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ABSTRACT

The focus of this study was to investigate the effects total disc replacement (TDR) on the
range of motion (ROM) and facet joint stress at the lumbar spine region. A three-
dimensional (3D) finite element model of the osseoligamentous lumbar spine was
developed and subjected to the moment load in flexion, extension, left bending, and right
torsion. The findings of this study indicated that the implanted spine with Prodisc-L caused
an increase in ROM during flexion-extension motion and left bending motion ranged from
1% to 5%. However, ROM decreased during torsion motion by 7% after TDR. Meanwhile,
the facet stress values increased at the treated level of L4L5 after Prodisc-L implantation
ranging from 12% to 27% of differences in all spine motion. But, decreasing values was
observed in most of the adjacent level for both left and right facets. In brief, this
phenomena could be one of the potential causes of early facet arthrosis, facet
degeneration, and lower back pain in the immediate future.

Keywords: Facet stress, finite element method, lumbar spine, range of motion, total
disc replacement.

1. INTRODUCTION

Total discs replacement (TDR) is an alternative of common fusion technique which is to
replace the degenerated disc with artificial discs [1], [2]. This is to preserve the spine
motion and reduce back pain particularly caused by degenerative disc disease [3]. Various
artificial discs have been developed in TDR treatment [2], [4]. The bearing systems designed
of the artificial discs includes Metal-on-Polymer (MoP) has difference purposes and
advantages. The ball and socket geometry’s implants with bearing system of MoP such as
Prodisc and Maverick have been widely used in order to preserved spinal motion [5]. The
implementation of ball and socket geometry's artificial disc, such as Prodisc L, has been
shown successfully as the most preferred prosthesis it was recognized by the Food and
Drug Administration(FDA) [3], [6], [7]- Nevertheless, clinical complications have also been
reported.

Several aspects, including the surgical procedure and prosthesis placement, have led to
complications regarding TDR [8]. The primary concern was the removal of the anterior
longitudinal ligament and annulus fibrosus during the surgical procedure, which may affect
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ROM because these tissues were essential in preserving the stability of spinal segment
motion [8]-[10]. The ball-and-socket implants were reported to cause extreme joint
movement at surgical level, resulting in unnecessary facet contact forces [8], [10], [11]. The
facet joints may develop severe degeneration due to it high mobility level and the heavy
stress affecting the facet joints which could contribute to facet joint osteoarthritis that lead
to reoccurance of back pain [12].

Though some biomechanical effects have been identified in TDR of the lumbar spine, the
influence of TDR on ROM and facet joint have yet to be studied in depth. Therefore, this
study aimed to investigate the effects of TDR prosthesis on the spinal facet joint on the ROM
and facet stress at the lumbar spine region in flexion, extension, left bending, and right
torsion motions using finite element (FE) method.

2. MATERIALS AND METHODS
2.1 Finite Element Modeling

The computed tomography (CT) scan data of human lumbar spine was obtained from Hospital
Tengku Ampuan Afzan, Kuantan, Pahang, Malaysia based on a healthy 21-year-old male
volunteer with 173 cm height and 70 kg weight. The data segmentation process was performed
using Mimics 14.0 software (Materialise, Leuven, Belgium) to develop 3D model of the lumbar
spine as shown in Figure 1. For the intervertebral disc (IVD), the volumetric ratio between the
annulus fibrosus and the nucleus pulposus was set to be 3:7 [13], [14]. The annulus fibers were
constructed using 3D two-nodes truss element [15]. The cartilage tissue was extruded 2 mm
thickness from the articular facet joint [16], [17]. The initial gap between the cartilage tissues
was assumed to be 0.5 mm [15], [16].

Vertebrae
of L1 —
until L5

Facet
cartilage
of L4L5
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Figure 1. 3D model of lumbar vertebrae. (a) 3D model generated from CT scan without soft tissues (b) 3D
model completed with soft tissues.

All the ligaments were modeled as two-node truss elements, which were only active under the
presence of tension [15], [18]. The overall meshing process of the 3D model was carried out
using 3-Matic Research 13.0 software (Materialise, Leuven, Belgium). The standard tessellation
language (STL) surfaces files of vertebrae, intervertebral discs, nucleus, and facet cartilages
were converted into solid linear first-order tetrahedral elements. The Mooney-Rivlin
constitutive model was used to represent the incompressible and hyperelastic characteristics of
the annulus fibrosus and nucleus [18]. Meanwhile, the facet cartilages were modeled as a
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smooth surface to simulate the synovial fluid in the facet cartilage where the original gap
between the cartilage layers was 0.5 mm with linear elastic and isotropic behaviors [15], [16].
The seven spinal ligaments were represented by tension-only truss element and nonlinear
material properties of non-linear stress-strain curve [15], [16].

The 3D geometrical model of Prodisc-L artificial disc was constructed based on the dimension
obtained from the Manual of Prodisc-L: Surgical Technique distributed by DePuy Synthes Spine
(Synthes Spine, West Chester, NY, USA). The 3D model was then converted into a solid
tetrahedral FE model using automatic solid meshing function in 3-Matic Research 13.0 software
as shown in Figure 2. The superior and inferior materials of the prosthesis were made of Cobalt-
Chromium-Molybdenum (CoCrMo) alloy [5], [19]. The implantation was performed for single-
level implantation at L4-L5 vertebral segment as shown in Figure 3. It is the most frequent
vertebral segment at the lumbar spine region treated using TDR technique because its most
heavily burdened spinal segment [16]. The prosthesis was implanted using an anterior surgical
approach where the ALL and nucleus of L4-L5 were completely removed and lateral annulus
was preserved according to the size of the artificial disc.

Superior plate

Inlay part combined
(a) with inferior plate (b)

Figure 2. Prodisc-L® prosthesis (a) 3D geometrical model and (b) FE model.
2.2 Finite Element Analysis

The FE analysis was carried out using Abaqus/ CAE 6.14-1 software (Dassault Systemes Simulia
Corp., RI, USA). The FE model was simulated in three different planar motions which are flexion-
extension, bending, and torsion. The loading was applied based on the motions where 8 Nm of
flexion moment, 6 Nm of extension moment, 6 Nm of lateral bending moment, and 4 Nm of
torsion moment were applied separately to the lumbar FE model as shown in Figure 3. Each of
the moment load was added to the compressive follower loads of 650 N, which represented the
upper bodyweights of normal BMI. The follower load of the FE model was calculated based on
65% of the upper bodyweight with an additional 200 N of the local muscles [20], [21].

The boundary condition was set in a fixed displacement at the inferior surface of the L5
vertebral body as shown in Figure 3. The contact surfaces of the FE model such as the vertebral
body, nucleus and intervertebral disc, were perfectly placed and held together using tie
constraint, as well as the contact between the ligaments and the vertebral body. Meanwhile, the
contact between the inferior and superior facets was modelled as surface-to-surface contact
with normal behavior of 200 N/mm contact stiffness and frictionless of tangential behavior [15].
The material properties assigned in the FE model are shown in Table 1.
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Figure 3. Finite element model of osseoligamentous lumbar spine.

Table 1 Material properties of the osseoligamentous lumbar spine model [16]

Element Set Type of element Material Properties
Cortical bone 3D linear tetrahedron E=12,000 MPa,v =103
Cancellous bone 3D linear tetrahedron E =100 MPa,v=0.2
Facet cartilage 3D linear tetrahedron E=35MPa,v=10.4
Nucleus pulposus 3D linear hybrid tetrahedron 2/[102%?-;2/;2:0_03
Annulus fibrosus 3D linear hybrid tetrahedron ?102%?;?2212:0.0 45
PLL 3D truss. b= 20 MPa E‘Jﬁiiéﬁ?)'
ALL 3D truss. E z 3331\1;[/[5:((::1122(;/5)'
LF 3D truss. E - 1.5 MPa (e 26.29%)
CL 3D truss. E : gzséw 1\}4)358(: 3305/3)0)
ITL 3D truss. 2 587 MPa (o 51806)
ISL 3D truss. b= 116 Mpy EE :i%
SSL 3D truss. E _ ?sooM 1\51)12;8(: 5%’)0)
Prodisc-L 3D linear tetrahedron E =210,000 Mpa,v=0.3

E: Young's modulus; v: Poisson’s ratio; &: Strain; C1 and C2: Material constants characterise the
deviatoric deformation of a material
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3. RESULTS AND DISCUSSIONS
3.1 Verification of FE Model

In order to verify the osseoligamentous FE model of L1-L5 lumbar spines, the ROM obtained
from the present study was compared with previous in vitro studies [22], [23]. Each level of
vertebral segment in flexion-extension, lateral bending, and axial rotation were verified and
compared with another previous in vitro experiments. The FE model was subjected to 8 Nm of
moment load for flexion motion and 6 Nm of moment load for extension motion. Figure 4 (a)
shows the comparison of the flexion-extension motion for each level of vertebrae with
previous in vitro studies [22], [23]. The present FE model produced the ROM within the range
of the previous in vitro studies, which was between 0.8% and 39%. Lower percentage
differences of the ROM were found from vertebral segments L1-L2 to L4-L5 between 0.8% to
15%. However, the percentage difference of L1-L5 was observed to be only 1% to 2% when
compared with both in vitro experiments [22], [23]. For the FE model with lateral bending
motion under 6 Nm of moment load, the range of ROM were also within the range with the
previous in vitro experiments as shown in Figure 4(b). Generally, the ROM of L1-L5 for
bending motion was within the range with both previous in vitro studies where the
differences were between 1.8% and 15% [22], [23].
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Figure 4. ROM of the lumbar spine in (a) flexion-extension motion, (b) lateral bending.

Meanwhile in torsion motion, the ROM generated from the present FE model was within the
range despite the noticeable outcomes from both of the previous in vitro studies as shown in
Figure 5(a). The IVD was verified by comparing the disc displacement of all IVD segments
subjected to 1200 N of compression follower load. Figure 5(b) shows the comparison of the
present FE model with the previous in vitro and FE studies. From the present study, the disc
compressions at the IVD level of L1-L2, L2-L3, and L3-L4 were higher than that of previous in
vitro study except for L4-L5. The highest percentage difference of 48% was found at the IVD
level of L2-L3. The large percentage difference was due to the compression load caused by a
small change of the path position [24]. However, the present findings were still within the range
and comparable with the previous in vitro and FE studies.
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Figure 5. (a) ROM of the lumbar spine in torsion, (b) Disc compression of the lumbar spine.

Based on the results, the present FE model can replicate the physiological in vitro study of the
lumbar spine since all of the data obtained by the present FE model were in the acceptable
range reported by the previous in vitro studies. Moreover, the present FE model also capable to
produce relevant and reliable findings for the investigation of the biomechanical behaviour of
the human lumbar spine.

3.2 Effects of Total Disc Replacement on ROM of Lumbar Spine

The intact and implanted FE models were subjected to 8 Nm flexion and 6 Nm extension
moments, along with 650 N follower load. The comparison of ROM between intact and
implanted lumbar spine in flexion and extension motion was shown in Figure 6 (a). The highest
ROM was observed at L2L3 for intact and implanted lumbar spine were 9.7° and 8.7°,
respectively. A slight decreasing trend of ROM for implanted lumbar spine was found at L1L2,
L2L3 and L3L4 in a range of 3% untill 19%. However, implanted ROM at L4L5 increased by 40%
compared to intact lumbar spine. This result was also observed in clinical studies which an
increment of ROM at the treated level after TDR ranged between 23% to 44% [8], [25], [26].
This is due to the resection of ALL at the treated level during TDR surgery, which supposed to
stabilize the lumbar spine particularly flexion and extension motions [27], [28]. Generally, the
ROM for implanted L1L5 lumbar spine increased by 5% after TDR, which was at 36.43°. Similar
finding was reported that TDR had increased the ROM in flexion and extension of lumbar spine,
L1L5 in raging between 3% until 25% based on the load applied [29].

A similar trend was observed in the lateral bending subjected to 6 Nm of the moment for
implanted lumbar spine compared to intact lumbar as shown in Figure 6(b). The ROM was
decreased at L1L2, L2L3 and L3L4 between 9% to 15%. Meanwhile, the highest percentage
difference of ROM after TDR was observed at L4L5 with 35% which was lesser than percentage
difference of ROM after TDR in flexion-extension at the same level. However, the total ROM for
the whole lumbar spine, L1L5 was just 1% increase in percentage difference compared to the
intact model. This result was in agreement with the previous in vitro studies that demonstrated
ROM of lateral bending movement after TDR was generally maintained or slight increased,
which depended on the prosthesis design and position [30]-[32].
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Figure 6. ROM of intact and implanted lumbar spine in (a) flexion-extension loading direction, (b)
bending loading direction.

Figure 7 shows the comparison of ROM between the intact and implanted lumbar models
subjected to 4 Nm of moment at right torsion. The highest ROM was found at L2L3 for both
intact and implanted lumbar spine, which were 3.14° and 3.09°, respectively. A different trend
of ROM was observed in the torsion motion for intact and implanted lumbar spine, ROM at L1L2,
L2L3 and L3L4 of the implanted model decreased in ranged 5% to 19%. The ROM of L4L5
shows similar trend like others spine motion, which was increased by slight percentage
difference of 0.7%. The result was in agreement with previous in-vitro study using seven
cadaveric lumbar spines where at the treated level of TDR, there was an increment ranging from
1% to 4.5% of difference, while at the adjacent level, there was a decreasing percentage
difference of almost 20% [32]. This is due to the design of the artificial disc used in the present
study which is unconstrained ball and socket, as it caused vertebral rotation occurs without
much constraint on the axial and other anatomical planes [4], [31].
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Figure 7. ROM of intact and implanted lumbar spine in clockwise right torsion loading direction.

The findings of this study indicated that the implanted spine with Prodisc-L caused a significant
increase in ROM during flexion-extension motion and left bending motion ranged from 1% to
5%. The surgery procedure of TDR also played an essential role in contributing to the change of
ROM. Hence, the TDR implant procedure is performed by removing the anterior longitudinal
ligament (ALL) of the damaged disc level in order to position the artificial disc between the
vertebral body. Lumbar TDR procedure is necessarily compromises the ALL and the annulus
fibrosus, giving rise to concerns regarding the possibility of rotational instability [26]. Thus, the
natural stiffness of this area may affect ROM after TDR, especially at the treated level [33].

3.3 Effects of Total Disc Replacement on Facet Stress
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Figure 8(a) shows the comparison of facet stress in flexion motion for intact and implanted
lumbar spine. Flexion motion of the lumbar spine did not produce much stress in the facet due
to the rotation of the lumbar caused the facet to move away from each other. Only the left facet
of L1L2 and L2L3 displayed a slight sign of facet stress. After TDR, facet stress increased with
ranging of 45% to 50% of the percentage difference for both levels of facet.

Figure 8(b) shows the comparison of facet stress for intact and implanted Prodisc-L for the left
and right facets in the extension motion. Most of the facet stress at the left side was shows an
increasing trend except at L3L4. In contrast, at the right side of the facet, displayed decreasing
trend of facet stress after TDR except at L4L5, where the treated level shows increasing trend
for both side of facet. The highest stress results for extension motion occurs at L1L2 of left facet,
which are 3.24 MPa for intact and 3.51 MPa for implanted lumbar spine, which increased by
8.3%. The highest increased different percentage was observed at the treated level, where the
facet stress shows a significant increase of 27% for the left facet and 15% of the right facet. The
complex geometry of the spine and the asymmetry of the compressive load subjected to the
spine may affected the transmitted load between the superior and inferior facet contact
consiquently could cause the facet stress values [34]. However, the trend difference of the

changed conditions was reliable in the study as the perentage differences ranged from 5% to
30% [33].
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Figure 8. Facet stresses in the lumbar spine between intact and implanted lumbar spine in (a)
flexion motion, (b) extension motion.

The results show in Figure 9(a) indicates that the increasing facet stress not only at treated level
but also at L2L3 and L3L4 of right facet. The decreasing trend of facet stress was observed on
the left facet with 22% of L2L3 and 9% of L3L4 and the right facet with 6.9% of L1L2.
Meanwhile, increasing trend of facet stress was observed on both left and right facet of L4L5.
The facet stress at L4L5 of left facet generated the highest stress value of 3.8 MPa during left
bending motion. The present study is in agreement with those previous studies for implanted
lumbar during left bending motion. In previous computational and in vitro studies reported that
the facet contact stress increased after TDR at bending and axial rotation motions [10], [34],
[35].

Figure 9(b) shows the comparison of facet stress between intact and implanted lumbar spine at
the left and right facet in right torsion motion. The torsion motion recorded the highest value of
facet stress that reached 4.3 MPa at the treated level of the implanted model, which increased by
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27% from the intact model. Meanwhile, others level of facet displayed decreased trend after
TDR ranging from 4.5% to 5.7%. Similar finding was also found in previous study where
significant increase in facet stress at the level of TDR was demonstrated with side bending and
axial torsion [34].
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Figure 9. Facet stress in the lumbar spine between the intact and implanted lumbar spine in (a) left
bending motion, (b) right torsion motion.

The findings of this study indicated that the facet stress values increased at the treated level of
L4L5 after Prodisc-L implantation ranging from 12% to 27% of differences. Previous FE model
studies also indicated similar findings with the present study [4], [10], [36], [37]. This is due to
the facet load stress was transmitted from the adjacent level of implanted to the treated level
during lumbar spine motions. In torsion motion, for example, while facet stresses for L1L2, L2L3,
and L3L4 decreased, facet stresses at the treated level of L4L5 increased significantly. This
phenomenon was caused by the load transmitted to the lower side of superior and inferior facet
at the treated level [34].

Moreover, several FE studies have suggested that lumbar TDR using ball and socket type of
artificial disc such as Prodisc-L results in increased facet loading at the surgical level and most
significant during lateral bending and torsion [36], [38], [39]. This is due to the fact that the
degree of lumbar artificial disc restriction affects post-implantation kinematics and load
transfer, so that a semi-constrained artificial disc, such as Prodisc-L, results in the facets being
partially loaded when compared to an unconstrained prosthesis [10], [34], [35]-

4. CONCLUSION

This study has investigated the effects of TDR prosthesis on the spinal facet joint on the ROM
and facet stress at the lumbar spine region in flexion, extension, left bending, and right torsion
motions using FE method. The implanted spine increased the ROM during flexion-extension
motion and left bending motion. It also increased the facet stresses in all spine motions,
particularly at the treated level of L4L5 after TDR. In the context of long-term effects, this could
be one of the potential causes of early facet arthrosis, facet degeneration, and reoccurrence
lower back pain in the immediate future.
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