
typical of viscoelastic tissues, see Figure 3.20a@ro Table 3.7.
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Table 3.7. Mean and standard deviation values ef diilnamic parameters for the
complete set and classifications of intervertelsliats.

Phase Angle| Storage Loss Complex
Class Frequency B Moduli, E’ | Moduli, E” | Moduli, E* Loss
(Hz) (Degrees) (MPa) (MPa) (MPa) Tanéd
0.2 2.13(0.67) | 4.64(3.13) 0.18(0.14)  4.64(3.1B) 4(M1)
0.57 3.90(1.54) 4.82(3.18 0.32(0.22) 4.83(3.19) 07(.03)
Complete set 1 6.50(2.20) 5.08(3.38) 0.56(0.38) 5.11(3.4D) 0134)
N=10 2 9.83(3.88) 5.62(3.74) 0.93(0.61) 5.71(3.77) 1N
3.3 13.67(4.46)| 6.58(4.45 1.48(0.85)  6.77(4.49) 25(D.08)
4 16.07(4.22)| 7.31(5.04) 1.96(1.11) 7.59(5.1p) (DAW)
5 19.10(4.32)| 7.82(5.24) 2.52(1.28) 8.24(5.3p) (DIW)
0.2 1.93(0.60) 5.68(4.04) 0.21(0.21) 5.68(4.06) 3(M1)
0.57 3.53(1.43) 5.86(4.12 0.32(0.20) 5.87(4.13) 06(0.03)
Los 1 5.47(1.50) 6.20(4.37)) 0.56(0.40) 6.22(4.39)  (D1AR)
Disc Group 2 7.86(2.34) 6.89(4.93)] 0.87(0.56) 6.95(4.95)  (DIBK)
N=5 3.3 11.40(2.89)| 8.09(5.92 1.45(0.87) 8.22(5.98) 20(D.05)
4 13.8(3.03) 9.05(6.75)] 2.02(1.34) 9.28(6.8}) OAK)
5 16.53(2.98)| 9.50(7.10) 2.56(1.57) 9.85(7.2b)  (D3IW)
0.2 2.33(0.75) 3.60(1.74) 0.15(0.08) 3.60(1.74) 4(m1)
Lss 0.57 4.27(1.72) 3.78(1.76 0.31(0.26)  3.80(1.77) 08(.03)
Disc Group 1 7.53(2.44) 3.95(1.87)] 0.56(0.41)  4.00(1.9p)  (DABY)
N=5 2 11.80(4.32)| 4.36(1.79)) 0.98(0.73) 4.48(1.9D) (AB)
3.3 15.93(4.86)| 5.07(1.95 1.52(0.92)  5.31(2.11) 29(D.09)
4 18.33(4.25)| 5.56(2.01) 1.89(0.99) 5.89(2.1B) (DIMW)
5 21.67(4.07)| 6.13(2.10) 2.48(1.10) 6.63(2.31) (D4B)
0.2 1.75(0.50) | 4.19(2.63) 0.13(0.10) 4.19(2.64) 3(DM1)
0.57 3.67(1.61) 4.35(2.75 0.25(0.12)  4.36(2.75) 06(0.03)
Degenerational 1 5.5(1.73) 4.65(3.07) 0.42(0.25 4.66(3.08) 0.108p
Grade 3 2 8.17(2.59) 5.2(3.65) 0.69(0.44 5.25(3.6])  0.108p
N=4 3.3 12.25(2.52)| 6.22(4.83 1.27(0.88)  6.35(4.91) 22(0.05)
4 14.75(2.5) 7.02(5.76) 1.77(1.4 7.24(5.92 0. 25D
5 17.58(2.11) | 6.90(4.73) 2.12(1.40) 7.22(4.93) (3IR)
0.2 2.44(1.02) 5.60(5.28) 0.24(0.26) 5.60(5.2B) 4(M2)
0.57 3(1) 5.8(5.32) 0.29(0.28 5.81(5.33)  0.05(p.02
Degenerational 1 5.66(2.19) 6.04(5.56)) 0.56(0.52) 6.07(5.58)  IWY)
Grade 4 2 7.55(2.14) 6.87(5.99)) 0.83(0.67) 6.92(6.08) I
N=3 3.3 10.11(2.83)| 8.04(6.69 1.26(0.82)  8.14(6.78) 18(0.05)
4 12.89(3.42)| 8.95(7.35) 1.79(1.10) 9.13(7.41) @IH)
5 15.78(3.34)| 10.35(8.49) 2.58(1.59) 10.68(8.62) 28(D.06)
0.2 2.33(0.33) | 4.28(1.95) 0.18(0.1 4.28(1.95)  (D@Y)
Degenerational 0.57 5.11(1.5) 4.46(1.98) 0.43(0.29) 4.49(1.99) 9(M@M®M3I)
Grade 5 1 8.67(1.53) 4.68(2.10))  0.75(0.43 4.74(2.18) I0R)
N=3 2 14.33(3.06) | 4.95(1.96) 1.34(0.79) 5.13(2.08) (TW)
33 19.11(2.14)] 5.61(2.13 2(0.9) 5.96(2.30)  0.3%)
4 21(2) 6.05(2.03) 2.38(1) 6.50(2.25)  0.38(0.04)
5 24.44(1.39)| 6.50(2.06) 2.99(1.10) 7.16(2.3B) (M4B)

228



Chapter 3: Results: MRI, Biomechanical Testing Bigt modeling

E' = 0.684n + 4.410
R?=0.9931

10 ‘ ‘
i  EO=0.7680 + 4.364

gl . __R?=0.9923 - __ _—h

61— - IS LEl S

E* E' and E* (MPa)

0 1 2 3 4 5 6
Frequency, w (Hz)

=k=—E* complex modulus ==8==FE Storage modulus
=—4—E" Loss modulus

Figure 3.20. Relationship of the Storage E’, Lo%and Complex moduli E* with the
frequencyw for the complete set of intervertebral discs usetthis study.

As shown, all the dynamic parameters increase lmevaith increased frequency. Also,
the loss moduli E”showed about the same increase asstbmge modulus Efor the
entire frequency range. Thus, the disc ratio okidation ortand undergoes small
changes, and th&” moduli contributed only with a 30% of the dynamic resmgns
meaning an overall elastic response.

The storage modulus Bvas found to be around 60% larger in discs fromliB-L3 set
than discs from the L4-L5 set. These differenceseairom the higher stiffness in the
former group which showed a define disc height Watfser degeneration. However, the
results also indicated that theess moduli E"was similar among lumbar levels sets with
less than a 10% value difference. Thus, the largkre of theE’ moduli from the L2-L3
disc set led to a high@omplex modulus Ewhich reach a mean value of 9.85 MPa and
was 50% higher than that of the L4-L5 disc set,FSgare 3.21 and also Table 3.7. Also,
the 50% higher value &', E” andE* from the L2-L3 disc set over those from the lower
L4-L5 disc set, and also, the higher values of éhparameters in the degeneration
scoring grade 4 set over the other two scoring, ssisoborates their higher stiffness
values determined previously with the static corapien protocol, see Figure 3.21.

The degenereration scoring classifications gavbda@rade 4 set the highest value for the
E’ moduli, with mean values reaching 10 MPa, which were é08ber than the other
two scoring sets. Again, the higher stiffness iscdiF can explain the difference. The
E”moduli was found to be higher in the degeneration scdsidgsc set, with differences
reaching up to 40% with respect to the other tworiag sets, but no statistical
differences was found due to the large scatter (R#8.05). The higher mean value of
the E’ moduli from the degeneration scoring grade 4 disc settded highercomplex
modulus E*which reach a mean value of 10.7 MPa which was &@fer than that of
the other two scoring sets, see also Table 3.7.
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Figure 3.21. Relationship of the Storage E’, Lo%and Complex moduli E* with the
frequencyw among (A) lumbar level sets and (B) degenerateamisg sets.

Once the dynamic parametdf§ E” andE* were determined, then the ratio of loss to
storage moduli otand was calculated, and plotted against the frequencis shown in
Figure 3.22, this turn out to be lineaR.95). The narrow range of frequencies used in
this study may explain this result.
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Figure 3.22. The ratio of loss to storage modulusano for the complete set of discs
used in this study.

Additionally, the ratio tany was plotted for the disc lumbar level, and degeatien
scoring sets to see if any differences could eRistshown in Figure 3.23, there were no
differences in response at load frequencies beloWz]l and only after 1 Hz these
differences started to grew, having the L4-L5 dist a 30% higher value of dissipation
ratio. Also, the degeneration scoring grade 5 detchad d@ansé mean value up to 60%
higher than the other two scoring sets.
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Figure 3.23. The ratio of loss to storage modubasd) among (A) lumbar level sets
and (B) degeneration scoring sets.

As shown in Figures 3.22 and 3.23 the ratio ofigegfon values were less than the unit
(tano<l) for almost the entire range of frequenciesidaiihg a more elastic response of
the disc. However, there were significant dissiqpadi at the load frequency of 5 Hz,
which were measured as the enclosed area betwedoatting and unloading curves, in
accordance with section 2.ll.e. The typical hystesreurve for the nearby frequency of 5
Hz resembles that which is shown in Figure 3.24.
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Figure 3.24. Typical hysteresis curve and stressxagion under cyclic compression
for the set of intervertebral discs used in thigdgt All discs were submitted up to a 5
Hz cyclic compression load. Measurements of hysitereere done in Nmm (mJ)

between the fifth and eighty-fifth cycles.
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The mean and standard deviation values ofhiysteresis Hover the range of loading
frequencies, from 0.2 Hz to 5 Hz, for the entird sé discs, lumbar level and
degeneration scoring classifications showed aneas®d in energy dissipation as the
frequency was increased, see Table 3.8.

Table 3.8. Mean and standard deviation values efdisc hysteresis due to a cyclic

compression load. Values are given in milijoules.

Hysteresis in N m (Joule)
Disc
0.2 Hz 0.57 Hz 1Hz 2Hz 3.3 Hz 4 Hz 5Hz
A 0.02 0.04 0.26 0.76 0.88 1.06 1.19
B 0.02 0.07 0.28 1.04 1.54 1.76 2.15
C 0.18 0.28 0.72 0.88 1.34 1.50 1.71
D 0.01 0.35 0.68 3.12 3.52 3.92 412
F 0.03 0.07 0.14 0.17 0.22 0.26 0.31
G 0.13 0.33 1.02 1.78 2.36 2.73 3.11
H 0.21 0.66 2.24 3.36 3.87 4.22 4.81
I 0.19 0.35 0.80 1.48 2.24 2.53 3.61
J 0.12 0.24 0.32 0.65 0.75 0.79 0.92
L 0.06 0.18 0.57 0.83 1.41 1.63 2.57
Complete set 0.10 0.26 0.70 1.41 1.81 2.04 2.45
n=10 (0.08) (0.19) (0.61) (1.06) (1.19) (1.30) (1.47)
Loz 0.09 0.26 0.85 1.38 1.75 1.98 2.40
Disc Group (0.08) (0.25) (0.85) (1.25) (1.42) (1.54) (1.75)
n=5
Lss 0.10
Disc Group (0.09) 0.26 0.56 1.44 1.88 2.10 2.50
n=5 (0.12) (0.24) (0.99 (1.06) (1.19) (1.33)
Degenerational 0.11 0.30 1.02 1.68 2.13 241 2.92
Grade 3 (0.08) (0.27) (0.87) (1.21) (1.31) (1.39) (1.50)
N=4
Degenerational 0.08 0.14 0.38 0.70 1.03 1.17 1.39
Grade 4 (0.09) (0.12) (0.30) (0.46) (0.71) (0.80) (0.96)
N=3
Degenerational 0.11 0.31 0.60 1.75 2.17 2.41 2.89
Grade 5 (0.09) (0.07) (0.25) (1.26) (1.39) (1.57) (1.72)
N=3

A zero value oH means that no dissipation is present; howevenghgts shows that all
the discs dissipate energy even at the lowest émegu Thus, for the low frequency of
0.2 Hz thehysteresiganged from less than 0.05 joule in discs A, Barid F to 0.20 joule
in discs C, H and I, with a mean value of 0.10 gofdr the entire set. For the frequency
of 1 Hz, the range cover from less than 0.30 jouldiscs A, B and F to above 1 joule in
discs G and H, with a mean value of 0.70 joule. 3tz load frequency gave/steresis
values covering from less than 1 joule in discan# & to over 4 joules in disc D and H
with a mean value of 2.45 joules.
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A plot of the hysteresis with frequency for the @kles for the entire set of discs, and
also classifications for lumbar level, and deget@nascoring shows a nonlinear

relationship and dependence with tbes moduli E” Neither classifications prove that

the hysteresis was statistically different amongnth(P>0.05), being almost identical

between lumbar level sets, and different in thegam values between degeneration
scoring grade 4 set and the other two scoring seésFigure 3.25.
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Figure 3.25. Energy dissipation for (A) the comglset of intervertebral discs, (B)
among lumbar level sets and (C) among degenerationng sets.

Thus, from the results from Figures 3.21, 3.23 aritb the overall dynamic response
from the set of degenerated discs indicated a ma@eoelastic solid behavior. The
dissipation component of the dynamic response wasind 30% which may be
associated with the remaining fluid in the disc.adas the storage part, represented the
remaining 70%, and may be associated with stiifddagenous tissues.
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Finite Element Model (FEM) results

a. Model convergence

The Finite Element Modeling (FEM) of the sample @fie lumbar L2-L3 degenerated
disc started by conducting a test of convergencelect the model for analysis. This was
done considering the reaction force in compressidre selection of six geometrical
models was presented in the mesh generation tapic $ection 2.11l.b. The convergence
test was done using MSC Marc Menthsoftware. The reaction force at the nodes from
the base of the disc model was compared with tpheraxental load of 1000 N. Shown in
Figure 3.26 is the plot of the reaction force agaihe number of nodes for each model. It
can be seen that the reaction force tends to adbiat around 1160 N, and the initial
points corresponding to models G-1 to G-3, haveoanside slope indicating a poor
convergence, whereas models G-4 to G-6 there isra fflat-like” slope indicating more
convergence. However, in the interest of reduciilg §ize and time consuming
computational calculations; the model G-4 was $ettwhich had a triangle length edge
of up to 1.5 mm which was sufficient to detail tthiec geometry. The stress-strain run
simulation for the selected model was done on &station with a CPU of 3 GHz and
64 GB of RAM and took between 2 to 4 hours each run

Force (N)

3
Number of nodes (10 )

Figure 3.26. Convergence testing for the reactiorcé of the six L2-L3 FEM disc
degeneration models (G-1 to G-6). Model G-4 in pblwas chosen which gave an
18% larger value of the reaction force at the nottesn the disc base. Tetrahedron
element size was limited to 1.5 mm length edge.

The geometrical characteristics of the G-4 modelgiven in Table 3.9. As shown, all
elements for the model are solid 3D structures amag of tetrahedrons, pentahedrons,
and hexahedrons.
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Table 3.9. Geometrical characteristics of the L2diSc degeneration model.

Name of | Number Class and type of elements
Material mask of
elements
Compression Bending and Torsion
Cartilage 5508
Nucleus 45270
Cavities 119 Tetrahedron 4 Tetrahedron
Intervertebral | Cancellous| 82092 4 node 4 nodes
disc and Bone Marc # 157 3| Marc # 157
vertebrae Annulus 48082 (
Cortical 6655
Shell 1 2
Lever Base| 31330 Pentahedron
6 nodes
Marc # 136
Accessories
Lever Arm 5000 Hexahedron
8 nodes
Marc # 84

X ]

_1_._

In the finite element simulation of disc compressithe soft tissues of the disc and
adjacent vertebral bodies were modelled using etéetype 157 which in Marc Mentat

is suitable for rubber, plastics and biologicastiss that exhibit non linear behavior. The
soft tissues of the disc were treatedekstomerswith incompressibility, while the hard
bone structures asthotropic, as described in section 2.1ll.g.
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The tetrahedral 4 nodes element type 157 is wrifanincompressible or nearly
incompressible three dimensional applications basedHerrmann formulations. The
shape function for the center node is a bubbletioncTherefore, the displacements and
the coordinates for the element are linearly disted along the element boundaries. The
stiffness of this element is formed using four Gaas integration points. The degrees of
freedom of the center node are condensed out oeléheent level before the assembly of
the global matrix, as described in (MSC Marc Mega@@5r3™).

The advantage of working with tetrahedrons overckorielements is a better
approximation of the disc geometry with fewer eleise although characterization of
material behavior is better described with brickne¢énts, where the displacements are
distributed along the three orthogonal axes.

The FE simulation and analysis of the loading pheiaets with the step displacement

compression, after which the bending and torsidoating were simulated and are
presented next.
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b. Step displacement procedure and adjustment of mat&l
properties

A step displacement and a step force procedures amplied (see section 2.11l.i ) in the

loading simulation of compression. In the firsteathe nodes on the top surface of the
L2-L3 FEM disc were assigned an equal vertical ldisgment of 1.434 mm to guarantee
a uniform elongation in the upper surface, as veas $n the testing, see Figures 3.27 (a).
In contrast, when a step force was applied to tues located at the upper surface of the

disc model, the resulting vertical displacement wod show a uniform distribution; see
Figure 3.27 (b).

. . NSEXsaftware
sl 7 . . , MSCA Software «nl:
Displacement Vertical Displacement, Y A Displacement o . )
(mm) r (mm) Vertical Displacement, Y L—lj
1.6 1.6 : i o
12 1.2
0.8 0.8
0.4 B2 0.4
i3 B, X
] NS
A VA e o e T e
A S =, A AT
R R PR R e
e SN P
Disc and Vertebra Bone
Disc and Vertebra Bone
(@)
Displacement Vertical Displacement, Y it
(mm) %
2.00 Z
1.75
1.50
1.25
1.00
0.75
0.50
0.25

0

Disc and Vertebra Bone

(b)

Figure 3.27. Computational simulation of a displax@nt step and force step applied
to the L2-L3 FEM of disc degeneration. In (a) thecduniform elongation as a result
of an imposed 1.434 mm displacement at the uppéesioln (b) the varying

elongation as a result of applying a force of ONAt each of the 1395 nodes of the
upper surface.
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The ring-like distribution of elongations due tcetforce application shown on Figure
3.27 (b) had to take into consideration the stgthdifferences between the disc materials
and that of the vertebrae, such difference wasgisds two to three orders of magnitude,
see section 2.1ll.g. As a result, a 1 mm of depfferdnce was developed between the
periphery of the upper surface (where the stitfgel of cortical bone is present) and the
center of the upper surface (where the nucleusogukp lies underneath). Thus, the disc
configuration exhibited a concave profile, as showfkigure 3.28 (b), which clearly did
not occur in the compression test.

Uniform elongation Non-uniforin elongation

. —
+ :

LT R

Displacement step

1.434 mun all
upper nodes

E] Bone I:I Annvilus I:I Nucleus
(@) (b)

Figure 3.28. Upper surface disc elongation profie (a) displacement step
simulation and (b) force step simulation.

Force step
0.72 N/ node

Thus, for the displacement step simulation showhigures 3.27 (a) and Figure 3.28 (a)
the reaction force at the disc base nodes gavéua @d 1180 N, which was 18% higher
than that from the experimental test (1000 N). Thierence was the smallest possible
when considering the additional simulations invotyibending, and torsional loading.
For such additional loads, the reaction force wasasured at the extreme nodes of the
lever where the displacement step took place. Measents of force were done at the
100 mm of the lever for bending, and at 70 mm efléver for torsion.

The simulation results show that the magnitudénefreaction moment for bending range

between 2.1 N-m in left bending, and 8.8 N-m ineesion, and for torsion the reaction
moment was only 50% of the experimental value Nff, see Table 3.10.
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Table 3.10. Reaction force and moment at the néadaes the disc base for the final
fitting of the disc material properties

Simulation of loading
Loading Condition and

displacement step Reaction force (N) and % of difference with the
Reaction Moment (N-m) experimentation
Compression with
Y=1.434 mm 1180 N +18
Flexion with
Y=6.270 mm 7 N-m +40

Extension with
Y= 6.300 mm 8.8 N-m +76

Right Lateral Bending
Y=4.656 mm 5.6 N-m +12

Left Lateral Bending
Y=3.864 mm 2.1 N-m - 58

Axial Torsion
X,Z=9.824 mm 2.4 N-m -52

The Young’s modulus BPoisson’s ratiov, andMooney-RivlincoefficientsC; andC, for
the degenerated annulus fibrosus were obtainedtiimlaand error method, see section
2.11L.h. The initial values forC; and C, were 0.2 and 0.05 MPa respectively, which
corresponded to ai value of 1.5 MPa according to Marc Menthtapproximation
method for incompressible materials, see sectidi.(2. Also, to account for the
incompressibility of water, #dulk modulusK of 2200 MPa was assigned with a high
value ofv equal to 0.4999.

Initial results from the simulations to compresssiowed that the reaction force was
50% higher than the experimental value. Also, fbe fflexion and extension run
simulations, the reaction moments gave values Nfré8 and 9.5 N-m respectively. For
right and left bending simulations, the reactionnmeat gave values of 6.6 N-m and 3.1
N-m respectively, while for axial torsion simulatiathe reaction torque was 3.9 N-m. A
second try was carried out using a lower valudefMooney constants, such as©.15
and G= 0.0375 MPa leading to a reduction in all reacfimmes and moments, but still
higher than the experimental values. Thus, angihgrof runs were undertaken until the
Mooney constants values of£0.10 and ©=0.025 gave the best fitting possible, see
Figure 3.29.

239



Chapter 3: Results: MRI, Biomechanical Testing Bist modeling

Adjustinent of Material Properties
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Figure 3.29. Adjustment of annulus fibrosus mategsraperties and comparison with the
experimental forces.

Thus, the adjustment of thilooney-Rivlin coefficients of the annulus fibrosus and
nucleus pulposus gave the values shown in Table 3.1

Table 3.11. Annulus fibrosus and nucleus pulposiissa material properties.

Disc Mooney-Rivlin coefficients Young's Poisson Bulk
material (MPa) Modulus ratio Modulus
Cy C E (MPa) v K (MPa)
Annulus 0.1 0.025 0.75 0.4999 2200
Fibrosus
Nucleus 0.0666 0.0166 0.50 0.4999 2200
Pulposus

Further lowering the constantg &d G may give better results, but their significance is
meaningless since they fail to fall into the raofetiffness values used in the literature:
Smit et al. (1996), Pitzen et al. (2002), Goelle(2995), Eberlain et al. (2000) y Schmidt
(2007).
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c. Simulation in compression

Once the disc materials properties were adjustbdn ta simulation run with a
displacement step in compression was done to csiealis and stresses. Of these, the
main or principal strains and stresses were cdkdlalong the entire disc volume as
these define the state of stress of the disc nadéderAlso, the bulging in the radial
direction was investigated as large strains areeeed with a non linear material
behavior, typical of biological tissues. The ifitian consisted of a disc compression of
1.434 mm in the vertical direction, which causedjéanegative stresses (compression)
and radial bulging along the disc periphery witlegular distributions.

i. Radial bulge

In the experimentation, the axial compression cdaskadial bulging at the posterior and
anterior side. The magnitude varied from disc scdand also with the amount of disc
degeneration. Results from the compression sinmnagshows a bulging magnitude
increase by four times that of the experimentatibnmaximum bulging of 3.2 mm
occurred at the anterior side, while a minimum @f &dm occurred at the left lateral side,
see Figure 3.30.

Disc bulging

Bulging (1)

Anterior Posterior Right Left

side side side side
Positions
B Experimenial B Computational

Figure 3.30. Comparison of disc bulge between stman and experimentation. The
large differences suggest that the Young’s modusesl for the annulus fibrosus was
low due to the absence of fiber modelization.
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Bulging distribution in the saggital and coronaamés shows that the majority of the

bulging took place at the anterior side where theutus thickness and its height is

greater. While only a small region at the posteside bulge, due to the thinner annulus.
A more symmetrical bulge occurred between the ragit left lateral sides, as seen by the
cuts in the saggital and coronal plane of FiguB4 3In the nucleus pulposus the radial
bulge had the smallest value, as expected, whileannner annulus the bulge grew up to
2 mm, and up to 3 mm at the outer layers. Thegge laadial displacements contrasted
with the ones from the bone structures, which reexdhintact, having a near zero value.
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Figure 3.31. Computational simulation of disc bulgiin the (a) anterior-posterior

and (b) right-left directions of the L2-L3 disc @egration model. Observed the
symmetrical distribution in the coronal plane viewer that in the saggital view,

were the thicker section of the anterior side beaost of the bulging.
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ii. Intervertebral disc strains

Upon compression, the lower stiffness of the nugleulposus and annulus fibrosus led
to larger deformations than those of the adjacaecular, and cortical bone, see Figure
3.32. The differences in the principal strains kesta the disc and bone tissues where as
high as two orders of magnitude. Strain distributio the FE mesh shows that the
cortical bone deformation was below a 0.25% andctecellous bone just over 1%, in
contrast with the deformation of the disc whichctess values over 40%.
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Figure 3.32. Major principal strain distribution inthe L2-L3 model of disc
degeneration at the posterior side in (a) vertelivahe and (b) the intervertebral disc
with adjacent vertebral bone.
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The highest strains in the disc occurred near theatbaries of the nucleus pulposus and
annulus fibrosus, where cavities were assigneddoaséhe MRI. The amount of these

voids in the FEM disc model was limited to 119db&dral elements, which represented
the vacuum phenomena seen in the MRI. Thus, theseshowed a 55% deformation, as

shown by the saggital and coronal plane viewsFsgare 3.33.

As shown, the mid-section of the nucleus seen ange, is deformed in compression
between 15 and 25%. A larger deformation occurtethe@ nucleus-annulus boundary
which range from 25 to 45% in part due to voidshi@ disc model. Shown in gray are the

cortical and cancellous bone strains which actuwigfiprm below 1%.
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Figure 3.33. Major principal strain distribution ithe L2-L3 disc model along the (a)
saggital plane and (b) coronal plane. The highestiss occurred along the
boundaries between the nucleus pulposus and anrfibussus were also voids

appeared in the MRI.
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When isolating the nucleus pulposus, the FE swulatribution showed a radial growth

with all the mesh elements having negative straines. The deformation type calculated
was an axial strain which was associated with ph@ie@d displacement step. The strain
values ranged from a minimum at the nucleus cemteg maximum value of -40%

located at its posterolateral side, with most @& tlucleus periphery having a uniform
negative strain, ranging from -16% to -32%. A congmn of the strains between the
computational simulation and the experimentaticsults, shows that the strain of the
intervertebral disc as a unit obtained with thdingsprotocol, falls between the stiffer
bone tissues and the softer nucleus and annukigigere 3.34.
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Figure 3.34. Major principal strain distribution ithe nucleus pulposus. The highest
strains occurred along the disc posterior side. Ydds a comparison between the
strains from the compression testing protocol drake from the FEA simulation.
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In the annulus fibrosus, the FE strain distributstrowed a ring-like appearance with a
radial growth. The mesh distortion included positand negative strains with values
ranging from +10% to -40%. As with the nucleus jpgigs, the larger strains were
negative and located at the posterolateral sidethef annulus inner wall, where
contraction strains between -20% and -40% developedontrast, the annulus outer
walls at the anterior side showed the highest pess#trains, see Figure 3.35.
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Figure 3.35. Major principal strain distribution ithe annulus fibrosus. The highest
strains were located at the posterior side, whdre annulus wall is thinner, with

deformation values reaching 40%.
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iil. Intervertebral disc stresses

The displacement step in the FE disc model causedsgs, of which the most relevant
are theprincipal stressess, o2, o3 as they represent the largest normal stressesogeve
according to section 2.11l.j. Shown in Figure 38& the major principal stressesand

o3 in the cortical bone shell with values reachingro# MPa in traction (shown on light
gray) and also reaching over 8 MPa in compresssbown on dark grey), respectively.
As shown, the posterior and posterolateral dise smhcentrate these high stresses in a
wide zone in comparison with the anterior sidecdmtrast, the mid section where the
disc is located, the major principal stresseandosfell in between + 2 MPa, which were
lower than those in the stiffer bone structures.
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Figure 3.36. Major principal stress distribution ithe L2-L3 model of disc
degeneration. A positive sign means a stress ittibla, and a negative sign means a
stress in compression. The highest stress areas aleng the posterolateral side.
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When isolating the nucleus pulposus, the princigtaéss distribution shows a clear
negative stress state around the entire nucleuwss pfihcipal stresses reached maximum
values of 1 MPa in compression, which were locateplosterior side. For the rest of the
nucleus pulposus the stresses fell in betweenaidd4-0.6 MPa. A comparison between
the stresses of the intervertebral disc obtaindd thie testing protocol, and those from
the intervertebral disc materials: nucleus pulp@ss annulus fibrosus obtained from the
computational simulation, leads to a large diffeesrbeing as high as 4 times in the latter
procedure, see Figure 3.37.
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Figure 3.37. Major principal stress distribution ithe nucleus pulposus with the
overall state of stress in compression, and congparibetween the stresses from the
mechanical testing and those from the FEM analysis.

The principal stress distribution in the annullsdsus shows a ring-like appearance with
positive and negative stresses. However, the higdtessses were in compression, and
occurred at the outer and inner wall of the posteside of the annulus, with values
reaching -2 MPa and -1.25 MPa, respectively. WHike rest of the annulus showed
stresses values that fall in the range betwee25 &hd — 1.25 MPa, see Figure 3.38.
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The highest traction stresses occurred along tlperugnd lower rim of the boundary
between the annulus and the cortical shell, weresses up to 0.5 MPa developed.
However, the largest zone of traction stressesth@a®uter wall of the annulus anterior
side, where stresses of 0.25 MPa developed, seesR3¢38.
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Figure 3.38. Major principal stress distribution the annulus fibrosus. The highest
stresses were located at the posterior side, wkisgeannulus wall is thinner, with
compressive tensions reaching up to -2 MPa.

249



Chapter 3: Results: MRI, Biomechanical Testing Bist modeling

d. Simulation in flexion-extension, right-left bending and axial
rotation (torsion)

The bending simulations in flexion, extension, tigimd left lateral bending, and axial
rotation (torsion) to the L2-L3 disc model werecalsubjected to a displacement step
procedure, according with the results from the erpental protocols, which are
summarized in Table 3.10. Of these, the first satioh done was in flexion with an
eccentric anterior axial displacement of 5.76 mmwvmeard and applied at the anterior
side, see Figure 3.39. Loading in extension, regid left lateral bending used also an
eccentric downward axial displacement, with valage5.80 mm, 4.54 mm, and 3.73 mm
respectively, and applied at the arm levers ofdise posterior side, right side, and left
side, respectively. While in the simulation of fors the 9.84 mm displacement step was
applied tangentially to the disc cross sectiorttign X and Z directions) at the free end of
each of the four lever bars, see Figure 3.39.
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Figure 3.39. Step displacement procedure for sitiuta of bending (flexion) and
torsion in the L2-L3 disc degeneration model.
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In bending loading, such as flexion, extension &tdral bend, the stresses generated
over the disc cross section are known to be in cesgon at the disc side of the applied
moment, and in traction at the opposite side. Aed#int case result when loading in
torsion, where the stresses generated over theiss section are known to be in shear,
and reach a maximum value at the outer walls ofattveulus fibrosus. Since bending
cause opposite normal stresses, and torsion causar, sthen the resulting stress
distribution across the disc and inside the saf$ues is relevant. Also, high stresses
develop near the areas of the applied loading @reation, and such occurrence was
evident from the testing protocols. Thereby, thaiss and stresses developed inside the
intervertebral disc by bending and torsion loading) presented next, with attention to the
nucleus pulposus and annulus fibrosus as theseiaisigave shown large deformations.

i.  Intervertebral disc strains in flexion-extension, ight-left bending and torsion

The results from the bending and torsion simulasbaws that the intervertebral disc is
exposed to large deformations, in comparison witdsé from the vertebrae bone, which
deform less than -1%.

In the flexion mode, the model was subjected mosilynegative strains, with values
reaching up to -18% at the anterior side whereelargeas of contraction appeared, as
these elements are the closest to the appliedl&placement. In the extension mode, the
disc central and posterior elements showed largestalues ranging between -10% and
-18%, which were more than those elements from dise anterior side, which
deformation only reached -11%, see Figure 3.40.tRerlateral right and left bending
modes, the disc model strain distribution showesl game tendency, the larger strains
occurred at the loading side and were -20%, whil¢ha opposite side the elements
deform less than 1% negative, see Figure 3.40.tdiseéon simulation showed that most
of the model was subjected to large strains whegdichh up to 30%, while the bony
structures deform below 1%. The larger strains tptdce at the outer walls of the
annulus fibrosus, see Figure 3.40.
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Figure 3.40. Major principal strain distribution ithe L2-L3 disc degeneration model
for loading simulations in flexion, extension, rigand left lateral bending and
torsion.
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When isolating the nucleus pulposus, the straitridigion for all bending modes showed
a transition from a negative strain (at the sidéhefdisplacement step) to a positive strain
at the opposite side, with the appearance of araleaxis in between. In the forward
flexion and in the backward extension simulatidhs, largest principal strains reached a
20% value and were located at the anterior andepostsides, respectively, see
Figure 3.41. A significant difference between bdistributions was the appearance of a
larger area of positive strains at the posteride & the flexion simulation, which did not
occur at the opposite side in the extension sinlai he bending simulation to the right
and left lateral sides gave similar tendencieshwite largest principal strains also
reaching a 20% value, and located at the right lafidsides, respectively, see Figure
3.41. The neutral axis ran from the right to th& Bde when bending in flexion-
extension, and ran from the anterior to the pasteside when bending laterally. For the
torsion simulation, the presence of adjacent oppasdirains suggest that a shear strain
was involved, which was mostly seen at the nucteugphery. Thus, the maximum strain
occurred in shear with values reaching 30%, winéprincipal strains only reach a 20%
value. In both distributions, the strain showedadial growth from zero at the nucleus
center to a maximum at the periphery, see Figute. 3.

The strain distribution in the annulus fibrosusoadhiowed a transition from a negative
strain (at the side of the displacement step) positive strain at the opposite side, with
the appearance of a neutral axis in between. Irfdiveard flexion and in the backward
extension simulations, the largest principal ssaeached a 30% value and were located
at the outer anterior and posterior sides, resgsygtisee Figure 3.42. Also, the annulus
posterior side developed large areas of positikerst or stretching upon simulation of
the flexion load. The bending simulation to thehtignd left sides also showed large
strains, which reached a 20% value located atrtheriright and left sides, respectively,
see Figure 3.42. The lateral bending simulatiom&ubthe neutral axis running from the
anterior to the posterior side, while in the flexdextension simulation the neutral axis
ran from the right to the left side. For the torsisimulation, the shear strain was
maximum with values reaching 40% at the annulusrowgll, while the principal strains
reach only a 24 % value, see Figure 3.42.
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ii. Intervertebral disc stresses in flexion-extensionright-left bending and
torsion

Results from the bending and torsion simulatioreagd symmetrical stress distribution
between the flexion and extension modes, and atbavden the right and left lateral
bending modes. Also, the stiffer cortical and tabbar bone developed higher stresses,
with values reaching 3 and 1.5 MPa, respectivelil&Vin the intervertebral disc, the
principal stresses reached only 0.50 MPa. The sstulesdribution for all loading modes
showed a transition of compressive stresses (asithe of the displacement step) to
tensile stresses at the opposite side. The neaxralalso ran from the right to the left
sides when simulating bending in flexion-extensiand ran from the anterior to the
posterior sides when bending to the right or toléftesides, see Figure 3.43.

In the flexion mode simulation, the principal stredistribution showed that the disc
model was mostly stressed to compression at theianside, with values reaching 0.30
MPa, while at the disc posterior side, tractiorestes developed, but only reach 0.20
MPa. In the extension mode simulation, the dis¢raéand posterior areas were the most
stressed to compression with values also reachB@ MPa. The lateral right and lateral
left bending simulations caused a stress distnutvhich were higher at the loading
side, with values of 0.25 MPa and 0.30 MPa, respagt The torsion simulation showed
that most of the disc model was subjected to skeamns which reach only 0.125 MPa
and located at outer walls of the annulus fibrosas, Figure 3.43.
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When isolating the nucleus pulposus, the stre¢shiison for all bending modes showed
a transition from a compressive stress (at the sidbe displacement step) to a tensile
stress at the opposite side, with the appearanca méutral axis in between. In the
forward flexion and in the backward extension s@tiohs the principal stresses ran
along the nucleus anterior-posterior, or saggit@ction with values ranging from -0.30
MPa to 0.20 MPa. The flexion simulation showed ¢aageas of tensile stresses located at
the nucleus posterior side; whereas in the extansimulation only a small fraction of
the nucleus anterior side was in tension, see €ig§u4. The bending simulation to the
right and left sides gave similar tendencies, \thih largest principal stresses occurring at
the nucleus right and left lateral sides, with ealwof 0.20 MPa for both simulations.
However, in the left bending simulation the nuclepposite side showed a large area of
tensile stresses of 0.20 MPa, whereas in the bightling simulation only a small fraction
of the nucleus anterior side was in tension, seerrEi 3.44. The principal stresses ran
along the nucleus coronal direction for both ldtéending simulations. For the torsion
simulation, the largest stresses were in shear vathes reaching 0.20 MPa, while the
principal stresses reach only 0.15 MPa. In botlesdke stress distribution showed a
growth along the radial direction with no tendewéyeutral axis formation, and reached
a maximum value at the nucleus periphery, see Eigu#4.

The stress distribution in the annulus fibrosuso ahowed a transition from a

compression to a tension stress, with a neutra exbetween. In the forward flexion

simulation the largest principal stresses reach&@ 01Pa, and occurred at the inner
anterior and outer posterior annulus side. Forlthekward extension simulation the

magnitudes of the largest stresses were 0.40 MBaoecurred at the outer posterior
annulus. The right and left lateral bending simale showed a symmetrical stress
distribution, with principal stress peaks of 0.2td&0.50 MPa, respectively, see Figure
3.45. The annulus site where these stresses appea® the inner wall at the lateral

sides. For the torsion simulation, the largestssie reached 0.40 MPa being normal
principal and also shear, both occurred at the lasmosterior side, see Figure 3.45.
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Discussion

|. Testing results

a. Analysis of disc stiffness and bulging

The results show that the stress-strairz)(relationship is highly nonlinear, which are

characteristical of soft biological tissues. Thasin part because of the behavior of the
long polymeric chains in the collagenous tissueshefintervertebral disc, in particular

type | and Il collagen. Also, the high water contenthe nucleus pulposus (which is up
to 90% of its weight in the normal state, and 6@0@86 in degenerated discs, Buckwalter,
1995) serves as a medium for large deformationgnbw the stiffer sections of the

intervertebral disc (outer portion of the annulilsrdsus) the water content is high,

leading to the disc nonlinear behavior.
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The polynomial function proved to be suitable fidtirfg the nonlinear relationship of
stress-strain (mea®® = 0.98,n = 10), which initial trajectory resembles a parabwith
the toe region included. The first rate of chan§es@) gave theYoung’s modulus:
E=do/de, which defines the disc stiffness. Normally, ahgg order polynomial will
imply a largerE modulus It was found that the L4-L5 disc set had a smalled narrow
range of values for the main coefficient A of tr@ymomial fit than those for the L2-L3
disc set. Also, the MRI from the L4-L5 group clgartveals a collapse of disc height and
a more uniform physical stage of advance degeweralihis agreement was not always
clear in the L2-L3 group because of a lesser degéame stage. The presence of
excessive vacuum in the nucleus may explain therwdulus in the L4-L5 disc set,
while osteophyte formation seen in the anterioe sifl discs A and F may stiffen the
outer disc tissue leading to a high modulus, seeMRI on Figure 3.1. Hardness is a
common feature of bony outgrowths or osteophytes filtrms along the disc periphery
and adjacent vertebral bone (Banse et al., 200%).hHarden surfaces in the anterior and
posterior sides of disc F may also explain the gmdging response. Such occurrence
was limited to disc F, while in the rest of theadisadial bulging took place.

Size differences between lower and upper lumbarsdisd also been reported as causes
of stiffness differences (Nachemson et al., 19T8us, from the testing results, it was
difficult to obtain significant differences in trstiffnessor theYoung's modulubetween
discs because of similarities in the degeneratedtoamy. In general, individual
differences in cadaver lumbar motion segment machhbehavior usually overshadow
any class differences with respect to disc leveljrde of degeneration, age or gender
(Nachemson et al., 1979). Thus, it was even moffcult to recognize significant
differences in thé&’oung’s moduluamong degeneration grade sets than between lumbar
level sets due to the larger scatter data. Howedisgs with a clear height collapse
(severe degeneration) showed a lovean stiffnes@and E modulus(measured in the
vertical direction) than those with a clear height.

The reported range of stiffness from the presemtysis in agreement with previous
results (Panjabi et al., 1977; Nachemson et al91Bdwards et al., 2001; and Gardner-
Morse et al., 2004) in which they reported stiffn@s the range of 800 to 2400 N/mm
using a similar protocol. As a guideline, at aro&@®d to 1000 N load a normal lumbar
disc should exhibit a stiffness value of around@&)3000 N/mm (Adams et al., 1995).
Thus, the set of degenerated discs tested sho@B#halecreased in stiffness value when
compared with data from healthy discs. This wa® asident for the disc Young’s
moduli E, which decreased between degeneration scoringvdlbe of the dis& moduli
reported here were also in agreement with previesslts (Lin et al., 1978; Adams et al.
1996) in which they reported values between 10 N#eaere degeneration) and 25 MPa
(Normal disc), see Table 4.1.

The stress generated in the disc cross sectionebgampressive load was maimigrmal

o and range from 0.43 to 0.69 MPa, with no distorctbetween degeneration scoring.
The results showed also agreement with previousnnwadues of stress distribution

across the disc (Adams at el., 1996; Oloyede £1988). Any shear involved in the axial
loading due to an inclined plane was discarded.
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During the specimen cutting, the disc height peofivas irregular, which upon
compressive loading could also generate an additishear stress.. Thus, in the
calculations it was assumed a cross section ar#geaniddle of the disc height, where
the height profile was more uniform with only a mal stress component. Also, the cross
section of the disc resembles an elliptic shapefgRaet al., 1970) with a long and a short
axis, where the larger stiffness occurs alongatgggal axis, as this can explain in part
the differences in stiffness among movement in &vdsbackward direction and right-left
direction (lateral bending) for a specimen withthé posterior assembly.

The bulging results suggest that the set of disas fthe L4-L5 group had lost their
ability to develop hydrostatic pressure at leastvben the anterior and posterior site
upon compression. This did not happen in the dism® the L2-L3 group where an
almost symmetrical bulging occurred. Intervertelsics that show a height collapse,
such as most of the L4-L5 set, will exhibit non syatrical bulging between the anterior
and posterior side. This is mainly because of e water content in the nucleus and
annulus, which reduces the disc ability to devdiggrostatic pressure upon axial loading
(Nachemson et al., 1960). With advance degenetatierthinner sections of the disc are
first affected due to a lesser water content, iscthe disc posterior side which no longer
develop a define bulge. As the load continues toabelied, its resulting bulge
progressively changes of orientation from a radial a vertical direction which
contributes to an eventual lost of disc heightriBkmann et al., 1991). This may explain
why the bulging response was much higher in theramtside (0.871 mm) than in the
posterior side (0.334 mm) for the L4-L5 set. Thiaichl relevance of this asymmetrical
bulge can be used to try to explain in part the diernias most seen in the adulthood and
elderly. In contrast, the symmetrical bulge exl@tiby the L2-L3 disc group confirms
the higher water content shown in the MRI. As thdses developed a more a-like
hydrostatic pressure they confirm the anatomicaluation of moderate degeneration.

Measurement of the radial bulging was limited tdéydwo sites, the middle anterior and
the posterior. Because the nucleus pulposus expandsdl radial directions upon
compression, it is relevant to investigate the imggalong the entire annulus periphery
and the posterolateral borders as these sites mowrk for develop slipped disc.
Measuring devices for such a task now use a béft aviaser scanner approach (Heuer et
al., 2008) who recorded bulge values in the rarigedto 0.9 mm when applying 500 N
in axial compression to healthy discs. The bulgesults also suggest that healthy discs
develop hydrostatic pressure upon compression. Rtwenpresent study, the lower
bulging results can be explain by the use of d#fédiscs with different loading history,
degenerated discs, number of discs tested, andune@asnt technique.

In summary, the severe degeneration group of disoe the present study deforms
axially more upon compression, than the lesserrdagéon group, which in turn lead to
a higher Young’s moduli in the latter group. Howeube larger deformation seen in the
former set of discs did not occur along the radiatction (bulging), implying loss of
functionality from the nucleus pulposus and anntilu®sus.
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A summarize of the main results of the comprespiamtocol from the present study and
a comparative with previous studies are shown inler4.1.

Table 4.1. Main results of the compression protofroim the present study and
comparative with previous studies.

Compression response Normal disc| Degenerated
disc
Present study 1277 973
Stiffness | Gardner-Morse et al. (2004) 2420 1800
(N/mm) Panjabi et al.(1984) 750 600
Nachemson et al. (1979) 571 500
Present study 0.69 0.51
Bulge (mm) | Heuer et al. (2008) 0.70 0.87
Brinckmann et al. (1991) 0.15 0.50
Klein et al. (1983) 0.60 0.90
Young’s Present study 14.08 10.63
modulus, E | Adams et al. (1996) 15 10
(MPa) Keller et al. (1987) 7.5 4.5
Lin et al. (1978) 25 15

b. Analysis of the disc relaxation response

The stress relaxation response in all the inteebeal discs shows their viscoelastic

behavior which was obtained in a collection of éhdegenerated stages and also two
different lumbar locations. Overall, discs from 12 L3 set tend to relax at longer times

than discs from the L4-L5 set with about 15% highelaxation stress for the former

discs.

The longerrelaxation time t(r)and higherelaxation modulus E(tdf the L2-L3 disc set
over those of the L4-L5 disc set suggest that dneaér set of discs had better capacity of
dampers and load carriers. Also, discs with a éeffisight (seen in the MRI) showed a
longer relaxation time than those with a heightapse, which confirms the anatomical
evaluation in the MRI of these discs.

As long as there is relaxation in a spring-dasiassembly, the viscous part in the system
dissipates the load or the stress, and the assatiodss /7 will have a significant value.
As the relaxation decreases, the damper also dssés dissipation, until it ceases and
gives the characteristic relaxation parameter (FU@, 1993). Results from the
exponential fit shows that the ratig,/y of the Maxwell arm decreases linearly in
accordance with the standard linear sdidS model. Thus, the viscosity and the
viscous modulus Fepresent the viscoelastic parameters of the nsqgelposus and the
intervertebral disc. Also, since the nucleus is posed of a mixture of 70 to 90% of
water and disorganized collagen type I, the r&if; gives insights of the materials
constants.
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The second order exponential function proved tosbigable for fitting the nonlinear
relationship of stress-time (me&A= 0.98,n = 10). However, the initial stress decay was
poorly predictive withs(t) due to the disc unstable stress state cause ksutlden load
removal at the end of the loading ramp. This ledhtsharp and fast decline of stress
which lasted during the first three minutes of tekaxation stage, after which a smoother
decline occurred and a better prediction was aelieVhis behavior was observed in all
the discs, but was most evident in those from theLh set, especially with a height
collapse. Except for disc F, the stress declinethedstress at the relaxation time gave
similarities among individual discs and disc clfsations. The advance osteophytosis
seen in the MRI of the anterior and lateral margmdisc F may explain why this disc
showed the smoothest slopestifess decay(t) which gave the slowest relaxation with
the lowesta value of 0.00067 sécand the largestelaxation time t(r)equal to 1500 s.
Thus, the slow relaxation caused its low rétity equal to 2x1d se¢', meaning that this
disc tend to relax like a solid viscoelastic, whicbrroborates its high stiffness. In
contrast, the rest of the discs with exceptiondis€s A and D showed similar relations
for the ratioEx/n versus time, meaning an overall solid viscoelastiaxation. The
shorter relaxation times shown in discs A and Ddivet50 s) may be explained by size
differences and by the severe collapse of theltbgght.

The relaxation results in the present study areagmeement with previous values
(Johannessen et al., 2004, 2005; Holmes et al§)2@0which they reported relaxation
times of 290 sec, stresses of 0.150 MPa anélues between 0.0010 and 0.0030 after
applying a 200 N initial load to a disc and recardlee force decay during 30 minutes.
Some differences with the present results are sieeofi a lower magnitude load and the
maintenance of the posterior elements.

Additionally, the mean value of the rati®/; for the entire set of discs was in the order
of one thousandth, which suggests that the viscasitthe dominant part of the
dissipation. This tendency was also observed ferrdst of the classifications, which
means that the overall viscoelastic behavior ofdises does not change with lumbar
level or with degeneration scoring. The reportetues of the ratioE,/y differ from
previous studies (Li et al., 1995; Pollintine et &010) within one order of magnitude
due to the presence of the posterior elements ddgam their specimens. Using the
stiffness values for the nucleus pulposus in tlpased range of 0.5 MRaE, < 1 MPa
(Smit et al. 1996) the equivalent viscosity of thecleus pulposus from the present study
ranges from 0.41 GPassn < 0.82 GPa-s (moderate degeneration) to a valugeimange

of 0.50 GPa-x< 1 < 1 GPa-s (severe degeneration). Although theseesalere not
statistically different, there magnitudes suggkat all intervertebral discs showed a solid
viscoelastic behavior. This was also evidencedhieyréeduced stiffness of the discs after
20 minutes of relaxation, where the value of #(#) modulus represented only one
quarter of the Young’'s modulus value calculatethaloading phase.

270



Chapter 4: Discussion

In summary, discs with a well define height didaseht longer times than those with a
collapse height. Even degenerated discs have sapexity of stress relaxation due to
their relative water content. This cause difficutty distinguish significant differences
between discs sets. With age and degenerationgbe dehydrate but do not loss entirely
their water content which is still around 60 to 76%iheir original levels. Thus, it seems
that the presence of low quality bone in the vegepvacuum phenomena in the nucleus
pulposus, new bone formation in the outer margihshe annulus fibrosus or radial
fissures are overwhelm, and any difference in glaxation response between discs sets
was attributed more on size differences.

A summarize of the main results of the relaxatiootqcol from the present study and a
comparative with previous studies are shown in @4hd.

Table 4.2. Main results of the relaxation protofmm the present study and comparative
with previous studies.

Relaxation response Normal disc | Degenerated disc
Present study 895 762
Relaxation time, | Allen et al.,(2006) 150 50
t(r) Johannessen et al., (2000) 315 290
(sec) Holmes et al., (1996) 1680 570
Present study 3.29 2.36
Relaxation Allen et al.,(2006) 0.83 0.60
modulus, E(t) | Johannessen et al., (2000) 1.60 1.30
(MPa) Holmes et al., (1996) 13.33 7.62
Present study 0.215 0.186
Relaxation stress, Allen et al.,(2006) 0.13 0.100
a(t) (MPa) Johannessen et al., (2005) 0.70 0.26
Holmes et al., (1996) 0.47 0.27
Present study 14.1 10.6
Elastic modulus, | Pollintine et al., (2010) 10.43 7.08
E1, (MPa) Li et al., (1995) 9.25 6.63
Keller et al., (1987) 7.04 6.30
Present study 0.5 0.5
Viscous modulus,| Pollintine et al., (2010) 4.57 4.98
E., (MPa) Li et al., (1995) 6.35 4.29
Keller et al., (1987) 1.55 2
Present study 0.40 0.80
Viscosityy, Pollintine et al., (2010) 45.1 30.2
(GPa-s) Li et al., (1995) 27.4 15
Keller et al., (1987) 8.29 6
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c. Intervertebral disc flexibility

Testing of the intervertebral discs to bending &ndional loads gave input data about
the vertebra-disc-vertebra flexibility, which is emf the basic functions in the spine.
Flexibility is defined as the amount of motion @ton) done in the saggital, coronal or
axial plane that results from applying a momentjaand decreases with age (Panjabi,
1977).

The results showed that there was no statisti¢fdrdnce in motion response to 5 Nm in
bending or torsion between lumbar levels L2-L3 addL5 or between degeneration
scoring grades 3, 4 and 5. The small populatiomis€s (n=10), and the absence of
normal discs with none degeneration in this study mxplain the large scatter data and
similarities obtained. The deflection responsedrward, backward and lateral bending
fall all in the range of values reported from pomas studies (Schultz et al., 1979; Adams,
et al., 1980; and Panjabi et al., 1977, 1989) witkan rotations in the range of 4° to 7°
for Flexion, 2° to 7° for Extension and 2° to 4t fateral Bending for a moment load of
5 Nm applied to degenerated and non degenerated. difiey also reported a large
scatter in the results which implies that largeiviibal variations exist in the stresses
internal to a motion segment resulting from a gil@ad during an activity. The motion
responses in Torsion are also in agreement witly sardies (Farfan et al., 1970; Adams
et al. 1981; and Panjabi et al. 1989) who report¢ations in the range of 3° to 7 ° for a
torque of 5 Nm. They also indicated that torsiaffregss depended mainly on disc size
differences (shape and area of the cross sectimh)i@ a lesser extent to the annulus
fibrosus integrity (degeneration), and on the logdate.

The stiffness response to bending or torsion ferghtire set, or any disc classification,
did not show a clear nonlinear tendency as it didhe case of compression loading.
However, for bending in flexion-extension and torsithe stiffness curve showed a toe at
the beginning, and its slope grew as the deflediugled increased, this nonlinearly was
observed in discs which showed a clear height, ascin A, G and H from the L2-L3 set
and B, C and D from the L4-L5 set. For lateral begdhe initial toe also occur in the
same discs but was smaller and almost showed aarwrsope which gave a higher
stiffness. Because of its elliptic shape, the wdgebral disc has a longer axis along the
right-left side over that of the anterior-postergide, resulting in a higher bending
stiffness. Also, because the human gait is dondlynakng the spine anterior-posterior
direction leading to high deformations in the dasderior side, it is reasonable to suggest
that these may explain the stiffness differencesrayjibending modes.

Degeneration has been associated with the reductidisc motion in Flexion, Extension
and Lateral Bending (Nachemson et al. 1979) ant auit increase in Torsion rotation
(Farfan et al. 1970). However, results in bendihgves that the advanced degenerated
L4-L5 discs deflect more than the moderated degeedrL2-L3 discs. The cause of
these differences can be explained by the anatbeneduation from the MRI of the set
of discs. For the L4-L5 disc group, the presence afollapse disc height with little
osteophyte formation resulted in a group with a metffness to compression and
bending lower than that of the L2-L3 group whiclowled a more define disc height with
larger amount of osteophytes.
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Osteophyte formation has been related with rednctb intervertebral disc motion
response in flexion-extension (Tanaka et al. 20Bilya biomechanical and imaging study
of over 100 human cadaver lumbar discs they relttedkinematics properties of the
lumbar spine with disc degeneration. They repottet discs with radial tears in the
annular fibrosus (degenerated grade Il and IV, rikon’'s scale) had increased the
motion response to flexion-extension. Also, disathwhe presence of a total space
collapse and large osteophyte formation (grade ¥jewmost likely to experience a
decrease of motion response. Because intervertesi@bchondrosis can be present with
spondylosis deformans (Schmorl’s, 1932) this suggptire idea that moderate to large
osteophyte formation mostly seen in the anteristgrior side of the L2-L.3 group causes
the inferior motion response.

The differences between stiffness values in bendiangh as in flexion-extension and that
in torsion arise from the way the stress is apptl@dughout the annulus fibrosus and
also by the presence of osteophytes. In bendingirigathe annulus is put one half to
compression (at the side of loading) and the oftladfrto tension (at the opposite side).
Thus, the stress is applied normally to the upper surface of the annulus laminas
which at the outer rim consist also of osteophylieshe compression side, the resulting
deformation of a lamina is a radial bulge whichsisiilar to that shown by a column
when placing a vertical load at its top surfacecdse annulus laminas are much taller
than thicker, their slenderness ratio is high, tteand to bend. But because they are also
attaching to each other, they resist, in the samethat a bundle of paper sheets do.

In torsion, the annulus is put to axial rotatioml dne stress is a shear applied tangentially
to the laminas surface causing a relative displacenbetween them. The largest

deformations always occur at the outer annulus sviiee longest arch of rotation takes

place, according to the elastic theory of torsRasistance to this rotation is given by the

attachment between laminas which are bonded togbthéhe ground substance. Thus,

the lower disc stiffness response in torsion maatggssts that the attachment between
laminas are more susceptible to a shear than tyraah stress as was reported by Farfan
et al. (1970). The analysis of the shear and nostraks in the annulus fibrosus and

nucleus pulpous due to the bend and torsion loadi®evpresented in the section of the

Finite Element Model.

A summarize of the main results of the bending emdion protocols from the present
study and a comparative with previous studies lapgva in Table 4.3.
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Table 4.3. Main results of the bending and torgmwatocol from the present study and
comparative with previous studies.

Stiffness response Normal disc Degenerated
(N-m/rad) disc
Present study 118 102
Flexion Van der Veen et al. (2010) 32 12
Guan et al., (2007) 82 51
Adams et al., (1980) 60 46
Nachemson et al., (1979 110 110
Present study 138 97
Extension Van der Veen et al. (2010 32 12
Guan et al., (2007) 153 61
Nachemson et al., (1979 210 210
Present study 158 153
Lateral bending | Van der Veen et al. (2010 26 15
Guan et al., (2007) 76 81
Nachemson et al., (1979 110 110
Present study 44 42
Van der Veen et al. (2010 72 40
Axial rotation | Adams et al., (1981) 189 78
Nachemson et al., (1979 405 608
Farfan et al., (1970) 78 98

d. Dynamic response

Loading the intervertebral disc to cyclic compreasgave input data about the disc
dynamic properties in a collection of three degatest stages and also two different
lumbar locations.

Results show that at frequencies lower than 1 ldzsthess and strain signals were nearly
in phase with arangle g difference below 10°. As thphase anglef decreases and
approaches a zero value, it means that the apptiethy to the disc was used totally to
deform it and minimum losses appeared as a resuleat, noise, vibration, etc. Thus,
under a low frequency loading a solid viscoelabtst defined the disc behavior. For
such condition to take place in a biological tisue duration of load application has to
be sufficiently large to allow deformation and jprrecovery before the next loading
cycle was applied. Loading the disc at 0.2 Hz festpy (5 seconds period) gave the
necessary time for the stress and strain to belgias phase (mean valfe= 2.13°). In
contrast, as the loaequencyw was increased to the upper limit of 5 Hz (0.2 selco
period with a meapt value of 19°) the rate of deformation did not géuge for recovery
and the disc showed considerable dissipation, mgahat at higher frequencies the disc
decreases its “solid-like” viscoelastic behavior.
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The reported increase of tiphase anglgg with the frequencyw from the Figures 3.18
and 3.19 has been suggested as the result ofahtitwrd flow and the disc capacity to
absorb and dissipate loads (latridis et al. 1986y reporteds values up to 35° using a
wider range of frequencies which cover up to 20 Iiayever, their testing protocol and
material preparation were specifically aimed torabhterize the nucleus pulposus, and not
the entire vertebra-disc-vertebra segment, as téserences can led to significant
changes since the annulus fibrosus structurefisrstand behaved more elastically due to
their structurally collagen type | content.

Characterization of thphase anglet shows rate similarities among L2-L3 and L4-L5

disc sets which can be explained by the low pomriain=10) tested, the moderated to
severe stage of disc degeneration in all the daud,also by the narrow range of study
frequencies. The higher mean value foin the L4-L5 set over the L2-L3 set, and

degeneration scoring grade 5 set over the otherdegenerative sets can be explained
more by the size differences.

Smaller discs deformed more than larger ones utidersame conditions, with a
reduction of the disc capacity to shock absorbadidoand an increased dissipation ratio
(E”/E"). Thus, the increasing values of tpbase difference angjewith frequency in all
intervertebral discs shows their viscoelastic aisdigation tendency which were defined
by theloss moduli E"and thetangent ob.

The increasing value of thetorage E’andloss E” moduliwith frequencyw shown in
Figures 3.20 and 3.21 implies that at higher fregies, a larger load is required to
produce the same strain. Thus, at higher frequenibedisc is better able to resist higher
loads than at low frequencies. The wavy structurerionping of collagen type | fibers in
the annulus fibrosus under unstrained conditiong explain this property. The reported
values for theE’ and E” moduli are in agreement with those reported bytiGstsal.,
(2008); Korecki et al., (2008); Holmes et al., (62%nd Hansson et al., (1987) in a range
from 3 MPa to 30 MPa for the storage modulus, anthfl MPa to 5 MPa for the loss
modulus, considering a loading around 500 N wiffequency in the range of 1 to 5 Hz.

The maximumdissipation ratio (tah) for any classification only reach a value of 0.45,
which implies that thestorage moduli Edominates over thiess moduli E’; and means
that the intervertebral disc behaves more like scoelastic solid with considerable
dissipation than a viscoelastic fluid. In overahout 70% of the maximum dynamic
response (10.7 MPa) was given by the digragecomponent with the remaining 30%
given by itsloss component. The stiffer collagen type | mostly seethe degenerated
annulus fibrosus and the dehydrated nucleus pufposay explain the solid-like
performance. Again, the small disc population amdilarities in disc degeneration
anatomy did not permit a clear distinction in disgion between severe and moderated
degeneration.

The increase value of the dynamic parameters uimdgeased frequency has been
previously reported in testing other collagenossues (Van Eijden et al., 2006; Allen et
al., 2006; Tanaka et al., 2002). They tested reatdult temperomandibular disc joints
(TMJ) to cyclic compression covering a wide freguemange from 0.1 to 100 Hz and
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reported mean values for tleorage lossanddynamic modulusf 1.5, 0.3 and 2 MPa
respectively. Theohase anglegg and thedissipation ratio tary were reported to be 15°
and 0.20 respectively. Although the TMJ disc joist smaller in size than the
intervertebral disc, the cartilaginous and collagen tissue from both joints share
common features in their annular arrangements attfogies.

The disc dissipation(hysteresiswas found to been sensitive fiequencyw. For the
majority of the testing, the dissipation grew wititcreased frequency, but was kept low
with the resulting relationship showing a “banaik&’ shape, as shown in Figure 3.24.
The small hysteresis values imply the importancthefimbibition of tissue fluid by the
disc (Virgin et al., 1951) and the well maintenantdone quality and hyaline cartilage
in the vertebral bodies and endplate. However, lteesaf disc dissipationshowed no
statistically difference neither for lumbar leval degeneration scoring sets (p>0.05).
Thus, discs with height collapse (disc D, | andrJa define height (G or H) did not show
any common tendency. The anatomical similaritiesad¥anced degeneration and the
small population may explain these results. In@dagalues of disc dissipation with
increased frequency using a similar protocol haaenkreported previously (Asano et al.,
1992; Hansson et al., 1987) with values rangingmftbl and 1 Joule. They also indicated
that the overall behavior of the disc under cyatiempression resembles a solid
viscoelastic. A summarize of the main results @& ttynamic testing protocol from the
present study and a comparative with previous stugdie shown in Table 4.4.

Table 4.4. Main results of the dynamic protocohirthe present study and comparative
with previous studies.

Dynamic compression response at 5 Hzl  Normal disc Degenerated disc
Present study 6.90 6.50
Storage modulus,| Costi et al., (2008) 31.80 25
E’ (MPa) Holmes et al., (1996) 19.70 11.80
Hansson et al., (1987) 24.60 9.80
Present study 2.12 2.99
Loss modulus, | Costi et al., (2008) 3.20 2.50
E”"(MPa) Holmes et al., (1996) 3.50 2.10
Hansson et al., (1987) 4.30 1.80
Present study 0.32 0.46
Dissipation ratio, | Costi et al., (2008) 0.15 0.10
tano Ohshima et al., (1989) 0.20 0.10
Hansson et al., (1987) 0.20 0.18
Present study 2.92 2.89
Hysteresis (Joules) Costi et al., (2008) 0.60 0.40
Hansson et al., (1987) 0.50 0.75
Koeller et al., (1986) 0.86 0.40
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From the foregoing, mechanical evaluation of ueitebral functions (UVF) with normal
or degenerated discs serves to investigate itsavempic properties: Young’s modulus,
stiffness, bulging, flexibility, storage, dampingdadissipation which in turn account for
the entire spinal segment: vertebrae and disch@set spinal material properties unveils,
a collection of data is generated which usefulne®videnced by the increasing number
of biomechanical and numerical studies eager tanosel input data.

In this regard, the outcome of the relaxation apdathic testing gave data that can be
used as an input for a future validation of a érelement model of intervertebral cyclic
loading. Daily activities such as walking or sigfinvhich are typical light tasks in the
office, workshop or at home, involve repeated carapion loading. Degeneration
involves a prolonged loading history that evengjud#lads to tissue deformation and
jeopardize disc functionality. Thus, any remainghaf disc ability as shock absorber can
be evaluated and used to assess low back paimptéenelated to light work injuries in
the elderly.

Finally and in overall, ex-vivo testing of biologictissues, such as the intervertebral disc,
under compression, flexion or torsion loading iatist or dynamic conditions should
consider observance of tissue dehydration and dagiom, since the mechanical
properties of collagen, cartilage or bone are sees{Galante 1967). The used of water
spray and cotton tissue to prevent direct air expsand maintain a high relative
humidity during the testing was satisfactory faststudy. However, for tissue evaluation
on a micro scale level, then a custom chamber dhmeilused which include temperature
and humidity control. When performing mechanicatitey and analyzing deflections in
soft biological tissues, couple motions should bestdered. Because in real life the
intervertebral disc shows compression upon twistingorsion (Schultz et al. 1979), the
reported deflections from the present study waretdid to measure main motions and
any additional couple motion which may occur wereglacted. Therefore, when
evaluating spinal segments deflection, couple meatghould be observed.

Simulation results

a. Analysis of the compression load simulation

Overall it was possible to validate the FEM of dadsgeneration with the experimental
results and obtained a fair approximation. Howevarjations always arise because of
differences between the “real” disc and the modeich as in geometry, material
properties, loading history, and evaluation of mpldt loadings: compression, bending
and torsion.

Selection of an elastomeric material formulation thee disc materials was justified on
evaluating the gross behavior of the unit underldlaeling phase conditions. In general,
the elastomeric properties of the disc were adjuste the premise of equilibrium of
forces, between those from the testing and thase the simulation.

In this regard, a displacement step procedurearsiimulation of compression proved to
be the most realistic approach for reproducing téming results, and therefore the
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reaction forces were check. Of these forces, thepcession was the dominant
component for adjusting the Mooney coefficients gade a moderate relative difference
(18%), while for the rest of the bending modes rislative differences with the testing
were greater (up to 70%). The absence of collagdrets in the annulus fibrosus model
and the non pressurization in the nucleus pulpossexplain these differences.

The smallest difference of relative forces (D.Fchiaved corresponded to the lowest
Mooney coefficients used (€ 0.10 and @ 0.025) from the literature, and gave a
Young’'s modulus E of 750 KPa for the annulus filigswhich value match the

description for an annulus with minimum degeneratidlso, this was the smallest

difference possible when considering disc bulgee &hnular bulge was considerable
large in all radial directions, being as high asimes that of the experimental value
(0.9 mm). These differences suggest that a higastie modulus should have been used,
due to the absence of fiber modelization.

The absence of fibers (truss elements or 3D releament technology) in the annulus
fibrosus lead to a single model structure basedy am stereo lithographySTL
tetrahedrals. It was difficult to integrate thetengents into the tetrahedral mesh, because
of the nodes incompatibility and the large numieglements involve. Although, the use
of these elements gives better prediction of balge fiber stress they need hexahedral
solids for their implementation, and not tetrahé&drdhus, the bulges from the present
study also differ from those obtained previouslyhwinodels that include truss elements
(Smit at al., 1996) and rebar elements with stéfngradient along the radial direction,
Little et al., (2007), Meakin et al., (2001) andedhin et al., (2001) whom they reported
bulges in the range from 0.3 to 0.5 mm. Howeverenvbomparing bulging results with
early studies with models without rebar technol@@glytscho et al., 1974; Kulak et al.,
1976 and Spilker et al., 1980) there is a goodagent. Hence, the simulated bulging
from the present study shows its profile, form &whtion in the disc and its components,
which is in agreement with the previous studies mag explain in part the biomechanics
of disc protrusions and hernias, mostly seen irettierly.

The large strains of the annulus fibrosus and mscpilposus over that of the vertebrae
bone shows the relevance of soft tissue deformasiooch as disc collapse, bulging and
bending that led to geometric changes, which arstijneeen in advanced degeneration.
In contrast, the higher stress state in the stiféetebrae bone over those of the softer disc
tissues shows the relevance of bone predispositiofracture. In general, this is in
agreement with the findings of Kulak et al., (1926)d Shirazi-Adl et al., (1984) who
reported that for a normal disc with an incompigssinucleus, the most vulnerable
elements under compression load are the cancellons and endplate. While for a
severe degeneration disc case it is the annulus iakerial which is susceptible to
failure, but not the fibers.

The negative strain state of the nucleus pulpososast with that of the annulus fibrosus
which showed negative and positive strains. Howeweboth cases the larger strains
were negative and where located posteriorly at ahaulus-nucleus boundary. The
occurrence of large strains at these sites have tmrted by Costi et al., (2007) and
Stokes (1987) as the result of a combination ofngeacal (the thinner wall of the
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annulus fibrosus and the posterior position of iheleus pulposus), mechanical (bone
formation at the posterior side) and biochemicatdes that eventually leads to stress
concentrations at these sites.

Overall, the larger deformations at the nucleus amtulus periphery are mainly because
they are soft tissues and were treated as incosiplesThe disc degeneration model was
developed on the assumption of a reasonable amwoiumtater content in the low
degeneration stages (around 70% of its original)ewhich is still a large amount.

The appearance of positive strains in the annulusdus have been suggested as the
result of redistribution of strains in the disc Bgiotacopulos et al., 1977). As the disc is
compressed the nucleus pulposus develops predgtréends to move and expand the
annulus radially, like when a balloon is inflatdzyyt this expansion is limited by the
collagen fibers. Then, the strains at the outeflaserwill be positive and will represent a
planar strain state in traction. Such a case qooress to the outer wall deformation of a
thinner pressure vessel, in which the radial defdion (due to pressure) changes to
tangential and longitudinal surface strains. RdgefiNoailly et al., 2007) develop and
validated a L3-L5 bi segment finite element modwl @nterpreted the load transfer in the
disc as a combination of interactions betweenh@)stiffer cortical bone and the annulus
fibrosus, (b) the annulus fibrosus and the nucleulposus, (c) the nucleus and the
endplate with the cancellous bone. The report esipbs the predisposition of the
nucleus pulposus to be the main load carrier fostnphiysiological loads, especially in
axial loading. Thus, from the present results pegps that the complete negative strain
state of the nucleus pulposus implies that undied éoading, the nucleus pulposus is the
main load carrier. Thus, the larger of the printigiaesses and strains were projected
along the craneo-caudal direction where the comnspedoading was applied.

The larger values of the principal stresses andcgral strains in the model over those
obtained in the compression testing can be expayethe geometry of the disc model
which included stress concentrations in the caviéied along the cortical shell. At these
concentration sites the stress increased sharplly vaspect to the test data. The
cavitations appear mostly in the nucleus pulpotss l@ad to stress concentration, since
there is less surface contact. Also, the irregptafile of the cortical shell periphery led
to rough bumpy surfaces. Differences of stiffneesMeen the bone tissues and the soft
disc tissues range between two and three ordersnagnitude, leading to large
deformations and stresses. The stress distribinidhe nucleus pulposus confirms that
the highest stresses were negative and occurrétk gtosterior side where the largest
strains took place. While in the annulus fibroshe stresses varied from positive to
mostly negative values, as it did with its straistmbution and are due to the disc
bulging.

The stress values reported in the range of 0 tdPa are within a reasonable prediction,
since in the experimentation a compression loadG8f0 N was applied over a cross
sectional disc area of 1880 mMnthus giving a mean stress of 0.53 MPa. Also these
values are within the range of early studies (Yangl., 1983; Shirazi et al., 1983, 1984;
Natarajan et al., 1994).
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The occurrence of large stresses in the outer aanfibrosus has been reported
previously by Noalilly et al., (2007) and occurredte fibers, suggesting as the result of
a pathway of load transfer from axial in the catishell to fiber oriented in the outer

annulus were the laminae are thinner, as desciilyeBrickley-Parsons et al., (1983).

They also reported that the nucleus pulposus wag sigsceptible to be compress for
most of the spine movement, except in axial rotatiwhile the annulus fibrosus was

mostly loaded in traction at the anterior sideahother biomechanical study using MRI

Zheng et al., (2005) simulated a 300 N axial cosgion loading and also reported a
maximum principal stress of 1 MPa in the outer dusand a lower stress between 0.1
and 0.5 MPa in the central nucleus.

From the foregoing, the reported occurrence ofdaigains and stresses in the posterior
annulus side of the degeneration model agrees pvghiious studies and the clinical
observation of herniated discs, which takes placéh@ common posterolateral side.
Thus, the results from the computational simulateord validation allows a better
understanding of the biomechanics of disc bulgipgrudisc loading, which can aid the
researcher in the design of spine implants, amaltal$he physician in improving therapy
implementation and administration.

b. Analysis of the bending and torsion load simulation

The simulation results for the four modes of begdind that in torsion loading show the
intervertebral disc ability to sustain large defations and stresses. The principal strain
distribution for all load cases showed that theptwral region of the nucleus pulposus
and annulus fibrosus bore the highest deformatiorthe case of saggital flexion and
extension, the presence of high strains acrossge larea at the posterior side of the
annulus fibrosus, and the absence of positivenstrai the disc anterior side, suggest a
susceptible location for stress concentration atpbsterior and posterolateral disc side.
Such condition can be interpreted as the resuthefposition of the nucleus pulposus,
being more close to the posterior side than toatfterior side. When bending the disc
backward (extension), the nucleus is pushed fromtw@vards the annulus anterior side,
where the wall thickness is greater. While in famivéending (flexion) the nucleus is
pushed backward towards the annulus posterior silere the wall thickness is much
thinner, creating stress concentration. Thus,tegular thickness of the annulus fibrosus
leads to differences in the level of principal stsaand stresses in the saggital plane.
These anatomical and geometrical factors for stessentration occur at the same place
that the common discs bulging and protrusions occur

The stress distribution due to flexion and torsn@ar the boundary between the nucleus
and annulus was investigated by Little et al., @08nd reported that in flexion, the
nucleus pressure contributed in deforming the amuhner wall, causing large
deformations and stresses in the disc anterior. Silbile for torsion loading the
maximum shear occurs at the outer wall of the amiibrosus with no prefer location
along the periphery, suggesting that the annultesrauall is the part of the disc that acts
as the principal load carrier.
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These results have implication in disc degenerasorte degenerated discs show a clear
collapse of disc height with a distorted annuldgdsus, showing tears and disrupted
collagen fibers in the network, and in the casesafere degeneration, the presence of
delaminations. Such occurrence jeopardizes theahsity to resist twisting movement.
Thus, the stress distribution in flexion and tomsteaffirms the findings by Farfan et al.,
(1970) in regard of the role of the intervertebd&c in resistance torsion loading. In
degeneration, the annulus ground substance isaffiscted, but mechanically less than
the collagen fibers network, but still the discraad a small portion of the original
torsional load.

The lateral bending simulations show that the assd0 % stiffer to bend it laterally
(coronal plane) than to bend it forwardly or backia (saggital plane). This comes from
considering an elliptic shape of the disc which wasn wider from the right to the left
side than from the anterior to the posterior siiiere, the wall thickness of the annulus is
more symmetrical than in the saggital plane, whieenucleus arrangement is closer to
the posterior side.

These observations were reported by Belytschko l.et (8974) using a nonlinear
elastomer formulation, and reported principal stessas high as 0.30 MPa in the annulus
wall when conducting flexion and extension. White bending the disc to the lateral
sides they reported stress values around 20 to & than those done in the saggital
plane, suggesting that reasonable predictions méditi@ns of disc stiffness with vertebra
level or integrity can be made on the basis of ggomWe think that the morphological
condition of spondylosis deformans in the left stdeéhe annulus may also explain this
regional stiffening of the disc model among theooal and saggital directions.

The occurrence of the highest tensile stresselseabuter wall of the posterior annulus
during flexion and at the inner wall of the anteramnulus during extension agrees with
the findings by Shirazi-Adl et al., (1986) and moeeently with those of Noalilly et al.,
(2003), whom they reported that upon flexion, trgést tensile stresses in the disc occur
in the inner annulus fibers located at the posteara posterolateral sides. They suggest
the way the load transfer path occur in the unitel@a function (UVF) model. In flexion
the ligaments are the means of load transfer, whilextension the load is transmitted
through the pedicles, laminae and articular praees3Ihe posterior elements limits
backward movement, thus they also suggest that upmoval of these elements the
remaining vertebra-disc-vertebra gain mobility re tsaggital plane. They reported that
flexion-extension movement to the remaining disgsea a stress distribution in which
the nucleus and annulus showed a transition cfsggefrom tension to compression.

The stresses reported in the present study faltsrbdhe values reported by Ruberté et
al., (2009); Rohlmann et al., (2006); Noailly et 003); and Wang et al., (2000) which
reported principal stresses in the range of 3.5 MPE MPa, and from 1 to 6 MPa for
shear stresses. Again, the use of a L3-L5 bi seprin@te element model with the
posterior elements included along with the impletagon of 3D rebar technology and
the use of larger moments (7.5 N-m) may explainahge differences.
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Finally, the stress-strain distribution gives somgghts of the way a degenerated disc
deforms upon movement by twisting or bending. Smdvements are common practice
in normal physical activities such as, lifting weig, running, exercising, and even sitting
and walking, but in the majority of the elderly atificult tasks to perform. Thus, the
present results assess common failure sites andldsiserve to acknowledge the
researcher in the design of implants and medicakds. Likewise, in the clinical field,
these results can assess the physiologist andptbefar a better implementation of their

treatments.
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Conclusions

Summary of results

The gross anatomy of ten elderly cadaveric intéelbeal discs from lumbar levels L2-L.3
and L4-L5 was characterized in 3D using magnetisomance imaging (MRI).
Intervertebral osteochondrosis and spondylosis raefos were studied. All the discs
showed signs of vacuum phenomena, mostly seeneimtieleus pulposus region, and
grew in discs with a clear height collapse. Inteeferal discs with loss of disc space
were more prevalent in the L4-L5 disc set. Anteiamd lateral marginal osteophytes
were identified in all the discs, but were moreanmius in discs from the L2-L3 set. In
general, the scoring of disc degeneration gavengeraovering from mild degeneration
(Thomson scale 3) to severe degeneration (Thompsae 5).
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When the discs were tested under static load aonditheir mean stiffness showed a
nonlinear tendency and a decrease with degenerdlises with severe degeneration
were 24 % less rigid in compression, 22 % lesglrigiflexion-extension, and showed
similar stiffness in lateral bending and in torsioncomparison with mild degeneration
discs. The disc bulge response was 75% higher lch aieigeneration discs, implying the
importance of the maintenance of the disc spacevatdr content in these discs. The
stress relaxation response showed that the retexatiodulus and time needed for the
discs to achieved stable conditions were 40% andbolg@reater in mild degeneration
discs, which means that they are better capatdesibining and cushioning the load.

When the discs were tested under dynamic compressihe dynamic stiffness and
dissipation increased with frequency, suggestiag @t higher frequencies (5 Hz) the disc
is better able to resist higher loads than at losgdencies (0.2 Hz), but also has to
dissipate more. For all the discs tested at allstinely frequencies, the storage modulus
gave around 70 % of the dynamic response and thaiméng 30% was given by the loss
modulus, implying that the overall behavior of thiecs resembles that of a viscoelastic
solid, rather than a viscoelastic fluid.

A magnetic resonance image (MRI) based finite elem®odel of disc degeneration was
developed using the anatomical background from MR¢ T2 weighted sequence of a

L2-L3 disc, and validated with the stiffness resgmrgained from the biomechanical

testing. Adjustment of material properties was @enied on the basis of annulus fibrosus
integrity. The minimum difference between the reactforces of the testing and those
from the simulation was used to obtained the Moarwsfficients, which define annulus

stiffness, and the results showed that it matchedlé degeneration case, as previously
described.

When compression load was simulated, most of the wias under compressive strains
with peak values of 40% predicted at the inner grast and posterolateral sides of the
annulus and nucleus respectively. Tensile straii% were predicted at the outer wall
of the annulus fibrosus, suggesting a consistenttytive architecture and behaviour of a
pressure vessel. The stress distribution showeitbsitendencies, with peak compressive
stresses of 2 MPa and peak tensile stresses oMP30 Disc bulge showed symmetry in
all radial directions consistent with the reportexhaviour of normal discs; however the
prediction was four times larger than the testeslu

When bending load was simulated, the disc unden&etransition from compressive
strains at the loading side to tensile straindatdpposite side. For each bending mode,
the predicted stress and strain in the nucleus geially, reaching maximums of
0.2 MPa and 20 % at the periphery. The stress #mathsn the annulus showed a
ring-like distribution with maximum values of 0.5 and 30% at the outer wall. The
torsion load simulation predicted shear stress samdin with maximum values of
0.20 MPa and 30% in the nucleus, and 0.40 MPa &3d #h the annulus. The study
showed the relevance of large deformation in the&c,din contrast with negligible
deformation of the vertebrae, which shows largesses, implying bone predisposition to
fracture.

2901



Chapter 5: Conclusions

Limitations

Only degenerated discs corresponding to elderlyodowere used in the present study.
For a clear comparison of the disc anatomy andntkehanical response, with age or
degeneration, it would be desirable to include gpand healthy discs.

The resolution of the MRI images were 0.406 x 0.4@400 mm, therefore, anatomical
features of smaller size such as collagen fibemmidae, endplate thickness, bone
marrows, proteoglicans and cells were not detedtiethetheless, the larger anatomical
features that also account for disc degenerati@t cbllapse, osteophytes, schmorol's
nodes and vacuum cavities were well detected biRe

Mechanical characterization of intervertebral disosthis study was based on the
methods by Panjabi and White (1976) and Schultzalet(1979). However, the
methodology applied in this study included techhioadifications, such as the use of
rigid arms instead of strings and pulleys for apmy moments, which lead to
inaccuracies in the bending angle determinatiope@ally when using small loads. In
spite of initial inaccuracies, the disc flexibilighowed a nonlinear tendency. Only main
motions were measured and any motion coupling arre#ary motions that resulted as a
consequence of applying a bending or torsion wesreglarded.

In loading to compression, the disc bulge was nreasat two sites, giving only a partial

description of the disc radial distortion. Alsmy&@ degeneration affects the disc ability to
develop intradiscal pressure, its measurement kentaas a reliable indicator and

consequently helps to sort out differences amonggkeration stages. Thus, another
limitation of this study was the absence of pressmreasurements. The advanced
degeneration of most discs used in this study &Vastress relaxation testing, over creep
testing, giving an incomplete description of thacaelastic effects of the disc. Disc

viscoelasticity was analytically modeled using ree&ir solid model which is more ideal

for predicting behavior of rubber, plastics andswaers. Still, the predictions by the

Maxwell arm gave a ratio of stiffness to viscositf the nucleus within documented

values.

The finite element simulation performed using owlye sample disc was the main
limitation of the numerical simulation. Thus, neat explanation was provided regarding
differences observed between the experimentalteeand the results obtained from the
FE simulation. The stress and strains were cakedlahanging the material properties:
Mooney properties, Bulk modulus, Young’s modulie8hmoduli and Poisson’s ratios.

Since the development of constitutive equationsurags continuity at the material

properties, this approximation represents a linatat
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Contributions

This study investigated the distribution of streaed strains in a degenerated
intervertebral disc when loaded to compressiondimgnand torsion using the finite
element method. Additionally, the anatomical refee of disc degeneration and the
biomechanical characterization of ten degeneratgdniertebral human discs when
loaded to static and dynamic conditions were studiéhe majority of biomechanical
studies of disc degeneration have investigatedstiess and strains distribution using a
simplification of the disc geometry without givirany anatomical features associated
with degeneration. Moreover, because the interbeate disc undergoes large
deformations, any geometrical changes to the cordigon have to be analyzed in detail.
Therefore, lack of reliable geometrical inputs ¢t@ad to an improper strain distributions
and can posed questionable results. Furthermoeesttidies of discs degeneration that
had considered the distribution of stress and retrdnad been limited to include
validation. In this thesis, which is one o few seasdmplementing medical images of disc
degeneration, a finite element model of disc deggim® based on magnetic resonance
imaging (MRI) was developed and validated to evalube stress and strains acting on
the nucleus pulposus and annulus fibrosus wherdideis loaded under compression,
bending and torsion.

The methodology presented in this thesis allowseradihg it not only to other
intervertebral discs, but also to bone and org@hs. results of this approach could not
have been obtained without using a finite elemesdehand an assessment from MRI.

The results obtained help to clarify that:

1) Biomechanical evaluation of intervertebral discguiees knowledge of disc
anatomy and geometry, boundary conditions and mhaf@operties. The first two
were treated by MRI and by mechanical testing, Hred latter was treated by
material formulations and adopting an adjustmeat@dure based on the annulus
fibrosus integrity.

2) Loading history, postures, properties and integoityissues influence the profile
of stress and strains inside the intervertebrak.diSor healthy and mild
degenerative discs, the distribution of stress strain across the disc section is
uniform for all loads, and the formation of discldmi under compression is
symmetric. The nucleus pulposus is the principatiloarrier under compressive
load, while the annulus fibrosus is the main cardeder bending and torsion
load. Discs with severe degeneration show irregdistributions of stress and
strain with formation of large stress concentraiorecognized at the posterior
side, which is the weakest part of the disc.

3) The large scatter in the mechanical response ohtbeevertebral discs is normal.
Individual differences between discs are obviouge(sage, loading history,
gender, race, occupation, habits, lifestyle, etnd overtake any class differences
with respect to disc level or degree of degenematio
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4)

5)

Intervertebral discs with severe degeneration @ess figid in compression, they
are less flexible under bending and torsion, thiegws less disc bulge under
compression, and are less solid viscoelastic antpdes. The main degenerative
features of these discs were: loss of the disceslatervertebral osteochondrosis)
and osteophyte formation (spondylosis deformansj)hat anterior and lateral
margins.

A proposed guideline for analyzing other intervier& discs or other biological

tissues has been developed. First, a collectioomedlical images with good

resolution is obtained. Next, a segmentation ofemal is performed and a finite
element mesh is created to account for the cong#ernetric shapes. Assignment
of regional material properties and applicatiorbotindary conditions are made.
Finally, validation of the FE model with the expeéntal testing is performed, or
in its absence uses values documented.

V. Future work

The main objective of this thesis was achievedo predict the biomechanical response
of human degenerated intervertebral discs. Howewer,process of disc degeneration
remains with uncertainties and future efforts stdog directed towards improving the
understanding of its mechanobiology. Regarding #&xension of this study, an
integration of numerical models with in vitro amdvivo approaches is a perspective that
should be consider. In particular, future work dddae aim at the following:

1)

2)

3)

4)

5)

Adapt the proposed methodology to the clinicakdfir the diagnosis of low back
pain and other spine disorders in patients.

Model the collagen fibers of the annulus fibrosusd better prediction of the disc
bulge and distribution of stress and strains, dapigdn the outer walls of the
annulus.

Simulate the load conditions in the model of adeadegeneration, to verify the
stress concentrations at the disc posterior sitgm, A&imulate the stress relaxation
and the dynamic compression in the current modebewdfy the viscoelastic
response.

Include poroelastic and osmotic material formulasido take into account the
intradiscal pressure and diffusion of the disctrese are known to decay with
age and degeneration. Additionally validate the ehadith intradiscal pressure
measurements in vitro.

Develop a more automatic and patient specific neetb@analyze all discs.
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l. Instrumentation for measuring disc bulge and defletions in
the MTS Bionix 858 system.

This work was done motivated at improving the Biownersatility for measuring external
signals for a broad range of testing types. In thse of the testing protocols in
compression, flexion and torsion the measuremehtsulying and torque needed the
implementation of an interface to connect the sen¢BNC) to the LPT (dB25) port
entrance of the Bionix console. Additionally mordeznal signals were incorporated and
included: pressure, temperature and an LVDT (linearable differential transformer)
position sensor. Such task represents the posgibiliconducting testing with multiple
data acquisition.

In order to measure the disc bulge, two displacémensors were used. Also, when
loading the discs to axial rotation a cell for theasuring of torque was required. These
external signals had to be first treated and thémduced through the back panel of the
MTS Bionix control console, see Figure Al.1.

(B)

Figure Al.1. (A) Instrumentation for the sensorsdidplacement and torque. (B)
Connection of the sensors signals through the paciel of the Bionix controller.

All the sensors had to be calibrated first befong aonnections to the console. The
calibration of the torque cell was done using &tearm and masses applied at each end,
see Figure Al1.2.
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Figure Al1.2. (A) Calibration of the torque cefling masses.

For each mass applied a torsion moment was prodacddhe cell emitted a voltage
which was recorded to be linear for the full scake the graphic of Figure A1.3.
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Figure Al.3. Linearity of the torque cell.

The calibration of the displacement sensors wer@eddirectly by applying a
displacement through length gauges and the poteater emitted a voltage which was
also recorded, see Figure Al.4.

After calibration, the displacement sensors werenected to a =+ 5 V power source,
while the torque cell was connected to a + 10V poseeirce. The output signal of the
transducers were sent to a connector box and théimetJ42 port of the MTS console
using a db25 pin connector, see Figure A1.5.

Finally, all the external signals coming from th Joort were activated and configured
in the signals menu of the TestStar Software oBioaix system.
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Orthotropy, hyperelasticity and viscoelasticity

The basic fundamentals of orthotropy, hypereldstiavith incompressibility and
viscoelasticity are needed for a comprehensive nstaleding of the mechanical behavior
of the vertebral bone and the intervertebral dideese formulations are described next
based on the stiffness matrix.

When the mechanical properties of a material arectional dependent, then it will
exhibit anisotropy. The stiffness matrix of an atigpic material is defined by 36
constants, we can write the direct stiffness me#pghtion as:

all kll k12 k13 k14 k15 k16 Ell
022 k21 k22 k23 k24 k25 k26 822
0-33 — k31 k32 k33 k34 k35 k36 833 (A2_ l)
0-12 k41 k42 k43 k44 k45 k46 512
023 k51 k52 k53 k54 k55 k56 823
0-31 kGl k62 k63 k64 k65 k66 531

however kio=K>1, ko3=K3»,... and in generak,=knm and therefore only 21 constants are
independent, then Eq (A2-1) reduces to:

_011_ _kll k12 k13 k14 k15 k16_ _811_
0-22 k22 k23 k24 k25 k26 822
033 — k33 k34 k35 k36 833 (A2_2)
012 k44 k45 k46 £12
0-23 k55 k56 523
[9a] L Kes || €31

The left side of Eq (A2-2) correspond to the striessors; which contains the normal

stress and the shear stress. The far right sidaiosrthe strain tensef and the stiffness

matrix. The former contains the normal strain ahd shear strain, while the latter
contains the 21 independent constdnts

If assuming that no shear strain is involve, thema s$tress tensar; will contain only
normal components and the stiffness matrix of Eg-Areduces to 9 constants, of which
only 6 are independent:

all kll k12 k13 811
022 = k22 k23 ‘922 (A2-3)
033 k33 ‘933
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where ki1, ko, and ks3 are the material stiffness in the normal directidn 2 and 3
respectively. The constanks,, k3, and ki3 are the material stiffness in the tangential
directions.

Materials that do not exhibit shear deformationnupmading are called orthotropic, thus,
there is no change in form of the cross sectiomah,abut only its volume. These
materials are defined by three stiffness constamtsyoung’s modulus€, and three
tangential stiffness or shear mod@li Thus, we can rewrite Eq (A2-3) as:

Oy, E11 G12 G13 &,
Oy | = E22 Gza &5 (A2'4)

0-33 E33 833

Bone structure (see Figure 2.7) resembles an oojnotmaterial. Therefore, in practice
cancellous and cortical bone are formulated withy dwo independent modulg, a
longitudinal E;; and a radial in whicli;;=E33 =E. Also the maximum shear modulus
occurs in the normal plane to the stiffer axis, ahhfor the orientation of the two
proposed disc models is the vertical axis #2. TRRFG23 = G is the maximum and the
other value i$5;3 and Eq (A2-4) is rewritten as

2T E G G13 &
O, | = Ezz G &5 (A2'5)
O35 E & 33

If a material exhibits the same behavior in theéhdirections, then the stiffness matrix of
Eq (A2-5) will reduce to only two independent camds,E andG and the material is
called isotropic, thus we can write:

o, E G Gje&;
O,, | = E G|é&, (A2-6)
033 E 533

Anisotropy is a common feature in biological sedstie structures. However, values of
the constants for a particular tissue is a chaitentask that requires skills and specific
testing under physiological conditions, that somes is not possible to reproduce in ex-
vivo. Thus, it was decided to treat the nucleupgsilis and annulus fibrosus as isotropic
nonlinear materials. Also, since collagen is thegpal solid material of the nucleus and
annulus, the hyperelastic behavior was considepedstfess analysis. The high water
content of the nucleus and annulus favors the useanoincompressible material
formulation based on the Mooney-Rivlin and Neo-Heark solid. The two solid models
are an extension of Hooke's law for large deforomati(hyperelasticity) and are usable
for plastics and rubber-like substances.
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The response of a hyperelastic material, to anieghtress differs from that of a linear
elastic material. While a linear elastic materiakta linear relationship between applied
stress and strain, a hyperelastic material witially be linear, but at a certain point, the
stress-strain curve will flatten due to the releaseenergy as heat while straining the
material. Then, at another point, the elastic moslolf the material will change again.
This hyperelasticity, or rubber elasticity, is oftebserved in polymers organic and non-
organic. Cross-linked polymers will act in this wlagcause initially the polymer chains
can move relative to each other when a stresspkeap However, at a certain point the
polymer chains will be stretched to the maximumnpdhat the covalent cross links will
allow, and this will cause an increase in the elasbdulus of the material.

The model oMooney-Rivlinsolid assumes that the extra stresses due tonaation are
proportional to the deformation tensor:

o =2CB+2C,B™+(-p)l (A2-7)

where o is the stress tenso€; is a constant obtained using the statistical thdor
rubber and is related to the molecular networkcstme (Treloar et al. 1943), the second
constantC, comes from a purely phenomenological model of tefaers originally
proposed by Mooney (19408 is the deformation tensop pressure andl is the unit
tensor.

Stress calculation in an elastomer material requite existence of a strain energy
function W, which is usually defined in terms of invariahtsr stretch ratiog. Shown on
Figure A2.1 is a rectangular block whekel, and/; are the principal stretch ratios along
the edges of the block defined by:

A :ﬂ =1+¢ (A2-8)
L,
where & _AL is the deformation.

------ Undeformed
Deformed

Figure A2.1. Rectangular rubber block. In incomibgity the initial volume
remains unchanged and only shape changes are tateaccount.
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In practice, the elastomer behavior under comprasisi approximately incompressible,

3
thusZei =0, leading to the constraint equation:
i=1

A, =1 (A2-9)
then, the strain invariants are defined as:

Il =/112 +A22 +/132
I, = A°A2+ A2 A0+ A 207 (A2-10)
I, = A,°2,%0,7°

Strain energy calculations in solids are made ugiedagrange formulation, either using
a reference configuration (at= 0) called total lagrange or a curremt n+1) named
updated lagrange. In any case the strain enerdywithe same since its a scalar and an
invariant. Also, to account for the incompresstpilcondition of Eq (A2-9), the strain
energy functioW s split into deviatoric and volumetric parts adws:

W =W, +W

deviatoric 'volumetric (A2'11)
thus, the deviatoric part &/ will take into account energy only as a resultloinges in
the blockshape while the volumetric part dfV will consider only the energy that result
from changes in the blockolume The shape changes in a body are related to éar sh
modulusG while the volume changes are referred to its lotddulusK. Therefore, Eq
(A2-11) can be rewritten as:

w =c,(i, -3)+G,(r, - 3)+%(J -1y (A2-12)

where 1,1, are the first and the second invariant of the atevic component of the

strain tensor. Also, the volumetric component @& #train tensor is given by the third
term in Eq (A2-12) and by the following relationgsi

d= %
(A2-13)

1=2

VO

whered is the material incompressibility parameter dnd the local volume ratio. It can
be shown from Eq (A2-12) that a material with abhigplue ofK can be treated as
incompressible since its volumetric contributiortlué strain energy diminishes. Then, Eq
(A2-12) reduces to only the deviatoric part

w =¢(i, -3)+c,(i,-3) (A2-14)
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Thus, W for the Mooney-Rivlinsolid model is a linear combination of two invaits of
the deformation or finger tensBr

When working with incompressible materials Marc MglY' calculates the
correspondingyoung’s module Hsing the following relationships:

E = 6(G+C)) (A2-15)
1
C=,G (A2-16)

If in Eq (A2-14)C, :%G andC,=0, we obtain d&Neo-Hookean solida special case of a
Mooney-Rivlinsolid and Eq (A2-14) reduces to

W = ;GIB (A2-17)

where W is the potential energy ang=tr(B) is the trace or the first invariant of the
deformation tensoB.

Finally, in the simulation of the loading stage tinéervertebral was formulated as a
hyperelastic material. Whereas in the stress rétaxaimulation, - not included in this
study -, a viscoelastic formulation should be us€&bmpressing statically and
dynamically the disc is accompanied by hystereslaxation and creep. But, because the
experimental protocols were carried out under atzot strain, only the stress relaxation
and hysteresis were analyzed. Also, it was assuhsdmall to moderated deformations
were present, and thus a linear relationship f@sstrelaxation was employed using the
Volterra equation (A2-18):

ot)=E

inst,relax

£(t) +jF(t ) e(t)dt (A2-18)

wheret is the timeg(t) is the stress;(t) is the strainEins relaxiS the instantaneous elastic
modulus for relaxation, anB(t) is the relaxation function refer to the decay véss
which occurs after reaching the peak compressiesst A more familiar expression of
Eq (A2-18) was presented in the stress relaxatiotopol section; see section 3.1l.b and
Eq (3-17).

{2
g=Eec+E @&"" (3-17)
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Stress analysis and the meaning of stress

The behavior of the different modeled disc tisswéksbe studied by using a stress and
strain analysis of the model. The use dfil@oney-Rivlinelastomeric formulation permits

analysis of large strains, stress distribution aotying response, which occur in the
testing.

In continuum mechanics, the stress in a body isimoous, and it results from the action
of external loads (traction, compression, translemsccentric load, etc...). Physically,
the stresss is a measure of the average force per unit area eftirface within a
deformable body on which internal forces act. Thieernal forces are produce as a
reaction to external forcdsapplied to the body, and are distributed withia Welume of
the material body. Thus, the resulting stress ibigtion in the body is continuous, and
can be represented as a function of space cooediaad time.

In general, the stress in not uniformly distributed across the area obady, and
consequently the stress at two different pofitand Q are different than the average
stress in the whole area, see Figure A3.1.

Foiwve, F
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i ][m a |” a | Ty
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F F
F Section a-a Secrion b-b

Figure A3.1. Normal stressprofile in a prismatic bar. The stress in the g@®ction

is not necessary uniform. However, an average nbrsiigss o, can be used.
Observe the closer proximity of point Q (sectiob)lde the load application, which
causes a higher stress profile than that of poina$suggested by the Saint-Venant’s
principle.

Therefore, it is relevant the determination of skress in a specific poift Such task can

be made by analyzing a small art& and using a cubic volume, where a representation
of a state of stress holds nine stress componehtahich six are independent: three
correspond to normal stress@s:, o22, 033) and three to shear stres{es, 023, 031), as
indicated byCauchy see Figure A3.2.
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Thus, the stress of each point in the body is oaotis and each point is defined by the
six independent stress componeniof the second order tensor, known as @aeichy
stress tensorsee Eq (A3-1).

%2

i 21
%3

Figure A3.2. A continuous body with external forEesnd a general state of stress at
point P for a small cubic volume. The nine stresmpgonents define the Cauchy
stress tensos;;.

01,101,013 9% Oy, o, T, T,
Uij S| 052055053 | = 0,0,,0,, = IO\, = o, T, (A3_1)
031932033 0,009, IO, g,

Replacing the subscripfis 2 and3 for X, y andz respectively, the three normal stresses
are now shown in the principal diagonal of the teresoy, o, ando,, and the three shear
stresses agy, 7y, andry,.

The general case of stress analysis is3Deor spatial problem and involves all six
independent stress componerissy, oz, txy,ty; andzy, of theCauchy stress tensowhich is
a three-by-three symmetric matrix, see Figure A3.3.

o-\ f.\:}’ f'-'\ Z

g, =
i yx O" f‘ .
r.".\‘ rfﬁ" o,

(%]

Figure A3.3. Stress condition for a 3D or spatitalse. The six independent stress
components are shown in black.
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The solution of the 3 x 3 matrix of the stress tenavolves the determination of the
principal stressegcondition in which theshear stress component vanishes, ard0).
Thus, their determination resolves the followinglgem:

(Gij —,1I3)n =0 (A3-2)
wheregj is the stress tensot,is the normal stress on the plane of analysiss the

identity matrix of order threandn is the normal vector.

The solution of Eq (A3-2) implies thadi(—4l3) = 0, which can be written as:

O~ A O, O3
Oy 0p=A 0y |=0 (A3-3)
O3 O3, O3 —A

The solution of Eq (A3-3) gives three eigenvalugs’, andis which are the principal
stressesoi, o2, and os respectively, and are the roots of the followirdtaracteristic
polynomial equation:

det(oj —Alz)n =2°- A*+BAL-C =0 (A3-4)

where:

A=ox+toy+ oy
B = O-X O-y + O-y O-Z + O-Xo-z _Txyz = Tyzz = TXZZ (A3'5)

— 2 2 2
C - O-X O-y O-Z + 2 TxyTszXZ - O-X Tyz _O-y TXZ = O-Z Txy

A graphical representation of the principal stressend in general of the stress
transformation, is theMohr circle. Since theCauchy stress tensaalso undergoes a
transformation when a change is made to the sysfecoordinates, any change to the
state of stress can also be view inhehr circle, see Figure A3.4.
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Figure A3.4. Stress transformation and Mohr cirfdea 3D stress analysis.

Therefore, the maximum - minimum normal stressas «;) and the maximum shear
stresqz3.1) can be obtain from thdohr circle for 3D stress as follows:

Umax = 01
g .. =0.
min 3 (A3-6)
_ 0,7 0;
T31 - 2

For a biaxial or plane stress analysighe stress state is defined by only three
components: two normaby, s,) and a shear). Physically, it represents the condition
of a stretch surface or of a contraction area, kwhiccurs on the walls of a pressure
vessel $higley, 1979 The two principal stresses are the hoop stmssand the
longitudinal stress; which act over the surface of the pressure vesgen an internal
pressurd® develops. The hoop stress is the stress comptmenmakes the vessel grows
in diameter, while the longitudinal stress is tiess component that makes the vessel
grows in longitude. In the case of a thick wall gmare vessel, there is a third stress
component called the radial stress which acts across the wall thickness, see Figure
A3.5.
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A Mohr circle for this surface condition is characterized byihg\wboth principal stresses
with the same sign. These observations were usalftiie et al (1990jo calculate the
stresses in the intervertebral disc.
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Figure A3.5. (A) Stresses in a pressure vesselT8)corresponding Mohr circle for
the condition of plane stress. (C) The stressehlerintervertebral disc, as suggested
by White and Punjabi (1990).

For uniaxial loads, such as compression, tractiorgsion and bending, the principal

stresses and maximum shear are given solely byepective loads. Thiglohr circles
for these conditions are shown in Figure A3.6.
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V. Lagrangian formulation for the description of the kinematics
of deformation
In the Lagrangian method, the finite element masatiached to the material and moves
through space along with the material. In this c#isere is no difficulty in establishing

stress or strain histories at a particular matgmaht and the treatment of free surfaces is
natural and straightforward.

The Lagrangian approach also naturally describesli#iormation of structural elements;

that is, shells and beams, and transient problsot) as the indentation problem shown
in Figure A4.1.

l‘/ -: l 5

|

S —

Figure A4.1 Indentation Problem with Pressure Distition on Tool.

This method can also analyze steady-state processds as extrusion and rolling.

Shortcomings of the Lagrangian method are that floeblems are difficult to model and

that the mesh distortion is as severe as the defeym of the object. Severe mesh
distortion is shown in Figure A4.2b. However, relcadvances in adaptive meshing and
rezoning have alleviated the problems of prematermination of the analysis due to

mesh distortions as shown in Figure A4.2c.

The Lagrangian approach can be classified in twiegoaies: the total Lagrangian
method and the updated Lagrangian method. In tked teagrangian approach, the
equilibrium is expressed with the original undefednstate as the reference; in the
updated Lagrangian approach, the current configuracts as the reference state. The
kinematics of deformation and the description oftioro are given in Figure A4.3 and
Table A4.1.

Depending on which option is used, the stress amihsresults are given in different
form as discussed below. If the large displacen{&ARGE DISP) or large strain

(LARGE STRAIN) parameters are not used, the proguaes and prints “engineering”
stress and strain measures. These measures aeleswhly for analyses without large
incremental or total rotation or large incrememtatotal strains.
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Using the LARGE DISP parameter, MSC.Marc uses ti@ t_agrangian method. The
program uses and prints the second Piola-Kirchbtsfss and Green-Lagrange strain.
These measures are suitable for analysis with larigeemental rotations and large
incremental strains.

With the LARGE STRAIN, MSC.Marc uses Cauchy stresaad true strains. This is
suitable for analyses with large elastic and ptastiains. Stress and strain components
are printed with respect to the current state.
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Figure A4.3 Description of motion.

Theoretically and numerically, if formulated matheioally correct, the two
formulations vyield exactly the same results. Howeviategration of constitutive
equations for certain types of material behaviar (xample, plasticity) makes the
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implementation of the total Lagrange formulatiorcdnvenient. If the constitutive
equations are converted back to the original coméiion and proper transformations are
applied, then both formulations are equivalent. Ewev, for deformations involving
excess distortions, ease of rezoning favors thatepd_agrangian formulation.

This is reflected in the fact that a rezoned meskthe current state is mapped back to
excessively distorted mesh leading to negative hlanoin the total Lagrangian
formulation.

Table A4.1. Kinematics and Stress-Strain Measurésige Deformation.

Configuration
Measures Reference (t= 0 or n) Current (t = n+1)
Coordinates X X
Deformation tensor C (Right Cauchy-Green) b (Ledui€hy-Green)
Strain Measure E (Green-Lagrange) e (Logarithmic)
F (Deformation Gradient)
Stress Measure S (Second Piola-Kirchhoff) o (Cauchy)
P (First Piola-Kirchhoff)

Total Lagrangian Procedure

The total Lagrangian procedure can be used foratine nonlinear materials, in
conjunction with static or dynamic analysis. Altigbuthis formulation is based on the
initial element geometry, the incremental stiffn@satrices are formed to account for
previously developed stress and changes in geometry

This method is suitable for the analysis of nordinelastic problems (for instance, with
the Mooney or Ogden material behavior or hyperelagshes. The total Lagrangian
approach is also useful for problems in plasti@tyd creep, where moderately large
rotations but small strains occur. A case typicapioblems of beam or shell bending.
However, this is only due to the approximationsoimed.

In the total Lagrangian approach, the equilibriuam e expressed by the principle of
virtual work as:

[ dv = [p°andv + [t an,dA (A4-1)
Vo Vo Ay

Here § is the symmetric second Piola-Kirchhoff stresstenk;, is the Green-Lagrange
strain, b’is the body force in the reference configuratighis the traction vector in the

reference configuration, anglis the virtual displacements. Integrations areiedrout in
the original configuration at t = 0. The strainge atecomposed in total strains for
equilibrated configurations and the incrementalisy betweent=n and t=n+1 as:
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n+l _ n
E,"" =E," +AF, (A4-2)

while the incremental strains are further decomgdséo linear, AE'; and nonlinear,
AE"; parts as:

AE; = AE'y +AE™;

where AE'is the linear part of the incremental strain expedsas:

AE =1 6Aui+aAU,- L1l ou” | oA, | (du,” | 9Au, (A4-3)
2| 0X;  OX, 2| 0X; | 0X; X, |\ oX;

The second term in the bracket in Equation (A4s3}he initial displacement effect.
AE" is the nonlinear part of the incremental strainresped as:

AENI = 1{( oAU, J{MAH (A4-4)
2| "ax; )\ ox

Linearization of equilibrium of Equation (A4-4) Vis:

{K,+K, +K,}3, =F-R (A4-5)
where K is the small displacement stiffness matrix defined

(Ko)ij = I ﬁoim” DmnpuﬁO PdeV
Vo

K, is the initial displacement stiffness matrix definas:

(Kl)ij = v"{ﬁuimn Dmnpqﬂu paj + ,Buimn Dmnpqﬂo paj + ,Buimn Dmnpqﬂu paj }dV (A4'6)

Vo
in the above equation$’m, and Bim, are the constant and displacement dependent

symmetric shape function gradient matrices, respdygt and Dhnpg is the material
tangent, and Kis the initial stress stiffness matrix:

(Kz)ij = I Ni,kNj,I SqdVv

in which & is the second Piola-Kirchhoff stresses angdiblthe shape function gradient
matrix. Also, d, is the correction displacement vector. F and R thee external and
internal forces, respectively.
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This Lagrangian formulation can be applied to peofd if the undeformed configuration

iIs known so that integrals can be evaluated, atiteifsecond Piola-Kirchhoff stress is a
known function of the strain. The first conditiannot usually met for fluids, because the
deformation history is usually unknown. For solidewever, each analysis usually starts
in the stress-free undeformed state, and the iatiegis can be carried out without any
difficulty.

For viscoelastic fluids and elastic-plastic andcejdastic solids, the constitutive
equations usually supply an expression for the shadress in terms of deformation rate,
stress, deformation, and sometimes other (intermal)erial parameters. The relevant
quantity for the constitutive equations is the @tstress at a given material point.

It, therefore, seems most obvious to differentiie Lagrangian virtual work equation
with respect to time. The rate of virtual work eadily found as:

;{'su & +5 00T

dv = [bi a7.dV + [t 7.dA Ad-7
] 3x ax,} Vj 7, i 7, (A4-7)

This formulation is adequate for most materials;dose the rate of the second Piola-
Kirchhoff stress can be written as:

.Sij = éij (ékl S quj (A4-8)

For many materials, the stress rate is even arlin@ation of the strain rate

Si = Dy (S Eg) .Ekl (A4-9)

Equation (A4-7) supplies a set of linear relationsterms of the velocity field. The
velocity field can be solved noniteratively and thsplacement can be obtained by time
integration of the velocities.

The second Piola-Kirchhoff stress for elastic agdenelastic materials is a function of
the Green-Lagrange strain defined below:

S =S (Ekl) (A4-10)
If the stress is a linear function of the straindér elasticity) then:

S; = Dy By (A4-11)

the resulting set of equations is still nonlineacduse the strain is a nonlinear function of
displacement.
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Updated Lagrangian Procedure

The Updated Lagrange formulation takes the refereonfiguration at t = n+1. True or
Cauchy stress and an energetically conjugate stn@@msure, namely the true strain, are
used in the constitutive relationship.

The updated Lagrangian approach is useful in:

a. Analysis of shell and beam structures in whathtrons are large so that
the nonlinear terms in the curvature expressiony ma longer be
neglected.

b. Large strain elasticity and plasticity analysis.

In general, this approach can be used to analymetstes where inelastic behavior (for
example, plasticity, viscoplasticity, or creep) sasi the large deformations. The (initial)
Lagrangian coordinate frame has little physicahgigance in these analyses since the
inelastic deformations are, by definition, permanen

For large strain analysis for rubber-like materiath incompressibility (such as
materials defined with MOONEY, OGDEN, GENT, and ABBA and BOYCE model
definition options), MSC.Marc uses a mixed forntiala, in which both the displacement
and the hydrostatic pressure are independent Vesialbto overcome the numerical
difficulties resulting from the volumetric consinés. For compressible hyperelastic
materials defined with FOAM model definition optioMSC.Marc uses conventional
displacement formulation.

For large strain elastic-plastic analysis, the difg@rocedure in MSC.Marc uses a
procedure based on an additive decomposition géimental strain into an elastic part
and a plastic part, together with a mean normairmetapping algorithm. In this case,
volumetric strain in a lower-order plane strainjsggnmetric or 3-D brick element is
assumed to be constant for von Mises plasticitgyviercome volumetric locking because
of the possible large and incompressible plastiordeation. MSC.Marc uses Cauchy
stress (true stress) and logarithmic strain witld&ipd Lagrange formulation.

It is instructive to derive the stiffness matrides the updated Lagrangian formulation
starting from the virtual work principle in Equatid\4-1.

Direct linearization of the left-hand side of EqoatA4-1 yields:

s, (a(E, v = [On, 0,00 dv (A4-12)
A v,

n+l

whereAu andn are actual incremental and virtual displacemegspéctively, and,; is
Cauchy stress tensor.
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[ds & dv = [0%,;L,,0°%(au, )dv (A4-13)
Vo

n+1

0° denotes the symmetric part Of, which represents the gradient operator in theeotir
configuration. Also, in Equation A4-12 and Equatidf13, three identities are used:

1
O-i :j |mSmnan
S
dE /]mnFnj (A4-14)
1
I-ijkl - J I:lijnl: I:Iqunpq

in which Dinnpg represents the material moduli tensor in the egfee configuration which
is converted to the current configuratior LThis yield:

{K,+KJau=F-R (A4-15)

where K is the material stiffness matrix written as:

Kl)l] = J-ﬁimnl—mnpoﬂqu (A4-16)

Vn+1

in which Bimn is the symmetric gradient operator-evaluated & d¢hrrent configuration
andoy is the Cauchy stresses angli&the geometric stiffness matrix written as:

Kz)u = IJkINi,kNj,IdV (A4-17)
V,

while F and R are the external and internal foroespectively.

Keeping in view that the reference state is theerirstate; a rate formulation analogous
to Equation A4-7 can be obtained by setting:

F =4d, E =4a, == § =0 (A4-18)
where F is the deformation tensor, and d is the atleformation. Hence,

O ov, 0dn
j{oz;diw ox axk}dv jhdn.dv+ jt anda (A4-19)

Vn+1 J
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in which b and t are the body force and surface traction, respegtivin the current

m]
configuration. In this equationg; is the Truesdell rate of Cauchy stress which is
essentially a Lie derivative of Cauchy stress oigdias:

JF

O

oi =F, (JFnk ‘o F. (A4-20)

The Truesdell rate of Cauchy stress is materiddigaiive implying that if a rigid rotation

is imposed on the material, the Truesdell rate sfegs, whereas the usual material rate
does not vanish. This fact has important conseseincthe large deformation problems

where large rotations are involved. The constieutdquations can be formulated in terms

of the Truesdell rate of Cauchy stress as:

0

gi = Ly dy (A4-21)
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