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Abstract

Purpose Few finite element studies have investigated
changes in cervical biomechanics with various prosthesis
design parameters using hybrid surgery (HS), and none have
investigated those combined different HS strategies. The aim
of our study was to investigate the effect of ball-and-socket
prosthesis geometry on the biomechanical performance of
the cervical spine combined with two HS constructs.
Methods Two HS strategies were conducted: (1) ACDF at
C4—C5 and anterior cervical disc replacement (ACDR) at
C5-C6 (ACDF/ACDR), and (2) ACDR/ACDE. Three differ-
ent prostheses were used for each HS strategy: prosthesis
with the core located at the center of the inferior endplate
with a radius of 5mm (BS-5) or 6mm (BS-6), or with a 5 mm
radius core located 1 mm posterior to the center of the infe-
rior endplate (PBS-5). Flexion and extension motions were
simulated under displacement control.

Results The flexion motions in supra- and infra-adjacent
levels increased in all cases. The corresponding exten-
sion motions increased with all prostheses in ACDR/ACDF
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group. The stiffness in flexion and extension increased
with all HS models, except for the extension stiffness
with ACDF/ACDR. The facet stresses between the index
and infra-adjacent level in ACDR/ACDF were significantly
greater than those in the intact model . The stresses on the
BS-5 UHMWPE core were greater than the yield stress.
Conclusion The core radii and position did not significantly
affect the moments, ROM, and facet stress in extension. How-
ever, the moments and ROM in flexion were easily affected
by the position. The results implied that the large core radii
and posterior core position in ACDR designs may reduce the
risk of subsidence and wear in the long term as they showed
relative low stress . The ACDF/ACDR surgery at C4-C6
level may be an optimal treatment for avoiding accelerating
the degeneration of adjacent segments.

Keywords Finite element - Hybrid surgery - Cervical
biomechanic - Ball-and-socket - Design parameter

Introduction

Anterior cervical discectomy and fusion (ACDF) procedures
have been widely used for cervical diseases including arthri-
tis, tumor, and trauma [ 1]. However, ACDF carries a potential
risk of adjacent segment degeneration, which may be related
to the increases in the motion and intradiscal pressure adja-
cent to the fused level [1-4]. In particular, the increased
adjacent-level intradiscal pressure may increase the rates of
early disc degeneration [5,6]. Previous studies have reported
that anterior cervical disc replacement (ACDR) is superior to
spinal fusion in reproducing normal kinematics at the index
level [7,8] and has a better clinical effect in the short term [8].
The hybrid surgery (HS) of ACDF plus ACDR has emerged
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as an alternative treatment for multi-level cervical diseases
[9,10].

One-level ACDR does not eliminate index-level motion
and avoids hypermobility and greater force at adjacent levels
compared with ACDF. The stiffness of the cervical spine
decreases after two-level ACDR and significantly increases
after two-level fusion [11]. HS could provide a tradeoff in
the stiffness and motion preservation; biomechanical studies
have reported that HS is beneficial in maintaining the motion
of operative levels [12, 13] and does not decrease the stiffness
of cervical segments [11].

The cervical biomechanics after two-level HS are related
to the chosen hybrid strategy and the prosthesis design
parameters (DPs). Previous finite element (FE) studies have
explored the effect of hybrid strategies (ACDR/ACDF vs.
ACDF/ACDR) on the kinematic and mechanics of the cervi-
cal segments [14]. However, regarding the DPs of prostheses
(such as the location of rotation center and height), most
FE studies have focused on how the change in DP affected
biomechanical performance after one-level ACDR [15-17].
As there are some discrepancies in terms of the biomechan-
ical mechanisms in one-level replacement constructs and
hybrid constructs, this suggests conclusions related to the
optimization of DPs of artificial discs in one-level ACDR
may not be applicable to HS. Thus, it is necessary to explore
the relationships between the DPs and cervical biomechan-
ics in the HS model. To our knowledge, no FE studies have
investigated the effect of different geometry DPs combined
with hybrid constructs on cervical biomechanics.

The aim of this study was to systematically explore the
effect of varying geometry of a ball-and-socket prosthesis
(prototype: Prodisc-C) using two hybrid strategies on the
range of motion (ROM) and stresses of cervical segments.

Materials and methods

The model employed herein was developed and validated
in our previous study [18]. In order to build an FE model,
the computed tomography (CT) images of a healthy subject
(male 170 cm, aged 35 year 65 kg) in terms of C3—C7 cervical
segments were obtained with 1-mm intervals. The scanned
object did not have any history of cervical disc diseases and
abnormal physiological curvature in vertebral body. The ball-
and-socket (BS) type artificial discs were designed into 3
different radii of curvature with their center of rotation (COR)
located on the inferior endplate.

Construction of C3-C7 finite element model and
instruments

CT images were imported into Mimics 10.0 (Materialise
Inc., Leuven, Belgium) with a DICOM format to construct
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the geometric structure of the cervical spine and were then
embedded into the FE model pre-processing software Hyper-
mesh 13.0 (Altair Technologies, Inc., Fremont, CA, USA) to
develop high-quality FE mesh. After all the meshing work
was done, the C3—C7 model was imported into Abaqus 6.13
(Simulia Inc., Providence, RI, USA) to set boundary condi-
tions and to solve.

In the present model (Fig. 1), the vertebral bodies were
composed of cancellous bone with solid elements and 0.4-
mm-thick cortical bone, and endplates with shell elements
[19]. The cervical disc was divided into three parts: ground
substance, nucleus pulposus, and one layer of net-structure
annulus fibrosus attached to the outmost layer of ground sub-
stance. Collagen fibers were assigned with an inclination
range from 15° to 45° [20], and were set up to occupy 20%
of the ground substance volume [21]. In addition, five groups
of ligaments employed tension-only rod elements attached to
the corresponding vertebral bodies, which were also inserted
into vertebral bodies: anterior longitudinal ligament, poste-
rior longitudinal ligament, capsular ligament, flaval ligament,
and interspinous ligament. Two adjacent cartilages with a
thickness of 0.5 mm were assigned with nonlinear surface-
to-surface contact [22]. The numbers of nodes and elements
in the whole FE model were 52,663 and 202,544 respec-
tively, and the convergence was with 1% which guaranteed
the accuracy of calculations related to the mesh itself.

To compare the effect of varying core radii on ROM and
stresses, BS models with two different sized cores located
on the center of the inferior endplate (5 mm: BS-5; 6 mm:
BS-6) were designed. A third BS model had a 5mm core
located 1 mm posterior to the center of the inferior endplate
(PBS-5). The prostheses were 15mm wide x 12mm long
x 6mm high, and the plate was 12mm wide x 25 mm high
[23]. The thickness of the two endplates (CoCrMo) and plate
(Ti6Al4V) was 2mm. The material properties and element
types were assigned with corresponding components accord-
ing to previous studies (Table 1) [19,22].

Biomechanical testing and boundary conditions

According to the hybrid strategy, HS models were divided
into two groups (A and B), each with the three aforemen-
tioned prostheses combined with the same plate inserted into
the cervical spine (Fig.?2).

In group A, an ACDF was conducted at C4-C5 and the
Prodisc-C was inserted at C5—-C6 (ACDF/ACDR), under the
following three conditions:

— ACDF/ACDR with BS-5 prosthesis (A-BS-5)
— ACDF/ACDR with BS-6 prosthesis (A-BS-6)
— ACDF/ACDR with PBS-5 prosthesis (A-PBS-5)
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C3-C7 Finite element model

Cartilage

Plate/Screw

Cervical Disc

Fig. 1 The C3-C7 finite element model including cervical tissues and instruments

Table 1 The material properties
and elements type of C3-C7
model and implants

In group B, the Prodisc-C was inserted at C4—CS5 and an
ACDF was conducted at C5—-C6 (ACDR/ACDF), under the

following three conditions:

Size: 15%12*6mm

1mm posterior to Center—radius
of curvature : 5Smm

Center—radius of curvature : 5Smm

Center—radius of curvature : 6mm

Cervical structure Young’s Poisson ratio Cross section Element type
modulus (Mpa) area (mm?)
Cortical bone 12,000 0.29 _ S3
Cancellous bone 100 0.29 _ C3D4
Cartilage 10.4 0.4 C3D6
Annulus ground 3.4 0.4 _ C3D8R
substance
Annulus fiber 450 0.45 _ T3D2
Nucleus pulposus 1 0.49 _ C3DSR
Endplate 1200 0.29 _ S3
Anterior longitudinal 10 0.3 12 T3D2
Posterior longitudinal 10 0.3 45 T3D2
Capsular 10 0.3 14 T3D2
Flaval 1.5 0.3 5 T3D2
Interspinous 1.5 0.3 13 T3D2
Ultra high molecular 3000 0.3 _ C3D8R
weight polyethylene
CoCr alloy 210,000 0.3 _ C3D8R
Ti6Al4V 114,000 0.35 C3D8R

— ACDR/ACDF with BS-5 prosthesis (B-BS-5)
— ACDR/ACDF with BS-6 prosthesis (B-BS-6)
— ACDR/ACDF with P BS-5 prosthesis (B-PBS-5)
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Fig. 2 Two kinds of hybrid surgery strategies were performed at C4—
C6. In group A, fusion was performed at C4—C5 and each of the three
prostheses was, respectively, inserted at C5—C6. In group B, each of the

In the whole model, each cervical disc was tied between
its adjacent endplates, and each two contiguous superior
and inferior facets were set to sliding contact without fric-
tion [24]. The superior endplate and core of the prosthesis
were defined as frictionless contact, and the bone-implant
interface was applied with tied constraint [19]. At the
ACDR level in each HS model, the anterior longitudi-
nal ligament, nucleus pulposus, and about 60% of annulus
were excised and the prosthesis was inserted at the corre-
sponding locations recommended by an experienced sur-
geon.

A moment of 1 Nm combined with a 50N follower load [25]
was applied at the center of the superior endplate in the C3
vertebra to simulate flexion—extension with the inferior end-
plate in C7 fixed. The follower load was employed a set of
connector elements to simulate and pass through the flexion—
extension center of rotation [19]. The corresponding overall
movement angles of flexion and extension in the intact model
were then both, respectively, imposed on each HS model
(Fig.3).
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three prostheses was, respectively, inserted at C4—C5 and fusion was
performed at C5-C6

Results
Model validation

The ROM of the normal model subjected to 1 Nm is shown in
Fig. 5, which is consistent with existing experimental results
[26,27]. The ROM of flexion and extension was 18.62° and
15.63°, respectively, under 1 Nm and 50N follower load.
These two rotation displacements were, respectively, applied
at the center of the endplate of the C3 segment in all FE
models.

Predicted moment

Figure 4 depicts the displacement—-moment curves in flexion—
extension. In flexion, the moments required to reach the same
displacement increased with all HS models in group A and
group B when compared with that required in the intact
model. In extension, the aforementioned moments increased
by approximately 12% with all ACDR/ACDF models in
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Fig. 3 Finite element model validation in terms of flexion and extension motions of cervical spine segments in the normal model

group B, whereas they were decreased by approximately 20%
with the ACDF/ACDR models in group A. In addition, with
the same prosthesis design, the flexion moment in each HS
model in group A was greater than it in group B by approxi-
mately 17%.

Range of motion

Figure 5 depicts the ROM of segmental angulation during
flexion. As expected, the ROM of the fusion level in both
groups was nearly zero. The flexion motions at the implanted
level and adjacent levels (C3—C4 and C6—C7) increased in all
cases when compared with the intact model. The maximum
increase in flexion motion at the adjacent levels in the A-
BS-5 and A-BS-6 models was 51%, whereas it was 38% in
the A-PBS-5 model. The corresponding maximum increase,
however, in the B-BS-5 and B-BS-6 model was 36%, whereas
it was 23% in the B-PBS-5 model.

Figure 6 depicts the ROM of segmental angulation in
extension. Compared with the intact model, the extension
motions at ACDR levels (C5-C6) increased in all cases. The
extension ROM of the adjacent levels decreased in all hybrid
models in group A, whereas it increased in group B. There
was no significant difference in terms of extension motion

among three models with the same hybrid strategy. Compared
with the intact value of the extension ROM, the maximum
decrease in group A was 16% and the maximum increase in
group B was 10%.

Facet joint force and stresses

Figure 7 depicts the maximum contact force and facet stress
on cartilage between the adjacent and operative levels in
extension. There were four cartilages involved: inferior car-
tilage of (ICO) C3 segment, superior cartilage of (SCO) C4
segment, ICO-C6, and SCO-C7. Compared with the intact
model, the contact force at cartilages between the adjacent
and index level in group A decreased, whereas they increased
in group B. The maximum facet stress was 1.77 MPa at the
SCO-C7inthe ACDR/ACDF group. There was no significant
change in facet stress among all hybrid models with the same
hybrid strategy. Compared with those in the intact model,
the facet stress in group A decreased, with the maximum
decrease of 24% being observed at the ICO-C6. The facet
stress in group B at the ICO-C6 and SCO-C7 was obviously
greater than those in the intact model, with the maximum
increase 41% at the ICO-C6.
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Fig. 4 The predicted moments with all finite element models in flexion—extension. a Comparison of moments under the same hybrid strategy with
three different prostheses. b Comparison of moments under the same prosthesis with two different hybrid strategies

Stresses on artificial core

The stress distribution on the artificial cores in flexion is
shown in Fig.8. The maximum stresses with the A-BS-5,
A-BS-6 and A-PBS-5 were 39.05, 16.62 and 22.32MPa,
respectively, whereas with the B-BS-5, B-BS-6 and B-PBS-5
they were 39.29, 19.88 and 24.29 MPa, respectively.

Discussion

HS as an alternative approach for treating multi-level cervi-
cal degenerative disc diseases is still controversial. However,
clinical follow-up studies have reported that HS for the cervi-
cal spine has feasibility and recovery comparable with both
ACDR and ACDF [9,10]. There have also been several in
vitro biomechanical analysis studies on the ROM at cer-
vical levels in ACDF and ACDR [28-31]. One cadaveric
study reported that hybrid operations (ACDF at C5-C6 and
Prodisc-C inserted at C6—C7) did not change the ROM of the
whole C4-T1 segments, whereas two-level ACDF decreased
ROM and two-level ACDR increased ROM compared with
the intact model [28].
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Theoretically, in two-level cervical disease treatment, the
clinical effects are related to both the hybrid strategy and
the DPs of the prosthesis. Thus, exploring how these various
combinations affect cervical biomechanics after HS is helpful
for clinical practice. Regarding the hybrid strategy, initial in-
vitro biomechanical studies [28,30,32] and FE studies [14]
have investigated the kinematic responses to different hybrid
methods through varying levels of fusion and replacement.
Regarding the DPs of the artificial disc, most FE studies only
used one-level ACDR to investigate the influence of various
DPs on cervical spine biomechanics [15-17,19,25]. As the
mechanism of the hybrid model is different from one-level
ACDR, conclusions related to the optimization of design
variations of prostheses based on one-level ACDR may not
be applicable to the hybrid model. To our knowledge, no FE
studies have explored the effect of geometry variation of the
ball-and-socket prosthesis on cervical biomechanics based
on HS, and none have investigated those combining hybrid
strategies.

In the present FE study, we employed three ball-and-
socket designs (prototype: Prodisc-C) with varying positions
of the geometry center and the size of radius of the artificial
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core, and constructed two hybrid strategies (ACDF/ACDR  DPs of prostheses did not significantly affect the extension
vs. ACDR/ACDF) to systematically explore how they affect ~ motions. The effect of the location of rotation center of
the cervical biomechanics. Our results indicated that the the prosthesis on flexion motions, however, is more sensi-
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corresponding stresses with the ACDR/ACDF construct
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tive than the artificial core radii. The flexion ROM of the
adjacent levels with PBS-5 was relative close to that in the
intact model in both groups. In our study, the flexion and
extension motions showed a significant difference between
the ACDR/ACDF and ACDF/ACDR groups by using the
same prosthesis. Each ACDF/ACDR model decreased the
extension motion of the adjacent levels compared with the
intact value, whereas the ACDR/ACDF model increased the
aforementioned motions. The increase in ROM at adjacent
levels with the ACDR/ACDF construct may accelerate the
adjacent-segment degeneration in the long term. Thus, the
hybrid strategy for treating 2-level disc degeneration should
be considered in a clinical environment as it has a significant
effect on the kinematics distribution of the cervical segments.

As for the stiffness of the cervical spine, the models with
the same hybrid construct, regardless of the prosthesis DPs,
demonstrated a similar performance in extension. However,
the predicted moment with the PBS-5 was relative close to
the intact value in flexion. With the same design, a change in
the hybrid strategy has a greater influence on the extension
stiffness than the flexion stiffness.

Facet stresses following ACDF/ACDR in extension
between the index and adjacent level were less than the intact
facet stress values (Fig.7). However, in the ACDR/ACDF
group, these facet stresses were greater than the corre-
sponding intact values at the ICO-C6 and SCO-C7, and
the maximal increase was approximately 41% at the ICO-
C6. Similarly, a previous FE study reported that the facet
loads at adjacent levels using the ACDR/ACDF construct
were greater than using ACDF/ACDR [14]. Also, the
ACDR/ACDF resulted in greater contact force at adjacent
levels than that of the intact model, which may accelerate
degeneration of adjacent segments. The facet stresses in flex-
ion at the aforementioned cartilages were almost zero. In
both hybrid strategies, the change in geometry parameters of
prostheses did not significantly change the extension contact
force and facet stresses. In addition, in both hybrid strate-
gies, the large artificial core radii and the posterior position
of the artificial core showed a relative low core stress. In the
present investigation, the maximum stress on the core of the
BS-5 design in both groups was above the tensile strength
(28 MPa) of the UHMWPE [25], which may affect the long-
term follow-up of hybrid surgery.

Although a FE model may be a useful tool to predict spinal
treatment efficiency [33], there are limitations to this study
that must be considered. A limitation of the present study is
that various factors, such as the position of the implant, the
frictionless contact between the artificial core and endplate,
may affect the results. The prediction of the facet contact
force and facet stress based on an appropriately validated
model could provide comparative results to guide clinical
surgery. However, similar with most previous FE studies
[19,20,25], the lack of validation for the contact force and

facet stress is another limitation, which needs to be further
studied. The prosthesis (prototype: Prodisc-C) inserted at the
replacement level is widely accepted clinically, but has a fixed
core. Various types of prostheses with different design con-
cepts are commercially available, such as the Mobi-C, PCM
and Bryan. Further study should analyze the relationships
between the DPs of those prostheses combined with a hybrid
construct and cervical mechanical properties. In addition, the
predicted results were attained under the hybrid constructs
with index levels of C4-C5 and C5-C6. A surgical proce-
dure involving another hybrid intervention, such as choosing
C5-C6 and C6—C7 as index levels [31], should be consid-
ered in future study. The graft bone and plate/screw were
employed to simulate completely fusion [23] and, to some
extent, may not fully represent the ACDF operation. How-
ever, the motion at the ACDF level was almost completely
limited, which indicated that the influence of ACDF types
in the present study could be neglected. The present study
analyzed the motions in flexion and extension, as they are
the main movements of the cervical spine in daily life [19];
investigation of the corresponding cervical biomechanical
performance in lateral bending and axial rotation is planned
in a subsequent study.

In conclusion, the ACDR design did not affect the exten-
sion ROM and facet stress in one hybrid strategy. The flexion
ROM and stiffness were affected more sensitively by the
location of the core rather than the radius of the core. A
large core radius and relative posterior position of the core,
however, exhibited a low stress. Even using the same ACDR
design, different HS strategies had various effects on cervi-
cal biomechanics of the adjacent levels. The ACDR/ACDF
models resulted in a significant increase in the facet stress
at the index and inferior adjacent levels. Prosthesis selec-
tion should consider both the hybrid strategy and the DPs of
various artificial discs.
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