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Abstract: Background: There are a few biomechanical studies that describe posterior fixation methods
with pedicle screws (PS) and lateral mass screws (LMS); the combination of both screw types and
their effect on an allograft spacer in a surgically treated cervical segment is unknown. Methods:
Finite element model (FEM) analyses were used to investigate the effects of a hybrid technique using
posterior PS and LMS. Stress distribution and subsidence risk from a combination of screws under
hybrid motion control conditions, including flexion, extension, axial rotation, and lateral bending,
were investigated to evaluate the biomechanical characteristics of different six-screw combinations.
Findings: The load sharing on the allograft spacer in flexion mode was highest in the LMS model
(74.6%) and lowest in the PS model (35.1%). The likelihood of subsidence of allograft spacer on C6
was highest in the screws from the distal LMS (type 5) model during flexion and extension (4.902 MPa,
30.1% and 2.189 MPa, 13.4%). In lateral bending, the left unilateral LMS (type 4) model screws on C5
(3.726 MPa, 22.9%) and C6 (2.994 MPa, 18.4%) yielded the greatest subsidence risks, because the lateral
bending forces were supported by the LMS. In counterclockwise axial rotation, the left unilateral
LMS (type 4) model screws on C5 (3.092 MPa, 19.0%) and C6 (3.076 MPa, 18.9%) demonstrated the
highest subsidence risks. Conclusion: The asymmetrical ipsilateral use of LMS and posterior PS in
lateral bending and axial rotation demonstrated the lowest stability and greatest subsidence risk.
We recommend bilateral symmetrical insertion of LMS or posterior PS and posterior PS on distal
vertebrae for increased stability and reduced risk of allograft spacer subsidence.

Keywords: cervical spine surgery; allograft spacer; lateral mass; pedicle screws; finite element model

1. Introduction

Advanced surgical techniques for combined anterior and posterior surgery to treat complex
cervical conditions that are associated with deformity and neurologic deficiencies are increasing [1,2].
To improve biomechanical outcomes, an intraoperative radiologic device such as O-arm could be
used in a hybrid technique with posterior pedicle screws (PS) and lateral mass screws (LMS) [3]. In a
clinical setting, asymmetrical cervical pedicle screw placement is not uncommon and depends on both
the vertebral artery anomaly and the pedicle anatomy [4,5]. Although there are a few biomechanical
studies that describe posterior fixation methods with LMS and posterior PS [6-9], the combination
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of both screw types and their effect on an allograft spacer in a surgically treated cervical segment
is unknown.

Here, we used finite element model (FEM) analyses to investigate the load sharing ratio between
allograft spacers and different posterior fixation method combinations that are known to be closely
associated with the fusion rate. We compared stability by analyzing the Peak von Mises stress of the
allograft spacers and the yielding risk of peri-screw bone under hybrid motion control conditions,
including flexion, extension, axial rotation, and lateral bending.

2. Materials and Methods

2.1. FEM of an Intact Cervical Spine

A previously validated three-dimensional intact cervical spinal segment model of C3-6 in a
54-year-old male subject was used [9,10]. The geometrical data of the multi-segmental cervical model
were reconstructed from computed tomography (CT) images. The scanner operated at the following
settings: ultra-high resolution with a transverse slice thickness of 0.5, and width of the pixel was
0.429 mm.

The cervical Finite Element (FE) model included cortical bone, cancellous bone, posterior
elements, annulus fibrosus, nucleus pulposus, and facet. In addition, anterior longitudinal ligaments,
posterior longitudinal ligaments, intraspinous ligaments, ligament flava, and capsular ligaments were
included. Ligament insertion points were matched from CT image. The spinal ligaments adopted
the nonlinear load-displacement material property for the physiological nonlinear behavior of the
ligaments (Table 1) [10,11]. The cortical bone of the vertebrae was separately modeled from the
inner cancellous bone because of its high stiffness. Although the thickness of the cortical bone varies
depending on each vertebral body and on the location, an average value of 0.5 mm was used for the shell
thickness in this study [12]. The vertebrae and discs were meshed using “eight-node brick” elements,
and the posterior element was meshed using for-node brick elements. The material properties were
assumed to be homogeneous and isotropic (Table 2) [13-15]. The mesh convergence was performed to
confirm adequate mesh density among variable element sizes from 0.1 to 2.0 mm. Finally, a 0.5-mm
element size was applied in our surgical model for the prediction of FE analysis results (implant and
periphery, element size—0.5 mm; the others, 2 mm). No unusual stress patterns were presented in this
study for this setting.

Table 1. The nonlinear material properties of the ligaments used in the Finite Element model [10].

ALL PLL LF ISL CL

Load Disp. Load Disp. Load Disp. Load Disp. Load Disp.
™) (mm) N) (mm) ™) (mm) N) (mm) ™) (mm)

0 0 0 0 0 0 0 0 0 0
32 1.2 28 1.2 30 1.8 8.5 1.3 1.5 1.7
60 2.5 50 22 55 3.5 10 2.8 29 3.6
81 3.7 66 3.2 71 51 23 4.1 52 5
100 48 79 3.4 95 6.9 28 55 86 7.5
115 6 88 5 105 8 32 7 104 9.5

ALL = anterior longitudinal ligament, PLL = posterior longitudinal ligament, LF = ligament flavum,
ISL = interspinous ligament, CL = capsule ligament, and Disp. = displacement.

The intervertebral disc was consisted of an annulus fibrosus and a nucleus pulposus bounded
by the endplates. The fiber contents in the annulus fibrosus were modeled using tension-only truss
elements, which carry only tensile forces. The annulus fiber was arranged in an alternating crisscross
manner with an about 25° orientation [16,17]. The facet cartilage joints were modeled 45° from the
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horizontal plane and soft frictionless, with an initial gap of 0.5 mm based upon CT imaging [16].
The segment angles used to create the cervical spine curvature for the model were as follows: C3—4:
4.5°,C4-5: 1.87°, and C5-6: 3.94° [18]. For this study, the general-purpose Finite element analysis (FEA)
package ABAQUS (Abaqus 2017, Dassault Systemes Simulia Corp., Providence, RI, USA.) nonlinear
geometry parameter (NLGEON = ON) in the ABAQUS step module was used.

Table 2. Material properties.

Component Name Young's Modulus (MPa) Poisson’s Ratio (v) Ref.
Cortical bone 12,000 0.3 [16]
Cancellous bone 100 0.29 [13]

End plate 500 0.4 [17]

Pedicle 5000 0.3 [19]

Posterior element 3500 0.29 [11]
Annulus matrix 4.2 0.45 [17]
Annulus Fibers 500 Crossbsjgri:x?)l Area [14]

Nucleus pulposus 1.0 0.499(Incompressible) [17]
Allospacer(Femoral cortical bone) 18,200 0.38 [20]
Allospacer(Femoral cancellous bone) 389 0.3 [20]
Posterior screw(Ti6 Al4V ELI) 110,000 0.35 [21]

2.2. LMS and PS Combination Model with Allograft Spacer

The allograft spacer was constructed based on measuring the Cornerstone™ ASR (Medtronic
Sofamor Danek, Memphis, TN, USA) using SolidWorks CAD drawings (Solidworks 2013,
Dassault Systemes Solidworks Corporation, Waltham, MA, USA) and imported into ABAQUS
to generate elements of 3D geometry. The mesh size of the allograft spacer was 0.5 mm. The boundary
condition of the allograft spacer between the cortical bone and cancellous bone was accomplished
through a “tie”. Then, the meshed allograft spacer model was inserted into the C5-6 disc space of the
previously constructed intact cervical FEM. The spacer had a length of 14 mm, a height of 7 mm, and a
lordotic angle of 7°, which were the best dimensions to fit the vertebral anatomy at the C5-6 level for
the cervical model being used.

The allograft spacers were inserted via an anterior surgical approach, which was previously
described [22-24]. By simulating the surgical procedure, the anterior longitudinal ligament, the posterior
longitudinal ligament, the superior and inferior endplates, and the anterior and posterior portions of
the annulus fibrosus were excised. Then, the allograft spacer was positioned at the anterior margin
of the vertebral body. Since our model was aimed at simulating the biomechanical behaviors after
bony fusion, specific constraint conditions were imposed, especially at the bone-implant interface.
In this study, the interface behavior was accomplished via a “tie” contact condition, which enabled the
allograft spacer and vertebrae to be permanently bonded together and fully constrained.

By incorporating the Poseidon cervical pedicle screw system (Medyssey, Jecheon, Korea) for
posterior fixation, each lateral mass screw, pedicle screw, and their combination models were set.
The PS was 28 mm in length and 3.5 mm in diameter, and the LMS was 14 mm in length and 3.5 mm in
diameter. The rod had a thickness of 3.7 mm. Each screw was inserted as described below. The LMS
position was defined as 1-mm medial and 1-mm cephalad in relation to the midpoint of the lateral
mass. The insertion angle was set to 28° in the lateral direction and 15° in the superior direction.
The PS position was set to 1-mm lateral to the center of the articular mass and near the end of the
superior articular process. The C5-C6 segment was 40° medial and sagittally parallel to the inferior
endplate [25,26].
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Six types of postoperative posterior fixation models (Type 1: all LMS, Type 2: all pedicle screws
(PS), Type 3: left (Lt) PS and right (Rt) LMS combination, Type 4: Lt LMS and Rt PS, Type 5: upper
PS and lower LMS, and Type 6: upper LMS and lower PS) were constructed by modifying the intact
model to simulate device implantation at C5-C6 (Figure 1).
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Figure 1. Finite element model and the six models with lateral mass screws (LMS) and pedicle screws
(PS). Type 1: all LMS, Type 2: all PS, Type 3: left (Lt) PS and right (Rt) LMS, Type 4: Lt LMS and Rt PS,
Type 5: upper PS and lower LMS, and Type 6: upper LMS and lower PS.

2.3. Loading and Boundary Conditions

The inferior endplate of the most caudal vertebra (C7) was fixed in all degrees of freedom,
while loads were applied to the superior endplate of the most cephalic vertebra (C3). A compressive
load of 73.6 N was used to approximate the weight of the head and local muscle stabilization during
daily activity [27,28]. Six constrained degrees of freedom (translation and moment) at C6 were
investigated after first applying a compressive load of 73.6 N and then a pure moment of 1.0 Nm.
We divided the anterior (allograft spacer, annulus matrix, and fibers) and posterior sections (facet joint
and posterior fixation constructs (PFCs)) and calculated the ratio after measuring the normal force in
the x, y, and z directions of each surface node. In addition, the stability of the allograft spacer and
bone was confirmed by measuring the Peak von Mises Stress (PVMS) of the allograft spacer and the
maximum principle strain of the peri-screw bone. To confirm the subsidence potential of the treatment
devices, the PVMS of the bone surface in contact with the treatment device was analyzed assuming a
bone yield stress ratio of 16.3 MPa [9,29].

3. Results

3.1. Load Sharing Between Posterior Fixation Constructs and the Allograft Spacer

In flexion mode, the load sharing on the allograft spacer was highest in the Type 1 model (74.6%;
Figure 2). When combined with any number of PS, the load sharing on the allograft spacer decreased.
In extension mode, the load sharing on the allograft spacer was lowest in the Type 5 (14.4%) model
and highest in the Type 1 LMS-only model (25.3%). In the lateral bending mode, the load sharing on
the allograft spacer was highest in the Type 6 model (60.9%) and lowest in the Type 3 model (23.5%),
where the compressed side during lateral bending was supported by the PS. In the counterclockwise
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axial rotation mode, all models except Type 2 demonstrated increased physiologic loading on the
allograft spacers. The load sharing on the allograft spacer was highest in the Type 1 model (42.2%) and
lowest in the Type 2 model (19.9%).
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Figure 2. Load sharing on allograft spacers and posterior fixation constructs. Type 1: all LMS, Type 2:
all PS, Type 3: left (Lt) PS and right (Rt) LMS, Type 4: Lt LMS and Rt PS, Type 5: upper PS and lower
LMS, and Type 6: upper LMS and lower PS.

3.2. Effect of LMS and PS Combinations on the Allograft Spacer and Posterior Fixation Stress Distributions

In flexion mode, the PVMSs of the allograft spacer and PFCs were lowest in the Type 2 model
(Figure 3). In extension mode, the PVMS was highest in the allograft spacers in the Type 3 and 4
models and the PFCs in the Type 5 and 6 models. During lateral bending, the PVMSs of the allograft
spacers and PFCs were lowest in the Type 2 and 3 models. In the axial rotation mode, the PVMSs of
the allograft spacers and PFCs were lowest in the Type 2 model. The PVMSs were highest in type 3 of
the PFCs and in Type 4 of the allospacer.
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Figure 3. The Peak von Mises stress on the allograft spacers and posterior fixation constructs were
dependent on the plate-screw combination. Type 1: all LMS, Type 2: all PS, Type 3: left (Lt) PS and
right (Rt) LMS, Type 4: Lt LMS and Rt PS, Type 5: upper PS and lower LMS, and Type 6: upper LMS
and lower PS.
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3.3. Effect of Posterior Fixation Constructs on Allograft Spacer Subsidence Risk

In general, the vertebra with LMS exhibited a higher risk of subsidence independent of the
vertebra level. The likelihood of subsidence of the allograft spacer was calculated on the basis of the
yield strength of the C5 and C6 vertebral body cancellous bone of 16.3 MPa (Figure 4).
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Figure 4. The subsidence risk analysis of the allograft spacers on C5 and C6. Type 1: all LMS, Type 2:
all PS, Type 3: left (Lt) PS and right (Rt) LMS, Type 4: Lt LMS and Rt PS, Type 5: upper PS and lower
LMS, and Type 6: upper LMS and lower PS.

In flexion modes, the allograft spacer subsidence risk on C6 was highest in the Type 5 (4.902 MPa,
30.1%) model, where the LMS were bilaterally inserted in the lower vertebra. On the C5 vertebra,
Type 3 and 4 (ipsilateral hybrid models) (3.598 MPa, 22.1%) had the highest subsidence risks due to
asymmetric physical loading and the weaker support from LMS compared to PS.

In the extension mode, the Type 6 model (2.45 MPa, 15.0%) yielded the highest subsidence
risk on C5, and the Type 5 model (2.189 MPa, 13.4%) yielded the highest subsidence risk on the C6.
During lateral bending, the Type 3 model (2.746 MPa, 16.8%) had the lowest projected subsidence
risk on C5 and (2.061 MPa, 12.6%), also, on C6. This can be explained by a PS counterforce opposing
the lateral bending force. Contrarily, in the Type 4 model, the lateral bending force was supported
by the lateral mass screw. Accordingly, the highest subsidence risks (3.726 MPa, 22.9%) on C5 and
(2.994 MPa, 18.4%) C6 were associated with the Type 4 model, because asymmetry on the LMS side
caused excessive LMS-side compression forces. In the counterclockwise axial rotation, the Type 4 model
(3.092 MPa, 19.0%) had the highest risk of subsidence on C5 and (3.076 MPa, 18.9%) C6. This model
had the PS and LMS parallel to the counterclockwise rotation force, which would enable pulling forces
that could displace the screws. The Type 2 model, which was all PS, had the lowest subsidence risk
during counterclockwise rotation.

3.4. Distribution of Screw-Bone Interface Stresses

In all models, no complete yield of cancellous bone occurred, which was related to screw loosening.
The yield strain of cervical cancellous bone was 0.0081. The screw-bone interface stresses increased at
the LMS insertion site near the cortex hole. In general, the whole-body stress distribution was on the
LMS-inserted side within the same vertebra and the LMS-inserted vertebral body. The highest stress
parts, which were dependent on the fixation and motion, are indicated with red arrows in Figure 5.
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Figure 5. Posterior and lateral views of the Peak von Mises stress distributions on the screw-bone
interface. On the LMS side, the stress load of the vertebral body is demonstrated, but on the PS
side, the stress shielding of the vertebral body by PS is seen. *Red arrows indicate the highest stress
distribution. Type 1: all LMS, Type 2: all PS, Type 3: left (Lt) PS and right (Rt) LMS, Type 4: Lt LMS
and Rt PS, Type 5: upper PS and lower LMS, and Type 6: upper LMS and lower PS.

Axial
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3.5. Distribution of the Peak von Mises Stress on Posterior Fixation Constructs

In general, the Peak von Mises stress of a screw was higher in the LMS than the PS (Figure 6).
The Type 2 model had the lowest calculated PVMS in all motion modes. In flexion and extension
modes, when both LMS and PS were included, the Type 3 and 4 models demonstrated the highest
PVMS, which occurred around the C5 LMS neck area. In the lateral bending mode, the Type 6 model
demonstrated the highest PVMS near the C6 PS rod. Additionally, in the lateral bending mode, the Type
2 model demonstrated the lowest PVMS, which occurred near the inlet of the vertebral body pedicle.
During the axial rotation mode, the Type 3 model had the highest predicted PVMS around the LMS
neck on the C6 area. In the Type 6 model, the PVMS was highest near the LMS neck on C5. In this
area, the counterforce was applied counterclockwise against the rotation force. All of the models
demonstrated very low values with respect to the yield of the strength of titanium (880 MPa).
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Figure 6. Posterior and lateral views of the Peak von Mises stress distributions on the screw-bone
interface. *Red arrows indicate the highest stress distributions. Type 1: all LMS, Type 2: all PS, Type 3:
left (Lt) PS and right (Rt) LMS, Type 4: Lt LMS and Rt PS, Type 5: upper PS and lower LMS, and Type 6:
upper LMS and lower PS.

4. Discussion

The treatment for severe spondylotic cervical radiculomyelopathy patients is a combination of
lateral mass and pedicle screws that are essential to ensure the biomechanical stability of a surgically
treated bone-allograft spacer segment. The screw combination is based on patient-specific anatomical
considerations and surgeon preferences [1,30]. Despite the variety of screw combinations that can be
used, no study has analyzed how different combinations of lateral mass and posterior pedicle screws
affects biomechanical stresses. We compared the different biomechanical stresses on allograft spacers,
endplates, the bone-screw interface, and rod screws for different screw combinations.

The combination of a lateral mass and pedicle screw is expected to have different stabilization
outcomes during flexion, extension, axial rotation, and lateral bending. Furthermore, deeper insertion
of the pedicle screw results in better stabilization.

4.1. Load Distribution and PVMS on Posterior Fixation Constructs and Allograft Spacers

In the current study, the PFCs functioned better in extension than tension during the flexion mode
regardless of the LMS and PS. The Type 2 model (PS-only) had lower overall loading on the allograft
spacer when compared to other models, except during lateral bending. During flexion, the Type 1
model demonstrated the highest allograft spacer loading, which indicated that the LMS alone could
be insulfficient to support the vertebral body-allograft spacer constructs under specific circumstances,
such as loading in osteoporosis patients. Interestingly, in lateral bending mode, the Type 3 and 4 models,
which had support from the PS on the compressed side or the opposite side, demonstrated the lowest
loading on the allograft spacers. These data suggest that, on both the compressive and distractive
sides, the PS hold the C5-6-allograft spacer construct tightly and resist the lateral bending forces.

In axial rotation, the type 3 model had the highest PVMS on the PFCs, which occurred around the
LMS neck due to the direction of the counterclockwise rotation force and relatively weaker support
from the LMS on the opposite side. Therefore, the stress on the PS side increased to compensate the
weaker support from the LMS. The stress on the PS side also increased but was widely distributed
over the entire body of the PS. However, on the LMS side, in the near cortex, which was in contact
with the LMS, there was increased bone-interface stress. In this area, screw toggling and loosening are



Appl. Sci. 2020, 10, 7291 90f 12

expected (Figures 2, 3, 5 and 6). In contrast, for the Type 4 model, the PVMS on the allograft spacer was
the highest. The PVMS on the PFC also increased near the LMS neck area due to the screw direction,
which allowed for the counterclockwise rotation of the vertebra that could displace the screws.

It is anticipated that, in flexion mode, the allograft spacer PVMSs are higher than in the PFCs.
However, in extension mode, after ipsilateral hybrid insertion of the LMS and the PS (Type 3 and 4
models), the allograft spacer PVMSs increased due to asymmetric physiologic loading when compared
to the LMS and PS-only models. In the proximal and distal combinations (Type 5 and 6 models),
however, both the PVMS on the allograft spacers and on the PFCs increased. For example, in the Type
6 model, the C6 PS had a stronger column fixation when compared to the C5 LMS. The C6 PS was a
source of stiffness against LMS fixation, and the PVMS was highest on the rod near the PS head. In the
Type 5 model, the PVMS on the PFCs was the highest on the rods near the distal screws (Figure 6).
During lateral bending, the Type 2 and 3 models were supported by the PS on the compressed side
and demonstrated the lowest PVMSs on both the allograft spacers and PFCs. When combined with the
LMS or when the LMS was used alone on the compressed side, the PVMSs on the allograft spacers and
PFCs increased (Figures 2 and 3).

The distribution patterns of the PVMSs on the PECs are clinically meaningful (Figure 6). Most of
LMS exhibited higher PVMSs around the LMS neck area (Type 1, 3, and 4 models), which is the most
common area for bone-screw interface loosening. In the PS, the highest PVMSs regions were at the
screw neck insertion point and at the pedicle screw—shaft interface. In contrast to the LMS, in the PS,
the range of bone-screw contacts are wider and have a decreased risk of bone-screw failure caused by
toggling motions.

4.2. Effect of Posterior Fixation Constructs on the Subsidence Risk of Allograft Spacers

The asymmetrical hybrid insertion of LMS and PS, especially in the Type 4 model, had worsening
subsidence risks that were dependent on the applied forces, except for extension.

In flexion mode, the Type 1 and 5 models had the highest C6 subsidence risks These results
indicate that LMS inserted at C6 are weaker than PS and less able to support the flexion force of the
constructs, which would accompany the collapse of the C6 endplate. In contrast, the Type 3 and 4
ipsilateral hybrid models had an increased subsidence risk of C5 due to asymmetric physical loading
and the weaker support from LMS compared to PS.

In the extension mode, the LMS demonstrated increase subsidence risk at the insertion level in
Type 1, 5, and 6 models. When the LMS were inserted at lower levels, the weakest support resulted
in increased C5 and C6 subsidence risks. The LMS on C6 in the Type 5 model are biomechanically
insufficient to hold the PS inserted in the C5 vertebral body.

In lateral bending, the PS on the compression side provided the strongest support in the Type
2 and 3 models. However, in the Type 4 model, the asymmetry on the LMS side caused excessive
LMS-side compression forces, which yielded the highest C5 and C6 subsidence risks. When the LMS
was at a lower level (Type 1 and 5 models), it also led to increased concomitant C5 and C6 subsidence
risks. In the axial rotation, the screw direction with respect to the rotational force and the bilateral
positioning of the LMS affected the allograft spacer subsidence.

In the current study, as anticipated, the PS constructs were biomechanically stronger than the
LMS constructs. As the number of PS added to a construct with LMS increased, the biomechanical
stability increased. More specifically, the load distribution, especially in flexion, increased. The only
exception was the Type 4 model during lateral bending. However, the results indicated that an
asymmetric combination of PS and LMS caused an increased subsidence risk in the Type 4 model in the
lateral bending and axial rotation. Therefore, when using a hybrid model with LMS and PS, a spine
surgeon should understand that specific screw combinations could negatively affect the postoperative
subsidence risk of allograft spacers.

This study had a few limitations that are related to the middle-aged 54-year-old male patient that
was the basis for the FEM modeling, which have already been mentioned by other studies. The results
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do not reflect the condition of the discs and endplates in older female patients who undergo spinal
surgery with cervical radiculomyelopathy. In addition, our FEM model only included an allograft
spacer-vertebral body fusion model; it did take into account the immediate postoperative status of the
allograft spacer-vertebral body interface before bony fusion occurs. Additionally, a 3D intact cervical
FE model validated by range of motion (ROM) was utilized in the present study [9,10]. This approach
confirmed that the kinematics of the developed FEM reflected real soft tissue functions. However,
we evaluated the stress and strain of the peri-screw bone, which could be a different context for the use
of this FEM. Therefore, this study could lack sufficient evidence to support the validation of this FEM.
Nevertheless, in many biomechanical studies, ROM was utilized to validate and verify models, as well
as to predict stress and forces reflective of real-world settings [31-37].

5. Conclusions

In conclusion, the asymmetrical ipsilateral hybrid use of LMS and PS in lateral bending and
axial rotation yielded the worst mechanical stability and a higher allograft spacer subsidence risk.
In addition, distal LMS insertion increased the subsidence risk of allograft spacers on C6 in both flexion
and extension. Therefore, we recommend the bilateral symmetrical insertion of LMS or PS and PS
insertion on distal vertebra for the improved stability and decreased risk of allograft spacer subsidence.
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