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Abstract


The aim of this study was to analyze the spinal stability and safety after posterior spinal fusion with various fixation segments and screw types in patients with an osteoporotic thoracolumbar burst fracture based on finite element analysis (FEA). To realize various osteoporotic vertebral fracture conditions on T12, seven cases of Young’s modulus, namely 0%, 1%, 5%, 10%, 25%, 50%, and 100% of the Young’s modulus, for vertebral bones under intact conditions were considered. Four types of fixation for thoracolumbar fracture on T12 (fixed with T11-L1, T10-T11-L1, T11-L1-L2, and T10-T11-L1-L2) were applied to the thoracolumbar fusion model. The following screw types were considered: pedicle screw (PS) and cortical screw (CS). Using FEA, four motions were performed on the fixed spine, and the stress applied to the screw, peri-implant bone (PIB), and intervertebral disc (IVD) and the range of motion (ROM) were calculated. The lowest ROM calculated corresponded to the T10-T11-L1-L2 model, while the closest to the intact situation was achieved in the T11-L1-L2 fixation model using PS. The lowest stress in the screw and PB was detected in the T10-T11-L1-L2 fixation model.
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1. Introduction


Nearly 90% of spinal fractures occur in the thoracolumbar region, and burst fractures account for 10–20% of these types of injuries. These thoracolumbar burst fractures are the most common spinal fractures that are treated surgically [1,2]. Typically, a pedicle screw (PS) is used for spinal fixation, but the optimal fixation segment for each fracture site has not been established yet [3,4]. The human body is a collection of various nonlinear composite materials, such as the skin, ligaments, and bones, and an understanding of these dual complex structures is essential because intervertebral discs (IVDs) are filled with base matter inside multiple layers of the annulus fibrosus [5]. Human cadaveric specimens are ideal for analyzing different problems related to spinal biomechanics, i.e., spinal implant testing or analysis of the biomechanics of the intact spine. However, it is increasingly difficult to obtain human spinal specimens, and the available specimens are generally of poor bone quality, and thereby unrepresentative of the conditions of a young individual [6]. Therefore, finite element analysis (FEA) is one of the most useful methods for predicting spinal fixation failures. This is because FEA can be repeated under the same conditions and results for various surgical techniques can be derived with the same patient. Hence, a three-dimensional finite element (FE) model based on computed tomography (CT) scan has been created, and various clinical problems associated with biomechanical behavior could be predicted via FEA [7,8].



Nonlinear FE models of the human vertebra have been validated in several studies using various methods [9,10]. In this study, the reliability of FE models was validated via comparisons between the FE models reported in extant studies and models proposed in this paper [11,12]. In a recent study, Hsieh et al. investigated the physical properties of a spinal fixation rod in adjacent segments via FEA, and they found that a flexible rod or cage can alleviate the contact force of the facet joint due to spinal fixation [13]. Zhou et al. examined the biomechanical stress on the vertebral body after PS fixation under seven different work conditions in patients with adult degenerative scoliosis (ADS), and they demonstrated that PS fixation could reduce biomechanical stress in ADS patients [14]. Spinal fixation with a PS has been much used, but its inability to support the anterior spinal column after posterior correction and stabilization in some severe cases may lead to failure of the posterior spinal implants [1]. A cortical screw (CS), first proposed by Santoni in 2008 [15], was developed to enhance the stability of spinal fixation in patients with low bone density by penetrating the cortical bone, which is relatively stronger than the cancellous bone [16].



A clinical study found that a PS had better fatigue performance than a CS in the bone-degradation [17]. However, other studies reported that a CS had approximately 1.7 times higher torque than a PS and showed superior resistance to vertical and repetitive loads in normal bones [18,19]. To date, several studies have been conducted to investigate the stability of a CS, and clinical studies have already shown that a CS had better outcomes in terms of spinal stability than a traditional PS. However, none of the studies elucidated the underlying mechanisms. Thus, it is difficult to clearly distinguish the merits of a PS and CS based solely on clinical research results alone. Specifically, previous studies compared the stability of a single segment and a long segment and determined the fixed stability of a PS or the design or material of a spinal rod. The spinal stability induced by a PS or CS has been compared in many studies. However, most of them focused only on lumbar fusion [20,21,22]. Only a few of them, including the thoracic spine, compared the results of fixing different segments.



Therefore, this study numerically compared spinal stability in terms of screw type, motion, and the spine fixing method among four types of spinal fixations using a PS and CS in a human spine FE model with a thoracolumbar burst fracture. This study aimed to numerically evaluate the stability of the spine and safety of the implant by calculating the equivalent stresses applied to the peri-implant bone (PIB), and IVD of the spine using FEA.




2. Materials and Methods


2.1. Material


The spine consists of the vertebra, ligaments, and IVDs. The vertebra is composed of the vertebral body and vertebral arch. The vertebral body is coated with the cortical bone, which is approximately 1 mm thick, and the inside is filled with the cancellous bone. Therefore, a 1 mm-thick mesh with cortical bone properties was applied to the surface of the vertebral body in the FE model of this study, and that with the cancellous bone properties was used for the interior of the vertebral body. In addition, we applied the material properties of cortical bone to the vertebral arch since the proportion of cancellous bone there is very small. Anisotropic material properties were used for both cortical and cancellous bone, as listed in Table 1, to calculate the tensile and compressive stresses. Here, the axial direction of the anisotropic material property (the X-axis) is the forward/backward (flexion/extension) direction from the center of the FE model, and the Y-axis is the left/right lateral direction (lateral bending). The Z-axis is the central axis of axial rotation in the direction of gravity [23].



The ligaments of the human spine used in the FE model include the anterior longitudinal ligament (ALL), posterior longitudinal ligament (PLL), ligamentum flavum (LF), intertransverse ligament (ITL), interspinous ligament (ISL), and supraspinous ligament (SSL). The properties are summarized in Table 1. The capsular ligament (CL) is a ligament that exists in the facet joint that connects the upper and lower vertebra. We modeled this joint with a no-separate contact condition, to mimic the behavior occurring in the actual facet joint that allows only small slip and rotation while maintaining the contact spacing. The reason for using this no-separate condition should be that it is sufficiently accurate for the purpose of the work. Therefore, in this study, the connection of the facet joint was implemented by setting the contact conditions without creating the CL. Given that the ligament has the same characteristics as the spring, a tension-only characteristic is applied to the two-node beam element. As summarized in Table 1, each ligament exhibits a different strain based on small and large deformations [24,25,26,27].



The IVD consists of the nucleus pulposus and annulus fibrosus; the nucleus pulposus is an incompressible fluid [28,29]. The IVD was subdivided into the nucleus pulposus and annulus fibrosus with a proportion of 56% annulus and 44% nucleus, respectively [30]. A hyper-elastic Mooney–Rivlin model was used to model the behavior of the IVD. The experimental values [31] presented were used for the corresponding material constants. The linear correlation coefficient for the correlation between the experimental and numerical stresses related to the same strain was applied.




2.2. Human Spine FE Model


2.2.1. Intact Model


The intact model was created based on CT images of males in their thirties without spinal pathologies. To create a geometric model, a healthy spine is preferred over a spine with a specific disease [8]. Accordingly, this present study established the intact model based on one previous study, which created an intact model using the spine of a 32-year-old male with no pathological problems [32]. The spinal range of the intact model was from T9 to L5, and the model was constructed with nine vertebra and eight IVDs (Figure 1). The CT image was converted into a three-dimensional geometric model using Mimics software (Version 23.0, Materialise NV, Leuven, Belgium), and the vertebral body and IVD were simplified to facilitate the generation of a hexahedral element. The IVD was composed of the ground substance of the annulus fibrosus and nucleus pulposus as shown in the Figure 1, and the vertebral body and IVD were connected in a bonded state. Six major ligaments of the vertebral body are connected to the top and bottom of the vertebral arch via a two-node element [33].



Ansys Workbench software (Version 2019 R1, ANSYS Inc., Pittsburgh, PA, USA) was used for material property settings and mesh generation in the FE model. Element generation information of the FE model was as follows: the element type of the vertebral body corresponded to a hexahedral element, which consisted of 5278–7648 elements per segment. The IVD was created as a hexahedral element in a similar manner as that used in the vertebral body. The vertebral arch was a tetrahedral element, with 26,372 to 35,838 elements per segment. Furthermore, the screw was penetrated with a complex shape. Thus, more elements were created here than in other parts. The percentage of elements with a quality index over 0.85 (quality range: 0~1) was 92.09%. Also, 72.87% of the total number of elements were trilinear hexahedral while the rest corresponded to linear tetrahedra. We created an FE model that seemed like a vertebral arch of a complex shape with high quality elements.




2.2.2. Spinal Fracture


Four previous study models were referenced to generate the fractured spine model [32,34,35,36]. Each study conducted a comparative analysis according to the screw type, fracture level, and CS screw insertion angle. Although the final goals were different, all the models used the same fixed segments and fracture implementation methods. The fixed site was T12-L2, and the fracture was implemented by removing part of the vertebral body of L1. However, in this study, a method of lowering the Young’s modulus of the vertebra was chosen to design the fractured spine model [37,38]. The method of implementing a geometric fracture is the method used in Liu et al.’s study [39]. This method calculated the defect volume inside the fractured spine and removed the defect site. Here, as for the bony defect area, the front side is the anterior margin of the vertebral body, the upper side is a transection paralleled to the upper endplate, and the lower side is an oblique section paralleled to the kyphotic correction angle. The main point here is that the size of the fracture site and the defect site is different for each patient according to the severity of the fracture. Liu et al.’s study also selected fracture severity for a specific fracture patient as a representative model. Of course, as in Zhou et al. [14], fracture severity can be classified into moderate fractures and severe fractures. However, since this method requires direct modification of the geometry, this study adopted a method of implementing a fracture by adjusting the material properties so that the location and severity of the fracture can be adjusted without modifying the geometry.



We are only comparing the effects of different fixation segments and screw types on the stability of a fracture. The material properties of the rest of the vertebrae have a minor effect on such spine stability (the basic requirement to protect structures and prevent the early mechanical deterioration of spinal components [40]), so, we have maintained the properties of healthy bone in the rest of the vertebrae of the column. The method of fixation complements the upper and lower sections based on short-segmented fixation. As mentioned above, the screw type was either PS or CS, and the typical trajectory was selected based on the shape of the spine.



Figure 2 shows the results of applying stress on the screw, obtained by constantly reducing the Young’s modulus of the vertebra using FEA. In this Figure 2, Y1 denotes the Young’s modulus of the normal state (defined in a posterior fixed state without fracture), Y2 is half of Y1, Y3 is half of Y2, Y4 is 1/10 of Y1, Y5 is half of Y4, Y6 is 1/100 of Y1, and Y7 denotes the Young’s modulus of the FE model with the T12 segment completely removed. In this manner, the Young’s modulus of the vertebra was reduced at a constant rate, and the stress on the screw due to the decrease in the stiffness of the vertebra was calculated using FEA. A simulation was performed, wherein the stress on the spinal implant increased due to the fractured spine. The results of the simulation were compared with those in reference studies to determine the rate of reduction of Young’s modulus of the vertebra that leads to a fracture [32]. To minimize the error of the results, a simulation was performed by implementing the fractured state of L1 in the T12-L2 fixation, as described in a comparative study. The equivalent stress of the screws obtained under similar conditions is summarized in Table 2. The fracture shape of the comparative paper [14,32] is the same as that of Liu et al.’s study mentioned above [39], and the physical properties of all vertebrae are the same as normal (including the fracture site). This study reduced the Young’s modulus (cortical bone and cancellous bone) of the entire fracture site. When the equivalent stress of the screw by flexion motion was calculated under almost the same conditions as in the reference study, the Young’s modulus of the vertebra was found to be almost the same as the value in the reference study at the Y5 point (5% of the normal state). Accordingly, assuming a vertebral fracture, the Young’s modulus at the fracture site was reduced to 95% that of the normal state.




2.2.3. Fusion Model


The fixation model was created using Inventor software (Version 2019, Autodesk, Mill Valley, CA, USA) and inserted into the intact model. Given that T12 was fractured, the fusion model was generated via four methods: (1) T11-L1, (2) T10-T11-L1, (3) T11-L1-L2, and (4) T10-T11-L1-L2. The FE model was used to implement posterior spinal fixation with four fixation methods (Figure 3) [14,41].



Two types of fixation screws were used: a PS and a CS. The diameter of the spinal rod of the spinal fixation device was 6 mm, and the length of the rod matched the distance of the fixed segment. The material properties of spinal rod and screw are titanium alloy [42], and the contacts between the vertebrae and the screw are bonded, and the geometric information of PS and CS is as follows: the diameter and length of the PS were 6 mm and 60 mm, respectively. The screw thread was input with a mean pitch diameter of 5.1 mm, pitch of 1.5 mm, and thread angle of 45° using the virtual thread implementation function of Ansys software. The diameter of the CS is 4.5 mm and the total length is 45 mm. The screw thread was input with a mean pitch diameter of 4.1 mm, pitch of 1.5 mm, and thread angle of 45°. The diameter and length of the CS are lower than those of the PS, and the trajectory does not penetrate the pedicle but mainly penetrates the cortical bone of the vertebral body [17,18,43].





2.3. Boundary and Loading Conditions


The vertebral body and IVD were bonded without gaps, and the ALL and PLL were connected between the vertebral body. In the vertebral arch, all ligaments, except the ALL and PLL, were connected to each other between the upper and lower segments at the posterior of the spine. A virtual thread contact condition was applied to the screw and segment of the fixed part. The loading condition was based on an in vitro study in which the multilevel lumbar spine was subjected to the maximum possible load without causing spinal injury [23,43]. For all physiological motions, i.e., flexion, extension, lateral bending, and axial rotation, the preload and moment were placed on the upper surface of the T10 level. Additionally, all degrees of freedom were restricted to the lower surface of the L5 spine of this model to support the load. Regardless of the motion, a preload of 150 N was applied for all the motions (flexion, extension, lateral bending, axial rotation), and moments (7.5 Nm, 7.5 Nm, 7.8 Nm and 5.5 Nm, respectively) were applied for each motion based on the boundary conditions as described in a previous study [44]. The values of pre-load and moment are summarized in Table 3.





3. Results


3.1. Model Validation


The shape of each FE model, material properties, and boundary conditions were not completely consistent, and there were slight differences. To validate the model in the same state as in the reference model to the maximum possible extent, segments ranging from L1 to L5 (some reference models also include S1) were created and the same loading conditions were applied [44]. The validation factor was the range of motion (ROM) generated by each pure moment and L4-5 intradiscal pressure under the compression load. In each motion, the pure moment is identical to the conditions specified in Table 2. Regarding the L4-5 intradiscal pressure, the compression force applied to the IVD was calculated by applying 1000 N to the upper surface of the L1 level.



As shown in Figure 4, the ROM in this study was within the range of the reference data and was slightly lower than that in the in vitro data. The result indicates that the stiffness of the FE model in this study slightly exceeds that of the cadaver. Conversely, L4-L5 intradiscal pressure is included within the error range of in vitro data and within the range of the reference model results, thereby confirming that the properties of the IVD material of this model were almost identical to those of the cadaver. This finding verified that the FE model in this study did not significantly differ from that in the previous study in terms of simulation performance [33].




3.2. Range of Motion


Figure 5 shows the difference between the ROM of the spine with posterior spinal fusion and that of the intact model when the T12 segment is fractured. ROM of the intact model was a flexion of 13.4°, extension of 11.1°, lateral bending of 11.2°, and axial rotation of 6.6°. A retrospective study investigated the ROM in patients with thoracolumbar vertebral fractures and found that the ROM in those who underwent spinal fixation surgery in the adjacent segments was reduced by 50% compared to normal ROM [50]. Subsequent studies demonstrated that the ROM of the thoracic and lumbar spine in patients undergoing surgical treatment for vertebral fractures was lower than that healthy people, but the underlying mechanism was not identified [51]. In this study, when a PS was used, the average ROM decreased by 2.05° compared to that of the normal spine, and when a CS was used, the average ROM decreased by 3.875°; the finding is consistent with that in the above clinical study. These results suggest that the fixation mechanism of the fractured spine directly limits the motion of the spine. In flexion, the T11-L1-L2 fixation using a PS leads to the most common result among all cases. The value of extension is the same as that of flexion, and only the reverberation is the opposite. However, the most common result in the intact model was T10-T11-L1 fixation using a CS, and the largest difference of the ROM was observed with T10-T11-L1-L2 fixation using a CS. T11-L1-L2 fixation using a CS exhibited the lowest ROM in lateral bending. In addition, the average ROM was 4.9° lower than that of the intact model, and this result corresponds to the smallest average value among all motions. In the axial rotation, the ROM of T11-L1-L2 fixation using a PS was similar to that in the intact model. Overall, T11-L1-L2 fixation using a PS led to similar ROM to that in the intact model, and the largest difference in ROM was observed in T11-L1-L2 fixation using a CS.




3.3. Equivalent Stress


3.3.1. Equivalent Stress on a Screw


The stress applied to the screw was calculated for each motion using FEA. Figure 6 shows the screw stress in each case. According to Wang et al.’s study [36], in the case of two-segment fixation (T12-L2) in the fractured spine, the stress received by a CS was higher than that received by a PS when lateral bending was performed. Conversely, in other motions, the stress received by a PS was higher than that received by a CS. As shown in Figure 6, our study also showed the same stress tendency. The average stress generated by each motion was named as the motion average stress, and the stress level for each fixing method was compared using the motion average stress. The highest motion average stress was 321.6 MPa, which was observed in T10-T11-L1 extension using a PS in the normal state. In addition, the low motion average stress levels in T11-L1-L2 using a PS and in T11-L1-L2 using a CS were 69.0 MPa and 86.9 MPa, respectively. The stress reduction rate based on the screw type in the same fixation method in the fractured state is described below. In the case of T11-L1 fixation, the motion average stress of the CS was 87.2 MPa, which was 19.3% lower than that using a PS. Notably, the lowest value of single motion was 48.9 MPa, which was observed in the lateral bending motion with a PS. In the case of T10-T11-L1 fixation, the motion average stress of the PS was 87.4 MPa, which was 24.3% lower than that of the CS. In the case of T11-L1-L2 fixation, the motion average stress of the PS was 69.0 MPa, which was 20.6% less than that of the CS. In the case of T10-T11-L1-L2 fixation, the motion average stress of the CS was 53 MPa, which is 27.4% lower than that of the PS, and this reduction rate was the highest among all cases. The motion average stress in the CS exceeded that in the PS in the fixation of three segments or more because high stress occurs in the part where the vertebral arch edge and screw head make contact due to the trajectory characteristics of a CS.




3.3.2. Equivalent Stress of Peri-Implant Bone


As shown in Figure 7, the stress tendency of the PIB is similar to that of the screw. Similar to the tendency of stress on the screw, the highest motion average stress was detected in T10-T11-L2 fixation using a CS in the normal state. The motion average stress of the T11-L1-L2 fixed motion using a PS was 20.0 MPa, which was the lowest among all cases. The motion average stress of T11-L1 using a CS was 21.6 MPa, which is almost the same as that of T11-L1-L2. The stress applied to the PIB was significantly reduced by the screw under the same fixation conditions. In the case of T11-L1 fixation, the motion average stress in the case using CS decreased by 57% compared to that using a PS. In the case of T10-T11-L1 fixation, the motion average stress of a PS was reduced by 47.6% compared to that of a CS. In some cases, the stress in the fractured state was lower than that in the normal state. In the T10-T11-L1 fixation, the PS and CS exhibited a stress reduction in the fractured state. The magnitude of stress in a PS was 8.3 MPa lower than that in a CS. However, the reduction rate of stress due to the change in the stiffness of a specific segment was 20.5% in a PS and 64.4% in a CS. In the case of T11-L1-L2 fixation, the motion average stress with the use of a PS decreased by 67.6% compared to that with the use of a CS, which was the highest reduction rate in all cases.




3.3.3. Equivalent Stress of IVD


Figure 8 summarizes the equivalent stress of the IVD between fixed sites. In the case of T10-T11-L1 fixation, the IVDs between T10 and L1, namely, T10-11, T11-T12, and T12-L1, could be used to compute the maximum equivalent stress of the three IVDs. Overall, a uniform trend was observed although T11-L1 fixation using a CS exhibited higher stress than other cases in lateral bending. In this case, there was no peculiarity, even in the equivalent stress of the screw or PIB. Thus, it is difficult to determine a clear cause. The overall trend was that the equivalent stress of the IVD was lower for a CS than that for a PS, and the equivalent stress applied to an IVD was up to 22.2% lower in the T10-T11-L1 fixed state when a CS was used than when a PS was used. With respect to the method of fixation, T11-L1, T11-L1-L2, and T10-T11-L1-L2 exhibited low-stress tendencies similarly. Among them, the IVD motion average stress of T11-T10-L1-L2 fixation with a PS was the lowest. Hence, the fixation method that applies the least equivalent stress to the IVD is T10-T11-L1-L2 fixation using a CS [52,53].






4. Discussion


In this study, we compared the stability of the spine in several cases by simulating the procedure of posterior spinal fusion in patients with vertebral fractures and calculating equivalent stress in each case. The spine generates moments through various motions. In this study, the average ROM and equivalent stress generated by the four basic motions of the spine were classified as the motion average stress, and the stability of the spine was evaluated using this stress.



First, the correct ROM after spinal fixation surgery directly affects the stability of the spine and spinal implants and improves a patient’s quality of life. The occurrence of excessive ROM increases stress on the adjacent disk and potentially increases the risk of developing adjusted segment degeneration (ASD) [54]. Conversely, if the ROM is low, the intervertebral load transfer is not smooth due to excessive fixation [55]. Hence, the optimal criterion for ROM after spinal fixation was set as the ROM of the intact model in the study. We found T11-L1-L2 fixation using a PS led to the optimal ROM; the average ROM was −0.87°, which differs from that of the intact model but is similar to that of the intact model at the maximum possible extent. Conversely, the lowest ROM was observed in T11-L1-L2 fixation using a CS, potentially because the load generated from the upper part might not be transferred correctly due to excessive fixation.



Second, increased stress applied to the screw of the spinal implant increases the possibility of fixation failure due to screw damage. The vertebra of the fractured vertebral segment loses load transmission and support, and thus the load applied to the fixation screw increases. When a PS was used in the simulation in this study, the stress applied to the screw in the fractured state exceeded that in the normal state. The highest stress generation point of the screw is around the screw head. A spinal rod is connected to the screw head, and this process has a complex shape. The stress concentration can occur during contact due to deformation because of load transfer. To prevent this stress concentration, it is necessary to modify the screw head design such that the spinal rod does not contact the vertebral arch maximally or modify the screw trajectory [17]. The equivalent stress applied to a CS is lower in the fractured state than in the normal state because of the small screw diameter and trajectory characteristics of a CS. In general, the bending moment of a CS received by the screw stress is lower than that of a PS due to the relatively short screw length. Therefore, in the case of long-segment fixation, it is expected that the risk of damage to the spinal implant is significantly lower in a CS than in a PS. When the lowest stress occurs in the screw, T10-T11-L1-L2 is fixed using a CS, and a significant difference is absent even in T10-T11-L1 fixation using a PS.



Third, high stress on the PIB can increase the possibility of damage to the vertebra with lower stiffness than the screw and cause screw fixation failure. The stress applied to the PIB at the fractured state was the highest at T11-L1-L2 fixation using a CS and lowest at T10-T11-L1-L2 fixation using a CS. This result was similar to the result of the stress on the screw. In the case of a PS, the stress in the fractured state consistently exceeded that in the normal state. However, when using a CS, the stress tendencies before and after fractures were different in the same fixation method. T10-T11-L1 fixation using a CS exhibited a high ROM and low screw and PIB stress. Conversely, compared to other cases, T11-L1-L2 exhibited a lower ROM and lower stress on the screw but higher stress on the PIB. If the flexible state and the strong restraint are distinguished through the ROM, the stress applied to the screw and BIP in the flexible state simultaneously decreases. In the case of the strong restraint, more load was placed on the PIB than on the screw.



Finally, the stress applied to the IVD was low, and there was no significant difference in the magnitude of the stress based on the fixation method. Thus, it is difficult to determine the advantages and disadvantages of the fixation method solely with the stress values of the IVD. However, if an efficient fixation method is selected numerical data regarding the motion average stress, T11-L1-L2 fixation applies the least stress to the IVD, and it has a slight advantage over other fixation methods depending on the screw type.



As a result, the T10-T11-L1-L2 fixation method using a CS on the fractured spine places the least burden on the screw and vertebra. However, studies have shown that using fixation of a segment as short as possible is more desirable than fixing at the expense of unfractured segments for ROM optimization. Therefore, it may be reasonable to choose T10-T11-L1 fixation using a PS, which applies relatively high stress (2.5 MPa) to the PIB, or T11-L1 fixation using a CS, which applies high stress (4.2 MPa) to the PIB. However, since minimization of spinal fixation segments requires a comprehensive judgment according to the patient’s condition, further studies are needed to determine to what extent it is necessary to minimize the fixation segments while withstanding the increase in pressure applied to the PIB.



The present study has several limitations. First, the muscles were not included in the model. Spine motion simulation involving the muscles can be used to analyze biomechanical behavior for additional external forces in addition to the basic four motions. Second, this study analyzed several surgical methods using a single FE model. Therefore, it is unreasonable to uniformly apply the results of this study to models of different shapes.




5. Conclusions


The PS and CS have advantages and disadvantages depending on the fixation method. Our findings indicate that the T10-T11-L1-L2 fixation method using a CS for the fractured spine places the least burden on the screw and the vertebra.
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Figure 1. Composition of the human spine finite element (FE) model: (a) Overall shape of the intact FE model, (b) FE model of an intervertebral disc composed of nucleus pulposus and annulus fibrosus, and (c) six major ligaments of the spine; 2-node link element. 
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Figure 2. Equivalent stress of pedicle screw for spinal fixation when compared to Young’s modulus of vertebra. 
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Figure 3. 3D geometric model for each case: (a) Pedicle screw fixation T11-L1, (b) Pedicle screw fixation T10-T11-L1, (c) Pedicle screw fixation T11-L1-L2, (d) Pedicle screw fixation T10-T11-L1-L2, (e) Cortical screw fixation T11-L1, (f) Cortical screw fixation T10-T11-L1, (g) Cortical screw fixation T11-L1-L2, and (h) Cortical screw fixation T10-T11-L1-L2. 
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Figure 4. ROMs and intervertebral disc (IVD) pressure in the present study and extant study: (a) Data from eight previous studies and the present study on ROM with respect to motion. Black dotted lines represent the median curves of 10 L1-5 specimens [44,48]. The red ranges denote the range of results for a moment corresponding to 7.5 Nm. (b) Data from eight previous studies and present study on intradiscal pressure between L4 and L5 with respect to flexion. Black dotted line and red ranges denote the median relationship for 15 L4-5 segments, and its range of results for 0 N, 300 N, and 1000 N [44,49]. 
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Figure 5. Comparison of the difference between the ROM result and intact model for all cases: (a) Maximum ROM for each motion based on the fixing method, (b) Difference value between ROM of the intact model and ROM based on each fixing method. 
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Figure 6. Equivalent stress applied to the screw via pure moment: (a) equivalent stress of screw in flexion, (b) equivalent Scheme 11. L2, T10-L11-L1, T11-L1-L2, T10-T11-L1-L2. 
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Figure 7. Equivalent stress applied to peri-implant bone by the pure moment: (a) equivalent stress of peri-implant bone in flexion, (b) equivalent stress of peri-implant bone in extension, (c) equivalent stress of peri-implant bone in lateral bending, and (d) equivalent stress of peri-implant bone in axial rotation. 
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Figure 8. Equivalent stress applied to IVD via pure moment: (a) equivalent stress of IVD in flexion, (b) equivalent stress of IVD in extension, (c) equivalent stress of IVD in lateral bending, and (d) equivalent stress of IVD in axial rotation. 
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Table 1. Material properties of human spine used in FEA.
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Material

	
Element Type (Ansys)

	
Young’s Modulus (MPa)

	
Poisson’s Ratio

	
Cross-Section

Area (mm2)






	
Vertebra

	
Cortical bone

	
20-node Solid Element

(SOLID186)

	
EX = 11,300

EY = 11,300

EZ = 22,000

GX = 3800

GY = 5400

GZ = 5400

	
UXY = 0.484

UYZ = 0.203

UYX = 0.203

	
-




	
Cancellous bone

	
10-node Solid Element

(SOLID187)

	
EX = 140

EY = 140

EZ = 200

GX = 48.3

GY = 48.3

GZ = 48.3

	
UXY = 0.45

UYZ = 0.315

UYX = 0.315

	
-




	
Disc

	
Ground

substance

	
20-node Solid Element

(SOLID186)

	
Hyperelastic

Mooney–Rivlin

C1 = 0.3, C2 = −0.9

	
-

	
-




	
Nucleus pulposus

	
8-node Fluid Element

(FLUID30)

	
1

	
0.499

	
-




	
Screw

	
Ti6Al4V

	
20-node Solid Element

(SOLID186)

	
110,000

	
0.3

	
-




	
Spinal rod




	
Ligament

	
ALL

	
2-node Link Element

(LINK180)

	
7.8 (ε < 12%) 20 (ε > 12%)

	
-

	
63.7




	
PLL

	
10 (ε < 11%) 20 (ε > 11%)

	
-

	
20




	
LF

	
15 (ε < 6.2%) 19.5 (ε > 6.2%)

	
-

	
40




	
ITL

	
10 (ε < 18%) 58.7 (ε > 18%)

	
-

	
1.8




	
ISL

	
10 (ε < 14%) 11.6 (ε > 14%)

	
-

	
40




	
SSL

	
8 (ε < 20%) 15 (ε > 20%)

	
-

	
30











 





Table 2. Comparison of equivalent stress results of screws; flexion motion analysis in the fractured state.
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	Moment (Nm)
	Fixed Range
	Location of

Fracture
	Equivalent Stress of Screw (MPa)





	This study
	7.5
	T12-L2
	L1
	132.5 (at Y5 *)



	Li et al.
	7.5
	T12-L2
	L1
	138.04



	Zhou et al.
	10
	T12-L2
	L1
	145.2 ± 14.7







* The Young’s modulus of the vertebra reduced to 5% of the normal vertebral body shown in Figure 2.













 





Table 3. Load for the simulation of each motion.






Table 3. Load for the simulation of each motion.





	
Motion

	
Preload (N)

	
Moment (Nm)

	
Reference






	
Flexion

	
150

	
7.5

	
[44,45]




	
Extension

	
7.5

	
[44,45]




	
Lateral bending

	
7.8

	
[44,46]




	
Axial rotation

	
5.5

	
[44,47]
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