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Vertebral compression fractures are one of the most relevant clinical consequences caused by osteoporosis: one of the most common treatment for such fractures is vertebral augmentation through minimally invasive approaches (vertebroplasty or balloon-kyphoplasty). Unfortunately, these techniques still present drawbacks, such as re-fractures of the treated vertebral body with subsidence of the non-augmented portions or re-fracture of the non-augmented middle column at the junction with the augmented anterior column. A novel minimally-invasive augmentation technique, called Stent-Screw Assisted Internal Fixation, has been recently proposed for the treatment of severe osteoporotic and neoplastic fractures: this technique uses two vertebral body stents and percutaneous cannulated and fenestrated pedicular screws, through which cement is injected inside the expanded stents to achieve optimal stents' and vertebral body's filling. The role of the pedicle screws is to anchor the stents-cement complex to the posterior column, acting as a bridge across the middle column and preserving its integrity from possible collapse. In order to evaluate the potential of the new technique in restoring the load bearing capacity of the anterior and middle spinal columns and in reducing bone strains, a Finite Element model of an osteoporotic lumbar spine has been developed. Both standard vertebroplasty and Stent-Screw Assisted Internal Fixation have been simulated: simulations have been run taking into account everyday activities (standing and flexion) and comparison between the two techniques, in terms of strain distribution on vertebral endplates and posterior and anterior wall, was performed. Results show that Stent-Screw Assisted Internal Fixation significantly decrease the strain distribution on the superior EP and the cortical wall compared to vertebroplasty, possibly reducing the re-fracture risk of the middle-column at the treated level.
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INTRODUCTION

Osteoporosis, defined as “a systemic skeletal disease characterized by low bone mass and micro-architectural deterioration of bone tissue with a resultant increase in fragility and risk of fracture,” is a major clinical issue worldwide (Lippuner, 2003). Vertebral compression fractures (VCFs) is one of the most relevant clinical consequences, potentially causing acute and chronic pain, and reduced quality of life (Du et al., 2014), with an impact on mortality (Edidin et al., 2015). VCFs can occur spontaneously or due to trauma, generally a compressive load injury mechanism involving the vertebral body (VB) (Ensrud and Schousboe, 2011). The anterior and middle vertebral columns together support about 80% of the overall spinal load in standing, and those are most commonly involved (White and Panjabi, 1990). The spectrum of severity may range from mild and stable compression fractures, affecting the disc-endplate (EP) region and leading only to minor deformity, to unstable fractures with a high-degree of osseous fragmentation, collapse deformity, middle column involvement, pediculo-somatic junction fracture, and kyphotic deformity (Denis, 1983; Genant et al., 1993; McCormack et al., 1994).

Vertebral augmentation (VA), performed with vertebroplasty or balloon-kyphoplasty, implies percutaneous image-guided injection of bone cement in the anterior two thirds of the VB (i.e., the anterior column), and it is widely used to treat fragility fractures, to arrest fracture progression, to palliate pain and to restore the load-bearing capability of the VB (Wardlaw et al., 2009; Klazen et al., 2010; Firanescu et al., 2011; Clark et al., 2016; Filippiadis et al., 2017). The injection of cement in the VB aims at a homogeneous trabecular filling, but it is stopped for safety reasons, when the cement approaches the posterior third of the VB, to avoid leakage in the central canal.

Re-fracture of the treated VB is a well-known and reported event following VA, although its timing and frequency are variable among published reports (Lin et al., 2008; Li et al., 2018). The re-fracture usually implies subsidence of the non-augmented portions of the VB around the cement cast (Nagaraja et al., 2015). This event may lead to minimal adjustment of the adjacent bony structures or it may lead to extensive collapse of the non-augmented portions of the vertebra.

A less frequent event is the re-fracture of the non-augmented middle column at the junction with the augmented anterior column (Gan et al., 2014). These fractures are often characterized by collapse and retropulsion of the posterior wall, eventually associated with catastrophic splitting and separation between the augmented anterior portion of the VB and the middle column, accompanied by focal kyphotic deformity. Although largely under-reported in the literature, these dramatic events pose a real therapeutic challenge (Abudou et al., 2013; Gonschorek et al., 2017).

The importance of the mechanical stability of the middle column might be largely underestimated, since the load-bearing capacity of the vertebra is usually referred just addressing the anterior column. Furthermore, the middle column, with the posterior third of the VB, the posterior wall, and the pediculo-somatic junctions might represent a weak region even after satisfactory VA. In fact, it is expected that local strain gradients across the stiffer augmented and the weaker non-augmented regions, may lead to intensification effects, exposing to the risk of a secondary middle column re-collapse. This event may be particularly dramatic in severely osteoporotic patients or following a first severe “burst fracture” involving the anterior and middle columns.

A novel minimally-invasive augmentation technique, called Stent-Screw Assisted Internal Fixation (SAIF, Figure 1) has been recently proposed by Cianfoni et al. for the treatment of severe osteoporotic and neoplastic fractures (Cianfoni et al., 2019a,b). The SAIF technique includes insertion and balloon-expansion of two vertebral body stents (VBS), followed by the insertion of percutaneous cannulated and fenestrated pedicular screws. After the stents are expanded and the screws are in position, the cement is injected through the screws to achieve optimal stents' and VB's filling (endplate-to-endplate). The role of the stents is to help maintain the height restoration achieved by balloon inflation, avoiding deflation effect, and to act as a scaffold that allows homogeneous anterior column augmentation and prevents cement leakage (Rotter et al., 2010; Diel et al., 2013; Cianfoni et al., 2019b).


[image: Figure 1]
FIGURE 1. Post-operative CT images of vertebrae treated with VA and SAIF techniques compared with the simulated ones: in both cases, cement filling involves 2/3 of the vertebral body and it is anteriorly located. CT images are courtesy of A.C.


The potential role of the pedicle screws is to anchor the VBS-cement complex to the posterior elements, avoiding its displacement, and to act as a bridge across the middle column, preserving its integrity from possible collapse and splitting (Cianfoni et al., 2019a). As such, SAIF technique might reduce the risk of middle column collapse after a VA treatment in severe osteoporotic vertebral fractures.

Different studies investigated the relative importance of biomechanical factors playing a role in VA techniques. Rohlmann et al. (2010) performed a probabilistic numerical study reporting that in an augmented vertebra the cement volume and its elastic modulus have a dominant role compared to shape and symmetry of the cement plugs. Chevalier et al. (2008) demonstrated that cement bridging both endplates (EPs) restores the load–bearing capacity of the treated vertebra (i.e., its vertebral stiffness and strength). Ottardi et al. (2016a) demonstrated that a full height restoration is a key factor in reducing the stress on the surrounding structures.

A recent biomechanical study demonstrated the effectiveness of SAIF technique in restoring the load-bearing capacity of an extensively lytic vertebra, while reducing the strains (i.e., fracture risk) on surrounding bony structures (La Barbera et al., 2019). However, there are no studies investigating the SAIF technique in an osteoporotic model.

The aim of the current computational comparative study was to investigate whether SAIF technique is biomechanically advantageous compared to standard VA in restoring the load bearing capacity of the anterior and middle spinal columns and in reducing bone strains, in a lumbar spine osteoporotic model.



MATERIALS AND METHODS


Intact OP Model

An intact non-linear FEM describing the L1-S1 spine segment of a healthy 40 years-old human male without any spinal defect was initially considered (Ottardi et al., 2016b). The model (Figure 2), complete of vertebral bodies, intervertebral discs and 7 groups of lumbar ligaments, has already been validated by comparison with experimental measurements considering its kinematics, the compressive stiffness of the vertebrae and the strains reached on the cortical bone of the VB (Ottardi et al., 2016a).


[image: Figure 2]
FIGURE 2. Representation of L3 vertebrae in all simulated conditions. From left to right: osteoporotic vertebra (OP) taken as a reference condition, vertebral augmentation (VA) and the new Stent-Screw Assisted Internal Fixation (SAIF). Bone is highlighted in shaded white, while screws and bone cement are in dark grey.


Material properties were assumed from literature, as reported in a previous validation study (Ottardi et al., 2016b). To properly simulate an osteoporotic condition, the mechanical properties of the cancellous and cortical vertebral bone were reduced according to literature data for each VB (Chae et al., 2010). The model thus created was herein named “OP model.”

To prevent any artifact due to the application of the boundary conditions at cranial and caudal levels, the middle vertebra (L3) was selected as the level of interest to reproduce the different surgical techniques.



VA Model

The vertebral augmentation (VA) technique was simulated by increasing the elastic modulus of anteriorly located elements from osteoporotic bone to cement. Such elements cover 2/3 of the whole L3 VB volume, according to post-operative imaging (Figures 1, 3). The cement volume (about 20 ml) resulted from the choice to reproduce optimal endplate bridging (Chevalier et al., 2008).


[image: Figure 3]
FIGURE 3. Representation of the intact model in standing, where an axial follower load (FL) was applied (A), and in upper body flexion, where an additional bending moment was applied on the superior EP of L1 (B). The lower part of S1 was constrained in both conditions.




SAIF Model

To describe SAIF technique on the OP model, the CAD model of the cannulated pedicle screw (2B1 SRL, Milan, Italy) was properly assembled in the two pedicles of the L3 vertebra using ICEM CFD (Ansys Inc.), following boolean operations, the whole vertebra was finally remeshed using linear tetrahedral elements. Attention was paid in maintaining a good compromise between adequate mesh refinement and reasonable computational cost. For the same reason, the metallic stent was not included in the model, assuming it gives a negligible contribution to the overall compressive stiffness of the treated vertebra, since the injected bone cement usually completely fills and surrounds the stents: however, the contribution of the cement confined into the stents was taken into account by creating two PMMA cylinders around the screws that simulate the stents filled with PMMA cement (Figures 1, 3). To evaluate the full potential of SAIF technique, optimal endplate-to-endplate cement augmentation and maximal height restoration were assumed.

For all the materials linear elastic properties were assumed (Table 1), for the remaining properties (not modified from the original model) the reader is addressed to Ottardi et al. (2016b).


Table 1. Mechanical properties of the materials used in the simulations. For other material properties, please refer to Ottardi et al. (2016b).
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Loading Conditions

All models underwent two different loading scenarios (Figure 2). Standing was simulated applying a 500N follower load (Rohlmann et al., 2009; La Barbera et al., 2016b, 2017). Flexion of the upper body, often associated to the event of VCF, was reproduced with a 1175N follower load and a 7.5 N/m moment on the L1 vertebra (Rohlmann et al., 2009; La Barbera et al., 2016b, 2017). In both cases the inferior portion of S1 was considered fully constrained.

All the simulations were run on ABAQUS Standard 2017 (Dassault Systèmes Ri, Simulia Corp, Providence, RI, USA).



Comparative FE Analyses

The load distribution in the L3 vertebra for the untreated osteoporotic (OP) condition, and for both techniques (VA, SAIF) was evaluated in terms of maximum and minimum principal strains on the cortical regions. Principal strains values, possibly related to bone fracture risk (Imai, 2015; Palanca et al., 2018; Wáng et al., 2018), were evaluated at nodal values in specific regions located on the endplates, anterior and posterior walls. The endplates were divided in two regions of interest: the anterior and the middle column, corresponding to the cortical bone laying above the cement and the osteoporotic bone, respectively (specific elements were excluded to avoid strain intensification effects occurring at cement-bone interface). To highlight any statistical difference between the median values collected on each region of interest a paired Wilcoxon test with a 0.05 significance level was performed. Box plot representation, showing 25–75% interquartile ranges, median bar and whiskers indicating the 5–95% range (with a cross indicating the average value), was used to allow qualitative comparison.

To point out any mechanical issue related to the usage of the cannulated pedicle screw in all different scenarios, the maximum von Mises stresses was also considered.




RESULTS

The median values obtained on the anterior column demonstrate that both SAIF and VA techniques reduced the principal strains in the treated vertebra compared to the OP case (Table 2).


Table 2. Median principal strains values obtained in all regions of interest of the treated vertebra (L3) both for standing and upper body flexion on OP, VA, and SAIF models.
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Standing

The OP model demonstrates rather homogeneous strains across the whole VB, reaching relatively high values. Both EPs and the posterior wall undergo tensile strains due to transversal expansion (Poisson effect) of the trabecular bone which is compressed by the vertical load (Figure 4A).


[image: Figure 4]
FIGURE 4. Principal strain maps on L3 vertebra in the untreated OP condition and in VA and SAIF models both in standing (A) and in upper body flexion (B). Sagittal cut through the entire vertebra and coronal cut through the middle column are also presented (the dotted lines cuts highlight the contour of the bone cement in VA, while cement it is also distributed around the fenestrated pedicle screw in SAIF to reproduce VBS shape).


Following VA, the strains significantly decrease on the middle column, due to the higher load shared by the anterior column filled with stiff cement; in the middle column, the median strains significantly decrease of 15% (p = 0.03, Figure 5) on the superior EP and of 48% (p < 0.01, Figure 5) on the posterior wall, compared to OP condition. A not significant strain decrease is also observed on the inferior EP (−17% compared to OP model, Figure 7).


[image: Figure 5]
FIGURE 5. Box plots representing the strains on the superior EP of L3 for all the simulated configurations. The regions of the middle column where the strains were evaluated are highlighted in red on the L3 vertebra. *,†Significant differences (p < 0.05) in median values compared to OP and VA.


Following SAIF, the cannulated transpedicular screw constrains the transversal expansion of the trabecular bone within the middle column, where the remaining trabecular bone results to be loaded in compression similarly to OP case (Figure 4A). Nevertheless, the median strain significantly decreases of 44% (p < 0.01, Figure 5) on the superior EP, while of 72% (p < 0.01, Figure 6) on the posterior wall compared to OP condition, with an overall significant decrease in strains also compared to VA (superior EP: −35%; posterior wall: −46%, p < 0.05).


[image: Figure 6]
FIGURE 6. Box plots representing the strains on the posterior wall of L3 for all the simulated configurations. The regions of the middle column where the strains were evaluated are highlighted in red on the L3 vertebra. *,†Significant differences (p < 0.05) in median values compared to OP and VA.


The maximum Von Mises stresses on the cannulated and fenestrated transpedicular screw in standing was relatively low (18 MPa).



Flexion

Due to the increased compressive load and the bending moment in flexion, the OP model demonstrates how the load shifts on the anterior column, where both the osteoporotic trabecular bone and the anterior cortical wall reach the highest compressive strains (Figure 4B). In this condition the EPs undergoes tension (Poisson effect). Compared to standing, the anterior column results to be more loaded than the middle one in upper body flexion, with an increase in median strain values of 230% on both EPs and up to 275% on the anterior cortex (Table 2); conversely strain increase are only of 30% up to 44% on the middle column.

Following VA, the load is shifted even more anteriorly, not only because of the increased load sharing on the augmented anterior spine (stiffer), but also due to the bending moment in flexion. Compared to standing, VA model demonstrates an increase in median strains on the anterior column of 150–178% on the EPs and of 400% on the anterior cortex during flexion (Table 2); the middle column was less affected (+22% on the superior EP, −10% on the inferior EPs, and −15% on the cortex). Compared to OP condition, the median strains on the middle column of VA model were significantly reduced by 20% (p = 0.01, Figure 5) on the superior EP, by 46% on the inferior EP (p < 0.05, Figure 7), and by 69% (p < 0.01, Figure 6) on the posterior wall.


[image: Figure 7]
FIGURE 7. Box plots representing the strains on the inferior EP of L3 for all the simulated configurations. The regions of the middle column where the strains were evaluated are highlighted in red on the L3 vertebra. *Significant differences (p < 0.05) in median values compared to OP and VA.


The SAIF model demonstrated the highest strain increase in flexion compared to standing on the anterior column (+230% on the inferior EP, +300% on the superior, +450% on the anterior cortex), while the EPs of the middle column were less affected (+30% on the superior EP, +9% on the inferior) and the posterior wall saw a decrease in strain (−43%). This indicate the capability of SAIF technique in effectively transferring more load than VA on the anterior column, unloading the middle column.

The mechanical role of the cannulated transpedicular screw is to reduce the transversal expansion of the trabecular bone within the middle column compared to OP condition. The resulting strain significantly decreased by 43% (p < 0.01, Figure 5) on the superior EP and by 89% (p < 0.05, Figure 6) on the posterior wall compared to OP condition, but also compared to VA (−29 and −64%, respectively, p < 0.05). Differences between SAIF and VA on the inferior EP were not significant (Figure 7).

The maximum Von Mises stresses on the transpedicular screw slightly increased in flexion, remaining quite low (32 MPa).




DISCUSSION

Stent-Screw Assisted Internal Fixation (SAIF) technique has been recently introduced by Cianfoni et al. for the treatment of severe osteoporotic and neoplastic fractures (Cianfoni et al., 2019a,b).

SAIF technique couples the clinical advantages typical of VBS (cement augmentation, minimization of leakage, and vertebral height restoration/maintenance) (Cianfoni et al., 2019b) with the percutaneous implantation of cannulated and fenestrated titanium pedicle screws, bridging the augmented VB with the posterior neural arch.

It is interesting to report that other transpedicular implants with or without bone-cement have already been described in the literature for the treatment of osteoporotic VCFs. Kettler et al. reported that BeadEx implant is superior over VA in restoring/maintaining the initial VB height and in providing stability after fracture even following complex dynamic loading in vitro (Kettler et al., 2006). Aebi et al. demonstrated that a PEEK V-Strut implant reinforce the VB strength similarly to VA (Aebi et al., 2018). Although purely speculative, the SAIF technique could offer some potential advantages over these techniques. As first, a more adequate reconstruction and scaffolding of the vertebra upon VBS implantation and cement filling, thus maximizing the footprint of the cement within the VB (Cianfoni et al., 2019a). As second, a high biocompatibility typical of titanium alloys of the cannulated screw that can promote bone-integration with the posterior structures.

Although a recent biomechanical study demonstrated the effectiveness of SAIF technique in restoring the load-bearing capacity of an extensively lytic vertebra, while reducing the strains (i.e., fracture risk) on the surrounding structures (La Barbera et al., 2019), no study ever investigated the advantages of SAIF technique in an osteoporotic model. The aim of the present computational study was, therefore, to investigate the advantages of SAIF technique in a lumbar spine osteoporotic model by comparison with standard VA and no treatment (OP). To demonstrate the full potential of the proposed technique, optimal endplate-to-endplate filling was assumed (Chevalier et al., 2008).

Considering standing, our results indicate that SAIF technique is significantly more effective than both no treatment (OP) and simple VA in reducing the median strain distribution across the middle column (Figures 5–7), especially on the superior EP (−44% vs. OP, −35% vs. VA, p < 0.05) and on the posterior wall (−72% vs. OP, −46% vs. VA, p < 0.05). During upper body flexion, SAIF technique also promotes a higher load transfer on the anterior column compared to simple VA and to the untreated OP condition, while the middle column is less loaded (Table 2). This results in a significant reduction of the median strain across the middle column, especially on the superior EP (−43% vs. OP, −29% vs. VA, p < 0.05) and on the posterior wall (−89% vs. OP, −64% vs. VA, p < 0.05).

The qualitative strain distribution (Figure 4) supports the idea that the presence of convergent pedicle screws constrains the transversal expansion of the trabecular bone in the middle column, thus, reducing the fracture risk in this region compared to simple VA, where the weak not-augmented middle column is substantially “bare” (Cianfoni et al., 2019b). This concept is partially confirmed by post-operative CT images resulting from clinical practice (Figure 8), demonstrating that re-fracture often occurs in the middle column at the treated level following VA due to collapse and splitting. Although from the analysis of these images it is arguable that the weak regions not reinforced by cement are correlated to re-fractures involving the endplates and the posterior wall, it is still not possible to identify where the fracture initially started. Similarly, it is impossible to establish a clear correlation between our findings and the failure mechanisms reported in the published clinical literature (Lin et al., 2008; Li et al., 2018). The simulations performed within our study allowed to investigate one of the leading mechanical factors (i.e., strain distribution) involved in event and to highlight differences between simple vertebral augmentation (VA) and SAIF technique.


[image: Figure 8]
FIGURE 8. CT image (sagittal slices) taken on a lumbar vertebrae that re-fractured following VA (courtesy of A.C.). The L3 vertebra, previously treated with VA re-fractured with splitting of the anterior and middle column (yellow arrows); it can be noticed that a continuous fracture spreads from the superior to the inferior endplates (red arrows) with posterior wall retropulsion.


Considering the anterior column, SAIF technique is significantly superior to simple VA in decreasing the overall strain distribution, thus, reducing the risk for vertebral collapse (Figure 4, Table 2). This is particularly relevant during upper body flexion (worst-case loading condition) to reduce the fracture risk of the anterior cortex (about −80% vs. OP, about −45% vs. VA, p < 0.05) and on both EPs (about −84% vs. OP, about −64% vs. VA, p < 0.05). Recalling the assumption of optimal EP-to-EP filling (Chevalier et al., 2008), these results represent a superior limit. Although SAIF allows a more satisfactory reconstruction of the VB compared to VA, suboptimal cement filling of the anterior column may reduce the potential for strain reduction and fracture risk prevention: in this light the simulation of partial filling of the anterior portion of the vertebra and posterior cement filling may represent a surely interesting and valuable development of the present study.

Our study confirmed the mechanical reliability of the cannulated pedicle screw design also for applications in osteoporotic vertebrae. In line with the previous study on SAIF technique in an extensively lytic model (La Barbera et al., 2019), the maximum stress obtained on the cannulated pedicle screws is always much lower than the typical yield strength for titanium alloy (about 750 MPa). This was expected since the screw, as an internal fixation system, does not undergo any relevant loadings typical of standard pedicle screw connected to stiff rigid posterior instrumentation. (La Barbera and Villa, 2016, 2017; La Barbera et al., 2016a,b, 2017).

The present comparative study is surely affected by several limitations. The proposed approach does not describe failure phenomena related to vertebral body collapse. Moreover, the choice of adopting a principal strain criterion (Imai, 2015; Palanca et al., 2018) and of quantitatively analyzing only the cortical structures should be read as a characteristic of the most severe osteoporotic fractures reported by the clinical literature (Genant et al., 1993; Wáng et al., 2018). For the same purpose, namely the choice of simulating only the most severe conditions, the behavior of the system under extension, lateral bending and axial torsion, although surely interesting, was not investigated, because they are considered a less critical loading case with respect to flexion.

The principal strain values, never exceeding the typical failure strains for bone, confirm that the assumption of linear elastic strain is reasonable. In addition, it was assumed that the untreated OP vertebra was not fractured, nor collapsed (with a reduction in anterior height), therefore the results here reported could be considered, ideally, as a preventive cement augmentation, or as the result of a VA following an optimal vertebral height restoration. The choice of not better modeling damage or applying a more complex fatigue prediction is supported by the relatively low values of the calculated principal strains which are well below the static strength of the bone typically reported by the previous literature (Wolfram and Schwiedrzik, 2016). Moreover, the implementation of models correctly describing the peculiarity of a fractured scenario may increase the efforts needed for model validation with ad hoc experimental data, while increasing the complexity of the models However, the current approach has the advantage to easily control specific parameters of interest (e.g., screw and cement usage), that may demonstrate a huge variability in clinical practice, adding a confounding effect on the results.

Despite vertebral augmentation techniques have been often related to an increased fracture risk on the vertebral adjacent levels (Ottardi et al., 2016a), such aspect was not analyzed in the current paper. Moreover, despite in clinical practice the adjacent levels might undergo prophylactic vertebral augmentation (Cianfoni et al., 2019a,b), this aspect was not considered in our study and it could be part of future analyses, also evaluating the application of the SAIF technique at other spine levels. Although the results here reported are promising, long-term clinical studies are required to fully demonstrate the safety end the clinical effectiveness of the new SAIF technique over other techniques.



CONCLUSIONS

SAIF technique is biomechanically advantageous over VA in significantly decreasing the strain distribution on the superior EP and the cortical wall, therefore reducing the re-fracture risk of the middle-column at the treated level. The present study provides a strong biomechanical rationale to support the usage of the SAIF technique for the treatment of osteoporotic vertebrae.
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