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ABSTRACT

Preventing subsidence of intervertebral cages in posterior lumbar interbody fusion (PLIF)
requires understanding its mechanism, which is yet to be done. We aimed to describe the
mechanism of intervertebral cage subsidence by using finite element analysis through si-
mulation of the osteoporotic vertebral bodies of an elderly woman. The data from computed
tomography scans of L2-L5 vertebrae in a 72-year-old woman with osteoporosis were used
to create 2 FE models: one not simulating implant placement (LS-INT) and one simulating
L3/4 PLIF using polyetheretherketone (PEEK) cages (LS-PEEK). Loads and moments simu-
lating the living body were applied to these models, and the following analyses were per-
formed: 1) Drucker-Prager equivalent stress distribution at the cage contact surfaces; 2) the
distribution of damage elements in L2-L5 during incremental loading; and 3) the distribu-
tion of equivalent plastic strain at the cage contact surfaces. In analysis 1, the Drucker-Prager
equivalent stress on the L3 and L4 vertebral endplates was greater for LS-PEEK than for
LS-INT under all loading conditions and tended to be particularly concentrated at the con-
tact surfaces. In analysis 2, compared with LS-INT, LS-PEEK showed more damage elements
along the bone around the cages in the L3 vertebral body posterior to the cage contact sur-
faces, followed by the area of the L4 vertebral body posterior to the cage contact surfaces. In
analysis 3, in the L3 inferior surface in LS-PEEK the distribution of equivalent plastic strain
was visualized as gradually expanding along the cages from the area posterior to the cages to
the area anterior to them with increased loading. These analyses suggested that in PLIF for
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osteoporotic vertebral bodies, the localized stress concentration generated by the use of
PEEK cages may cause accumulation of microscopic damage in the fragile osteoporotic ver-
tebral bodies around the cages, which may result in cage subsidence.

1. INTRODUCTION

Since the 1990s, intervertebral cages have been generally used to provide stability in posterior lumbar
interbody fusion (PLIF) until synostosis of the bone graft occurs [1-5]. However, a number of studies have
reported that cage subsidence may compromise clinical outcomes in the osteoporotic vertebral bodies of
elderly patients, who are frequently treated with PLIF [6].

Various risk factors for intervertebral cage subsidence have been reported, including patient and im-
plant factors. A number of cadaveric studies have found that weakening of the load-bearing capacity of
vertebral endplates by osteoporosis may cause cage subsidence [7, 8]. Finite element analysis (FEA) is one
technique that can be used for in vitro biomechanical and biomaterial studies. FEA is an indispensable
biomechanical evaluation tool for supplementing in vitro biomechanical studies of the spine [9-13]. Most
previous studies of PLIF using FEA have not taken into account the strength of osteoporotic bone in the
elderly, and FEA analysis of PLIF in a model simulating vertebral bodies of normal bone strength for
young people found almost no fractures [14], with the damage elements localized at the part of the bone
around the cage. That is, in order to understand the FEA of PLIF, it is important to consider osteoporosis
and to take into account the mechanism of subsidence, with a special focus on the bone around the cages.

Despite this, there has been almost no debate about the mechanism of cage subsidence, with the aim
of preventing such subsidence in PLIF to achieve good synostosis.

Our objective in this study was to provide the first description of cage subsidence using FEA though a
simulation of the osteoporotic vertebral bodies of an elderly Japanese woman.

2. MATERIALS AND METHODS
2.1. Patient Specific FE Modeling

We chose a 72-year-old woman, examined in our hospital and diagnosed with osteoporosis to create a
patient-specific finite element (FE) model. The patient gave her written informed consent before the use of
the CT images to create the patient-specific FE models. The digital imaging and communications in medi-
cine (DICOM) data obtained from computed tomography (CT) scans of her lumbar spine were imported
into the Mechanical Finder (MF) (version 7.0, Extended Edition, RCCM Co. Ltd., Japan) three-dimensional
finite element analysis program. L2-L5 vertebrae were identified as the range of interest (ROI), and a com-
putational model of the anatomical structure of the spine was created.

The three-dimensional model was divided into tetrahedron elements of size varying between 0.75 and
10 mm, and the structural stability of the bone surface was simulated by applying a 0.2-mm shell element [15].

The developed model (LS-INT) was used to simulate non-implant insertion and shown in Figure
1(a). The number of nodes, tetrahedron elements and shell elements was 35,373, 171,538, and 22,724, re-
spectively.

The second model (LS-PEEK) was created from LS-INT by adding four titanium pedicle screws (PS)
(6.5 mm x 45 mm), two rods (5.5 mm x 40 mm), and two polyetheretherketone (PEEK) intervertebral
cages (8 mm x 22 mm) between L3 and L4, following the commonly used surgical technique (Figure
1(b)). The number of nodes, tetrahedron elements and shell elements was 78,112, 358,669, and 41,090,
respectively.

2.2. Calculation of the Bone Material Properties of Spine FE Models

MF is a program that is capable of determining the element-specific Young’s modulus value from the
mean bone density of each finite element using the method of Keyak et al. [16]. Bone density p [g/cm’]
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(a) LS-INT

(b) LS-PEEK

Figure 1. Finite element (FE) models. (a) LS-INT: intact FE model; (b)
LS-PEEK: FE model of the spine with a polyetheretherketone (PEEK)
spacer placed at the L3-4 disc using the posterior approach and post-
erior instrumentation (PI).

was calculated on the assumption of a linear relationship between CT value [Hounsfield unit (HU)] and p.
Keyak’s conversion formula was used to calculate the Young’s (E) (MPa) and yield stress (0,) (MPa) of
bone from p, as shown in the following equations [16].

0.0 (HU <-1)
= (1)
P (HU +1.4246) x 0.001 (-1<HU)
1.0580
0.001 (p=0)
33900p%2%° 0<p<0.27
£ p (0<p ) .

5370+469  (0.27<p<0.6)
10200p*% (0.6<p)

1.0x10*°  (p<0.2)
o, =1137p*% (0.2<p<0.317) 3)
114p"" (0.317<p)

Poisson’s ratio was constant at 0.4 [17], and the mechanical properties of the different tissues were
obtained from previous studies [18] as shown in Table 1.

Damage analysis was performed by setting the tensile and compressive failure criteria separately. It is
assumed in MF that failure of an element takes place when the stress or strain reaches its critical value. In
the case of tensile stress condition, linear elastic deformation behavior was assumed, and tensile failure of
the element occurred if the maximum principal stress reached the critical value [19, 20]. In this study,
0.80, was used as the critical value on the basis of reference 21. After the tensile failure occurred, the stiff-
ness of the element was reset to the minimum value in the entire model. On the other hand, elastic-plastic
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Table 1. Material properties of the components used in this study. Abbreviations: ALL, anterior
longitudinal ligament; PLL, posterior longitudinal ligament; TL, intertransverse ligament; CL, cap-
sular ligaments of facet joints; LF, ligamentum flavum; ISL, interspinous ligament; SSL, supraspin-
ous ligament; PEEK, polyetheretherketone.

Component Young’s modulus (MPa) Poisson ratio

Bone Young’s modulus wa‘s estimated using 0.4
Keyak et al’s experimental formula
Ligaments

ALL 20 0.3
PLL 20 0.3
TL 59 0.3
CL 33 0.3
LF 20 0.3
ISL 12 0.3
SSL 15 0.3
Screw (titanium) 110,000 0.28
Rod (titanium) 110,000 0.28
Cage (PEEK) 3600 0.25
Annulus fibrosus 50 0.45

deformation behavior was assumed under compressive stress, and the yielding was controlled by the
Drucker-Prager equivalent stress. If the average equivalent stress of an element reached the yield stress o,
then plastic deformation took place. After the occurrence of plastic deformation, compressive failure was
controlled by the minimum principal strain [21]. The critical value for the minimum principal strain used
in this FEA was —10,000 pe. After the occurrence of compressive failure, the element stiffness was reset to
the minimum value in the same way as after tensile failure.

2.3. Analysis

Loads and moments simulating actual movements of the living body were applied to both the models,
LS-INT and LS-PEEK. Figure 2 shows the boundary conditions applied. To determine the state of stress
prior to the occurrence of failure, static elastic analysis was performed by applying (I) 400 N compressive
load and two rotational loads comprising (II) flexion and (III) extension. The Drucker-Prager equivalent
stress distributions were evaluated at the cage contact surfaces on the inferior surface of L3 and the supe-
rior surface of L4 in each case. Damage analysis was also carried out to investigate damage to the bony tis-
sue around the cages. Damage analysis was performed by applying the same boundary conditions as in (I)
above, increasing the vertical load to a maximum of 3000 N. The distribution patterns of damage elements
in the L2-L5 vertebral bodies and their cumulative numbers were evaluated. The equivalent plastic strain
distributions on the L3 inferior surface and L4 superior surface were also examined.

3. RESULTS

Figure 3 shows the Drucker-Prager stress distributions on the L3 inferior surface and L4 superior
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Compression
400 - 3000 N

Inferior surface of L5 was
fixed in all directions

Figure 2. Loads and boundary conditions.

surface obtained from the three types of static elastic analysis. The Drucker-Prager equivalent stress on the
L3 and L4 vertebral endplates was greater in LS-PEEK than in LS-INT under all loading conditions. In
LS-PEEK, stress tended to concentrate around the cage contact surfaces under all conditions.

Figure 4 shows the distribution of damage elements in L3 and L4 identified by damage analysis. In
LS-INT, at 2000 N compression and above, there were only a few damage elements in the center of the L3
vertebral body. In LS-PEEK, there were more damage elements along the bone around the cages in the L3
vertebral body posterior to the cage contact surfaces, followed by the area of the L4 vertebral body post-
erior to the cage contact surfaces. Most of the damage here was in the form of yielding and compressive
failure due to compression.

Figures 5(a) and Figure 5(b) show the cumulative numbers of damage elements in L3 and L4 identi-
fied by damage analysis. In LS-INT, at 2000 N compression and above, there was only a small increase in
damage elements, and there were almost no damage elements in L4. In both vertebral bodies, the number
of damage elements was clearly greater in LS-PEEK. This difference was greater at higher loads.

In LS-PEEK damage elements increased around the cages at the points of contact between them, and
at L3 and L4, as shown in Figure 4; therefore, we analyzed the equivalent plastic strain distributions on the
L3 inferior surface and L4 superior surface. Figure 6 shows these distributions at 1500 N and above, at
which differences in distribution were evident. This visualized the gradual expansion of high levels of
equivalent plastic strain in the inferior surface of L3 in LS-PEEK along the cages from the area posterior to
them to the area anterior to them as the loading increased above 1500 N.

4. DISCUSSION

FEA is an effective and established simulation method for the human body in biomechanical evalua-
tions of the spine. The accurate reproduction of different mechanical properties is important for FEA-based
biomechanical analysis [22]. However, bone strength varies greatly between individuals as a result of the ef-
fect of osteoporosis, and this has been difficult to reproduce. Almost all previous studies have used a two-layer
model of bone material consisting of cortical bone and medulla with consistent mechanical properties for
analysis [10, 12, 13]. In this study, we created a patient-specific FE model using bone densities derived
from CT images of an individual patient, for which we determined element-specific Young’s modulus and
carried out damage analysis. Although most researchers have found it difficult to establish a model for the
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Figure 3. Drucker-Prager equivalent stress distributions on the L3 inferior endplate and L4 superior
endplate under loads of 400 N and rotational loads of bending forward and backward.

ligaments around the vertebral bodies, modeling them only as spring elements exerting tension only in one
dimension [13, 23], we modeled and analyzed the ligaments around the vertebral bodies as three-dimensional
finite elements in this study. To the best of our knowledge, we are the first to successfully reproduce
the tension and deformation behavior around the cages used in PLIF in a simulation using the osteopo-
rotic vertebral bodies of an old person, allowing us to predict the mechanism by which cage subsidence
occurs.

In recent years, cages of various materials and shapes have been used in the attempt to prevent subsi-
dence. The prevention of cage subsidence in PLIF has been approached from a variety of perspectives, in-
cluding bone strength and cage materials and shapes [24-26]. However, no study has previously focused
on the biomechanics of the bone around the cages.

In this study, Drucker-Prager equivalent stress in the bone around the cages was higher in LS-PEEK
than in LS-INT under all conditions, and its distribution revealed that it was particularly high around the
cages and posterior to the vertebral end plates (Figure 3). This provides evidence that the concentration of
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(b) LS-PEEK

1500 N Compression 2000 N Compression 2500 N Compression 3000 N Compression
Compressive yielding elements A Compressive failure elements A Tensile failure elements
(a)
(b) LS-PEEK

1500 N Compression 2000 N Compression 2500 N Compression 3000 N Compression

Compressive yielding elements A Compressive failure elements A Tensile failure elements

(b)

Figure 4. (a) Distribution of yielding elements and failure elements under loads of 1500 to
3000 N (entire image); (b) Distribution of yielding elements and failure elements under
loads of 1500 to 3000 N (L3 inferior surface image).

Drucker-Prager equivalent stress imposes an excessive load on the vertebral body end plates, making it
easy for the bony support mechanism to be lost. Our results showed that the number of damage elements
in L3 and L4 was clearly higher in LS-PEEK than in LS-INT (Figure 5(a), Figure 5(b)), and that the dis-
tribution of damage elements in LS-PEEK expanded into the entire vertebral bodies from the posterior
parts of the vertebral end plates (Figure 4(a), Figure 4(b)). Equivalent plastic strain, which determines
plastic deformation, also expanded continuously into the entire L3 vertebral body from an area of high
stress in the posterior part of the L3 vertebral end plate that was in contact with the cages (Figure 6(a),
Figure 6(b)). This suggested that the sites of plastic deformation elements and equivalent plastic strain in
the end plates around the cages, were in an environment conducive to cage subsidence because of the loss
of bony supportive structures due to microscopic damage in the form of plastic deformation and compres-
sive failure.

A previous cadaveric study of the distribution of bone strength in the osteoporotic vertebral end
plates of a single vertebral body found that bone strength was higher on the posterolateral aspect of end
plates [7]; in the present study, which modeled multiple vertebrae, the biomechanical environment in the
posterior parts of the vertebral end plates was conducive to the loss of bony supportive structures. Al-
though increased stress on the vertebral plate with cage insertion was expected, this is the first study to use
FEA to describe the mechanical status of bone localized around the cages.

Preventing subsidence associated with cage insertion and obtaining good intervertebral synostosis
is an important postoperative factor for PLIF. The shape of the intervertebral cage is a subject of debate
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Figure 5. (a) Number of yielding elements and failure elements under loads of
1500 to 3000 N (number of elements on L3); (b) Number of yielding elements and
failure elements under loads of 1500 to 3000 N (number of elements on L4).

concerning factors such as the use of cages with a large footprint to ensure biomechanical stability, on the
theoretical basis that they constitute the surfaces supporting the vertebral body, or the use of cages de-
signed in accordance with the intervertebral angle so that they fit the vertebral end plates [25, 27]. Our re-
sults, however, predicted that cage subsidence would expand continuously from a single area of high
stress. This suggested that mechanically stable cages may be those with a design that does not generate lo-
cal areas of high stress, and those procedural issues, such as placing cages at sites with genuinely strong
bone when inserting them between osteoporotic vertebral bodies should perhaps also be taken into con-
sideration.

The FEA analysis used in this study had a number of limitations: 1) the loads and constraints on the
vertebral bodies may differ from 7n vivo movement in light of the overall balance of the spine; 2) we did
not take account of biological and biochemical reactions between biomaterials and bone in the synostosis
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Figure 6. (a) Equivalent plastic strain distributions on the L3 inferior endplate; (b) Enlarged image
of (a).

process; and 3) we also did not take account of postoperative degenerative changes to the intervertebral
disks and muscles, or of the effect of fatigue due to repeated loading. Nevertheless, studies using FEA to
create models from patient CT scans have been used for purposes such as assessing the pathology of os-
teoporosis [28] and evaluating surgical techniques [15], and this method holds great potential for applica-
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tion to a wide range of other clinical applications in future.

5. CONCLUSION

In this study, we used FEA in models constructed from CT images and applied computational analy-
sis to generate damage at the element level in a patient-specific osteoporotic vertebral body to perform a
biomechanical investigation of the mechanism of cage subsidence in spinal instrumentation. This analysis
showed that in PLIF of osteoporotic vertebral bodies in elderly patients, the localized stress concentration
generated using PEEK cages causes accumulation of microscopic damage in the weakened osteoporotic
vertebral bodies around the cages, suggesting that cage subsidence may occur as a result of this damage.
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