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Abstract

Purpose Hybrid surgery (HS) coupling total disc replace-
ment and fusion has been increasingly applied for multi-
level cervical disc diseases (CDD). However, selection of
the optimal disc prosthesis for HS in an individual patient
has not been investigated. This study aimed to distinguish
the biomechanical performances of five widely used pros-
theses (Bryan, ProDisc-C, PCM, Mobi-C, and Discover) in
HS for the treatment of bi-level CDD.

Methods A finite element model of healthy cervical spine
(C3-C7) was developed, and five HS models using dif-
ferent disc prostheses were constructed by arthrodesis at
C4-C5 and by arthroplasty at C5—C6. First, the rotational
displacements in flexion (Fl), extension, axial rotation, and
lateral bending in the healthy model under 1.0 Nm
moments combined with 73.6 N follower load were
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achieved, and then the maximum rotations in each direc-
tion combined with the same follower load were applied in
the surgical models following displacement control testing
protocols.

Results The range of motion (ROM) of the entire operative
and adjacent levels was close to that of the healthy spine
for ball-in-socket prostheses, that is, ProDisc-C, Mobi-C,
and Discover, in Fl. For Bryan and PCM, the ROM of the
operative levels was less than that of the healthy spine in Fl
and resulted in the increase in ROMs at the adjacent levels.
Ball-in-socket prostheses produced similar reaction
moments (92-99 %) in Fl, which were close to that of the
healthy spine. Meanwhile, Bryan and PCM required greater
moments (>130 %). The adjacent intradiscal pressures
(IDPs) in the models of ball-in-socket prostheses were
close to that of the healthy spine. Meanwhile, in the models
of Bryan and PCM, the adjacent IDPs were 25 % higher
than that of the ball-in-socket models. The maximum facet
stress in the model of Mobi-C was the greatest among all
prostheses, which was approximately two times that of the
healthy spine. Moreover, Bryan produced the largest stress
on the bone—-implant interface, followed by PCM, Mobi-C,
ProDisc-C, and Discover.

Conclusion Each disc prosthesis has its biomechanical
advantages and disadvantages in HS and should be
selected on an individual patient basis. In general, Pro-
Disc-C, Mobi-C, and Discover produced similar perfor-
mances in terms of spinal motions, adjacent IDPs, and
driving moments, whereas Bryan and PCM produced
similar biomechanical performances. Therefore, HS with
Discover, Bryan, and PCM may be suitable for patients
with potential risk of facet joint degeneration, whereas HS
with ProDisc-C, Mobi-C, and Discover may be suit-
able for patients with potential risk of vertebral
0Steoporosis.
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Introduction

Cervical spinal fusion has been a gold standard procedure
for the treatment of cervical disc diseases (CDD) unre-
sponsive to conservative treatment [1]. Although it can
provide excellent clinical benefits, spinal fusion would alter
the biomechanics of the cervical spine, such as decreasing
mobility at the fused segments and increasing motion at the
adjacent levels [2—4], which may result in the acceleration
of adjacent segment degeneration (ASD) and the need for
further surgery in the long term [5-7]. Total disc replace-
ment (TDR), an alternative technique to spinal fusion, is
designed to preserve the motion of the treated level and to
prevent overload on the adjacent discs and subsequent ASD
[6].

Considering multilevel CDD, spinal fusion involving
more fused levels leads to severer situation on adjacent
segments [6, 8, 9]. Because of strict indications and higher
medical cost, application of multilevel TDR is less prac-
tical. Recently, hybrid surgery (HS), a combination of
fusion and TDR, has been introduced to clinical practice
and increasingly applied to multilevel cervical CDD
[10, 11].

The biomechanical performance of HS is an important
and emerging feature that should be evaluated. However,
previous studies reported conflicting conclusions. By
cadaveric studies, Cunningham et al. and Barrey et al.
reported no statistically significant differences in terms of
the global range of motion (ROM) between HS and intact
condition [12, 13]. Meanwhile, by finite element study,
Zhao et al. revealed that the global ROM in HS decreased
by 18.9 % relative to the intact condition [14]. Generally,
the ROM in HS increased and decreased significantly at the
arthroplasty and arthrodesis levels, respectively, which
resulted in ROMs similar to that of the entire operative
level (a combination of fused and replaced levels) between
HS and intact condition [12, 14-16]. However, Barrey
et al. revealed that HS caused significant reduction of ROM
at the arthrodesis and arthroplasty levels [13]. The primary
inconformity was due to the testing control protocols and
prostheses among studies.

More than 20 types of artificial cervical discs are com-
mercially available or in the development stage [17, 18].
The most widely used design concept for the cervical
artificial disc is metal-on-polymer, which comprises a
polymer core sandwiched by two metal components to
form sliding articulation [18]. Previous studies showed that
the design concepts revealed different biomechanical
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performances for the treatment of single-level CDD [17].
Do the various artificial designs reveal different biome-
chanical features in HS for the treatment of multilevel
CDD? How do we select the appropriate disc prosthesis for
the individual conditions of patients? However, to our
knowledge, no study on this topic has been conducted.

Finite element models were built to compare the
biomechanical performances of different artificial discs for
the treatment of bi-level CDD. Five prevalent cervical
discs, namely Bryan (Medtronic, TN), ProDisc-C (Synthes,
PA), PCM (Cervitech, NJ), Mobi-C (LDR, TX), and Dis-
cover (DePuy, MA), were adopted for the present study.
The main concerns, including spinal kinematics, spinal
stability, and loading on surrounding soft tissues, were
evaluated.

Materials and methods
Finite element modeling of healthy cervical spine

A finite element model of cervical spine (C3-C7) was
developed based on a set of computed tomography (CT)
images that were obtained from a healthy volunteer (male,
28 years old, 60 kg, and 173 cm) with a 0.5 mm interval
and a 0.6 mm resolution. The images were checked to
ensure that the cervical spine does not exhibit any radio-
graphic evidence of disc degenerative symptoms. The
study plan was approved by the Ethical Committee of the
corresponding institute (No. IRB00006761-L2010021).

Medical image processing software (Mimics 10.1,
Materialise Inc., Belgium) was used to construct the
geometry of vertebrae using the CT images. Then, the
geometry was imported into finite element software
(ABAQUS 6.11.1, Simulia Inc., USA) to build the spinal
components. The solid volume of the geometry was set as
cancellous bone. A layer of shell with a thickness of
0.4 mm covered the cancellous bone and was divided into
three regions, including two cartilage endplates and a
cortical bone [19]. The facet region on the geometry was
extracted and grown into a solid volume by sweeping with
a depth of 0.5 mm to model the facet cartilage [20].

The intervertebral space was partitioned into annulus
ground substance and nucleus pulposus at a ratio of
approximately 6:4 [21]. On the circumferential surface of
the substance, a layer of net-like annulus fibers that account
for 19 % of the volume of the annulus fibrosus was con-
structed with an inclination between 15° and 45° with
respect to the transverse plane [21]. Five groups of tension-
only trusses were modeled to simulate intervertebral liga-
ments between anatomical insertion sites, including ante-
rior longitudinal ligament (ALL), capsular ligament,
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posterior longitudinal ligament, flaval ligament, and inter-
spinous ligament, and the cross-sectional areas were 12, 14,
45, 46, and 13 mmz, respectively [22, 23]. The cervical
spine and the components are presented in Fig. 1.

The element types of the cervical components obtained
by multi-meshing techniques are listed in Table 1, together
with the material properties [19, 22, 24]. The element
nodes of the cortical bone and endplate coincided precisely
with the nodes of the cancellous bone, whereas the nodes of
the annulus fibers coincided with the matrix of the annulus
ground substance. The element sizes for vertebrae and disc
were 2.5 and 1.5 mm, respectively, which resulted in a
total of 33,939 nodes and 100,091 elements. Convergence
within 1 % in ROM and 3 % in facet joint von Mises stress
were achieved in the intact cervical spine to ensure that the
results were irrelevant to the mesh density [17, 25, 26].

Tie constraint was assigned between the insertion points
of the ligaments, the interfaces of the disc, and the inter-
faces of the facet cartilage with adjacent vertebrae to
assemble the cervical components. The interaction among
facet joint cartilages was assigned with frictionless sliding
contact formulation [27].

The healthy cervical spine was fixed at the inferior
endplate of C7. Based on the literature, the load control
testing protocol was applied to the healthy cervical spine
for model validation. A preliminary follower load of
73.6 N was applied to the center of the vertebrae through a
set of connector elements [28], as illustrated in Fig. 1. The
application of the follower load to the models simulated
muscle force and head weight, which minimally con-
tributed to spinal rotational motions. In addition to the
follower load, varying moments (including 1.0 and 1.8
Nm) were applied to the center of the topmost vertebrae
(C3) to produce flexion (Fl), extension (Ex), axial rotation
(AR), and lateral bending (LB) [28, 29]. The ROM of each
motion segment, one of the most important parameters for
spinal biomechanics, was calculated and compared with
in vitro experimental data to validate the reliability of the
model.

Lateral Bending Flexion -Extension

Vertebrae!

Disc

Healthy Spine Follower Load

Fig. 1 Finite element of healthy cervical spine and component
details, combined with load illustration

Simulation of HS

Based on the healthy cervical spine, HS models were
reconstructed with arthrodesis at C4—C5 by replacing the
material properties of the natural disc with cancellous bone
and arthroplasty at C5—C6 by replacing the natural disc
with artificial discs, as illustrated in Fig. 2. Five well-
known artificial discs, namely ProDisc-C, Mobi-C, Dis-
cover, Bryan, and PCM, with the same primary dimensions
of width, length, and height of 15, 14, and 6 mm, respec-
tively, were employed in this study. The thickness of the
metal endplate was between 1 and 2 mm, whereas the
radius of the ball-in-socket prostheses, that is, ProDisc-C,
Mobi-C, and Discover, was 5 mm. The metal component
and polymer inlay in the artificial discs were made of
TigAl4V and ultrahigh molecular weight polyethylene
(UHMWPE), respectively.

A uniform intervertebral space with 6 mm height was
constructed by totally excising the intervertebral disc and
ALL at C5-C6 and partially excising the C5 and C6 ver-
tebrae. The prostheses were implanted on the same location
according to the recommendation of an experienced sur-
geon. Tie constraint was assigned to the graft—vertebrae
interfaces to simulate thorough fusion and to simplify the
procedure. The bone—implant interface was assigned with a
tie constraint to simulate thorough osseointegration. Fric-
tionless sliding contact formulation was applied between
the implant-implant interfaces.

All the surgical models were fixed at the inferior end-
plate of C7. The global ROMs of the entire C3-C7,
including in Fl, Ex, AR and LB under the moment of 1.0
Nm and 73.6 Nm follower load in the healthy model, were
applied to the center of C3 vertebrae in all surgical models,
combined with the same follower load [3, 30]. When
applying rotational displacement load in the primary ana-
tomic plane, the freedom in the other planes was released.

Results
ROM in the healthy cervical spine

The ROM of each motion segment and the average ROM
in the healthy model subjected to the moments of 1.0 and
1.8 Nm are shown in Fig. 3. The predicted ROM was
within the standard deviation of the experimental data from
the literature [28, 29, 31].

The total rotational displacements of C3 with the
moment of 1.0 Nm were 14.9° in Fl, 13.1° in Ex, 9.0° in
AR, and 6.0° in LB. The rotational displacements of 14.9°,
14.9°,9.0°, and 6.0° were applied to the center of C3 in all
models in Fl, Ex, AR, and LB as displacement control
testing protocol [3], respectively.

@ Springer
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Table 1 Material property and

mesh type of the cervical spine Component

Young’s modulus (MPa)

Poisson’s ratio  Element type

components and implants

Cortical bone 12000 0.29 Triangle shell (S3)
Cancellous bone 100 0.29 Tetrahedron (C3D4)
Endplate 1200 0.29 Triangle shell (S3)
Facet cartilage 10 0.40 Triangular prism (C3D6)
Annulus ground substance 34 0.40 Hexahedron (C3D8R)
Nucleus pulposus 1 0.49 Hexahedron (C3D8R)
Annulus fiber 450 0.45 Truss (T3D2, tension-only)
ALL/PLL/CL/FL/ISL 30/20/20/10/10 0.40 Truss (T3D2, tension-only)
Graft bone 100 0.29 Hexahedron (C3D8R)
UHMWPE 1000 0.49 Hexahedron (C3D8R)
Ti6Al4 V 114000 0.35 Hexahedron (C3D8R)
Fig. 2 Hybrid constructs
\\ \
c7
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Fig. 3 ROM of healthy cervical 10 Flexion 10+ Extension
spine 8 8
6- 6-
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C3/C4 (C4/C5 C(C5/C6 C6/C7 Average C3/C4 C4/C5 (C5/C6 C6/C7 Average u Panjabi(1.0Nm)
10+ Axial Rotation 104 Lateral Bending MRresent{1-0Nm)
8- 8+ Finn (1.5N)
6 6
k1 I I 4-
y [ 2111111 i]h]
0- 0-

C3/C4 C4/C5 C5/C6 C6/C7 Average

Predicted moments

To drive the C3 vertebrae producing the identical range of
Fl, the ball-in-socket prostheses, that is, ProDisc-C, Mobi-
C, and Discover, produced similar reaction moments
(92-99 %) that were close to that of the healthy cervical
spine, whereas Bryan and PCM required greater moments
(>130 %), as shown in Fig. 4. In the other spinal motions,
the reaction moments were less than that of the healthy
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C3/C4 (C4/C5 C5/C6 C6/C7 Average

cervical spine (10-73 %), with the exception of LB in the
model of PCM, which required a moment similar to that of
the healthy spine (102 %).

The results indicated that TDR exhibited a limited effect
on stiffness in F1 motion with all artificial discs. However,
TDR reduced the spinal stiffness in Ex, AR, and LB
motions, particularly with the prosthesis model of Mobi-C
with which the reaction moments were less than one-third
of the healthy spine (10-29 %).
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Segmental motions at the operative and adjacent
levels

At the arthroplasty level (C5-C6), the ROMs in the models
of PCM and Bryan were closer to that of the healthy spine
than the ball-in-socket prostheses, that is, ProDisc-C,
Mobi-C, and Discover, and PCM was more moderate than
Bryan, as shown in Fig. 5. For the three ball-in-socket
designs, the ROMs were 2.0—4.3 times that of the healthy
spine. The ROMs of the model of ProDisc-C were slightly

Fig. 5 The intervertebral
motions at the arthroplasty level

less than that of Mobi-C, but were slightly greater than that
of Discover. However, segment mobility was almost lost at
the graft arthrodesis level (C4-C5) in all HS models.

The ROMs for the entire operative levels (arthrodesis
and arthroplasty levels) were close to that of the healthy
spine for the models of ball-in-socket prostheses in Fl,
which resulted in ROMs at the adjacent segments that are
similar to that of the healthy spine, as shown in Fig. 6. For
the models of Bryan and PCM, the ROM in Fl was less
than that of the healthy spine, which resulted in an increase
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in ROM at the adjacent segments. In the Ex, AR, and LB
conditions, the ROM of the entire operative levels
increased between 20 and 80 %, with the exception of LB
in the model of PCM, which was close to that of the
healthy spine (103 %).

As shown in Table 2, when applying rotations in the
transverse and coronal planes (AR and LB), the coupled
rotations in coronal and transverse planes were much
greater than that in sagittal plane, and the rotations in
transverse plane were greater than that in coronal plane in
all surgical models. Applying rotations in the sagittal plane
(Fl and Ex) induce little coupling rotations in the other
planes.

Intradiscal pressure (IDP) at adjacent segments
For all models, the initial IDPs under follower load at the

superior (C3—C4) and inferior (C6—C7) adjacent levels
were approximately 0.3 and 0.2 MPa, respectively. The
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IDPs escalated with the global motion, as illustrated in
Fig. 7, with the maximum value observed in Fl. The IDPs
in the models of ball-in-socket prostheses were close to that
of the healthy spine. However, the IDPs in the models of
Bryan and PCM were 25 % higher than that of ProDisc-C,
Mobi-C, and Discover.

Facet joint force and stress distribution in facet
cartilage and on bone-implant interface

The maximum facet joint force at C5—C6 was noted at the
end of extension. Although Mobi-C produced lower facet
joint contact force in extension than Prodisc-C and Dis-
cover-C, the maximum von Mises stress in the facet car-
tilage in Mobi-C model was greatest in all surgical models,
as illustrated in Fig. 8. The maximum stresses in the facet
cartilages in the healthy spine and in all the models of the
ball-in-socket prostheses were observed during Ex. Mean-
while, in the models of PCM and Bryan, the maximum

Table 2 The intervertebral

ROM at C5-C6 Loading Fl Ex AR LB

Sp*  Tp® Cp®  Sp* Tp®  Cp° Sp° Tp* Cp° Sp® Tp® Cp*
Health 3.6 0 0 -38 0 0 05 19 —0.4 07 =03 1.2
Bryan 4.8 0 0 —-109 O 0 —-1.0 6.5 -35 -02 =38 32
Prodisc 7.9 0 0 —11.3 0.2 -02 —-04 76 —46 —-02 —-6.7 42
Mobi 7.9 —-05 14 —11.6 0.3 -03 —-18 84 -56 —-10 —-68 438
PCM 5.2 0 0 —-10.6 0 0 02 6.1 =27 04 —-38 25
Discover 7.4 0 0 —-102 0 0 -05 71 —-46 —-04 -54 38

Sp sagittal plane, Tp transverse plane, Cp coronal plane

# The rotation in the primary anatomic plane

° The coupled rotation in the non-primary planes
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stresses were observed in AR and LB, respectively.
Moreover, the facet joint in the model of PCM maintained
contact during Fl, whereas the facet joint in the other
models was separated. In general, ball-in-socket prostheses
induced greater facet joint stress than PCM and Bryan
prostheses.

The maximum stress on the bone—implant interface was
noted during flexion. Figure 9 indicates that Bryan and
PCM produced greater stress on the bone—implant interface
than the ball-in-socket prosthesis.

Discussion

HS is increasingly performed in CDD because it helps
surgeons in tailoring TDR or fusion to the selected levels
according to the different degrees of degeneration at each
level and because it helps in preserving segmental motion
of the cervical spine, avoiding long-level fusion, and pre-
venting further ASD [8, 10-12, 15, 16, 32, 33]. To our
knowledge, this biomechanical study is the first to compare
different disc prostheses in HS. The aim of the present
study was to distinguish the biomechanical performances

S, Mises
(Avg: 75%)
4.7
43 )
0.9 )
0.8
0.7
0.6
05
0.4
8'3 Bryan
0.1 4

Fig. 9 Stress distribution on the bone—implant interface in flexion

Prodisc-C

of HS for the treatment of bi-level CDD with five well-
known and widely used artificial discs and to provide
potential selection recommendations of cervical disc
prostheses in HS according to their biomechanical perfor-
mances. In general, ProDisc-C, Mobi-C, and Discover,
which are ball-in-socket prostheses, produced similar per-
formances in terms of spinal motions at the operative and
adjacent levels, driving moments at the topmost vertebrae,
and IDPs in the adjacent discs, whereas the dual articula-
tion design (Bryan) and sliding articulation design (PCM)
produced approximately similar performances.

When conducting the HS with ball-in-socket prostheses,
that is, ProDisc-C, Mobi-C, and Discover, the ROMs at the
operative levels were more than 2.0, 2.7, 3.7, and 3.1 times
that of the healthy cervical spine in Fl, Ex, AR, and LB,
respectively. Meanwhile, the ROMs at the adjacent levels
were less than that of the healthy spine in all motion
conditions. However, subtle distinctions existed among the
ball-in-socket prostheses. The most mobile design (Mobi-
C) resulted in greater mobility at the replaced level and
required lesser driving moments at the topmost vertebrae.
The artificial disc with rotation center fixed at the superior
metal endplate (Discover) resulted in lesser mobility and

Discover-C
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Table 3 Qualitative

. Mobility Mobi-C
comparison of the o .
biomechanical performance of Driving moment Mobi-C
artificial discs Adjacent IDPs Mobi-C

Facet Joint stress Mobi-C
Stress on bone—implant  Prodisc-C

interface

>  Prodisc-C > Discover > Bryan > PCM
<  Prodisc-C < Discover < Bryan < PCM
< Prodisc-C <  Discover < PCM <  Bryan
>  Prodisc-C >  Discover > PCM > Bryan
< Discover < Mobi-C < PCM <  Bryan

required greater driving moments than the artificial disc
with rotation center fixed at the inferior metal endplate
(ProDisc-C). When conducting HS with Bryan and PCM,
the ROMs at the operative levels were more than 1.3, 2.8,
3.2, and 2.1 times that of the healthy spine in Fl, Ex, AR,
and LB, respectively, but less than that replaced with the
ball-in-socket prostheses. However, the ROMs in Fl at the
adjacent levels increased by more than 34 and 28 % with
Bryan and PCM, respectively, which resulted in up to 25 %
increase in IDPs. The IDP at the adjacent segments was one
of the most important parameters for fusion surgeries
[2, 4]. Most of the previous studies proved that the increase
in IDP at the superior adjacent level for HS was lower than
that for bi-level fusion [14, 32]. In the present study, the
adjacent IDP for HS with ball-in-socket designs was less
than that of the healthy spine, which indicates that these
reconstructions are harmless.

Replaced with the ball-in-socket prostheses, the stress
in the facet joint cartilage increased in the order of Dis-
cover, ProDisc-C, and Mobi-C, whereas the stress on the
bone—implant interface increased in the order of ProDisc-
C, Discover, and Mobi-C. This finding indicates that
Mobi-C results in higher stress in the facet cartilage and
on the bone-implant interface among the ball-in-socket
prostheses. Although Bryan produced the lowest stress in
the facet cartilage, it resulted in the highest stress on the
bone—implant interface. Replaced with PCM, the facet
joint stress in Fl and Ex decreased, whereas the facet joint
stress in AR and LB increased. In general, HS with
Discover, Bryan, and PCM reconstructed by arthroplasty
may be suitable for patients with potential risk of facet
joint degeneration. However, ball-in-socket prostheses
(Discover, Prodisc, and Mobi-C) may be suitable for
patients with potential risk of osteoporosis in the adjacent
vertebrae [17].

The authors intend to provide clinicians with several
suggestions on how to select artificial disc in HS based on
the biomechanical view and finite element method used.
However, several inherent limitations exist when simulat-
ing the musculoskeletal systems. Simplified material
properties, frictionless contact in prostheses articulation
and finite loading conditions may not reflect the actual
properties and environment of the bio-system, and indi-
vidual differences may result in divergent conclusions.
Nucleus pulposus is a gel-like material and the pressure in
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the major region should remain constant. However, sim-
plifying nucleus pulposus as a deformable solid material
resulted inhomogeneous stress distributions. The bone—
implant interface is much more complex with relative
motions and separations. The assumption that bone and
implant fused thoroughly and tie constraint was applied is
another limitation of this study. Even so, an appropriately
validated model can still provide comparative results to
guide orthopedic surgery [34]. In this study, the ROMs in
the healthy spine were within the standard deviation of the
experimental data. This finding indicated that the present
model can represent a statistically healthy individual in
terms of the level of spinal kinematics. The maximum IDP
also can reflect the loading environment in the nucleus
pulposus in some degree [35-37]. Although this study
cannot investigate all the commercially available prosthe-
ses, ProDisc-C, Discover, Mobi-C, Bryan, and PCM were
relatively mature and widely accepted artificial discs in
clinical practice. This study benefits clinicians in terms of
gaining a thorough understanding of the biomechanical
performances of HS with these prostheses. At the fusion
segment, only graft bone was used to simulate thorough
fusion without a joint anterior screw/plate system, which
cannot represent the classic anterior cervical discectomy.
However, mobility at the fused level was almost lost
completely, which indicates that the effect of fusion types
on the present study was negligible.

Conclusion

Each disc prosthesis exhibited its benefits and defects.
Table 3 qualitatively summarizes the trend of the biome-
chanical performances of the artificial discs. In general, the
ball-in-socket prostheses, that is, ProDisc-C, Mobi-C, and
Discover, produced similar performances in terms of spinal
motions, adjacent IDPs, and driving moments to achieve
the same overall segmental motions, whereas the dual
articulation design (Bryan) and sliding articulation design
(PCM) produced similar performances. HS with Discover,
Bryan, and PCM reconstructed by arthroplasty were suit-
able for patients with potential risk of facet joint degen-
eration, whereas ball-in-socket prostheses were suitable for
patients with potential risk of osteoporosis in the adjacent
vertebrae.
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