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Study Design: This study compares four cervical endplate removal procedures, validated by finite element models.
Purpose: To characterize the effect of biomechanical strength and increased contact area on the maximum von Mises stress, migra-
tion, and subsidence between the cancellous bone, endplate, and implanted cage. 
Overview of Literature: Anterior cervical discectomy and fusion (ACDF) has been widely used for treating patients with degenera-
tive spondylosis. However, no direct correlations have been drawn that incorporate the impact of the contact area between the cage 
and the vertebra/endplate.
Methods: Model 1 (M1) was an intact C2C6 model with a 0.5 mm endplate. In model 2 (M2), a cage was implanted after removal of 
the C4–C5 and C5–C6 discs with preservation of the osseous endplate. In model 3 (M3), 1 mm of the osseous endplate was removed 
at the upper endplate. Model 4 (M4) resembles M3, except that 3 mm of the osseous endplate was removed.
Results: The range of motion (ROM) at C2C6 in the M2–M4 models was reduced by at least 9º compared to the M1 model. The von 
Mises stress results in the C2C3 and C3C4 interbody discs were significantly smaller in the M1 model and slightly increased in the 
M2–M3 and M3–M4 models. Migration and subsidence decreased from the M2–M3 model, whereas further endplate removal in-
creased the migration and subsidence as shown in the transition from M3 to M4.
Conclusions: The M3 model had the least subsidence and migration. The ROM was higher in the M3 model than the M2 and M4 
models. Endplate preparation created small stress differences in the healthy intervertebral discs above the ACDF site. A 1 mm em-
bedding depth created the best balance of mechanical strength and contact area, resulting in the most favorable stability of the con-
struct.
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Introduction

Anterior cervical discectomy and fusion (ACDF) is a 

common procedure involving the removal of the interver-
tebral disc [1]. Subsidence and migration commonly arise 
in the early postoperative stages. These may then cause fo-

http://crossmark.crossref.org/dialog/?doi=10.31616/asj.2021.0424&domain=pdf&date_stamp=2022-10-31


Maohua Lin et al.616 Asian Spine J 2022;16(5):615-624

raminal stenosis [2], misalignment of the spine [3,4], and 
eventual mechanical failure at either the screw-plate/cage 
or the screw–vertebra interface, manifesting as pain and 
cervical radiculopathy [5]. Subsidence occurs when sig-
nificant loads are applied at the contact of two materials 
with vastly different mechanical strengths [6]. Literature 
reports that bone mineral density and endplate thickness 
are proportional to the failure load of the structure [7]. 
Given this information, reduction of the endplates should 
likely result in higher failure rates or at least greater sub-
sidence and migration [8]. Short-term issues of stability, 
misalignment, and higher rates of pseudarthrosis in mul-
tilevel fusions pose a case for endplate preservation. This 
would better distribute the loading and therefore reduce 
the load at the cage–vertebrae contact surface [9,10].

Some studies detail the effects of endplate geometry and 
mechanical properties on stability, alignment, and pseud-
arthrosis. However, these studies rarely combine such 
properties with the inclusion of the underlying vertebra 
and the impact it may have on load bearing and migra-
tion (sliding of the cage along the surface of the vertebra) 
[11]. One biomechanical mechanism for relatively high 
fusion rates with standalone cervical interbody may be 
the reduction of stress shielding from the elimination of 
the anterior plate and an increase in compressive forces 
described by Wolff ’s law [12]. Literature generally consid-
ers cage distraction a minute issue in the long term due 
to minimal patient discomfort and comparable fusion 
success rates [13]. These short-term issues of stability and 
misalignment and resulting problems combined with 
some fusion failures establish a case for the inclusion of 
exterior support methods to re-distribute and reduce the 
load at the cage–vertebra contact surface.

Few studies have emphasized the impact of the underly-
ing cancellous bone contact with respect to handling large 
loads from the cage [14]. This study seeks to quantify the 
subsidence and migration of the cage as it is embedded 
further into the vertebra. This will be contrasted with the 
resulting stresses present in the upper-level vertebra to 
facilitate discussion of the benefits and consequences of 
endplate removal and embedding of the cage. To achieve 
this goal, a C2C6 model was developed without the inclu-
sion of an anterior plating to reduce the load distribution 
and encourage a moderate amount of subsidence at the 
ACDF site. The C2C3 and C3C4 intervertebral discs were 
prioritized over C6C7 because there is a tendency for ad-
jacent segment disease (ASD) to develop in the interbody 

levels above the indexed location of ACDF surgery [15].

Materials and Methods

1. Models

CT scans were analyzed and stitched into three-dimen-
sional (3D) models of a healthy spine. The model was 
further edited and refined using the Mimics program 
(Materialise, Leuven, Belgium). The cages were designed 
and implemented into the finalized C2C6 model using 
SolidWorks 2019 (Dassault Systèmes SolidWorks Corp., 
Waltham, MA, USA). The model from a patient was im-
ported into the ANSYS Workbench (ANSYS Inc., Canons-
burg, PA, USA) and edited to create four separate models. 
The vertebra was divided into the cortical bone, modeled 
as a shell element of 0.2 mm thickness, and the cancellous 
bone, modeled as a solid body with tetrahedral elements. 
The endplates were modeled according to literature with a 
thickness of 0.5 mm with solid hexahedron elements [1]. 
The intervertebral discs were composed of the nucleus 
pulposus and annular ground, both with solid hexahedron 
elements. Five different cervical spine ligaments were in-
cluded as nonlinear spring elements: anterior longitudinal 
(ALL), posterior longitudinal (PLL), ligamentum flavum, 
interspinous, and capsular ligaments. All cervical instru-
mentation, including the cages, plating, and screws, was 
modeled with tetrahedral elements.

Model 1 consisted of the intact C2C6 model with no 
implanted cages (Fig. 1A). Model 2 had an implanted 
cage with a height of 3 mm, equivalent to the disc height 
at the C4C5 and C5C6 sites where discectomy was per-
formed. The cage was implanted with minimal endplate 
preparation (Fig. 1C). The model 3 procedure increased 
the cage height to 4 mm. The contact with the lower end-
plate remained the same. The upper endplate and vertebra 
were removed to embed the cage 1 mm into the upper 
endplate/vertebra, retaining the disc height (Fig. 1D). 
The surface of the bottom endplate was slightly reduced 
to fit the cage. Model 4 was prepared in the same man-
ner as model 3, except that the cage height was increased 
to 6 mm. This equates to 3 mm of cage embedded within 
the upper endplate/vertebra (Fig. 1E). All endplates and 
interbody sites were maintained according to the intact 
Mimics model (Materialise) except at the C4C5 and C5C6 
locations. Additionally, all surfaces and geometrics were 
set to minimize variability in interface interaction be-
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tween models (Fig. 1B). The C2C6 models were evaluated 
for flexion, extension, lateral bending, and axial rotation 
under a moment of 1 N·m (Fig. 2A). The meshing was 
validated using a convergence test. No significant differ-
ence was found among solutions. The practicality of the 
results was initially assessed using the typical deformation 
and von Mises stress of the whole model (Fig. 2A, C).

Maintenance of disc height during cage embedding is 
the most reasonable approach to maintain proper cervical 
alignment and minimize patient discomfort. The standard 
approach is to test a cage with a spacer to determine the 
disc height and select a cage that is a certain height taller 
than that. Although the capability of surface editing may 

not be as consistent in the endplate as it is in the cancel-
lous bone, cuts made to the endplates were quite simple. 
As part of the surgical procedure in ACDF, the ALL and 
PLL were removed at the implant site within the finite ele-
ment (FE) model.

Migration was defined as sliding on the contact surface 
between the cage and cancellous bone in M3 and M4. In 
M2, the measured contact surface was between the cage 
and the endplate. Subsidence was defined as the penetra-
tion of the cage body into the cancellous bone or endplate. 
The measured contact surface followed the same conven-
tions applied to migration. Both results were collected 
directly from ANSYS Workbench (ANSYS Inc.) displace-

Fig. 1. Finite element model. (A) C2C6 segment three-dimensional (3D) finite element (FE) model with intact 
disc and endplate (M1 model); (B) The C4C6 disc was removed; (C) C4C6 segment 3D FE with the implanted 
cage (M2 model); (D) C4C6 segment 3D FE with the cage embedded 1 mm (M3 model); (E) C4C6 segment 3D 
FE with the cage embedded 3 mm into the endplate/vertebra (M4 model). 
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Fig. 2. (A) Meshing and load application of the finite element (FE) model; (B) displacement contour plot of the M1 model under 
1 N·m of flexion; (C) von Mises stress contour plot of the M1 model under 1 N·m of flexion.
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ment results.
ROM of the C3C4 and C4C5 segments in model 1 were 

compared to experimental data of cadaveric specimens 
and numerical reports of finite element analysis (FEA) in 
literature for validation of results. ROM and stress were 
observed in the upper vertebra and separately in C4C5 
and C5C6 to examine the trends that would occur regard-
ing implantation and prospective loads on adjacent inter-
vertebral discs.

2. Material property

Material properties of the model were retrieved from 
literature shown in Table 1 (i.e., cortical bone, cancellous 
bone, intervertebral discs, and cartilage) [16,17]. Liga-
ments modeled as nonlinear springs with force–displace-
ment were taken from literature shown in Fig. 3 [1]. The 
nucleus pulposus, annulus fibrosus, and all other com-

ponents in this model were considered as elastic material 
[18,19]. The cage screws were assumed as titanium mate-
rial.

3. Boundary, contact, and loading conditions

The models were analyzed during natural spinal motions 
of flexion, extension, lateral bending, and axial rotation 
under ±1 N·m. The loading was applied to the tip of the 
C2 vertebral body and the bottom surface of the C6 ver-
tebra was completely constrained (Fig. 2A). The contacts 
between natural components of the spine were considered 
as bonded (i.e., cancellous to cortical bone and endplates 
to annulus fibrosis). The facet joints were modeled as a 
gap with contact friction of 0.01 between facets. Contacts 
between the cage screws and the endplate were modeled 
with surface-to-surface contact elements with a frictional 
coefficient of 0.5 [20]. The contact between the cage 
screw/plate and cancellous bone was set at 0.95. All other 
contacts were set as bonded to simulate immediate post-
operative conditions.

Results

1. Model validation

Our FE model (M1) was compared with experimental 
tests, in vivo or in vitro, and FE studies. The results are 
presented in Fig. 4A [19,21,22]. The von Mises stress and 
deformation of the C2–C6 specimen was recorded as a 
novel form of validation (Fig. 2B, C). Given that the model 
observed in this study does not match the usual vertebral 
range of C2–C6, it was determined that a more appropri-
ate method would be to perform a comparison of the 
segmental ROM. The segmental ROM of the M1 model 
during flexion–extension, lateral bending, and axial rota-
tion were all in the range of results observed in previous 
experiments and FE studies. The values recorded from the 
M1 model are well within the range of experimental out-
comes. These comparisons validated this developed 3D 
FE model.

2. Range of motion

The ROM at the suggested ACDF site was compared in 
Fig. 4B to provide a better understanding of the main-
tenance of local alignment and the method of endplate 

Fig. 3. All ligament force-displacement properties. ALL, anterior longitudinal; 
PLL, posterior longitudinal; LF, ligamentum flavum; ISL, interspinous ligament; 
CL, capsular ligament.
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Table 1. Material properties used in the model [1]

Component Young’s modulus (MPa) Poisson ratio

Cortical bone 12,000 0.3

Cancellous bone 450 0.2

Endplate 500 0.4

Facet cartilage 10.4 0.4

Nucleus pulposus 1 0.49

Annulus fibrosus 50 0.45

Titanium Ti-6Al-4V (grade 5) 110,000 0.342

Tensile strength, ultimate 860

Tensile strength, yield 790
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preparation. Under flexion, the natural spine (M1 model) 
rotated a total of about 16.8°. The implantation of cages 
in models M2–M4 reduced the ROM to 8° in M2, 8.5° 
in M3, and 8° in M4. Under 1 N·m of extension, the M1 
model had a ROM of 17.4°. It was 7.4° in M2, 7.7° in M3, 
and 7.1° in M4. During bending, the ROM in the M1 
model was about 22°. In M2 it was 7.2°. In M3, it was 7.5°. 

In M4, it was 6.8°. Under 1 N·m of torque, the M1 model 
experienced a ROM of 24.9°. The M2 model measured at 
6° and the M3 and M4 models measured at 6.25° and 6.2°, 
respectively. The general convention that is maintained is 
equivalent flexion and extension capability, with slightly 
reduced bending and torque capabilities.

Fig. 4. (A) Our finite element (FE) model was compared with experimental tests (in vivo or in vitro ), and existing FE studies; (B) C2C6 segmental range of motion (ROM) 
with M1, M2, M3, and M4 models. FEA, finite element analysis.
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Fig. 5. (A) Comparison of maximum von Mises stress at the C2C3 and C3C4 disc with the M2, M3, and M4 models in the 
flexion, extension, lateral bending, and torque simulations; (B) von Mises stress in the C2C3 interbody disc during flexion for 
M2, M3, and M4 models from left to right; (C) von Mises stress in the C3C4 interbody disc during flexion for M2, M3, and 
M4 models from left to right.



Maohua Lin et al.620 Asian Spine J 2022;16(5):615-624

3. Von Mises stress

Fig. 5A compares the maximum von Mises stress in the 
natural intervertebral discs, present at the C2C3 and 
C3C4 junctions. The maximum von Mises stress in the 
natural intervertebral discs increased as taller cages were 
embedded into the vertebra. Generally, the cages expe-
rienced greater stress in cases where the cages were em-
bedded further into the vertebral body. Stress differences 
from model to model varied by approximately 6%. In all 
cases, the least stress was measured for the adjacent disks 
in the natural spine, M1 model. The maximum stress for 
all models took place in the C3C4 interbody disc during 
1 N·m of torque. Two typical von Mises stress contours 
are shown in Fig. 5B and C. As shown, no significant dif-
ference was observed in the C3C4 interbody disc during 
flexion for the M2, M3, or M4 models.

4. Migration

Fig. 6 displays the comparison of the migration at the 
contact surface of the vertebra and the cage in the M2–
M4 models. The results show that the migration at all con-
tacts of C4C6 was the highest in the M4 model followed 
by the M2 model and finally the M3 model in all flexion, 
extension, lateral bending, and axial rotation simulations. 
The migrations created under extension moments were 

significantly less than other moments. In flexion, the mi-
gration at C4C5 was approximately 0.041 mm in the M2 
model and reduced to 0.036 mm in the M3 model before 
increasing to 0.073 mm in the M4 model. Meanwhile, 
the migration at C5C6 endplates and the cage in the M3 
model was still the lowest at approximately 0.045 mm, 
when compared with 0.051 mm in the M2 model and 0.055 
mm in the M4 model. During lateral bending, the migra-
tion was slightly greater at C5C6 but significantly greater 
at C4C5. During axial rotation, the migration at C4C5 
was the lowest of all groups. However, it was among the 
highest of all groups at C5C6. Maximum migration was 
predominantly found in the M4 model, whereas the least 
migration was consistently found in the M3 model.

5. Subsidence

Fig. 7 presents the subsidence at the contact surface be-
tween the endplates and cages in the M2–M4 models. 
The subsidence at all contacts of C4C6 during flexion, 
extension, lateral bending, and axial rotation simulations 
was always the highest in the M4 model. This is followed 
by the M2 model and then the M3 model. In all motions, 
the M2 model showed subsidence values at approximately 
0.02 mm. The M3 model remained at approximately 0.015 
mm. The subsidence in the M4 model showed an increase 
and had much greater variability at approximately 0.025 
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Fig. 6. Comparison of migration at the C4C5 and C5C6 junctions with the M2, M3, and M4 models in the flexion, extension, lateral 
bending, and torque simulations.
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mm. Significant deviations from these values were only 
found in the torque simulations. The subsidence of the 
screws was higher in the case containing the tallest cage 
and most contact area with the cancellous bone.

Discussion

Published literature details the beneficial effects of the 
endplate on the biomechanical stability of the cervical 
spine [7,23]. Operating with only this information, one 
could conclude that any ACDF methodology that requires 
removal or significant editing of the vertebra would be in-
ferior to the currently accepted method. The cartilaginous 
endplate is typically removed with the disc, leaving behind 
the vertebral endplate. This endplate has greater strength 
moduli than the underlying cancellous bone, making it 
the favorable contact for the cage. Another noted impact 
on the biomechanical stability of an implant is the contact 
area. The degree of contact with the underlying cancellous 
bone is greatly affected by friction. If the endplate is by-
passed, more contact area is possible between the vertebra 
and the cage. Research shows that this higher contact area 
reduces the amount of migration and subsidence that oc-
curs [24]. Reported subsidence and migration values were 
consistent with our study results [1]. The benefit of con-
tact area weighed against the mechanical favorability of 
the endplate poses a question. Perhaps, a certain amount 
of contact area will lead to equivalent, if not decreased, 
subsidence and migration. The results of the M3 model 

make it apparent that considerable endplate removal can 
occur and provide less subsidence and migration. This is 
due to an increase in the contact area. In this study, sub-
sidence and migration are defined using the entire contact 
that the cage has with the endplate and cancellous bone, 
where applicable. In the M2 model, the cage is inserted 
with minimal revision so that the only significant contact 
is with the vertebral endplate. Because of the concavity of 
the endplates, little contact is made at the top center face 
of the cage. In the M3 model, some of the contacts with 
the endplate are retained, providing some biomechanical 
stability. At this embedding depth, the entire top face of 
the cage makes contact with either the endplate or verte-
bra. Increasing beyond this point, as seen in the M4 mod-
el, greatly increases the subsidence and migration because 
the endplate’s strength is completely nullified. A further 
embedding height may potentially make up for this loss, 
but a cage of that height would most likely become im-
practical for surgical methods as they would resemble an 
anterior cervical corpectomy and fusion procedure. Ex-
perimentally, the M3 model was the most biomechanically 
stable. Theoretically, it is the optimal scenario as well. The 
impact of the endplate strength is greater than the impact 
of the contact area. Thus, the intersection of these two op-
posing factors would be such that most of the vertebral 
endplate is preserved while giving full contact with the 
superior surface. Noteworthily, the FEA does not model 
the proposed scenario perfectly because partial removals 
have been known to have a slight impact on the overall 
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Fig. 7. Comparison of subsidence at the C4C5 and C5C6 junctions with the M2, M3, and M4 models in the flexion, extension, 
lateral bending, and torque simulations.
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strength of the endplate. The exact value or method of de-
termining this strength is not reported.

The practicality of significant endplate removal is lim-
ited by concavity. In the current model, only the superior 
surface is embedded because of its lower curvature. At 
the inferior surface, the ideal contact condition may be 
harder or even impossible to satisfy. The higher curvature 
means that more of the endplate will have to be removed 
to achieve a full contact area on the bottom surface of the 
cage. Additionally, the curvature of the endplate varies 
from patient to patient, so determining the success of this 
method must be evaluated individually.

Removal of the endplates tends to increase the stress 
experienced in adjacent healthy segments [25]. Consider-
ing this, in patients whose interbody discs are already de-
generated, avoiding endplate removal may be beneficial as 
it will hold a greater portion of the load and have a lower 
long-term impact on those discs. This is apparent in the 
increasing stress trend as the cage is embedded further. 
Again, the M4 model showed the highest stress while the 
M2 model showed the least. The stress data of the upper 
vertebra intervertebral discs, namely, C2C3 and C3C4, 
indicate that the removal of endplate and cage embed-
ding may increase the stress undergone in the adjacent 
vertebra. These greater stresses will speed up the disc de-
generation rate and lead to ASD and increase the need for 
follow-up surgery for the affected segments.

One issue highlighted in the literature, regarding the 
endplate preparation, is the limitations of capability. 
Piezosurgery has been used to cleanly and effectively 
change the surface of the cortical bone as would be neces-
sary in the case of complete endplate removal [26]. No 
comparably effective method exists for precise clearing of 
the endplates. However, one study demonstrated the fea-
sibility of sound pressure signal auxiliary feedback in dif-
ferentiating drilling conditions [27]. The common meth-
odologies of endplate removal include the use of burrs, 
rasps, and curettes. It has been noted that these methods 
often fail to remove the endplates with precision in certain 
areas, leaving ridges and valleys that may affect the bio-
mechanical behavior of the prosthesis [28]. Literature also 
shows that the thickness and strength of the endplates 
vary across the transverse plane [29]. An in-depth review 
and study on the localized tendencies of subsidence would 
be beneficial to determine the feasibility of endplate re-
moval in only certain areas. This, however, would require 
investigation for effectiveness and potential drawbacks of 

having unnatural, nonuniform endplate thickness during 
ACDF.

Conclusions

The postoperative stability of the cage is important to the 
alignment of the cervical spine and the maintenance of 
intervertebral disc height. In this study, four FEA models 
were conceived and tested under 1 N·m of flexion, exten-
sion, lateral bending, and torque. Our FEA results were 
validated using comparisons of the M1 model with the 
values presented in the literature with similar conditions. 
The choice of endplate preparation created a loss of intact 
ROM in the C4C6 segments, ranging from 53% to 76%. 
Beyond the initial difference between the M1 model and 
the M2 model, the significance of ROM changes decreases 
drastically. Endplate preparation caused negligible stress 
differences in the healthy intervertebral discs above the 
ACDF site. Once the full contact area was obtained, the 
strength difference caused more subsidence and migra-
tion to take place as more of the endplate was removed. 
Based on the data of this FEA, partial removal of the 
endplate is often the most viable option. However, the 
stresses exerted on the adjacent discs should be heeded as 
a danger for patients with lower biomechanical integrity 
(i.e., patients with osteoarthritis/osteoporosis and older 
patients). A 1 mm embedding depth seems to be the best 
balance of mechanical strength and contact area, result-
ing in the most favorable stability. The ideal embedding 
depth should vary between individuals on the basis of the 
concavity of their endplates. Further studies are recom-
mended to outline a methodology for determining the 
ideal embedding height from patient to patient and to de-
velop a more efficient way of preparing the endplates and 
vertebral body.
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