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Abstract The study consists of a biomechanical compari-
son between the intact C5–C6 spinal segment and the same
segment implanted with the BryanTM artificial disc prosthe-
sis (Medtronic Ltd., Memphis, TN, USA), by the use of the
finite element (FE) method. Our target is the prediction of the
influence of prosthesis placement on the resulting mechanics
of the C5–C6 spine unit. A FE model of the intact C5–C6
segment was built, employing realistic models of the verte-
brae, disc and ligaments. Simulations were conducted impos-
ing a compression preload combined to a flexion/extension
moment, a pure lateral bending moment and a pure torsion
moment, and the calculated results were compared to data
from literature. The model was then modified to include the
BryanTM cervical disc prosthesis, and the simulations were
repeated. The location of the instantaneous center of rotation
(ICR) of C5 with respect to C6 throughout flexion/exten-
sion was calculated in both models. In general, the moment–
rotation curves obtained from the disc prosthesis-implanted
model were comparable to the curves obtained from the intact
model, except for a slightly greater stiffness induced by the
artificial disc. The position of the calculated ICRs was rather
stable throughout flexion-extension and was generally con-
fined to a small area, qualitatively matching the correspond-
ing physiological region, in both models. These results imply
that the BryanTM disc prosthesis allows to correctly repro-
duce a physiological flexion/extension at the implanted level.
The results of this study have quantified aspects that may

F. Galbusera (B) · A. Fantigrossi · M.T. Raimondi
Laboratory of Biological Structure Mechanics,
Department of Bioengineering, Politecnico di Milano,
Piazza Leonardo da Vinci, 32
20133 Milan, Italy
Tel.: +39-02-66214939
Fax: +39-02-66214939
E-mail: fabio.galbusera@biomed.polimi.it

R. Assietti
Ospedale Fatebenefratelli e Oftalmico, Milan, Italy

M. Sassi · M. Fornari
Istituto Ortopedico Galeazzi, Milan, Italy

assist in optimizing cervical disc replacement primarily from
a biomechanical point of view.

1 Introduction

This paper presents a biomechanical study of the C5–C6
functional spine unit after the placement of a disc prosthesis.
Recently, disc arthroplasty has been adopted by many sur-
geons. For a number of years, cervical spinal diseases have
been treated primarily with anterior cervical decompression
and fusion procedures, which provide a good rate of success
and early recovery of the patient (Hilibrand et al. 2004). Cer-
vical plating has further improved the success rate, reducing
morbidity and allowing earlier return to employment. How-
ever, clinical studies showed that fusion is associated with a
decreased range of motion and leads to accelerated adjacent
segment degeneration (Anderson et al. 2004). Spinal arthro-
plasty, which provides motion preservation of the implanted
functional spine unit, could reasonably slow down or elim-
inate adjacent segment degeneration (Anderson et al. 2004;
Anderson and Rouleau 2004; DiAngelo et al. 2003; Goffin
et al. 2003). It is realistic to presume that the maintenance of
motion at a spinal unit may result in improved load transfer
and reduced stress on the adjacent intervertebral discs and
posterior elements (Smith et al. 2004). Thus, surgeons are
becoming increasingly interested in performing arthroplasty
instead of fusion, even if its long-term clinical benefit with
respect to arthrodesis remains to be demonstrated.

A number of commercial and experimental cervical disc
prostheses are now available. Unfortunately, testing proce-
dures and methods to predict the biomechanical adequacy
of these devices have not yet been established. Furthermore,
the intermediate and long-term clinical results are not doc-
umented in the literature, except in a few cases involving a
small number of patients (Goffin et al. 2003), even if many
preliminary clinical reports are available (Duggal et al. 2004;
Anderson et al. 2004). The biomechanics of the implanted
cervical spine appears even less investigated. Some in vitro
experimental studies have been carried out, using cadaver
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Fig. 1 Finite element model of the intact C5–C6 spinal unit (a) (177,857 elements, 102,609 degrees of freedom) and of the same unit implanted
with the Bryan disc prosthesis (b) (176,727 elements, 101,958 degrees of freedom)

specimens implanted with a disc prosthesis, where the results
are compared to analogous experiments performed on the
intact spine. DiAngelo et al. (2003) investigated the stiffness
of a cervical spine implanted with a PrestigeTM (Medtronic
Ltd., Memphis, TN, USA) disc prosthesis, and compared it
with the stiffness of an intact and an anterior-plated cervical
spine. McAfee et al. (2003) compared the range of motion of
an intact cervical spine with that of a fused spine and that of a
spine implanted with the PCMTM prosthesis (Cervitech Inc.,
Rockaway, NJ, USA). Only a few authors have examined
the biomechanics of the cervical spine implanted with the
BryanTM disc prosthesis (Medtronic Ltd.), using experimen-
tal methods to determine the wear resistance of the device
(Anderson et al. 2004) and using elaboration of bioimag-
es to study the spine alignment after prosthesis placement
(Johnson et al. 2004; Pickett et al. 2004). In all these studies,
the very complex 3D motion of the cervical spine is simpli-
fied to a basic bidimensional flexion/extension in the sagittal
plane. A comprehensive study of the 3D biomechanics of a
cervical functional spine unit implanted with a cervical disc
prosthesis remains currently unavailable in the literature.

A technique commonly employed to investigate the spinal
biomechanics is the construction of mathematical models and
their solution using numerical methods, e.g. the finite element
(FE) method. These methods have been demonstrated to be
very useful in research related to biomechanics, since they
allow the quantification of variables not directly measurable
in experimental studies, such as local stresses, and they facil-
itate determination of the influence of single parameters on
the resulting biomechanics of complex structures. The litera-
ture includes many studies describing FE models of the intact
cervical spine (Yoganandan et al. 1996; Maurel et al. 1997;
Teo and Ng 2001; Goel and Clausen 1998). Some authors
focus on cervical fusion procedures (Teo et al. 2004; Pitzen
et al. 2002), but, to our knowledge, computational studies
predicting the biomechanics of the spine implanted with a
cervical disc prosthesis have not yet been performed.

The purpose of this study is the determination of the bio-
mechanics of a cervical spinal unit implanted with a commer-
cially available disc prosthesis (BryanTM, Medtronic Ltd.,
Memphis, TN, USA), which will be simply referred to as
Bryan hereafter, as compared to the biomechanics of the
unimplanted segment. To this purpose, 3D FE models of

both the intact C5-C6 unit and of the same unit implanted
with the prosthesis were set up and comparative simulations
were run in various loading configurations. The model of the
intact C5–C6 segment was validated using consolidated bio-
mechanical data on cervical flexion/extension. The result of
the simulations are discussed in relation to the clinical setting
in which these devices are employed.

2 Materials and methods

Firstly, a 3D FE model of the intact C5–C6 functional spine
unit was built (Fig. 1a). This model was aimed to represent a
healthy segment, without any degenerative sign. The geom-
etry of the two vertebrae was reconstructed from computer
tomography (CT) scans taken from the Visible Human Data-
set, a collection of radiographic images and photos of sections
of the whole human body made available by the American
National Institute of Health. A commercial software (Amira,
TGS, San Diego, CA, USA) was used to transform the planar
CT scans into solid models of the vertebrae considered. The
intervertebral disc was represented as a continuum structure
occupying the intervertebral space and laterally limited to
the middle of the uncinate processes. The anterior and pos-
terior disc heights assumed were 5.5 and 3.5 mm respectively,
which correspond to the mean values found in the literature
for a healthy cervical intervertebral disc (Maurel et al. 1997).
The structure was subdivided into an inner volume represent-
ing the nucleus pulposus and an external layer representing
the annulus fibrosus. Ligaments modeled were the anterior
longitudinal ligament (ALL), the posterior longitudinal lig-
ament (PLL), the flaval ligament (FL) and the interspinous
ligament (ISL). All ligaments were modeled as continua. The
joint capsules (JC) were modeled as solid entities including
the space between the superior tip of the cephalad facet to
the inferior tip of the caudal facet (Yoganandan et al. 2000;
Kumaresan et al. 1998).

The geometrical entities (nucleus pulposus, annulus
fibrosus, ligaments, vertebrae, which include the body, trans-
verse processes, pedicles, laminae and spinous process) were
then discretized into linear tetrahedral elements. A finer dis-
cretization was adopted in the regions near the intervertebral
disc and the facet joints. Thin triangular shell elements, with
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Table 1 Mechanical properties and total number of elements of the components of the FE models

E (MPa) ν Number of elements Number of elements
(intact model) (Bryan model)

Cancellous bone 100 0.3 83,599 96,288
Cortical bone 12,000 0.3 22,432 25,398
ALL 28 0.45 5,053 2,051
PLL 23 0.45 4,891 1,679
FL 3.5 0.45 5,353 6,183
ISL 5 0.45 4,852 5,128
JC 5 0.45 6,338 6,544
Disc nucleus 0.1 0.499 15,919 NA
Disc annulus – matrix 2.5 0.45 25,567 NA
Disc annulus – fibers 500 0.35 3,853 NA
Titanium 110,000 0.3 NA 18,058
Polyurethane 25 0.45 NA 15,398

Fig. 2 Definition of the orientation of three representative fibers F1, F2 and F3 with respect to the radial direction. Orientation (r1, r2, r3 angles)
is defined as the value of the sharpest angle between the projection of the fiber on the axial plane (PF1, PF2, PF3) and the line that connects the
center of the disc and the mid-point of the projection of the fiber

the thickness of 1 mm, were adopted to model the cortical
shell and the endplates. The constitutive model assigned to all
materials, except for the ligaments and the JC, was the linear
isotropic elastic. Ligaments were simulated using tension-
only tetrahedral solid elements. To avoid possible numerical
instabilities caused by this type of element in solving the non-
linear FE equations, each element of the ligaments was over-
laid with a correspondent linear elastic element with a small
Young modulus (0.1 MPa), thus creating a negligible artifi-
cial stiffness in compression. The JC were modeled using
the same elements of the ligaments. Contact with no friction
was defined between the articular surfaces of the facet joints.
Material properties assigned to each entity are reported in
Table 1 (Yoganandan et al. 2000, 2001; Maurel et al. 1997).

In order to better simulate the nonlinear behavior of the
intervertebral disc, truss elements were introduced in the
annulus fibrosus, as done in previous studies (Maurel et al.
1997), to model the collagen fibers. The truss elements were

initially relaxed and only allowed to transmit tension forces.
All the truss elements were defined with equal elastic prop-
erties (Table 1) (Lu et al. 1998). The average volume fraction
assumed for the truss elements, with respect to the volume
of the annulus fibrosus, was 0.20. Since the collagen fibers
are believed to be less important in determining the disc
mechanics in the lateral region, if compared to the anterior
and posterior regions (Maurel et al. 1997), fewer truss ele-
ments were introduced near the uncinate processes. A C++
code was developed to automatically build a set of truss ele-
ments, with specified cardinality, that best fits some chosen
parameters: mean length of the fibers, mean orientation of
the fibers with respect to the axial plane, mean orientation
with respect to the radial direction (Fig. 2). Optimal values
were then chosen for each parameter: 3 mm for the mean fiber
length, 30◦ for the orientation with respect to the axial plane,
90◦ for the orientation with respect to the radial direction.
Considering all the defined requirements, the code builds an
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Fig. 3 Model of the intervertebral disc including the nucleus pulpo-
sus and the truss elements used to represent collagen fibers. The solid
elements of the annulus fibrosus matrix are not here displayed

optimized set of truss elements by selecting their endpoints
between the nodes constituting the annulus fibrosus (Fig. 3).

The FE model was run to evaluate the moment–rotation
response under an axial compressive preload of 73.6 N com-
bined with a moment of 1.8 Nm in sagittal flexion or extension
(Goel and Clausen 1998; Teo and Ng 2001), a pure lateral
flexion moment of 1 Nm and a pure torsion moment of 1 Nm.
The computations were conducted using the commercial FE
code ABAQUS 6.4 (ABAQUS Inc., Providence, RI, USA),
taking into account geometric nonlinearity. Four static sim-
ulations were carried out, in flexion, in extension, in lateral
bending and in axial rotation. The lower endplate of C6 was
fixed in all the simulations and load steps. The simulations
of sagittal flexion and extension included two load steps: a
first step in which the axial compressive preload of 73.6 N
was applied, and a second step for the addition of the specific
moment of 1.8 Nm in flexion or extension. The axial preload
was applied as a distributed load acting on the free element
faces pertaining to the upper endplate of C5. To impose the
moments, a set of concentrated forces acting on several nodes
on the upper endplate of C5 was defined. The value of each
force was determined in order to make the force system result
in a moment of the prescribed value and satisfy the trans-
lational equilibrium. For each analysis, a moment–rotation
response curve was built, considering as rotation values the
principal rotation angles of C5 around the moment axis. The
curves obtained with the FE model were compared to the
experimental and computational data from previous studies
(Teo and Ng 2001), to assess the validity of the model. A stiff-
ness coefficient K (Nm/◦) was calculated for each moment–
rotation plot as the slope of the linear regression line passing
through the origin of the load–displacement plane.

The FE model of the C5–C6 intact functional spinal unit
was then modified to simulate the biomechanics of the seg-
ment after implantation of the Bryan cervical disc prosthesis.
An adequate prosthesis size (diameter 18 mm) was chosen
analyzing the CT scans of the spinal unit. A 3D solid model
of the Bryan prosthesis was built and included into the FE
model of the intact segment (Fig. 1b). The Bryan prosthesis

Fig. 4 Section view of the Bryan disc prosthesis 3D model; the internal
nucleus (white), the titanium shells (gray) and the flexible membrane
(black) are identifiable

contains a low-friction, wear-resistant polyurethane nucleus,
which is located between, and articulates with, shaped tita-
nium plates that include convex porous ingrowth surfaces,
to allow bony fixation to the adjacent vertebral endplates.
A flexible membrane surrounds the interior articulating shell
surfaces, to separate the internal structures of the device from
the external in vivo environment and to contain a lubricant.
The FE model of the prosthesis included four components:
the upper and the lower shells, the flexible external mem-
brane and the internal nucleus (Fig. 4). The internal nucleus
was considered to be attached to the shells; thus sliding at
the interfaces was assumed to be impossible in this model.
All the components were meshed into linear tetrahedral ele-
ments, and modeled as linear isotropic elastic materials. The
elastic properties assigned to the components are reported
in Table 1. To properly locate the prosthesis within the FE
model, the intervertebral disc was firstly removed, and the
distance between the vertebrae was increased by 1 mm to
simulate distraction. A socket conformal to the shape of the
shells was then created into the C5 and C6 vertebral bodies.
The ALL portion facing the intervertebral space was removed
to simulate the surgical procedure. Although the removal of
the corresponding PLL portion is not strictly required by the
surgical technique, it is performed by many surgeons and
is thus included in the present model. The vertebral cortical
shell was removed on the endplates, to simulate the milling
stage of the surgical technique. The interaction between the
prosthesis shells and the vertebral socket was modeled as a
tie constraint, which means that each node on one surface is
constrained to have the same displacements as the point on
the corresponding surface to which it is closest. Four simu-
lations were conducted, with the same boundary conditions
of the intact case. Moment–rotation curves in sagittal flex-
ion and extension, lateral bending and axial rotation were
obtained and compared to the corresponding curves from the
intact model. The stiffness coefficient, K, was calculated for
each simulation, as for the intact model.
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A parameter taken into account in the evaluation of the
biomechanical performance of the Bryan prosthesis, other
than the stiffness K described above, was the mean posi-
tion and the stability of the instantaneous center of rota-
tion (ICR) of C5 with respect to C6, during flexion and
extension. Assuming that the ICR could be considered sta-
ble and the deformations of the vertebral bodies could be
neglected during each increment of the second step of the
analyses, the contours of the vertebrae for each couple of con-
secutive increments were imported into the general-purpose
image manipulation application GIMP (open-source,
http://www.gimp.org) and processed to obtain the location
of the ICR. The determination of the ICR was achieved us-
ing the Euler method (Penning 1988). Landmarks were arbi-
trarily placed in a different anatomical position of the C5
vertebral contour. The landmarks were again determined on
a consecutive incremental contour, and then connected to the
one previously determined using connection lines (Fig. 5).
The process was repeated for the following contours. The
mid-perpendiculars on the connection lines intersected at the
ICR. To quantify the position of the graphically determined
ICR, a polar frame of reference was introduced, with the
origin in the center of the upper C6 endplate and with the
polar axis aligned to the same endplate; thus the ICR posi-
tion could be described by a vector v having radius ρ and
azimuth θ (Fig. 6). The positions of the ICRs were deter-
mined for each couple of increments of the flexion and exten-
sion simulations, for both the intact model and the Bryan
model.

Fig. 5 Schematic representation of the Euler method for the localization
of the instantaneous center of rotation (ICR). Landmarks are arbitrarily
placed in a different anatomical position of the C5 vertebral contour. The
landmarks are again determined on a consecutive incremental contour,
and then connected to the one previously determined using connection
lines. The process is repeated for the following contours. The mid-per-
pendiculars on the connection lines intersect at the ICR

Fig. 6 Method adopted to quantify the position of the graphically deter-
mined ICR. A polar frame of reference with the origin positioned in the
center of the upper C6 endplate is defined, for the determination of the
ICR polar coordinates ρ and θ . The center of the C6 endplate is defined
at a distance L/2 from the posterior margin of the vertebral body

3 Results

Figure 7 shows the moment–rotation curve of the C5–C6
intact model in sagittal flexion–extension, plotted together
with experimental and computational data from the litera-
ture (Teo and Ng 2001). All the comparison curves were
obtained with the boundary and loading conditions adopted
in this study. The qualitative agreement of our results with the
previous studies is evident. The curve shows a slightly greater
mean stiffness in extension than in flexion, coherently with
other authors (Pelker et al. 1991). The nonlinear stiffening
at higher values of the sagittal moment, predicted by other
authors (Teo and Ng 2001), is confirmed here. The calcu-
lated moment–rotation curves in lateral bending and axial
rotation are reported in Fig. 8, together with the literature
data obtained in the same loading and boundary conditions.
Again, the results presented in this study qualitatively agree
with previous data.

Figure 9 reports the moment–rotation curves in sagittal
flexion–extension calculated with the intact and the Bryan
models. The curves are similar in extension, while the Bryan
model exhibits a higher stiffness in flexion to that of the intact
model. This asymmetry is due not only to the mechanics of
the prosthesis itself, but also to the ligaments removal during
the surgical procedures, which have a significant stabilizing
role during flexion–extension of the intact segment. Again,
the implanted spinal unit exhibits a stiffening for increasing
values of the moment magnitude, apparently less marked if
compared to the stiffening calculated for the intact model.

Figure 10 shows the moment–rotation curves in lateral
bending and axial rotation obtained with the intact and the
Bryan models. In both cases, the curves obtained with the
Bryan model exhibit a slope comparable, even if slightly
higher, to those computed with the intact model. A sum-
mary of the results is reported in Table 2, which contains the
stiffness of the intact and the implanted segment calculated
for the four load cases considered (flexion, extension, lateral
bending, axial rotation). Coherently with the previous results,
the segment implanted with the Bryan prosthesis exhibits a
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Fig. 7 Moment–rotation diagram for the intact model in flexion–extension, compared with data from the literature obtained with the same
calculated loading conditions

Fig. 8 Moment–rotation diagram for the intact model in lateral bending (a) and axial rotation (b), compared with the data from literature

Fig. 9 Moment–rotation curves for the intact model and the Bryan model in flexion–extension
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Fig. 10 Moment–rotation curves for the intact model and the Bryan model in lateral bending (a) and axial rotation (b)

Table 2 Stiffness coefficients K(Nm/◦) calculated at the considered
loading conditions

Intact model [K (Nm/◦)] Bryan model [K (Nm/◦)]

Flexion 0.4 0.9
Extension 0.5 0.6
Lateral bending 0.9 1.1
Axial rotation 0.8 1

stiffness increase if compared to the intact segment, for all
loading conditions. However, this increase does not seem to
be enough to sensitively reduce the segment motion under
physiological loading.

Figure 11 shows the areas containing all the ICRs calcu-
lated at the load increments considered mapped on a section
of C6, for the intact (Fig. 11a) and the implanted (Fig. 11b)
models. The areas are quite similar and both reside in the
region below the center of the upper endplate of C6, consis-
tently with several observations conducted in previous stud-
ies (Penning 1988; Amevo et al. 1991; Bogduk and Mercer
2000). Table 3 reports the calculated location of the ICR
in polar coordinates, obtained from the intact and the Bryan
models, for each load increment. For the intact case, the mean
radius (distance between the ICR and the mid-point of the
C6 upper endplate) is 3.3 mm, with a standard deviation of
0.24. For the Bryan model, the calculated mean radius is
3.4 mm and its standard deviation is 1.34. The low value of
the standard deviation for the intact case is coherent with
experimental and cineradiographic studies that show how the
ICR position is stable during flexion–extension (Bogduk and
Mercer 2000). The standard deviation value obtained with the
Bryan model testifies a less stable position of the ICR during
flexion–extension if compared to the intact case; however,
the area in which the ICR is located appears reasonably cir-
cumscribed.

4 Discussion

This paper presents two detailed 3D FE models of the intact
C5–C6 functional spine unit and of the same segment
after insertion of a cervical disc prosthesis. Of the many
FE models of the lower cervical spine available in the lit-
erature, the earlier models were not geometrically detailed.
Some described the vertebral bodies with simplified geomet-
rical entities and discarded important features like the pos-
terior elements and the uncinate processes (Hosey and Liu
1982). More recent studies included detailed representations
of the vertebrae, while discarding material and geometrical
nonlinearity (Yoganandan et al. 1996), except for few papers
considering them (Teo and Ng 2001). Commonly reported
results are load–displacement curves in compression, sagit-
tal flexion and extension (Yoganandan et al. 1996; Teo and
Ng 2001). Teo and Ng (2001) built a nonlinear FE model
of the C5–C6 functional spine unit, and studied it in com-
pression and sagittal flexion–extension, by comparing their
results to previous studies (Moroney et al. 1988; Pelker et al.
1991). These data were used to validate the intact model in
the current study; thus, the loading and constraint conditions
imposed were identical to those from the cited papers. The
stiffness coefficients in lateral flexion and axial rotation, cal-
culated with the intact model, appear very similar to the data
reported by Maurel et al. (1997), who simulated 12 different
functional units imposing a moment of 2 Nm superimposed
to a compressive preload of 6 N. These authors found stiffness
coefficients of 0.9 Nm/◦ in lateral flexion and 0.85 Nm/◦ in
axial rotation, while in the present study the correspondent re-
sults were 0.9 and 0.8 Nm/◦. The literature includes very few
studies presenting moment–rotation results in lateral bend-
ing and axial rotation. The calculated results qualitatively
agree with these data, in particular with the experimental
study carried out by Moroney et al. (1988). For these load-
ing conditions, the moment–rotation curves appear linear.
This result is reasonably due to the relatively low value of
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Fig. 11 Approximate areas containing the ICRs in flexion–extension for the intact (a) and the Bryan (b) models

Table 3 Calculated locations of the ICRs during the various load incre-
ments in polar coordinates

Intact model Bryan model

Moment (Nm) ρ(mm) θ(◦) Moment (Nm) ρ(mm) θ(◦)
−1.8 to −1.35 3.8 320 −1.8 to −1.35 4.0 310
−1.35 to −0.9 3.5 300 −1.35 to −0.9 4.0 300
−0.9 to −0.45 3.5 280 −0.9 to −0.45 3.2 270
−0.45 to 0 3.2 260 −0.45 to 0 1.5 260
0 to 0.45 3.0 250 0 to 0.45 1.0 250
0.45 to 0.9 3.2 250 0.45 to 0.9 3.5 250
0.9 to 1.35 3.3 250 0.9 to 1.35 4.5 240
1.35 to 1.8 3.3 250 1.35 to 1.8 4.2 240

Mean 3.3 Mean 3.4
Standard Deviation 0.24 Standard Deviation 1.34

the imposed loads; a nonlinear behavior could be expected
for higher loads. In general, considering the accord between
the results obtained with the FE model and the information
available in the literature, the model showed to be a valuable
prediction tool.

The presented models, as every mathematical model of
complex phenomena, include some simplifications necessary
to build a manageable model of the real structure. Living
tissues have extremely complex mechanics which are often
not yet comprehensively investigated. For these structures, a
lot of modeling strategies, more or less sophisticated, were
described in the previous studies. The intervertebral disc,
for example, has been included in the FE studies with sev-
eral approaches: almost-incompressible solid elements (Goel
and Clausen 1998) or fluid elements for the nucleus pulpo-
sus (Yoganandan et al. 1996); anisotropic solid, fiber-rein-
forced composite or more complex continuum elements for
the annulus fibrosus (Yin and Elliott 2005). In the present
work, the intervertebral disc is modeled using classical
approaches which, despite their simplicity, are capable of
capturing the segment biomechanics with good accuracy. A
fiber-reinforced composite, which has been used in many lit-
erature studies with reliable results (Yoganandan et al. 2001),
is adopted for the annulus fibrosus. The nucleus pulposus
is modeled employing almost-incompressible solid elements
(Goel and Clausen 1998). The constitutive model adopted for
the ligaments, which has been employed in previous studies
(Yoganandan et al. 1996; Maurel et al. 1997), represents a
more severe limitation of the present work, but gives reason-

ably accurate results if the loads are not very high (Yoganan-
dan et al. 2001).

Patients subjected to cervical arthroplasty have often a
degenerated spine, determined by the remodeling of bony
structures, intervertebral discs and facet joints; thus a sim-
ulation of a degenerative state could be of practical inter-
est. However, the spinal degeneration process is likely to be
related with several factors of a different nature (mechanical,
biological, biochemical) and thus impossible to simulate with
a purely mechanical model without making strong assump-
tions. A possible modeling strategy is considering a specific
degenerative state and neglecting the temporal evolution, for
example reducing disc height and modifying the mechanical
properties of the nucleus pulposus (Rohlmann et al. 2005).
However, degeneration is usually highly variable from patient
to patient; thus the definition of a standard degenerative state
to be used as basis for the calculation is not straightforward.
In this study the authors chose to investigate the biomechan-
ics of arthroplasty on a healthy segment, targeting the work
on the investigation of the biomechanical effect of prosthesis
and the surgical procedure themselves instead of their influ-
ence on a specific degenerative state.

To our knowledge, biomechanical evaluations of the
Bryan cervical prosthesis directly comparable to the pres-
ent study are not currently available in the literature. Duggal
et al. (2004) presented a biomechanical study based on the
radiographs of an implanted patient. In this study, the au-
thors performed a motion analysis in flexion–extension using
radiographs on 22 patients implanted with a Bryan prothesis
on a single level. The authors measured the overall cervical
spinal motion, and stated that it is not significantly altered.
Sagittal rotation was found not to change significantly at any
level after surgery. The same prediction can be formulated
from our FE results, since the calculated moment–rotation
curves are similar for the intact model and the Bryan model.

Many literature papers investigated the locations and mea-
suring of the ICRs in flexion-extension for intact cervical seg-
ments (Penning 1988; Amevo et al. 1991; Bogduk and Mercer
2000). However, equivalent studies concerning the cervical
spine after arthroplasty are currently unavailable. As stated
above, the calculated area in which the ICRs are located ap-
pears to be rather similar to the correspondent area on the
intact segment. This result, together with the findings on the
stiffness of the implanted segment, brings us to the conclusion
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that a cervical segment implanted with the Bryan prosthesis
has a mechanical behavior comparable to a physiological seg-
ment. Thus, placement of the prosthesis has a limited effect
on the biomechanics of the cervical spine, coherently with
results from the literature (Duggal et al. 2004), suggesting a
more favorable outcome on the preservation of adjacent discs
with respect to fusion.

The clinical results of the Bryan prosthesis were pub-
lished by many authors (Duggal et al. 2004; Anderson et
al. 2004; Goffin et al. 2003). Even if based on short fol-
low-up times due to the relatively recent introduction of the
prosthesis, the clinical outcome seems to be satisfactory, not
inferior to fusion procedures. However, the convenience of
implanting a disc prosthesis in terms of the risk/benefits ratio
with respect to fusion remains to be proved. Clinical studies
demonstrated that the motion elimination at one level, conse-
quent to fusion, leads to hypermobility and increased stresses
at adjacent levels, thus increasing the rate of disc degenera-
tion (Hilibrand et al. 2004). The supposed advantage of cer-
vical arthroplasty versus fusion is reduction of the risk of
early disc degeneration at adjacent levels, resulting from the
preservation of the mobility of the implanted level. In other
words, if the implanted segment can be considered biome-
chanically equivalent to an intact segment, placement of the
prosthesis should not generate mechanical alterations which
could induce early degeneration of the adjacent discs. Based
on this assumption, an effective way to predict the long-term
outcome of cervical arthroplasty is the biomechanical evalua-
tion of the implanted spinal unit. Clearly, only clinical studies
based on long follow-ups can demonstrate the convenience
of the risk/benefit ratio of cervical arthroplasty and ensure
the absence of other possible adverse outcomes.
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