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Abstract

3D finite element analysis of long term aging and sudden accidental degeneration processes is
presented for physiologic compression load. A systematic modeling and simulation is applied for
analyzing the separated and mutual effect of certain material moduli of the components of
lumbar motion segments on the mechanical behaviour and stability of the segment during the
long time and sudden degeneration processes. It was concluded that due to their smallest
stiffness the younger segments with light degeneration are the most vulnerable during both the
long-time age-related and the sudden overload-related degeneration.
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Introduction

Numerical analyses are able to simulate biomechanical processes in their progress that are
impossible to be followed experimentally, like spinal degeneration processes. Degeneration
represents special and injurious changes in the structure, composition and function of spine or
part of the spine, caused by aging or by certain accidental injurious effects, like a wrong

. . 1
movement or mechanical overloading.

The age-related changes of spine start generally in the intervertebral discs; within the disc nucleus,
altering markedly the mechanics of load transfer and spinal stability.” The age-related changes of
the disc are manifested in loss of hydration, a drying and stiffening procedure in the texture of
both nucleus and annulus.” Aging procedures are often accompanied by other kinds of
degeneration: buckling, lesions, tears, fiber break in the annulus® or osteoporotic changes in the
vertebral bone. However, some degeneration can happen suddenly, due to some traumatic effects
causing disc prolapse, endplate disruption or osteoporotic vertebral fracture. These kinds of
sudden degenerations can happen at any age.

Several recent studies conclude that instability of lumbar spine happens to the younger discs, and
the stability restores with further aging.”” Since sudden degenerations may also be dangerous in
young age, further studies are necessary for understanding the biomechanical function of
degeneration processes. Although FE modeling of lumbar spine focused recently to
degenerations, there are no papers dealing with sudden degeneration processes. Some authors
concluded that the nucleus underwent a transition from fluid-like to solid-like material during
aging6’7, or classified the grades of aging degeneration as first stiffening of the nucleus then the
whole disc.® Others”” "’ model aging degeneration by different loss of disc height and nucleus
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compressibility, or other material properties. Others used poro-elastic FE models to simulate
aging degeneration." " Most of these studies concluded that the highest risk of disc prolapse was
found in mildly degenerated young discs, however there are no answer to the question why.

The goal of this study was to obtain numerical conclusions for the mechanical effects of the cases
of (1) normal age-related changes and (2) sudden overload-related degenerations, moreover, (3)
to answer the question why the mildly degenerated young segments are more vulnerable.

The paper aims to determine the separated and mutual effect of the main mechanical
degeneration phenomena, the effect of gradual decrease of incompressibility of disc nucleus and
the increase of stiffness of nucleus during age-related degeneration processes. The aim was also
to determine the degenerative effects of short-term sudden compressive overload and to answer

the question why are the younger spine segments more vulnerable.

Methods

A 3D model of a typical lumbar segment 1.4-5 was created (Figure 1a) by using Pro/Engineer
code. The geometry and tissue volumes were obtained by the anatomical measures of a typical
lumbar segment.'>'® Cortical and cancellous bone of vertebrae was separately modeled, including
posterior bony elements and facet joints. The height of the disc was considered to decrease
linearly from 10 to 6 mm for the five aging degeneration degrees. The endplates were divided
into external bony and central cartilaginous part. Accordingly, the annulus matrix was divided
into internal and external ring and three layers of annulus fibers; (Figure 10).
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Figure 1. Geometric and finite element model of the lumbar segment

The FE mesh was generated by ANSYS Workbench and the connections between the several
geometrical components were integrated to the FE model by ANSYS Classic (Figure 1¢). The FE
model consisted of solid, shell and bar elements. Annulus matrix, nucleus, cancellous bone,
articular joints and different types of attachments were modeled by solid elements; cortical shells
and endplates were modeled by shell elements. The compatibility between the adjacent solid and
shell elements was guaranteed by contact elements. All ligaments were modeled by shell elements.
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Components of FSU Young’s mod Poisson’s
[MPa] ratio
vertebral cortical bone 12000 0,3
posterior elements, facet 3500 0,3
vertebral cancellous bone 150 0,3
bony endplate 12000 0,3
cartilaginous endplate 100 0,4
nucleus 1 0,499
annulus ground substance, internal 4 0,45
annulus ground substance, external 5 0,40
annulus fibers 500/400/300% -
anterior longitudinal ligament Riga 0,35
posterior longitudinal ligament 10** 0,35
other ligaments SHk 0,35

*external/middle/internal fibers, **tension only

Table 1. Material moduli of the components of healthy FSU

Table 1 shows the material moduli of healthy FSU. For the bony elements and endplates, for both
tension and compression, linear elastic isotropic materials were applied, based on the
literature.*>"”"  Annulus ground substance and nucleus were considered linear elastic for
compression and bilinear elastic for tension. For the fluid-like healthy nucleus, the data of,* for
the annulus matrix of *'**** was considered. Collagen fibers of the annulus were considered as
bilinear elastic isotropic tension-only material.”**” All the seven ligaments were integrated in the
model with bilinear elastic tension-only materials of the literature again.

For the numerical simulation of age-related and sudden degeneration processes we developed a
concise modeling system, seen in Tuble 2 containing five columns and five rows, consequently
5x5=25 main blocks, named Ajj, 1,j=1,2,3,4,5. Since the main characteristics of aging
degeneration procedure of motion segments are the gradual loss of incompressibility of nucleus
modeled by decreasing Poisson’s ratio, and the gradual hardening of nucleus modeled by
increasing Young’s modulus, the main variables in Table 2 are the Young’s modulus E of nucleus
(in horizontal headings) and the Poisson’s ratio nu of nucleus (in vertical headings). Thus,
horizontally the stiffening of nucleus and annulus matrix and the weakening of cancellous bone,
endplates and annulus fibers are modeled during aging; and vertically the loss of nucleus fluidity
is modeled. That is, horizontally (from left to right) the long-term age-related changes, while
vertically (from up to down) the sudden degenerations could be modeled separately. Moreover,
the five grades of age-related degeneration process are represented in the shadowed main
diagonal blocks of Table 2 (Aij, i=j), from the healthy (block A11) to the fully degenerated cases
(block A55). Sudden degenerations were modeled by considering the actual grade of aging
degeneration state in which the sudden overload happens. Based on Tuble 2 systematic numerical
analysis could be done to analyze the separated and mutual effect of the material moduli.
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Table 2. Systematic material modeling of age-related and sudden degenerations for numerical simulation of
degeneration processes

For simulating age-related degeneration processes, 1000 N axial compression load was applied
for all degeneration grades. For sudden traumatic degeneration processes, the 1000 N
compression was increased to 5000 N.’

Our finite element models of healthy and degenerated FSU were validated both for compression
and tension. Distribution of vertical compressive stresses in the mid-sagittal horizontal section of
the disc, calculated for 2000 N compressive load for healthy and fully aging-degenerated FSU was
compared to the experimental results of Adams et al.” obtained by stress profilometry for the
same load. Degeneration caused vertical stress decrease in nucleus and internal annulus with high
stress peaks in external annulus. Our numerical results were in good correspondence with the
experiments of "' For axial tension, the calculated elongations of discs were compared to the in
vivo measured elongations of lumbar FSU model 1.3-S1 in* just after being suspended in water
with 700 N body weight and 40 N extra weight in weightbath hydrotraction treatment.” The
calculated elongations of healthy and degenerated lumbar FSUs were practically the same as
measured by.”

Results

Figure 2a shows the mean mid-sagittal compressive strains of disc elements that were smaller at
the cartilaginous endplate supported middle of disc, in nucleus, and larger at the bony endplate
supported edge of disc, in external annulus. Figure 2b shows the decreasing posterior, anterior and
lateral disc bulging during aging. Figure 2c and 2d llustrate the central compressive strain of disc in
terms of the separated effect of the gradual loss of incompressibility (Poisson’s ratio) and gradual
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stiffening (increasing Young’s modulus) of nucleus. Their mutual effect can be seen in Figure 2a
for nucleus, demonstrating that in the beginning period of aging, the effect of loss of nucleus
incompressibility dominates, yielding maximum disc deformability in the second grade at mild
degeneration, while later the effect of nucleus hardening dominates resulting significant decrease
of deformations in further aging.

Mean sagittal strain of disc components during age- Disc bulging during aging degeneration
related degeneration (IR
7 0,74
-5.39 -6,22 '
e L_' = 06
& g‘:: e £ loas 051
- 504 - £ ;
-5.20 ro44 L
- 48‘2 \?\.:\\ — o g T =038
= - - -3 = v - - o
SR -4,38 o) 2800 | S i - iy 029
5 350 2005 2 0,34 .
£ 2 \j‘:?,ﬂn E Sr . 0,15
1 184 \222‘% ' 022 |59 0.09
| -1,10 T DA0]g g™ =40 .05
0 0o .D'm 7
0,03
1 2 3 4 5 1 2 3 4 5
grades of aging degeneration grades of aging degeneration
—=—rucleus = O =intannuius =o =ext annu\us| —C=posterior =0 = anterior = £ = lateral |
a) b)
Effect of loss of nucleus incompre ssibility on disc Effect of nucleus stiffening on disc compressive
compressive strainwith different nucleus stiffresses strainwith different nucleus incompressibilites
i -4
- — " S -A
7 3
i e a e e—— e
£5 ol e .5
i oy
IS =4 !%
2 3 e g
= [
= 2 = 2.7
R ————— & il =4
i] i T b it T N
0,500 0475 0450 0425 o400 1 B " 1% N Y L
Poisson's ratio of nucleus Young's modulus of nucleus
#®1Mpa ¢2Mpa ABMpa O 16MPa #36 Mpa |+D,499 |+ 0475 0450 ——0425 —— 0400 |

9 d)

Figure 2. ) Mid-sagittal compressive strains of disc components and b) sagittal disc bulging duting normal
aging; The separated effect of ¢) the decrease of Poisson ratio of nucleus and d) the increase of Young’s

modulus of nucleus on the central compressive strain of disc during aging.

Figure 3a llustrates the mid-frontal vertical compressive stresses for the five aging grades. During
aging, the gradual decrease of central and increase of external compressive stresses can be
observed. Figure 3b shows the mean mid-frontal compressive stresses in the nucleus, internal and
external annulus, demonstrating that the compressive load transfer moves from inside to outside
the disc with aging. During the total aging process the stress decrease in the nucleus was 60%, in
the internal annulus was 35%, however, in the external annulus 150% stress increase was
observed. The separated effect of the decrease of Poisson ratio of nucleus (Figure 3¢) and the
increase of Young’s modulus of nucleus (Figure 3d) on the vertical compressive stresses of
nucleus demonstrated that in the beginning period of aging, the effect of loss of nucleus
incompressibility dominated, causing rapid stress decrease in nucleus in the second grade, while
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later the effect of nucleus hardening dominated resulting significant stress decrease during further

aging.
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Figure 3. a) Mid-frontal distribution of vertical compressive stresses for the five aging degeneration grades;

b) Change of the mean mid-frontal vertical compressive stresses of disc components during aging.
The separated effect of ¢) decrease of Poisson ratio of nucleus and d) increase of Young’s modulus of

nucleus on the vertical compressive stresses of nucleus
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Figure 4. a) The separated effect of the a) loss of nucleus incompressibility and b) nucleus hardening on the

stress divergence in nucleus
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Figure 4a and 4b show the separated effect of the decrease of Poisson’s ratio of nucleus and the

increase of Young’s modulus of nucleus on the stress divergence in nucleus. A healthy nucleus is

in hydrostatic compression stress state, namely, the stresses in nucleus in different directions are

equal. During the loss of hydrostatic stress state, the stresses start to diverge, that is, the

difference among them starts to increase. Figure 4a and 45 demonstrates that the hydrostatic stress

state needs fluid-like material with small Young’s modulus.
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Figure 5. Change of compressive stiffness of disc components and total disc during aging degeneration
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Figure 6. Sudden degeneration in grade 1 with a) sudden loss of nucleus incompressibility accompanied by

b) annulus fiber damage, c) vertebral cancellous bone and endplate damage, d) internal annulus damage.
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In Figure 5 the change of vertical compressive stiffness of the disc and each of its components are
seen during the age-related normal degeneration procedure. The stiffness of the total disc was
about 2150, 1900, 3000, 5550 and 8500 N/mm in the five aging degeneration degree. It can be
seen clearly that the minimum of compressive stiffness belongs to the eatly period of life, to the
young adult age for all disc components and for the total disc.

The sudden degeneration in young age (in grade 1) was modeled by an accidental loss of
hydrostatic stress state in nucleus due to a sudden overload when the nucleus quasi bursts out

modeled by rapid decrease of Poisson’s modulus of nucleus parallel to an accidental load increase
from 1000 to 5000 N.

Figure 6a llustrates the mid-sagittal vertical compressive stress distribution in disc with sudden
loss of nucleus incompressibility but all other organs are intact. In Figure 6b the nucleus damage is
accompanied by annulus fiber damage, in Figure 6¢ by cancellous bone and endplate damage
together, in Figure 6d by internal annulus buckling.

It can be seen that during the sudden overload with nucleus damage, the vertical compressive
stresses did not change in the nucleus, however, in the annulus the stresses increased extremely,
by 400%.
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Figure 7. a) Central disc shortening and b) postetior disc bulging during a sudden overload for different
grade of aging degeneration

In contrast to the aging degeneration, the overload-related degeneration can happen in any time,
at any age. However, the consequence of it depends highly on the actual aging grade when it
happened. In Figure 7 the central disc shortening and the posterior disc bulging is illustrated in
terms of the grades of normal aging degeneration when the accidental overload happened.

Fignre §a shows the mid-sagittal vertical compressive stress distribution in disc when the sudden
overload happens in grade 3, in older age, accompanied by vertebral cancellous bone and
endplate damage. In Figure 8b the stresses in disc components are illustrated during the sudden
overload, demonstrating that due to the loss of load bearing capacity of cancellous bone, the load
transfer through the vertebra and disc moves from inside to outside.
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Figure 8. a) Mid-sagittal vertical compressive stress distribution in disc when the sudden overload happens
in older age, in grade 3 with cancellous bone and endplate damage; b) the relating vertical compressive
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Figure 9. Stiffness loss of disc components during the sudden overload in the case of a) young age of grade
1 and b) older age of grade 3

Figure 9 shows the sudden stiffness loss of disc components during the sudden overload for grade
1 of young age and for grade 3 of older age. Observe that the stiffness decrease in young age
starts from a lower level than in older age and consequently tends to a lower level. On the other
hand, the gradient of fall of stiffness is more rapid in young age than in older age.

Discussion and conclusion

By numerical simulation the separated effect of the two main factors of age-related disc
degenerations, the gradual loss of incompressibility and the gradual increasing stiffness of nucleus
can be modeled numerically by gradually decreasing Poisson’s ratio and increasing Young’s
modulus of nucleus respectively.”” In the first period of aging degeneration process the loss of
incompressibility, later the stiffening of nucleus has the dominant effect on the deformability and
stresses of disc (Figures 2 and 3). The reason of this phenomenon lays on the fact that the nucleus
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is fluid-like only in young age, so it is obvious that the effect of loss of hydrostatics can be related
to the first period of aging.””

During the aging degeneration the vertical load transfer moves from inside to outside, it tends to

the external annulus (Figure 3b). Indeed, Adams et al.>”

obtained experimentally that the vertical
compressive stress decreases int he nucleus and increases in the external annulus during aging

degeneration.

The compressive stiffness of the whole disc is minimum in mildly degenerated state, and duribg
further aging the stiffness of the disc strongly increases. leading to the risk of instability and
injury in young age (Figure 5). Schmidt et al."* found that the disc prolapse initially increased for
mildly degenerated state, and subsequently decreased for moderately and severely degenerated
discs. Tang et al.” concluded that light degeneration of disc leaded to instability, while the stability
restored with further degeneration. Adams et al.” found that lower lumbar discs which appeared
to prolapse were non-degenerated of cadavers aged 40-50 years; severely degenerated discs could
not be made to prolapse.

During sudden overload-related nucleus degeneration in young age, due to the sudden loss of
nucleus incompressibility, the support of the internal annulus disappears, causing buckle in the
annulus layers, thus, the load transfer moves dominantly to the external annulus (Figure 6) yielding
strong increase in disc shortening and bulging, however, if the sudden overload happens in older
age, these effects are smaller (Figure 7).

While during the age-related degeneration process the compressive stiffness of the disc increases,
during the overload-related sudden process, the stiffness strongly decreases (Figures 5 and 9). Also
in sudden degeneration the smallest stiffness belongs to the weakly degenerated state in young
age since in this case the sudden stiffness loss starts at the smallest stiffness level. In older age,
the sudden stiffness loss starts at a higher stiffness level (Figure 9). The gradient of sudden
stiffness loss is also stronger in younger age.

We have proved by numerical analysis that younger segments are the most vulnerable during
both long-time age-related and sudden overload-related degeneration. Several recent studies®™ "
concluded that light degeneration of disc in young age leaded to instability of lumbar spine, since
the lightly degenerated discs had the smallest stiffness. These effects explain why are the young

adults who suffer so frequently by low back pain problems.
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