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Abstract

:

Cortical bone trajectory (CBT) is increasingly used in spinal surgery. Although there are many biomechanical studies, the biomechanical effect of CBT in combination with traditional pedicle screws is not detailed. Therefore, the purpose of this study was to investigate the effects of the traditional pedicle screw and CBT screw implantation on the lumbar spine using finite element methods. Based on the combination of the traditional pedicle screw and the CBT system implanted into the lumbar spine, four finite element spinal lumbar models were established. The models were given four different load conditions (flexion, extension, lateral bending, and axial rotation), and the deformation and stress distribution on the finite element model were observed. The results show that there was no significant difference in the structural stability of the lumbar spine model between the traditional pedicle screw system and the CBT system. In addition, CBT may reduce stress on the endplate. Different movements performed by the model may have significant biomechanical effects on the spine and screw system. Clinical spinal surgeons may also consider using the CBT system in revision spinal surgery, which may contribute to smaller wounds.
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1. Introduction


The traditional pedicle screw fixation system has been widely used in the treatment of lumbar diseases such as disc herniation and disc stenosis. The traditional pedicle screw remains the most commonly used for spinal surgery. However, for patients with osteoporosis, due to the lack of fixation force of pedicle screws, complications such as screw loosening, displacement, and prolapse easily occur [1]. In addition, interbody fusion may accelerate degeneration of adjacent segments of the spine, resulting in adjacent segment disease (ASD) [2]. As a result, the rate of revision surgery within 5 years is as high as 20% in patients undergoing lumbar fusion [3,4]. When performing ASD revision surgery, the surgeon often needs to remove the original vertebra screw fixation, which increases the exposure of the patient’s surgical wound. This not only increases surgical time, blood loss, and surgical trauma but also increases the risk of postoperative infection [4]. Therefore, revision surgery is often more difficult than primary surgery, and there are many problems such as intraoperative bleeding and surgical complications. In addition, whether the revision surgery uses the same approach as the previous surgery and whether retaining the original pedicle screw are common problems encountered by clinical spine surgeons [5].



Cortical bone trajectory (CBT) is an improvement, and development of traditional pedicle screw fixation in patients with osteoporosis can significantly reduce intraoperative blood loss [6,7]. CBT screws are implanted closer to the midline spinous process than traditional pedicle screws and have less soft tissue dissection. Additionally, CBT screws are implanted in an inward downward upward direction, which is less likely to invade the adjacent intervertebral joints. In addition, the screw and cortical bone contact area are large, so it can increase the screw torque or pull force, avoiding a loose screw [8]. The advent of CBT internal screw fixation provides a new idea for revision surgery for ASD patients. A CBT screw can be used to achieve revision by combining it with a traditional pedicle screw. There are a number of spinal surgeons who perform this type of surgery, and they all have good results [9,10,11,12]. Although CBT screws and traditional pedicle screws have reached similar revision surgery rates and fusion rates [13], CBT screws and traditional pedicle screws are implanted in different positions in the vertebral body of the spine. Thus, the combined structure of using a CBT screw and a traditional pedicle screw is more complicated. Therefore, more mechanical analysis is needed to evaluate the stability.



Finite element analysis has been used to evaluate the mechanical outcome of CBT screw implantation [14]. One researcher evaluated the size of different CBT screw implants. The results showed that the ideal screw size for CBT is greater than 5.5 mm in diameter and 35 mm in length [15]. Other researchers also assessed the difference between CBT screw implantation and traditional pedicle screws using a finite element method [16,17,18]. However, the results of each study were inconsistent, so the difference between CBT screw implantation and traditional pedicle screws was still worth discussing. A finite element analysis model of a CBT screw combined with a traditional pedicle screw was also established [19]. The biomechanical evaluation was compared with the CBT screw system, traditional pedicle screw system, and universal spine system. The results showed that CBT screws did not exhibit better mechanical properties than traditional pedicle screw systems and universal spine systems. This previous study only established three vertebrae and two discs. Therefore, biomechanical evaluation of the vertebral body near the intervertebral disc was not performed. It is also important to observe the biomechanical effects of adjacent segments after the vertebral screw system is implanted in the vertebral body. Therefore, the establishment of a multi-segment finite element analysis spinal model could understand the situation of adjacent segments after the implantation of the vertebral screw system and provide a clearer biomechanical evaluation.



According to previous research, CBT screws are increasingly used in spinal surgery. Although there were many biomechanical studies, there was no detailed biomechanical assessment of the combination of CBT screw and traditional pedicle screw. Therefore, the objective of this study was to investigate the effects of the traditional pedicle screw and CBT screw implant on the lumbar spine using the finite element method. The results of this study can provide a biomechanical basis for clinical chiropractors to select spinal implants and reduce the rate of surgical failure.




2. Materials and Methods


2.1. Simulation of Lumbar Geometry Model


In this study, CT images were used to establish a computer lumbar spine analysis model. The source of CT images is obtained from an artificial lumbar vertebrae model (SKU:1352, Sawbones Inc., Vashon Island, WA, USA) as well as the CT scan. Using the medical image reconstruction application software Mimics (Mimics Medical 20.0, Materialise, Leuven, Belgium), a grayscale value of the CT image was used to select the bone portion of the spine model in the CT image and for the segmentation of the computer spine model. After selecting the lumbar model using the Mimics medical imaging software, the model was imported into the three-dimensional computer-aided design (CAD) software (Solidworks 2016, Dassault Systemes SolidWorks Corp., Waltham, MA, USA) for the drawing of other important parts of the computer lumbar spine model (Figure 1). This study divides the spine model into 19 parts, consisting of the cortical bone, cancellous bone, nucleus pulposus of the intervertebral disc, and the three parts from the center to the outer endplate, posterior elements, seven-layer annulus ground substance, and seven-layer annulus fibrosis. The intervertebral disc is composed of annulus and nucleus pulposus, of which annulus is formed by annulus ground substance and annulus fibrosis. Each ring of annulus fibrosis is surrounded by fibers tilted at an angle of 30° or 150° with the horizontal line. A three-dimensional CAD software Solidworks was also used to establish the different parts of the ligament, such as the anterior longitudinal ligament posterior longitudinal ligament, Ligamentum flavum, interspinous ligament, supraspinous ligament, transverse ligament and facet capsulary ligament (Figure 2).




2.2. Traditional Pedicle Screw System and Cortical Bone Trajectory System


Computer models of the cage for transforaminal lumbar interbody fusion, a traditional pedicle screw system, and a CBT system were established. The traditional pedicle screw system (5.5 mm in diameter and 45 mm in length) and cortical bone trajectory system (5.5 mm in diameter and 35 mm in length) are composed of the screw, screw tulip, and rod. A cage was placed between L3 and L4 in the lumbar model. The cage is in contact with the endplate; some intervertebral disc structures were removed, mainly to simulate the situation of clinical cage implantation (Figure 3). This study was divided into four groups based on CBT and traditional pedicle screw implantation in the lumbar vertebrae L3 and L4 (the CBT screws were implanted in contact with the cortical bone of the vertebral body, and the traditional pedicle screws were controlled and implanted into the cancellous bone of the vertebral body) (Figure 4). In the first group, the lumbar vertebrae L3 and L4 are fixed with traditional pedicle screws. The second group was treated with CBT between L3 and L4. In the third group, L3 was fixed with a traditional pedicle screw and L4 was fixed with CBT. In the fourth group, L3 was fixed with CBT, and L4 was fixed with a traditional pedicle screw. Then, the four computer models were imported into the finite element analysis software ANSYS Workbench (ANSYS Workbench 18.0, ANSYS, Inc., Canonsburg, PA, USA) for finite element analysis.




2.3. Loading Conditions and Boundary Conditions


As for the set of boundary and load conditions, four movements, including flexion, extension, lateral bending, and axial rotation, were carried out for the lumbar spine based on previous research data [20,21]. Therefore, the boundary conditions are mainly fixed at the lower edge of both sides of the sacrum model (the displacement at the x-axis, y-axis, and z-axis are set at 0). In terms of load conditions, the main follower load is given to the spine of 400 N. In addition, for flexion, extension, lateral bending, and axial rotation movements, 10 Nm load conditions were set on the upper side of L1 of the lumbar spine [22,23] (Figure 5).




2.4. Material Properties of the Model


The material properties of the lumbar spine model established in this study are derived from previous studies [24,25,26,27,28,29,30]. A cage, traditional pedicle screw system, and CBT system were used to simulate titanium alloy. Assume that all materials are homogeneous, isotropic, and linearly elastic. Therefore, two independent parameters (Young’s modulus and Poisson’s ratio) were used to represent material properties. Table 1 shows the properties of the materials used in this finite element study. In addition, the mesh elements used in the computer model for finite element analysis in this study are tetrahedral mesh (Figure 6). In addition to experimental verification, the computer model used in this study also needs to pass the mesh convergence test. The convergence test used in this study is mainly controlled by mesh size as the basis of convergence. The mesh sizes of the convergence test control were 5, 4, 3, 2, and 1mm, respectively. After the convergence test, the model reaches the 5% stop criterion of the convergence test [31]. Therefore, the finite element mesh model adopted in this study is reasonable (the mesh size adopted in this study is 2 mm).



The main observation indicators were total deformation of the lumbar spine, von Mises stress of the lumbar spine, traditional pedicle screw system and CBT system by finite element analysis. Based on these indicators, biomechanical effects of the implantation of the traditional pedicle screw system and CBT system on lumbar vertebra were evaluated.





3. Results


In this study, the stress of the lumbar spine after the implantation of the traditional pedicle screw system and the CBT system was observed by finite element analysis. Figure 7 shows the total deformation of the lumbar spine. The results showed that there was no significant difference in total deformation among all groups. Figure 8 shows the distribution of von Mises stress on the lumbar vertebra under the action of four different movements. There are obvious differences in stress distribution under different actions. There was no significant difference in stress distribution in the lumbar spine with different screw systems. Figure 9 shows peak von Mises stress on the lower endplate of L2 and the upper endplate of L5. Fixed with a traditional pedicle screw system, there was a slightly higher stress value on the endplate of the adjacent lumbar segments. Figure 10 shows peak von Mises stress at L2, L3, L4 and L5 of the lumbar spine. In L2 and L5 of lumbar vertebrae, there was no significant difference in stress distribution of lumbar vertebrae except different peak von Mises stress under the influence of different movements. Peak von Mises stress in L3 of the lumbar spine was observed. The peak von Mises stress in Group 2 and Group 4 was relatively low. The peak von Mises stress in L4 of the lumbar spine was observed, and the peak von Mises stress in Group 1 was relatively lower.



Figure 11 shows the distribution of von Mises stress on the screw system and cage. Screw system high stress mainly occurs near the joint of screw and screw tulip. Cage high stress occurs at the cage edge. Figure 12 showed peak von Mises stress on the cage and screw system. The peak von Mises stress of the cage was significantly different except under the influence of different movements. There was no significant difference in peak von Mises stress in different groups of the cage. Table 2 shows the values of the total deformation on the lumbar spine and the values of peak von Mises stress on the lower endplate of L2, the upper endplate of L5, L2, L3, L4, and L5 of the lumbar spine, cage, screw, rod and screw tulip of the screw system.




4. Discussion


In this study, the biomechanical effects of the traditional pedicle screw and CBT screw implant on the lumbar spine were successfully investigated using finite element analysis. Although previous research pointed out that the CBT system can be used in spine revision surgery with reduced blood loss and fixation ability and reduced surgical failure rate [6,7], there is no biomechanical basis for implantation of the traditional pedicle screw system and the CBT system in the lumbar spine. The results of this study may provide a basis for clinical spinal surgeons to consider the biomechanics of cortical trajectory systems during retrofit surgery.



By observing the deformation of the lumbar spine, the results showed that there was no significant difference between groups. There was no significant difference in overall spinal stability between the use of a traditional pedicle screw system, CBT system, or both. However, the CBT system implantation was slightly more stable than the traditional pedicle screw system. In addition, lumbar spine stress distribution was observed after implantation of the traditional pedicle screw system or CBT system. The results show that there are obvious differences in stress distribution under four different load conditions. There was no significant difference in stress distribution in the lumbar spine with different implants. The CBT system was used clinically with a finer screw diameter (approximately 4.5 mm in diameter) than the traditional pedicle screw system (approximately 6.5 mm in diameter). The CBT system and traditional pedicle screw system showed similar stability in mechanical studies [15,32]. The results of this study may be inconsistent with those of previous studies [16], mainly because the cage for transforaminal lumbar interbody fusion is implanted in the model of this study. Therefore, cage implantation may make the whole spinal structure more stable. There were also clinical studies involving a traditional pedicle screw system and CBT system using cage implantation [33]. The CBT system was used to achieve stability comparable to that of the traditional pedicle screw system.



In addition, the stress of the lumbar L3 and L4 showed low stress under four different loading conditions. This can be explained by the stress shielding effect (When the difference in elastic modulus between the screw system and the bone is large, the stress shielding effect will be more obvious. The force is transmitted mainly by the screw system, so the stress on the bone is reduced.). With the high rigidity of the implanted screw system, higher stresses occur in the adjacent vertebrae (the lumbar L2 and L5).



Peak von Mises stress on the endplate was observed and higher stress was found in the endplate implanted on the upper side of the traditional pedicle screw system. The CBT system is used in the lower endplate of L2 with lower peak stress. The CBT system may reduce the stress on the endplate (Group 3 and Group 4 also exhibit less stress on the endplate than Group 1). However, more clinical evidence is needed to confirm whether the CBT system can reduce the injury of the adjacent lumbar segment.



The CBT is mainly based on screw implantation of the cortical bone to achieve stability. Therefore, observing the upper vertebral body of the implant system in this study, peak von Mises stress in the lumbar L3 could be observed with lower stress on the lumbar vertebral body implanted in the cortical trajectory. The screw of the CBT system is fixed to the cortical bone, and Young’s modulus in cortical bone is bigger than Young’s modulus in cancellous bone. Thus, the lumbar L3 used the CBT system with minor deformation in the spine lumbar vertebral body. According to Hook’s law, stress is proportional to strain, so there is less stress in the lumbar vertebrae implanted with a CBT screw. In addition, observing the lower vertebral body of the implant system in this study, the screws of CBT screws are inserted from the bottom up and from the inside out. Therefore, the vertebra of the spine is only partially supported by screws. As a result, the vertebral body (the lumbar L4) deforms greatly and produces high stress. In Group 4, greater deformation occurred in the lumbar L4 because of the placement of screws in the lumbar L4 with cancellous bone and the use of CBT in the lumbar L3. Therefore, Group 4 has higher stress in the lower vertebral body (the lumbar L4).



In addition, distribution of von Mises stress on the screw system and cage was observed. High stress of the screw system mainly occurs near the joint of the screw and screw tulip. Therefore, the clinical spinal surgeon must tighten the screws when fixing the screw system. This may cause loosening of the screw system during the movement of the patient. The high stress of the cage mainly occurs at the cage edge. Therefore, arc design can be used to avoid high stress in cage design. In addition, titanium alloy was used for the cage, traditional pedicle screw system, and CBT system in this study. The yield stress of titanium alloy is about 1100 MPa [34]. The stress value of the cage and screw system observed in this study is much lower than 1100 MPa, so the cage and screw system would not cause permanent deformation under the load in this study.



In addition, the area enclosed by four screw tulips in each group was observed from the posterior of the spine (Figure 13). The CBT is used in Group 2, which is approximately half of the area surrounded by the traditional pedicle screw system. The area of group 4 was about half that of the traditional pedicle screw system. However, the area of group 3 was similar to that of the traditional pedicle screw system. Therefore, if a clinical surgeon wants to perform spinal revision surgery, the patient was originally treated with a traditional pedicle screw system. Clinical spinal surgeons may consider using CBT for revision surgery. This may allow patients to have smaller wounds [8,35]. In addition to the advantage of a smaller wound, the clinician has a smaller area of muscle to open when using CBT screws. According to previous research results, it is pointed out that dysfunction of these muscles may be associated with increased pain [36,37]. Therefore, postoperative pain is reduced, and minimally invasive surgery could be achieved.



There are some limitations to this study. The material properties used in this study should be set as anisotropic on bone or hyperelastic material on the intervertebral disc by previous research [22]. However, it is not easy to solve using nonlinear analysis in finite element analysis. In addition, the intervertebral disc structure established in this study is quite complex (the intervertebral disc model of this study contains 5 nucleus pulposus, 4204 annulus fibrosis, and 35 annulus ground substances). In order to avoid the use of nonlinear material properties and thus lead to the influence of the main topic to be discussed in this study, the properties of the materials in this study were mainly selected by homogeneous, isotropic, and linearly elastic materials. In addition, the screw system used in the simulation model of this study uses screws with a diameter of 5.5 mm, so the screw size is not consistent with the actual clinical use. The purpose of the mechanical evaluation was to compare the contrast between the traditional pedicle screw system and the CBT system and to avoid the influence of the screw diameter. In addition, the shape of the cage was also represented by a simple square shape, mainly to avoid the high stress caused by the serrated cage, which made the analysis results difficult in this study. After such simplification, this study may have some differences from the actual situation. However, it will not seriously affect the trend of research results. Such simplification can make the topics concerned by this research have more obvious trends. In addition, only two lumbar vertebrae were used for simulation evaluation in this study. Clinical spinal revision surgery usually involves the operation of more than two lumbar vertebrae. Therefore, after the evaluation of this study, more biomechanical evaluations of vertebral fixation can be performed in the future.



This study evaluated the effects of the CBT screw and traditional pedicle screw implantation on the lumbar spine by finite element analysis. Although the results analyzed in this study may be slightly different from the actual situation. However, the results of this study provide a biomechanical reference for spinal surgeons when selecting screw systems.




5. Conclusions


This study analyzed the effects of the traditional pedicle screw system and CBT system implantation on the lumbar spine. The results showed that there was no significant difference in stability between the traditional pedicle screw system and CBT system after implantation with the cage. In addition, the CBT system may reduce the stress on the endplate. Different movements performed by the patient may have a significant mechanical impact on the spine and implant system. When performing spinal revision surgery, clinical spinal surgeons may also consider using the CBT system for spinal revision surgery, which may contribute to smaller wounds.
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Figure 1. Creating a computer lumbar spine model using an artificial spine CT image for segmentation by the Mimics medical imaging software. 






Figure 1. Creating a computer lumbar spine model using an artificial spine CT image for segmentation by the Mimics medical imaging software.
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Figure 2. Parts of the lumbar spine computer model. (a) Cortical bone and cancellous bone. (b) Posterior elements. (c) Endplate. (d) Intervertebral disc (annulus ground substance and annulus fibrosis). (e) Ligaments. 
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Figure 3. The cage is in contact with the endplate; some intervertebral disc structures were removed. 
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Figure 4. According to the CBT and the traditional pedicle screw placement into the lumbar spine, L3 and L4 are divided into four groups. 
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Figure 5. Loading conditions and boundary conditions. 






Figure 5. Loading conditions and boundary conditions.



[image: Applsci 11 10583 g005]







[image: Applsci 11 10583 g006 550] 





Figure 6. The mesh conditions of the four groups of models in this study and the number of mesh nodes and elements. 
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Figure 7. Total deformation of the lumbar spine. 
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Figure 8. Distribution of von Mises stress on the lumbar spine. 






Figure 8. Distribution of von Mises stress on the lumbar spine.



[image: Applsci 11 10583 g008]







[image: Applsci 11 10583 g009 550] 





Figure 9. Peak von Mises stress on the lower endplate of L2 and the upper endplate of L5. 
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Figure 10. Peak von Mises stress in L2, L3, L4 and L5 of the lumbar spine. 
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Figure 11. Distribution of von Mises stress on the screw system and cage. 
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Figure 12. Peak von Mises stress on the cage and screw system. 
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Figure 13. The area surrounded by four screw tulips in each group was viewed from the posterior of the spine. 
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Table 1. Material properties in this study [24,25,26,27,28,29,30].
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	Materials
	Young’s Modulus (MPa)
	Poisson’s Ratio





	Cortical bone
	12,000
	0.3



	Cancellous bone
	100
	0.3



	Endplate—central
	2000
	0.3



	Endplate—intermediate
	6000
	0.3



	Endplate—outer
	12,000
	0.3



	Posterior elements
	3500
	0.25



	Nucleus pulposus
	1
	0.499



	Annulus fibrosis 1–2 (Outermost Layers)
	550
	0.3



	Annulus fibrosis 3–4
	485
	0.3



	Annulus fibrosis 5–6
	420
	0.3



	Annulus fibrosis 7 (Innermost Layer)
	360
	0.3



	Annulus ground substance
	4.2
	0.45



	Anterior longitudinal ligament
	20
	0.3



	Posterior longitudinal ligament
	20
	0.3



	Ligamentum flavum
	19.5
	0.3



	Interspinous ligament
	11.6
	0.3



	Supraspinous ligament
	15
	0.3



	Intertransverse ligament
	58.7
	0.3



	Facet capsulary ligament
	32.9
	0.3



	Traditional pedicle screw system
	110,000
	0.3



	Cortical bone trajectory system
	110,000
	0.3



	Cage
	110,000
	0.3
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Table 2. The values of total deformation on the lumbar spine and the maximum von Mises stress values on the lumbar spine and screw system.
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Observation Indicators

	
Motion

	
Group 1

	
Group 2

	
Group 3

	
Group 4






	
Total Deformation

(mm)

	
Flexion

	
3.8823

	
3.6995

	
3.7367

	
3.8419




	
Extension

	
0.98531

	
0.93348

	
0.94502

	
0.96987




	
Lateral Bending

	
2.9165

	
2.8883

	
2.8767

	
2.9032




	
Axial Rotation

	
2.5345

	
2.4754

	
2.5014

	
2.5258




	
Maximum von Mises stress in the lower endplate of L2

(MPa)

	
Flexion

	
24.198

	
14.136

	
14.318

	
14.781




	
Extension

	
4.3587

	
2.3782

	
2.4403

	
2.618




	
Lateral Bending

	
11.249

	
7.1925

	
7.1488

	
7.2184




	
Axial Rotation

	
10.917

	
6.9309

	
7.0111

	
7.0879




	
Maximum von Mises stress in the upper endplate of L5

(MPa)

	
Flexion

	
2.8133

	
2.6856

	
2.724

	
2.7806




	
Extension

	
0.61285

	
0.6596

	
0.64281

	
0.61415




	
Lateral Bending

	
1.6028

	
1.5632

	
1.5589

	
1.5739




	
Axial Rotation

	
2.1384

	
2.0675

	
2.1007

	
2.1234




	
Maximum von Mises stress in L2 of the lumbar spine

(MPa)

	
Flexion

	
51.748

	
49.002

	
49.646

	
51.296




	
Extension

	
24.529

	
24.524

	
24.534

	
24.524




	
Lateral Bending

	
30.916

	
30.726

	
30.525

	
30.816




	
Axial Rotation

	
27.205

	
26.735

	
27.06

	
27.373




	
Maximum von Mises stress in L3 of the lumbar spine

(MPa)

	
Flexion

	
387.75

	
117.79

	
360.54

	
133.85




	
Extension

	
45.282

	
16.088

	
36.571

	
16.114




	
Lateral Bending

	
174.59

	
74.884

	
162.28

	
73.462




	
Axial Rotation

	
281.61

	
146.53

	
277.87

	
144.44




	
Maximum von Mises stress in L4 of the lumbar spine

(MPa)

	
Flexion

	
31.918

	
137.22

	
141.65

	
174.75




	
Extension

	
6.7604

	
13.676

	
11.691

	
15.19




	
Lateral Bending

	
15.194

	
61.073

	
62.162

	
115.76




	
Axial Rotation

	
28.869

	
105.49

	
109.36

	
178.67




	
Maximum von Mises stress in L5 of the lumbar spine

(MPa)

	
Flexion

	
22.667

	
22.032

	
22.156

	
22.514




	
Extension

	
18.48

	
18.371

	
18.4

	
18.434




	
Lateral Bending

	
31.521

	
31.463

	
31.172

	
31.024




	
Axial Rotation

	
26.875

	
26.069

	
26.597

	
26.826




	
Maximum von Mises stress on cage

(MPa)

	
Flexion

	
2.2643

	
2.1287

	
2.1078

	
2.1681




	
Extension

	
0.48433

	
0.38727

	
0.42276

	
0.44886




	
Lateral Bending

	
1.144

	
1.1426

	
1.1388

	
1.1321




	
Axial Rotation

	
1.5995

	
1.8331

	
1.7327

	
1.6753




	
Maximum von Mises stress on screw

(MPa)

	
Flexion

	
278.98

	
304.59

	
259.98

	
151.78




	
Extension

	
41.203

	
33.009

	
43.554

	
35.291




	
Lateral Bending

	
128.43

	
106.99

	
111.12

	
94.951




	
Axial Rotation

	
181.69

	
283.02

	
184.61

	
101.42




	
Maximum von Mises stress on rod

(MPa)

	
Flexion

	
35.291

	
156.740

	
77.120

	
44.687




	
Extension

	
15.342

	
18.377

	
19.979

	
20.651




	
Lateral Bending

	
32.976

	
44.394

	
47.588

	
45.462




	
Axial Rotation

	
36.397

	
115.720

	
58.548

	
37.100




	
Maximum von Mises stress on screw tulip

(MPa)

	
Flexion

	
26.592

	
158.63

	
40.654

	
31.28




	
Extension

	
12.445

	
12.318

	
19.267

	
13.312




	
Lateral Bending

	
30.308

	
40.019

	
34.393

	
57.484




	
Axial Rotation

	
39.04

	
122.25

	
44.963

	
162.73
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