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Abstract

3D finite element parameter analysis of the degeneration-sensitivity of the material properties of
the components of lumbar spinal motion segments is presented for physiologic compression
load. The aim was to determine that material behaviour which dominantly determines the
mechanical behaviour of the aging spine. Systematic numerical simulation was executed by using
a finite element model validated by experimental results for both tension and compression. It was
concluded that to keep the hydrostatic compression state of nucleus is the most important factor
to maintain the stability of lumbar segments in the first period of aging process.
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Introduction

Using numerical simulation we can find out how the stability of spinal motion segments is
influenced by the healthy or degenerated state of each of its components, or rather the healthy or
degenerated state of which of its components has the dominant effect on the degeneration or
failure of the whole segment. At the same time, by numerical parameter-analysis we can
determine that components the material moduli of which needs the most care and correctness to
be collected for numerical analyses of spinal degeneration. In this study a systematic parameter-
analysis is presented to determine the separated effect of each material parameter of the
components of the lumbar spine segments on the mechanical behaviour and stability of the
whole segment.

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 environmental external effects.' 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.

The goal of this study was to obtain numerical conclusions for the separated mechanical effects
of the material moduli of each components of the lumbar motion segment on the degeneration
of the whole segment.
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Methods

For the numerical parameter-analysis, the finite element model of a typical lumbar motion
segment was used that we developed earlier in ANSYS system," representing five degeneration
grade of aging. A 3D model of a typical lumbar segment 1.4-5 was created 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.” 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. 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.

Table 1 shows the material moduli of healthy lumbar motion segment. 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. Nucleus and annulus matrix were considered linear
elastic. 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.

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 8** 0,35
posterior longitudinal ligament 10%* 0,35
other ligaments 5¥* 0,35

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

Table 1. Material moduli of the components of healthy motion segment

Five grades of age-related degeneration process were introduced, seen in Table 2. Age-related
normal degeneration processes of segment start generally in the nucleus. A healthy young nucleus
is in hydrostatic compression state. During aging, the nucleus loses its incompressibility by
changing gradually from fluid-like to solid material of increasing stiffness.*” These kinds of
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nucleus changes were modeled by decreasing Poisson’s ratio with increasing Young’s modulus,
seen in Table 2. This behavior is generally accompanied by the stiffening process of the annulus.
This procedure was modeled also by increasing Young’s modulus with slightly decreasing
Poisson’s ratio, by distinguishing the internal capsular and the external ligamentous part of
annulus, by considering the internal annulus to be weaker. The elastic moduli of annulus fibers

were decreased during aging.

Grades of aging degeneration* grade 1 grade 2 grade 3 grade 4 grade 5
(Young’s mod/Poisson’s ratio) (healthy) (fully deg.)

disc height [mm|] 10 9 8 7 6
nucleus 1/0.499 2/0.475 6/0.45 16/0.425 36/0.4
annulus matrix, internal ring 4/0.45 4,5/0.44 6,5/0.43 11,5/0.42 20/0.41
annulus matrix, external ring 5/0.40 6/0.39 9/0.38 17/0.37 29/0.36
cancellous bone 150/0.3 125/0.3 100/0.3 75/0.3 50/0.3
cartilaginous endplate 100/0.4 80/0.4 60/0.4 40/0.4 20/0.4
annulus fibers (ext/middle/int) | 500/400/300 | 250/200/150 | 125/100/75 | 63/50/38 10/10/10

*Other bony elements are seen in Table 1

Table 2. Modeling of normal age-related changes of lumbar motion segment

In the parameter-analysis we assumed that all components of the motion segment are under
normal degeneration according to the data of Table 2 except for only one component that
remains intact with the data of grade 1, with no degeneration. Then, the obtained mechanical
results were compared to the case where all components are normally aging and degenerating. We
have chosen this method where all components are normally aging only on does not, instead of
the inverse unrealistic process where only one component would aging and all the others remain
young. The reason was to follow a physiologically normal degeneration procedure to determine
the component the healthy state of which would have a dominant effect on the stability of the
whole motion segment.

The model was validated for both compression and tension. The compression behaviour was
compared to the experimental results of Adams et al.” obtained by stress profilometry for 2000 N
axial compressive load with endplate damage. For axial tension, the calculated elongations of
discs were compared with in vivo measured elongations of lumbar FSU model 1.3-S1 in

weightbath hydrotraction treatment.'""

1000 N axial physiologic compression load was applied for all degeneration grades for all
numerical simulations. The compression load was distributed along the superior and inferior
surface of the upper and lower vertebra of FSU, by applying rigid load distributor plates at both

surfaces.

Results

Figures 14 illustrate the stresses, strains and stiffnesses of the different parts of the disc for the
age-related degeneration process when all components of the lumbar motion segment were under
aging degenerated state characterized by the material moduli seen in Table 2 except for the
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nucleus, namely, its Young’s modulus, its Poisson’s ratio and both of them were separately kept

on their initial healthy values of grade 1.
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Figure 1. Mid-sagittal vertical stress distribution in the disc in the five grades of aging process while a)

nucleus E, b) nucleus nu and ¢) nucleus E+nu keep their initial healthy values changeless

Figure 1 shows the mid-sagittal vertical compressive stress distribution in the disc from the

anterior to the posterior end for the five aging degeneration grade. In Figure 7a the Young’s

modulus of nucleus kept its initial young value, in Figure 75 its Poisson’s ratio remained

changeless, while in Figure 7¢ both of them were changeless.

Figures 2a, 2b and 2¢ show the related change of mean mid-sagittal vertical compressive stresses in

the disc nucleus, in the internal and external annulus, while Figure 24 shows the related posterior

disc bulging during the five degeneration grade of the aging process. In Figures 3a and 3b the

change of the internal and external compressive strains of disc can be seen, respectively. In Figures

4a, 4b and 4¢ the vertical compressive stiffness of the nucleus, internal and external annulus can

be seen, respectively, while in Figure 4d the stiffness of the whole disc is illustrated.
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Figure 2. Mean vertical compressive stresses in a) nucleus, b) internal annulus, ¢) external annulus and d)
posterior bulging for the cases of aging degeneration process while nucleus E, nu and E+nu keep their

initial healthy values changeless
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Figure 3: a) Central and b) external vertical compressive strains of disc for the cases of aging degeneration
process if the nucleus E, nu and E+nu keep their initial healthy values changeless

When the Young’s modulus of nucleus was kept separately on its initial small value (E=1 MPa)
during the aging of all other components (Table 2), the stresses in nucleus rapidly decreased (by
27%, in grade 2, by 63% in grade 3, Figure 2a), in the internal and external annulus rapidly
increased (by 5-11% and 15-25% in grade 2 and 3, resp., Figures 2b and 2¢). At the same time the
central deformations in disc nucleus rapidly increased (by 21% in grade 2 and by 74% in grade 3,
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Figure 3a), and the external deformations in annulus also increased (by 10% in grade 2 and by
23% in grade 3, Figure 3b), together with the increased posterior bulging (by 3% in grade 2 and by
7% in grade 3, Figure 2d). The most dangerous was the complete stiffness loss of nucleus (by 40%
in grade 2 and by 79% in grade 3, Figure 4a) and the rapid stiffness loss of internal annulus (by 9%
in grade 2 and by 20% in grade 3, Figure 4b) that leaded to the radical stiffness decrease of the
whole disc (by 15% in grade2 and by 33% in grade 3, Figure 44).

Figure 1b illustrates that keeping the Poisson’s ratio of nucleus on the fluid-like level (nu=0,499)
with increasing solid-like Young’s modulus of it was meaningless in grade 4 and grade 5 (Table 2),
yielding chaotic zigzag lines on Figure 1b. However, with small Young’s modulus, in grade 2 (E=2
MPa) and 3 (E=6 MPa) it means that the incompressibility of nucleus is kept, that increased the
stresses in nucleus (by 40-42% in grade 2 and 3, Figure 2a), and unloaded the external annulus (by
17-18% in grade 2 and 3, Figure 2c). At the same time the central deformations of disc decreased
(by 30 and 40% in grade 2 and 3, Figure 3a), and the external deformations also decreased (by 17-
18% in grade 2 and 3, Figure 3b), with decrease of posterior bulging (by 9-10% in grade 2 and 3,
Figure 2d). There was a rapid stiffness increase of nucleus (100% and 133% in grade 2 and 3,
Figure 4a) and a large stiffness increase of internal annulus (29-31% in grade 2 and 3, Figure 4b)
that leaded to the radical stiffness increase of the whole disc (by 41% and 54% in grade2 and 3,
Figure 4d).
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Figure 4. Vertical compressive stiffness of a) nucleus, b) internal and ¢) external annulus and d) the whole
disc for the cases of aging degeneration process if the nucleus E, nu and E+nu keep their initial healthy
values
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Keeping the Young’s modulus and Poisson’s ratio of nucleus simultaneously on its young healthy
level, the most radical effect was observed in the second grade of aging degeneration process,
where the stresses in nucleus increased the most (by 29%, Figure 2a), the compressive strains in
nucleus decreased the most (by 21%, Figure 3a), similarly to the external strains (by 14%, Figure
3b), and the stiffness of nucleus increased the most (by 62%, Figure 4a) yielding the largest
increase of the whole disc also in grade 2 (by 30%, Figure 4d).

Figures 5-8 illustrate the stresses, strains and stiffnesses of the different parts of the disc for the
age-related degeneration process when all components of the lumbar motion segment were under
normal aging degenerated state (Tuble 2) except for the annulus (internal and external together),
namely, its Young’s modulus, its Poisson’s ratio and both of them were separately kept on their
initial healthy values of grade 1.

Figures 5a and 5b illustrate the mid-sagittal vertical stress distribution for the five grades of aging if
the annulus Young’s modulus and Poisson’s ratio were kept changeless. The related mean vertical
compressive stresses in nucleus, in internal and external annulus are seen in Figures 6a, 66 and 6,
respectively, while the posterior bulging is seen in Fjgure 6d. The related central and external
vertical compressive strains of the disc are illustrated in Figures 7a and 7b, respectively. Figures 8a,
8b, 8¢ and 8d show the vertical compressive stiffness of the nucleus, internal and external annulus,
and the whole disc, respectively.
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Figure 5. Mid-sagittal vertical stress distribution in the five grades of aging process when a) the Young’s
modulus, b) the Poisson’s ratio of both the internal and external annulus are separately kept changeless

If the Young’s moduli of internal and external annulus were kept on their initial values (E=4 MPa
and E=5 MPa, respectively) during the gradual aging of all other components of the motion
segment (Table 2), the stresses in the aging nucleus rapidly increased (by 7%, in grade 2, by 29%
in grade 3, and by 68% in grade 4, Figure 6a); while both in the internal and external annulus
decreased (by 8-13% in grade 3, Figures 6b and 6¢). At the same time the central deformations of
disc rapidly increased (by 12% in grade 2 and by 43% in grade 3, Figure 7a), and the external
deformations also increased (by 10% and 36% in grade 2 and 3, Figure 7b) in harmony with the
posterior bulging increase (14% in grade 2 and 49% in grade 3, Figure 6d). There was a small
decrease in the stiffness of nucleus (5-10% in grade 2 and 3, Figure 8a), but both in the internal
and external annulus a considerable stiffness loss was observed (11% and 36% in grade 2 and 3,
Figures 8b and 8¢) that leaded to the radical stiffness decrease of the whole disc (by 10% in grade2
and by 27% in grade 3, Figure 8d).
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It can be seen in Figures 6, 7 and § that the Poisson’s ratio of the internal and external annulus in
itself has no significant effect on the stresses and deformations of the disc or on the stiffness of
the disc components and the whole disc. If keeping simultaneously the Young’s modulus and
Poisson’s ratio of internal and external annulus on their young healthy level, the effect was similar
to the separated influence of Young’s modulus of annulus in Figures 6, 7 and 8.
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Figure 6. Mean vertical compressive stresses in a) nucleus, b) internal annulus, c) external annulus and d)
posterior bulging for the cases of aging degeneration process when E, nu and E-+nu of both the internal
and external annulus are kept on their initial healthy values changeless
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Figure 7. a) Central and b) external vertical compressive strains of disc in aging degeneration process if E,
nu and E+nu of both the internal and external annulus are kept on their initial healthy values
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Figure 8. Vertical compressive stiffness of a) nucleus, b) internal and ¢) external annulus and d) the whole
disc for the cases of aging degeneration process if E, nu and E+nu of both the internal and external
annulus are kept on their initial healthy values changeless

Figures 9-17 illustrate the stresses, strains and stiffnesses of the different parts of the disc for the
age-related degeneration process when all components of the lumbar motion segment were under
normal aging degenerated state (Table 2) except for the vertebral cancellous bone and the
cartilaginous endplate, when the Young’s modulus of them were separately and together kept on
their initial healthy values of grade 1.

In Figures 9a, 9b and 9¢ the change of the mean vertical compressive stresses in nucleus, internal
and external annulus can be seen, respectively, while the posterior bulging is seen in Figure 9d
during the five grades of aging degeneration. The related central and external vertical compressive
strains of the disc are illustrated in Figures 10a and 100, respectively. Figures 11a, 110 and 77¢ show
the vertical compressive stiffness of the nucleus, the internal and external annulus, respectively,
while in Figure 11d the stiffness of the whole disc can be seen for the grades of aging degeneration

process.
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Fignre 9. Mean vertical compressive stresses in a) nucleus, b) internal annulus and ¢) external annulus for
the cases of aging degeneration process while the vertebral cancellous bone E, cartilaginous endplate E
and bone + endplate E keep their initial healthy values changeless
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Figure 10. a) Central and b) external vertical compressive strains of disc for the cases of aging degeneration
process if the vertebral cancellous bone E, cartilaginous endplate E and bone + endplate E keep their
initial healthy values changeless

If the Young’s modulus of the vertebral cancellous bone was kept on its original strong value
(E=150 MPa) while all other components were under gradual aging (Table 2), in the degeneration
grade 2, 3 and 4 the stresses in the nucleus slightly increased (by 1%, 5%, 17%, Figure 9a), in the
internal annulus also increased (by 0%,1%, 4%, Figure 9b), while in the external annulus decreased
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(by 1%, 5%, 15%, Figure 9¢). At the same time the central deformations of disc increased (by 2%,
7%, 23%, Figure 10a), and the external deformations decreased (by 4%, 10%, 22%, Figure 10b) in
harmony with the posterior bulging that also but slightly decreased (by 1%, 4%, 11%, Figure 9d).
There was a small decrease in the stiffness of nucleus (0%, 2%, 5%, Figure 11a), and a small
increase in the internal and external annulus (2-3%, 5%, 8-14%, Figures 115 and 71¢) yielding only
a small stiffness increase on the whole disc (1%, 3%, 7%, Figure 11d).

It can be seen in Figures 9, 10 and 77 that the Young’s modulus of endplate in itself has practically
no effect on the stresses and deformations of the disc or on the stiffness of the disc components
ot that of the whole disc. If keeping simultaneously the Young’s modulus of trabecular bone and
endplate on the young healthy level, the effect was similar to the separated influence of the

Young’s modulus of bone, seen in Figures 9, 10 and 77.
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Figure 11. Vertical compressive stiffness of a) nucleus, b) internal and c) external annulus and d) the whole
disc for the cases of aging degeneration process if the vertebral cancellous bone E, cartilaginous endplate
E and bone + endplate E keep their initial healthy values changeless

Discussion and conclusion

Although the Young’s modulus and the Poisson’s ratio changes together during aging, by finite
element numerical analysis the effect of them can be analyzed separately. It can be concluded that
in the material modeling of spinal segments for numerical simulations, the Young’s modulus and
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Poisson’s ratio of nucleus need special care since the mechanical behaviour of the components
and the whole segment is very sensitive to these data.

It was demonstrated that a soft nucleus with lost hydrostatic state is very dangerous yielding the
complete loss of load bearing capacity of nucleus. This happens when the young nucleus quasi
burst out due to some traumatic or other accidental effect yielding extreme shortening and
complete stiffness loss in nucleus (Figures 3a and 4a) and a large stiffness lost in the whole disc
(Figure 4d) leading to the rapid overload and injury of the internal and external annulus (Figures 2b
and 2¢). Consequently, the most important is to keep the hydrostatic stress state in the young
nucleus about the second degeneration degree, in the young adult age. Keeping the hydrostatic
stress state in this age can increase the compression load bearing capacity of nucleus by 30-40%
and the stiffness of the whole disc by 30%. The importance of keeping the incompressibility of
M2 stating that light
degeneration of disc leaded to instability, while the stability restored with further degeneration,

nucleus in the first period of aging is supported by several authors

since lightly degenerated discs had the smallest stiffness. Since the stiffness of young disc is
influenced mainly by the state of nucleus, it is obvious that the effect of loss of hydrostatics is

crucial in the starting period of aging process.*’

The Poisson’s ratio of annulus in itself has very small effect on the mechanics of disc, however,
the effect of Young’s modulus of annulus in itself and together with the Poisson’s ratio is very
important (Fugures 6, 7 and &). The stiffening of annulus during normal aging is useful, since it

d,>"*" concluded that after the instability in younger

helps to maintain the stability of disc. Indee
age the stability restored with further degeneration, since the stiffness increased during further

degeneration.

The stiffness of the cartilaginous endplate in itself has also a very small influence, since it is
supported by the vertebral cancellous bone, thus, the effect of it depends on the state of the bone
(Figures. 9, 10 and 77). We can say that the effect of the bone is important mainly for the elderly.
In the first half of the aging process, the strong bone has a small effect equally on the stresses,
deformations or stiffness. In the elderly, in grade 4 and 5, the strong bone increases the load
transfer through the nucleus, and unloads the external annulus, it increases the central and
decreases the external shortenings of disc by decreasing the bulging that can press the nerve roots
causing load back problems (Figures 9 and 70). On the contrary, in the case of osteoporosis, the
load transfer and the deformations move from inside to outside causing the overload of the
external annulus, leading to strong bulging and injurious degeneration. However, the stiffness of
disc is slightly influenced by the state of the bone.

By the separated analysis of the material moduli it can be concluded that to keep the hydrostatic
stress state in the nucleus is crucial important in the first period of aging process. The loss of
incompressibility of nucleus leads to the loss of load bearing capacity of nucleus and the injurious
overload of the internal and external annulus. Osteoporosis moves the load transfer from the
central to the external region that can lead to the breakdown of the cortical bone of vertebrae.
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