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Abstract

To predict the degeneration process in the intervertebral disc, a finite element model of the spinal motion segment
model was developed. The relationship between the biomechanical characteristics of fluid and solid matrix of the disc
and cancellous core of the vertebral body, modeled as 20 node poroelastic elements, during the degeneration process
was investigated. Excess von Mises stress in the disc element was assumed to be a possible source of degeneration
under compressive loading condition. Recursive calculatic - was continued until the desired convergence was attained
by changing the permeability and void ratio of those el¢ ents. The degenerated disc model showed that relatively
small compressive stresses were generated in the nucleus elements compared to normal disc. Its distribution along the
sagittal plane was consistent with a previously reported experimental result. Contrasts to this result, pore pressures in
the nucleus were higher than those in the normal disc. Total stress, sum of compressive stress and pore pressure,
indicated similar values for two different models. This study presented a new approach to study the likely mechanism
responsible for the initiation and progression of the degenerative process within the intervertebral disc.
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ations where the internal structure shows pathological
1. Introduction changes with or without prolapse. Degeneration,
which can only be seen in sectioned discs, involves
disorganization of the lamellar structure, ruptures
(either internal or penetrating), sometimes calcifi-
cation of the disc centre, and a brown discoloration
that is often, if not always, due to hemorrhage.

Disc degeneration is a very complex phenomenon
that will require extensive research both biome-
chanically and biochemically before it can be fully
understood. Biochemically, researchers were trying to
find the cause of disc degeneration using several
techniques, including studies of mechanical effects on
the cell activity and cell viability (Natarajan et al.,
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Intervertebral discs (IVD) are of considerable me-
dical interest because damaged and degenerated discs
are believed to be the most leading source of the
severe pain (Kuslich et al., 1991). In the biology, disc
degeneration is a chronic remodeling process that
results in alterations of matrix composition and
decreased cellularity. The gel (sometimes called the
notochordal sheath) loss of disc inwards leads to
faster degeneration and disc space narrowing is the
most sensitive sign for disc degeneration (Ghosh,
1988). Disc degeneration is used to describe situations
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by heavy physical work or vibration. Analysis of
degeneration process using experimental method has
been performed in lumbar disc biomechanics. Kim et
al. (2003) investigated the origin of chondrocytes
forming fibrocartilage in the nucleus pulposus and the
mechanisms of transition. They suggested that the
newly formed fibrocartilage nucleus pulposus is the
true normal state of the adult nucleus pulposus, and
that disc degeneration ensues after the end stage of
transition (the formation of the fibrocartilage nucleus
pulposus). The use of analytical models has been
suggested as a way to overcome the limitations of
experimental investigations. In the recent past, three-
dimensional (3D) finite element (FE) models of
human spinal segments have been developed, and it
has become possible to analyze the effect of disc

degeneration (Kim et al., 1991; Natarajan et al., 1994).

While these biomechanical studies provide some
insight into the types of injuries, these studies are
limited in their ability to identify tissue failure
initiation and propagation. Due to the poroelastic
characteristics of the fluid in the IVD and cancellous
core, it is not enough to analyze the initiation and
progression of disc degeneration with continuum
element as many investigators have done.

In the current study, spinal one motion segment,
modelled as 3D poroelastic FE model, was developed
to incorporate the biomechanical interaction between
the solid skeletal structure and fluid in the IVD, and
the degeneration process in the IVD was performed
with this developed model.

2. Methods
2.1 Poroelastic FE model

A FE models were developed to study the disc
degeneration and its associated changes in biome-
chanical properties. A simplified 3D nonlinear FE
mode!l of the L3-L4 vertebral bodies and disc,
previously developed (Lee et al., 2000) using com-
puted tomography (CT) transverse sections, was
modified to incorporate posterior element. (Fig. 1)

For the cortical shell of the vertebral body, 8
node shell elements were used. Posterior elements
including facet contacts were also added to the model.
The cancellous core of the vertebral body and the
endplate were simulated using homogeneous 20-node
brick elements. 27 different porosities (Keller et al.,
1989) and permeability were assigned to the grouped
block of the vertebral body which mimics the real

Table 1. Material properties used to simulate various spinal
elements in the model.

v 5 Initial Poi ) Initial
‘oung’s oisson’s
Material i S%MPa) Permeability ]:“, Void
modaulu: 10
(m*N's) Ratio
Cortical bone 10000 - 0.25
5.00E-06 ~
Cancellous bone 100 0.25 4.0~5.2
2.00E-05
Posterior bone 3500 - 0.25
Endplate 10000 5.00E-12 0.25 4.0
Annulus 5 1.00E-14 045 3.0
Nucleus 2 2.00E-13 0.49 6.0
Vertebral Body

wl
Disc

Endplate

Fig. 1. Developed motion segment FE model used for the
analysis.

vertebral body structure. To simulate the force
resistance mechanism in the IVD, using the fluid flow
between the vertebral body and the disc via the
endplate, the cancellous core and the vertebral
endplate were modelled as poroelastic material. The
IVD was modelled as composed of nucleus pulposus
and annulus fibrosus to study disc degeneration. The
annulus fibrosus was made of a porous and fiber
reinforced material. The orientation of the annulus
fibers, modeled as 3D tension-only truss elements in
individual lamellas, alternated with successive layers
positioned at 70° and -70° in relation to the vertical
axis. The ground substance of the annulus fibrosus
and nucleus pulposus was modeled as brick elements
with 20-node quadratic displacement and linear pore
pressure. Table 1 shows material properties used to
simulate various spinal elements.

The vertebral bodies are connected by the anterior
and posterior longitudinal ligaments, parallel to the
axis of the spine, as well as by the disc. Further
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ligaments connecting the vertebral arches of adjacent
vertebrae, e.g., the ligament flavum, interspineous
ligament and supraspineous ligament were also
included in the model. Facet joint, modeled as contact
elements, are conventional synovial joints in which
the capsular ligaments confer further stability on the
spine.

2.2 Degeneration process

Generated nucleus pressure under various loading
condition can be balanced by tension in the collagen
fibers of the annulus, and this tends to uniformly
distribute the stress generation in the IVD. We were
trying to analyze overall degeneration process on the
motion segment and not to predict absolute stresses
with a particular region. Therefore, relatively high
compressive force (1200 N, three times of the trunk
weight) was chosen for this analysis, although
combined loading is believed to produce relatively
high risk on the IVD because of its geometrical
uniqueness. Von Mises stress in the disc element was
investigated to be a possible source of degeneration.
Elements with excess stress more than the average
value were selected as degenerated element, to which
degenerated material properties were assigned. The
initial void ratio of the annulus matrix was assumed to
be 3. This corresponded to the 71% water content of
the total tissue weight in the annulus. This agreed
with the measurement of Kraemer ef al. (1985), in
which the percentage varied between 70% and 75%.
The nucleus pulposus also was modeled as a
poroelastic element, with an initial void ratio of 6,
which implied an 85% fluid content for a normal disc.

Degeneration process of the IVD was studied by
changing the void ratio and permeability of the
degenerated element. While iterating the degeneration
process of the IVD, proper void ratio of an annulus
fibrosus and a nucleus pulposus was determined by
using the water content of the IVD at different ages,
as referred to the measurement of Kraemer et al.
(1985). The water content of the annulus fibrosus was
about 74% in the first decade of life, decreased to
67% by the age of third decade, and then increased to
70% by the age of sixth decade. That of the nucleus
pulposus also decreased from 85% in the first decade
of life to 75% in the sixth decade. In our calculation,
the void ratios of each decade were selected for each
iteration procedure, hereupon, element showed ex-
cessive stress value changed its void ratio of next

Applying axial compressive force to FE
models with initial material properties
m NO

1 <

[ Stress analysis in the motion segment

s

Selecting elements with relatively high
Von Mises stress

Il

Applying degenerated material properties
to the selected elements
<Changing void rafio and permeability >

Convergence

attained ?

n YES

1

( Degenerated disc model

Fig. 2. Analysis algorithm of the disc degeneration.

decade. Recursive calculation was continued until the
desired convergence was attained by changing the
permeability and porosity of those elements, which
could be predicted from the previous iteration.

The permeability (k) of annulus and nucleus was
assumed using Li et al. (1999)” Eq. (1) and calculated
by the value of void ratio (e).

€—eo

k = koexp(M ——
’ p( 1+eo

) h

where, &, and e, indicated initial value of permeability
and void ratio respectively. M was a constant used to
match material properties.

Figure 2 shows an analysis algorithm of the disc
degeneration in the present study.

Swelling pressure was not considered. A zero
pressure boundary condition was applied at the
peripheral surface of the disc. The general purpose
finite element program ABAQUS (Hibbit, Karlsson
and Sorenson, Inc., version 6.4) was used for the
execution of the models.

3. Resalts

Degeneration process of the IVD was analysed in a
poroelastic spinal motion segment FE model. The
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Fig. 3. Progress of the disc degenerationy (figure shows
sagittal plane of the disc).
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Fig. 4. Permeability changes in the annulus.

degeneration, as shown in Fig. 3, initiated at the
posterior region of the nucleus and then progressed to
the centre of the nucleus.

Degeneration was also generated in the posterior
region of the annulus. It was originated upper layer of
the annulus and propagated to the lower layer of the
annulus. As shown in Fig. 4, the permeability in the
annulus was dramatically changed at the posterior
region, followed by the lateral region of the annulus.
The permeability decreased with water content (void
ratio) and that the water content varied inversely with
iteration step i.e., degeneration step.

Distribution of compressive stress and pore pre-
ssure along the midagittal plane of the disc are shown
in Fig. 5. Maximum compressive stress was found at
the region of the posterior annulus of de-generated
disc. The degenerated disc model showed that
relatively small compressive stresses were ge-nerated
in the nucleus elements compared to the normal disc.
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Fig. 5. Variations of pore pressure, compressive stress, and
total compressive stress (sum of the two) in the midsagittal
plane of the disc.
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Fig. 6. Creep responses in normal and degenerated disc.

Contrasts to this result, pore pressures in the nucleus
were higher than those in the normal disc. Total stress,
sum of compressive stress and pore pressure,
indicated similar values for two different models
(normal and degenerated discs).

The predicted temporal variation of axial dis-
placement under compression load indicated that the
response markedly stiffened when the degeneration
progressed. The void ratio dependent permeability
substantially increased the disc stiffness by in-
creasing the resistance of the fluid flow in the 1VD.
Figure 6 shows the creep phenomena of the normal
and degenerated discs. The pore pressure decreased
with time as ground structure deforms. Relatively
hard-ened ground structure due to degeneration
provided small variation of axial displacement with
time.
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4. Discussion

Degeneration process of IVD was studied with a
poroelastic spinal motion segment FE model by
changing the void ratio and permeability. In this study,
as processed in degeneration, relatively high von
Mises stress, compared with those of normal disc,
was generated at posterior region which can explain
the outset of disc degeneration at this region. As
shown in Fig. 3, the degenertion was progressed to
the center of the nuclus pulposus. According to the
experimental obervation, all form of fibrocartilage
lamellas and fibers found in the nucleus pulposus had
orginated and migrated from the cartilage endplate
and proceeded in a cetripetal direction (Lotz et al.,
1998). Compressive experiment (Lotz and Chin,
2000) also indicated that extensive cell death was
noted in the notochordal cells with in the nucleus
pulposus at the long time duration and high stress.

As the degeneration proceeded, the permeability in
the posterior region of annulus decreased to 1.0x10™
m*/Ns that was closed to the previous experimental
obervation(Gu et al,, 1999). The hydraulic perme-
ability has been determined from both compressive
loading and direct permeation test with values of 0.2
to 2x10™° m¥Ns. In the degeneration process, we
could not consider the incidence of the tear in the
ground martix of the annulus, and consequently our
result was only compared with an experimental result
in radial direction. This permeability change followed
by the degeneration should have a further influence
on the cell nutrition and biomechanical etiology of
disc failure. '

Same as most of disc degeneration studies, our
analysis also focused on the physical stress and overt
tissue damage. Significant structural failure such as
radial fissure, prolapse, annular protrusion, and disc
space narrowing accompanied in the disc de-
generation, were not considered even though those
biological factors accelerate disc degeneration. There-
fore, calculated total compressive stress showed
almost same values as shown in the Fig. 5. Previous
experimental researches (Brown et al., 2002; Ralph et
al., 2006) also indicated that there were no significant
stiffness differences between normal and degenerated
disc, even though neutral zone of the degenerated
discs were greater than those of the normal discs.
Relatively large pore pressure was generated in the
degenerated disc compared to normal disc, whereas
apploximately 25% of compressive stress was re-

duced in the solid structure of degenerted disc.
Pollintine et al. (2004) also showed smiliar resuits by
measuring compressive stress in the disc after re-
ducing discs water content. They found that the
propotion of compressive force transmitted by the
facet joint was increased from less than to 20% to
averaged 49% in the degenerated disc. This indicates
that the degeneration process makes pore pressure
play more important role to resist against the
external force. The fluid content of the intervertebral
disc is important in determining its mechanical
reponse and also its transport and biologic properties.
Also increased hydrostatic pressure (pore pressure)
directly affects matrix protein gene expression,
syntesis rate, and degradation of the IVD (Lotz and
Chin, 2000).

The loss of fluid content accompanied dy the disc
degeneration affects the creep pattern of the disc.
Reducing the water content of the nucleus makes the
disc better adapted to withstand high compressive
forces, because the nucleus is then less likely to
prolapse through the posterior annulus (Adams et al.,
1987). As shown in Fig. 6, this supports the predicted
variation of axial displacement in both normal and
degenerated discs. However, increasing compressive
stress brought about annulus disorganization in the
inner and middle annulus(Lotz et al., 1998), and then
the mechanical property change will be produced at
this regon. It will provide different creep pattern. The
authors are prusing these studies further, and hope to
report their findings in the future.

This study presented a new approach to study the
likely mechanism responsible for the initiation and
progression of the degenerative process within an
IVD. Even though, this model has several short-
comings, it has the potential to provide significant
insight into the relationship between mechanical
factors and the degenerative changes within the IVD.

5. Conclusion

Use of the finite element technique incorporating
fluid contents with poroelastic modeling to address
the degeneration process in the IVD is presented. The
current analysis shows how disc degeneration affects
these pore pressure and solid skeleton compressive
stress distributions. Variation of the role of pore
pressure and stress in the solid structure provide new
insights into the mechanical function of degenerated
IVD.
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It is generally believed that disc degeneration
affects on the osteoporosis in the vertebral body and
this change also affects on the disc degeneration in
vise versa. Therefore, we are now extending our
analysis to incorporate these phenomena for more
realistic outcomes.
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