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Spinal fusion and total disc arthroplasty are used in the surgical treatment of cervical disc degeneration.
When mobility is desired in the functional spinal unit, total disc arthroplasty is preferred instead of fusion. In this
research, the effects of artificial disc prosthesis on the biomechanical behaviour of the C5-C6 functional spinal unit
were investigated via finite element method. Firstly, three-dimensional CAD models of C5 and C6 vertebrae were
created by using a computerized tomography images of a healthy human neck via 3D Slicer computer software. The
mobility of the healthy model consisting of intervertebral disc, joints, and soft tissues was validated by previously
published experimental studies in the field. On the second step, a ball and socket type artificial disc was defined
using connector elements between C5-6 functional spinal unit to simulate the total disc arthroplasty method.
Finally, to investigate the effect of prosthesis core radius changes on the biomechanical properties of functional
spinal unit, healthy and implanted models were analysed via finite element method.
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1. Introduction

Intervertebral discs are fibrocartilage pads lying among
the vertebra of the spine, which allows bending and twist-
ing of the vertebral column, and distributes the loads to
the adjacent vertebral bodies. Depending on the age pro-
gression, striking differences can occur in shape, volume,
structure, and composition of the discs that may reduce
motion capability with changing the mechanical charac-
teristics of the spine [1, 2]. In such extreme cases, the an-
terior cervical discectomy and fusion is accepted as a gold
standard due to providing high fusion rates after implan-
tation in the treatment of various cervical diseases. Fol-
lowing the long-term clinical investigations, it has been
shown by various studies that cervical fusion is associated
with adjacent segment degeneration. Total disc arthro-
plasty (TDA) is an alternative method to fusion due to
the preservation of the mobility at the operated segment
and considered to have the ability to prevent or at least
slow down the early stage adjacent segment degeneration
by reducing the abnormal stress distribution [3].

In the development process of a spinal implant, the ef-
fect of implant on the global kinetics and kinematics of
the spine should be taken in account. Load sharing be-
tween the implant and the biological structure can also
be investigated by the finite element (FE) model mim-
icking the physiological behavior of the spine or spinal
motion segments [4]. In such studies, Galbusera et al. in-
vestigated the impact of single level disc arthroplasty on
the biomechanics of C4-7 cervical spine segment by FE
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method [5]. In the developed model, a nonlinear finite
element model of the healthy C4-7 segment was inves-
tigated for flexion-extension motions. Afterwards, the
Bryan disc prosthesis was built and positioned at C5-6
level. They concluded that the transmitted general forces
through the facet joints, the segmental motion, and the
physiological kinematics were preserved subsequently in
the disc arthroplasty in terms of the healthy model.

This study is aimed to investigate the biomechanical
behaviour of the cervical functional spin unit (FSU) im-
planted with a ball and socket type disc prosthesis ac-
cording to the biomechanics of the healthy segment. For
this reason, 3D FE model of the healthy C5-C6 spinal
unit is constructed and verified by using experimental
data based on cervical flexion-extension, axial rotation,
and lateral bending studies. The simulation of the TDA
method was performed with completely extracting the in-
tervertebral disc and the anterior longitudinal ligaments
from the FE model. The artificial disc is defined between
endplates by connector elements at the specified neutral
prosthesis position. The radius of the disc is assumed
as 4, 6, and 8 mm. Finally, a comparison is made be-
tween the simulations of healthy and implanted spinal
units to determine the effects of prosthesis core radius on
the biomechanics of the FSU.

2. Material and methods

A 3D model of the C5-C6 functional spinal unit was
constructed for FE analysis depending on computerized
images of a healthy cervical spine. The model includes
bony sections (cortical, cancellous, and posterior), inter-
vertebral disc with the sections of annulus, nucleus, and
cortical end plates, facet joints, and five major ligaments.
The cortical and cancellous bone sections of the verte-
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brae were defined separately and modelled using eight
node solid elements. The intervertebral disc was parti-
tioned into two sections as a central nucleus surrounded
by the annulus. The fluid behavior of the nucleus was
modelled via a nearly incompressible material. The su-
perior and inferior surfaces of the disc were enclosed with
a cartilaginous end-plate having an average thickness of
0.6 mm. The complex structure of the annulus was de-
fined by the Holzapfel–Gasser–Ogden (HGO) material
formulation. The HGO model divides the Helmholtz
free strain energy function (Ψ) into different components
corresponding to the ground substance, the fibers, and
the material compressibility and given in the following
form [4]:
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Here, Ī1 is the first deviatoric strain invariant of modi-
fied right Cauchy–Green tensor, J is determinant of the
deformation gradient, and the Īi (i = 4, 6) invariants are
the square of the stretches in the fiber directions. The
compressibility and stiffness of the ground substance are
described byD and C10, respectively, K1 > 0 andK2 > 0
are material parameters. The annulus is divided into
four parts as anterior inner (AI), anterior outer (AO),
posterior inner (PI) and posterior outer (PO). The ma-
terial properties for the sections of annulus is taken from
Ref. [6]. Five major cervical ligaments consisting of an-
terior longitudinal, posterior longitudinal, capsular, lig-
amentum flavum, and interspinous ligaments were mod-
eled with 1D truss elements acting only in tension non-
linearly. The hypoelastic material definition of ABAQUS
was used to define ligament properties. The used mate-
rial properties for defining the bony structures and lig-
aments were taken from Ref. [7]. For defining the facet
joints the method of Kallemeyn et al. [8] was used. Rolh-
man et al. [9] stated that the modelling of the disc im-
plant with kinematic coupling instead of conventional
volumetric elements slightly alter the kinematics of the
implanted segment. Therefore, a kinematic coupling is
defined with connector elements to model the prosthesis.
The core radius of the prosthesis is assumed as 4, 6, and
8 mm in such a way that the rotation centres remained
on the same line in the specified prosthesis position as
described in Fig. 1b. The frictional effects of the rolling
surfaces of the prosthesis were neglected. The developed
FE model and the schematic representation of the pros-
thesis are given in Fig. 1.

The FE simulations of healthy C5-C6 functional spinal
unit were performed in flexion and extension by applying
only moment loads from 0 to 2.0 N m. On the simulations
of axial rotation and lateral bending, the moments were
applied from 0 to 1.0 N m. Moment loads were conducted
to the model via defined surface on the superior aspect
of the C5 vertebral body and the nodes on the inferior
surface of C6 were constrained during the analysis.

Fig. 1. (a) FE model of the C5-C6 FSU and (b) the ro-
tation center definitions of the simulated artificial discs.

3. Results and discussion

The healthy C5-C6 model was analysed to assess the
moment rotation behaviour under the flexion-extension,
lateral bending, and axial rotation movements. In order
to verify the finite element simulations, the comparison
curves were taken from in vitro experimental measure-
ments performed by several authors using similar loading
and boundary conditions.

Fig. 2. Comparison of the extension-flexion motion for
the C5-C6 healthy model.

The findings from the simulations of flexion-extension
motion were compared with the experimental results of
Wheeldon et al. [10], and the moment rotation graphs
are given in Fig. 2. On the evaluation of moment rota-
tion curves, the extension motion exhibited a little stiff-
ness according to the flexion motion in agreement with
the compared study. The predicted motion ranges of the
healthy C5-C6 model for the flexion-extension simula-
tions under only moment loading agreed reasonably by
Ref. [10] (Fig. 2). For the extension motion, the closer re-
sults are obtained in the Wheeldon study. In the flexion
motion the FE model showed slightly lower stiffness com-
pared to the experimental study. However, the obtained
moment rotation behavior remained within the standard
deviation limits of the compared study.
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Verification of the axial rotation and lateral bending
simulations were done by comparing the results with ex-
perimental corridors given by Yoganandan [11, 12]. The
moment rotation graphs of the healthy C5-C6 model ob-
tained from the axial rotation and lateral bending sim-
ulations are given in Fig. 3a and b. The axial rotation
motion range of the investigated spinal unit was obtained
within the boundaries of the experimental corridor of Yo-
ganandan [11]. On the other hand, the lateral bending
motion ranges estimated by the FEM is stiffer than those
determined by Yoganandan et al. [12].

Fig. 3. Comparison of the (a) axial-rotation and (b)
lateral bending motions for the C5-C6 healthy model.

FE method was used to study the effects of varying the
core radius of the artificial disc prosthesis on the biome-
chanics of C5-C6 functional spinal unit. When the core
radius of the prosthesis is changed, the rotation center
is defined to remain on the same line during FEM sim-
ulations, as can be seen in Fig. 1. The range of motion
(ROM) of the implanted C5-C6 spinal unit was compared
with the healthy spine for the flexion-extension, axial ro-
tation, and lateral bending motions. The comparison
results between the two models are given in Fig. 4.

The effects of the prosthesis on the ROM of the C5-C6
segment are lower than the healthy model in the flexion
motion. However, during the flexion, the ROM of the
C5-C6 level is decreased by reducing the core radius of
the prosthesis. In the extension motion, it is observed

Fig. 4. ROM of the healthy and implanted models
with different core radius.

that the ROM of the prosthesis with a radius of 8 mm is
higher than the healthy model, and the prosthesis with
a radius of 6 mm is approximately same as the healthy
model. When the effect of the core radius of the prosthe-
sis on the ROM of the implanted model was examined,
it was seen that the ROM of the implanted model is re-
duced with decrease in the core radius of the prosthesis
for both on the flexion and extension motions. In the
axial rotation and lateral bending motions, it is observed
that the ROMs of the prosthesis are higher than healthy
model and the core radius variation has negligible effect
on the ROM.

4. Conclusion

In this study, the biomechanical behavior of the C5-
C6 FSU implanted with a ball and socket type disc pros-
thesis is investigated and compared with the biomechan-
ics of the healthy FSU. 3D model of the healthy C5-C6
FSU was constructed from CT scanned images with the
help of 3D Slicer software. Verification of the healthy
model is achieved with comparison of the biomechani-
cal data given in the literature. An artificial disc pros-
thesis is defined between endplates of the C5-C6 verte-
bra after removing the intervertebral disc and anterior
longitudinal ligament. Finally, the effects of prosthesis
core radius on the biomechanics of the FSU were inves-
tigated by comparing to the healthy FSU. In flexion, the
implanted model exhibited a stiffer behaviour compared
to the healthy model. This drives lower ROM values
achieved than the healthy model. On the evaluation of
extension motion, higher and lower ROM values observed
than healthy model for the core radius values of 8 mm and
4 mm, respectively. However, as an overall behaviour, the
ROM of the implanted model decreased as the core radius
of the prosthesis decreased for both flexion and extension
motion analysis. The higher range of motions observed in
the implanted model than healthy model for the lateral
bending and axial rotation investigations. A considerable
variation was not observed in the ROM during the core
radius alterations.
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