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Effects of New Cage Profiles on the Improvement in Biomechanical Performance of
Multilevel Anterior Cervical Corpectomy and Fusion: A Finite Element Analysis

Ning Liu'?, Teng Lu'?, Yibin Wang', Zhongwei Sun®, Jialiang Li', Xijing He'

BACKGROUND: For multilevel cervical fusion, anterior
corpectomy and fusion (ACCF) induces more implant-
related complications than anterior diskectomy and
fusion (ACDF), which implies that the biomechanical
stability of ACCF may be insufficient. The aim of this study
was to assess whether the optimization of the cage profiles
could improve the biomechanical performance of multi-
level ACCF.

METHODS: Three finite element models were con-
structed and compared, including 3-level ACDF, 2-level
ACCF using a conventional cage for reconstruction, and
2-level ACCF using a new cage for reconstruction. The
ends of the new cage possessed additional end rings and
emulated the end plate geometries. The ranges of motion
(ROMs) of the surgical segments and the stress peaks in
the end plate, fixation system, and screw-bone interface
were compared.

RESULTS: Compared with preoperative status, ACDF and
ACCF reduced the segmental ROMs by 96.1%—98.2%. The
end plate stress peaks were the highest in ACCF using the
conventional cage (10.1-18.6 MPa), followed by ACCF
using the new cage (7.7-14.3 MPa) and ACDF (5.3—9.1
MPa). ACDF induced the highest stress peaks in the fixa-
tion system and screw-bone interface (32.5—39.3 MPa and
12.1-12.7 MPa, respectively), followed by ACCF using the
conventional cage (20.4—31.7 MPa and 10.3—13.6 MPa,

respectively) and ACCF using the new cage (18.6—25.7 MPa
and 9.7-12.6 MPa, respectively).

CONCLUSIONS: The application of the new cage
decreased the risks of cage subsidence and instrument-
related complications in multilevel ACCF. Under the
condition where cage subsidence was prevented, ACCF
was superior to ACDF in terms of construct stability and
avoiding instrument-related complications.

INTRODUCTION
C ervical spondylotic myelopathy (CSM) is a common

degenerative disease that induces spinal cord compres-

sion and dysfunction in older people." The primary
treatment for CSM is to decompress the spinal cord and prevent
the progression of neurologic symptoms.*? Anterior cervical dis-
kectomy and fusion (ACDF) and anterior cervical corpectomy and
fusion (ACCF) are the 2 most commonly used surgical procedures
for the treatment of multilevel CSM.*> Although both techniques
have been shown to be effective,®7 there is not a consensus on the
superiority of ACDF or ACCF.>® ACCF has larger visual exposure
for the operation and allows for more extensive decompression
than ACDF.%"° However, ACDF is less difficult to perform and has
a lower risk of excessive bleeding and neurologic injury; therefore,
this procedure may be safer for elderly patients and those with
other comorbidities.”” In addition, ACCF induces a much higher
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incidence of implant-related complications than ACDF,""** which
implies that the biomechanical stability of a multilevel ACCF
construct may be insufficient.

Cage subsidence is an initial sign of biomechanical instability in
ACCF because this subsidence subsequently impairs the construct
immobilization and increases the stresses on the anterior fixation
system, which increases the risks of instrument-related compli-
cations, such as fixation looseness, breakage, and extrusion.”™
Recently, some new cages that are designed with enlarged ends
and are aligned with the end plate geometries have been used for
vertebral body reconstruction in single-level ACCE.”*™® Post-
operative outcomes have shown that the subsidence rate when
using the new cage was effectively less than that using the
conventional cage.’ﬁ“8 However, evidence of the biomechanical
benefits of using the cage with the new profiles for multilevel
ACCF has been limited. The aims of our study are 1) to assess
whether the biomechanical performance in multilevel ACCF can
be improved by using the new cage that possessed additional end
rings and emulated the end plate geometries, and 2) to assess the
differences in biomechanical performances between multilevel
ACCF and ACDF.

MATERIALS AND METHODS

Finite Element Modeling of the Intact Lower Cervical Spine

A nonlinear intact C3-7 finite element (FE) model was constructed
with the following steps. Computed tomography (CT) images of
the C3-7 cervical spine were obtained from a young healthy
volunteer (29 years of age; height, 174 cm; weight, 78 kg) and were
then imported into Mimics (Materialise Inc., Leuven, Belgium) to
reconstruct the surface model of each vertebra. Solid models of
the cortical shell, cancellous bone, and intervertebral disk were
constructed in 3-Matic (Materialise Inc.). Mesh models of the
bones, intervertebral disks, and ligaments were constructed using
HyperMesh (Altair Engineering, Inc., Troy, Michigan, USA) and

imported into Abaqus (Hibbitt, Karlsson and Sorenson, Inc.,
Providence, Rhode Island, USA) for material property definitions,
model assembly, and FE analysis.

Figure 1 shows the FE model of the intact C3-7 cervical spine,
which consisted of 5 vertebrae, 4 intervertebral disks, the anterior
longitudinal ligament, the posterior longitudinal ligament, the
capsular ligament, the interspinous ligament, and the ligamentum
flavum. The thickness of the cortical shell was defined as 1 mm.
The nucleus pulposus was modeled as an incompressible fluid,
and the volume of the nucleus pulposus accounted for 30%—40%
of the intervertebral disk.” The annulus fibrosus was modeled as
an annulus ground substance embedded with annulus fibers. The
fibers were modeled as truss elements and were positioned at an
inclination of +25°—35° from the transverse plane.”*° The liga-
ments were modeled as truss elements that respond nonlinearly in
tension only. Hypoelastic material properties were assigned to the
ligament according to the stress-strain curves that were published
previously.” A convergence analysis was performed to ensure that
the maximum changes in the strain energy were <5%. The
element types and material properties used in the FE model
were defined based on previous publications'*" and are shown
in Table 1 and Figure 2.

FE Modeling of the ACDF and ACCF Procedures

Figures 3A—D show the FE models of ACDF at C4-7. The
diskectomies were simulated by removing the C4-5, Cs5-6, and
C6-7 intervertebral disks and the corresponding anterior and
posterior longitudinal ligaments. After decompression, a suitably
sized polyetheretherketone interbody cage (5 x I1I x 1I mm)
(Compact CORNERSTONE-SR [Medtronic Inc., Memphis,
Tennessee, USA]) was modeled and inserted into the interverte-
bral spaces to simulate the interbody fusion. Both ends of the cage
were ensured to be in complete contact with the corresponding
end plates. The contact area in the cage—end plate interface end
was 0.64 cm®. An anterior plate-screw system was placed at C4-7

disk, and (D) annulus fibers.

Figure 1. Finite element model of the intact C3-7 cervical spine: (A) front view, (B) sagittal view, (C) intact intervertebral
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Table 1. Material Properties Assigned to the Finite Element Model

Component Element Type Young Modulus (MPa) Poisson Ratio Cross-Sectional Area (mm?)
Cortical bone C3D4 10,000 0.3

Cancellous bone C3D4 450 0.2

Nucleus pulpous C3D8H Incompressible

Annulus ground substance C3D8H 4.2 0.45

Annulus fibers T3D2 450 0.3

Anterior longitudinal T3D2 Nonlinear* 0.3 6.1
Posterior longitudinal T3D2 Nonlinear* 0.3 5.4
Ligamentum flavum T3D2 Nonlinear® 0.3 50.1
Capsular T3D2 Nonlinear* 0.3 46.6
Interspinous T3D2 Nonlinear* 0.3 13.1
PEEK C3D4 3760 0.3778

Titanium alloy C3D4 110,000 0.3

PEEK, polyetheretherketone.

*Please refer to Figure 2 for details.

to further stabilize the surgical segment. The length and width of
the plate were 52 and 17 mm, respectively. The length and
diameter of the screw were 13 and 4 mm, respectively.

The corpectomies of C5 and C6 were simulated by removing the
C4-5, Cs5-6, and C6-7 intervertebral disks; two thirds of the
vertebral body in C5 and C6; and the corresponding anterior and
posterior longitudinal ligaments. Figures 3B and E shows the FE
model of ACCF using a conventional cage for interbody fusion.
After the corpectomies, a conventional cage with a 12-mm diam-
eter was trimmed into a suitable length and implanted into the
intervertebral space. Because of the sharp, flat end, the cage had a
point contact with the cortical end plates and left an obvious gap
when contacting the oblique C7 superior end plate (Figure 3E, red
arrow), which was consistent with the imaging features reported
by previous publications.™**®™® The contact areas in the superior
and inferior cage—end plate interfaces were only 0.28 and 0.13
cm?, respectively.

Figures 3C and F shows the FE model of ACCF using the new
cage for interbody fusion. After the corpectomies, a new cage

Stress-strain curves for the ligaments
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Figure 2. Ligament properties used for finite element modeling.

with a 12-mm diameter was implanted into the space. Both ends
of the cage were enlarged by adding a 2-mm-wide end ring to each
end. The thickness of the end ring was 2 mm. Moreover, the ends
were domed and angled to correctly match the corresponding end
plates, consistent with the imaging features reported by previous
publications.”®™® Good matching between the end plate and cage
was achieved using the Boolean calculation to remove the portion
that overlapped with the vertebral body. The contact area in the
cage—end plate interface was 0.63 cm?®, which was comparable
with that in the previous multilevel ACDF construct. Similar to the
surgical procedure in ACDF, both ACCF constructs were fixed by
an anterior plate-screw system. For all surgical models, the in-
terfaces at the cage—end plate and screw-bone were defined as a
tied contact condition to simulate a complete fusion status.*"**

Loading and Boundary Conditions

For all FE models, the inferior surface of the C7 vertebra was
constrained. Moment loads of 1.0 Nm were applied on the supe-
rior surface of the C3 vertebra to produce flexion, extension,
bending, and rotation.>****3 To validate the intact C3-7 FE model,
the intersegmental ranges of motion (ROMs) and the
load-displacement curves were compared with the outcomes of
previous publications. The load-displacement curve was drawn by
using the degrees of motion at moment loads of o, 0.33, 0.67, and
1 Nm.*»** The surgical segment ROMs, end plate stresses, fixation
system stresses, and screw-bone interfacial stresses were
compared among the constructs of ACDF, ACCF using a
conventional cage, and ACCF using the new cage.

RESULTS

Model Validation
The intersegmental ROMs at C3-4, C4-5, Cs-6, and C6-7 were 3.58,
5.09, 5.58, and 5.03, respectively, in extension; 4.39, 5.64, 4.67,
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Figure 3. Finite element models of the surgical
procedures: (A) front view of anterior cervical
diskectomy and fusion (ACDF), (B) front view of
anterior cervical corpectomy and fusion (ACCF) using
the conventional cage, (C) front view of ACCF using the

new cage, (D) sagittal view of ACDF, (E) sagittal view
of ACCF using the conventional cage, and (F) sagittal
view of ACCF using the new cage. The red arrow
indicates the gap between the cage end and the C7
superior end plate.

and 4.68, respectively, in flexion; 3.2, 4.49, 2.97, and 2.1,
respectively, in rotation; and 3.14, 3.47, 2.76, and 3.38, respec-
tively, in bending. As shown in Figure 4, the intersegmental ROMs
and the load-displacement curves in each motor direction showed
good agreement with the outcomes of previous publications.

ROMs of the Surgical Constructs

As shown in Figure 5A, the ROMs of the intact C4-7 model in
extension, flexion, rotation, and bending were 15.7, 15, 9.47, and
9.61, respectively. Postoperatively, the ROMs of ACDF, ACCF us-
ing a conventional cage, and ACCF using the new cage were
significantly reduced to o0.47, 0.29, and 0.28, respectively, in
extension; 0.47, 0.3, and 0.28, respectively, in flexion; 0.37, 0.33,
and o0.24, respectively, in rotation; and 0.26, 0.31, and 0.28,
respectively, in bending.

Cortical End Plate Stresses

Figure 5B shows the maximum von Mises stresses in the C7
superior end plates. The end plate stress peaks were the highest
in the construct of ACCF using a conventional cage, wherein the

stresses were 18.6, 18.6, 16.7, and 10.1 MPa in extension,
flexion, rotation, and bending, respectively. In the same types of
movement, the end plate stress peaks were significantly reduced
by using the new cage for reconstruction in ACCF, which
reduced to 14.3, 15.2, 8.4, and 7.7 MPa, respectively. The end
plate stress peaks were the lowest in the construct of ACDF,
wherein the stresses were 9.1, 9.1, 5.6, and 5.3 MPa,
respectively, in the same types of movement. The stress
distributions in the C7 superior end plates of the surgical
constructs are shown in Figure 6.

Screw-Bone Interfacial Stresses

The maximum von Mises stresses in the screw-bone interfaces are
shown in Figure 5C. In extension and flexion, the screw-bone
interfacial stress peaks among the 3 constructs were quite
similar, wherein the values ranged from 11.9 to 12.7 MPa. In
rotation and bending, the screw-bone interfacial stresses in ACDF
were 12.1 and 14.2 MPa, respectively, which were slightly higher
than those in ACCF using a conventional cage (10.3 and 13.6 MPa,
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Figure 4. Comparison of the intersegmental load-displacement curves between the current intact finite element model and the outcomes of previous
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respectively) and those in ACCF using the new cage (9.7 and 12.6
MPa, respectively).

Fixation System Stresses

Figure 5D shows the maximum von Mises stresses of the fixation
systems. The stress peaks of the fixation system in ACDF, ACCF
using a conventional cage, and ACCF using the new cage were
32.5, 27.1, and 21.7 MPa, respectively, in extension; 32.5, 20.4,
and 20.5 MPa, respectively, in flexion; 39.3, 26.1, and 18.6 MPa,
respectively, in rotation; and 38.3, 31.7, and 25.7 MPa,
respectively, in bending. The stress peaks of the fixation system
were the highest in ACDF and the lowest in ACCF using the
new cage. Figure 7 shows the stress distributions in the screw-
plate systems.

DISCUSSION

Construct Immobilization

This study comprehensively compared the biomechanical stabil-
ities provided by multilevel ACCF and ACDF. Moreover, the effects
of the new cage on the improvement of biomechanical perfor-
mance in multilevel ACCF were assessed. As shown in the results,
both ACDF and ACCF procedures could significantly reduce the
ROMs; therefore, both ACDF and ACCF could achieve strong
immobilization in the surgical segment. In all movement di-
rections, the ROMs of the surgical segments decreased by 96.1%—
98.2% postoperatively, which was consistent with the outcomes of
previous publications.”®>> Ouyang et al.*> conducted an FE study
to assess the biomechanical performance of ACCF and found
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system stresses among the 3 surgical procedures. ACCF, anterior cervical
corpectomy and fusion; ACDF, anterior cervical diskectomy and fusion.

that the ROM of the ACCF construct was 93%—96.8% less than
that of the preoperative status. Oh et al.”” retrospectively
investigated the clinical and radiologic outcomes of using ACDF
and ACCF to treat CSM. The outcomes also showed that both
surgical procedures could reduce the ROMs of the surgical
segments by approximately 70%.

Multiple studies have noted that the achievement of strong
immobilization at the surgical segment is mainly attributed to the
anterior fixation and interbody fusion.”*>® In the early stage,
anterior fixation offers an immediate fixation for the anterior
column, which helps to decrease the cage subsidence rate and
facilitate bony fusion.””3" Tsitsopoulos et al.>* conducted a
cadaveric study to compare the biomechanical stabilities
provided via ACDF using a stand-alone cage and ACDF with an
additional plate augmentation. Their outcomes showed that the
intersegmental ROMs were reduced by only 49.2%—67.7% in the
stand-alone cage group, whereas the placement of the screw-plate
system significantly reduced the ROMs by 73.7%—92.8%.%* In a
similar cadaveric study conducted by Nayak et al.,® the
outcomes also revealed that the segmental ROMs provided by
the fixation system were 38.6%—79.3% less than those of the
stand-alone cage group.

In the present study, the boundary conditions of the cage-bone
interfaces were assigned to be tied contacts to simulate the status
of bony fusion.*"** As a result of the bony fusion at the interver-
tebral space, the stiffness of the anterior column increases, which
further enhances the stability of the construct. Li et al.*
retrospectively analyzed the radiologic outcomes of 35 patients

who underwent ACDF and found that the ROM of the treated
level significantly decreased at any point in time after surgery.
Compared with immediately after surgery, the ROMs of the
treated level further reduced by 11.5% when the bony fusion was
achieved at the intervertebral space.?*

The results also showed that there were small differences in the
ROMs of the surgical segment. The ROMs in the ACCF constructs
were slightly less than those in the ACDF constructs, especially in
ACCF using the new cage for reconstruction. The reason for this
phenomenon may be that the stiffness of the anterior column is
much greater in the ACCF construct since most of the anterior
column consists of titanium alloy, which has a high elastic
modulus.'”*" Therefore, the anterior column of the ACDF
construct was more prone to deform than that of the ACCF
construct, which resulted in slightly greater ROMs.

Subsidence Resistance

Cage subsidence is a common postoperative complication in
multilevel ACCF."™> Although cage subsidence has few influences
on the clinical outcomes in most patients, some severe cases may
induce kyphosis, neurologic deterioration, and instrumental
complications because of the substantial decrease in intervertebral
height and the subsequent increase in stress load within the
anterior plate.”*™>3 Previous studies have found that ACCF in-
duces a much higher cage subsidence rate than ACDF in the
treatment of multilevel CSM.3°3® Lin et al.¥ compared the
outcomes of using ACCF and ACDF for treating multileve]l CSM
and found that the cage dislodgement and subsidence rate was
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Figure 6. Stress distributions in the C7 superior cortical end plates. ACCF, anterior cervical corpectomy and fusion; ACDF, anterior cervical diskectomy and
fusion.

9.5% in the ACCF group, whereas none of the patients in the The high interfacial stress concentration is an important factor
ACDF group experienced cage dislodgement or subsidence. that facilitates the cage penetrating into the end plate and inducing
Guo et al3® reported that the rate of cage subsidence of  cage subsidence.#394° The outcomes of end plate stresses showed
using ACCF for the treatment of 3-level CSM was 12.5%. In that multilevel ACCF using a conventional cage for vertebral body
addition, 1 patient experienced screw breakage because of cage construction induced approximately 1-fold greater stress peaks on

subsidence. the end plate than multilevel ACDF (10.1—18.6 vs. 5.3—9.1 MPa,
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Figure 7. Stress distributions in the fixation systems. ACCF, anterior cervical corpectomy and fusion; ACDF, anterior cervical diskectomy and fusion.
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respectively). Previous studies have noted that the fewer points for
anterior screw fixation and the drawbacks of the conventional cage
profile are the main implant-related factors that induce cage sub-
sidence and subsequent instability.”#4**" For a conventional cage,
the small footprints on the end and the geometric mismatching
between the domed end plate and flat end substantially reduce the
contact area with the end plate, which results in a large stress
concentration and facilitates cage subsidence."+4**

To address these issues, some cages with new profiles have
been reported to be used for vertebral body reconstruction in
single-level ACCF."*"® By enlarging the surface area and simu-
lating the end plate geometries in the cage end, these new cages
offered much larger contact area with the end plate, which
effectively alleviated the stress concentration and reduced the
subsidence rate.”*™® Lu et al.? performed a cadaveric study to
assess the effects of the new cage profiles on the subsidence
resistance in single-level ACCF. Compared with the conventional
cage, the new cage end decreased the maximum load force on the
end plate by 53.8%.% Although it is difficult to achieve 100%
geometric matching with the end plates using the new cages
with fixed profiles because the cervical geometry varies among
patients,*#* the postoperative outcomes showed that these
cages still exhibited close contact with the end plates and effec-
tively reconstructed the intervertebral height and angle.”™® By
simulating the end plate geometry, these new cages significantly
decreased the interval between the cage end and the end plate
compared with conventional corpectomy cages with a flat end.”7"*
Therefore, the disappearance of the interval only leads to a slight
subsidence of the cage footprint that initially contacts the end
plate. The integrity and mechanical strength of the end plate are
not obviously influenced.*#° Additionally, the disappearance of
the interval results in a significant increase in the contact area,
which further alleviates the stress concentration at the interface
and decreases the risk of postoperative subsidence.”*

Although much higher compressive and torque loads are
applied to the construct as the fusion level increases,*’ the
outcomes of the end plate stresses showed that, compared with
ACCF using a conventional cage, the use of the new cage in
multilevel ACCF still decreased the stress peaks on the end plate
by 23%—50%. As shown in the end plate stress nephograms,
the stress distribution in ACCF using a conventional cage mainly
focused on the posterior part of the end plate because of the
limited contact area at the interface. By using the new cage in
ACCF, the contact area at the cage—end plate effectively
expanded, and the stress distribution on the end plate became
homogeneous, which alleviated the concentration of stress and
decreased the risk of cage subsidence.’®3

Although the end surface areas of the new ACCF cage and the
ACDF cage were similar, the stress peak in the ACDF end plate
was still lower than that in ACCF by 31.2%—40.1%. The reason for
the superiority of subsidence resistance in the ACDF construct
may also be that the stiffness of the anterior column was much
lower because of the reservation of the vertebral bodies.”*
Compared with ACCF, more loads from the skull were shared
by the fixation system in ACDF, and the stress load at the
cage-bone interface correspondingly decreased,*® which resulted
in much lower stress peaks in the end plate and helped to
further decrease the risk of cage subsidence.’®3

Risks of Instrument-Related Complications
Among the 3 constructs, ACCF using the new cage for recon-
struction induced the lowest stress peaks in the screw-bone in-
terfaces and anterior screw-plate system, especially in rotation and
bending. The decrease in the stress load at the interface and
anterior instrument alleviated the fatigues of the fixation and in-
terfaces, which helps to decrease the risks of screw looseness,
screw breakage, and plate extrusion.”* Compared with the use of a
conventional cage, the reasons for the lower stress loads at the
fixation system and screw-bone interface by implanting the new
cage were attributed to the increase in the contact area at the cage—
end plate interface, which provided greater capacity to stabilize the
anterior column.'®*®3% Therefore, the fixation system produced
less bearing and sharing loads to resist the movements of the
surgical segments. The ACDF construct induced the highest stress
peaks in the fixation system and screw-bone interface because the
stiffness of the anterior column was much lower than that in the
ACCF construct.”®*" Therefore, the anterior column was more
prone to deform in the ACDF construct, which resulted in the fix-
ation system yielding more loads to stabilize the construct.
However, once cage subsidence occurred in the ACCF con-
structs, the stress loads on the screw-bone interface and fixation
system significantly increased.>® Clinical outcomes of previous
publications showed that instrument-related complications were
more likely to occur in ACCF using the conventional cage for
construction because of the high incidence of cage subsi-
dence.3”3%4° The loss of integrity of the cortical end plate caused
by cage subsidence reduced the stiffness and stability of the
anterior column, which conversely increased the stress loads on
the fixation system and the screw-bone interface.”® Compared
with the conventional cage, the use of the new cage for
reconstruction in multilevel ACCF effectively reduced the stress
peaks at the cage—end plate interface because of the advanta-
geous design profiles,*3° which helped to prevent cage subsi-
dence to maintain the biomechanical stability of the surgical
construct and decrease the risks of instrument-related complica-
tions in ACCE.'*%

Limitations

This study has several limitations. The degrees of disk degenera-
tion and facet arthropathy are difficult to simulate in the FE
model.”" In this study, FE modeling of the intact cervical spine was
based on the CT data of a young healthy man, which might neglect
the influence of degenerative pathologies on the biomechanical
performance of the cervical spine. However, we suggest that
these influences would have little effect on the results because
the disk was removed after decompression, and the facet
arthropathy had a limited impact on the stability of the surgical
constructs. In addition, the results of the multilevel ACDF and
ACCF procedures were based on a single FE model. The
biomechanical characteristics of this FE model may not be
analogous to the situation of the cervical spine during severe
pathologic changes, such as severe osteoporosis and cervical
kyphosis, which significantly decrease the mechanical strength
of the vertebral body and change the kinematics of the involved
level, respectively.>>> Further studies are needed to analyze
these specific situations.
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