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Contribution to FE modeling for intraoperative pedicle screw strength prediction

Although the use of pedicle screws is considered safe, mechanical issues still often occur. Commonly reported issues are screw loosening, screw bending and screw fracture. The aim of this study was to develop a Finite Element (FE) model for the study of pedicle screw biomechanics and for the prediction of the intraoperative pullout strength. The model includes both a parameterized screw model and a patient-specific vertebra model. Pullout experiments were performed on 30 human cadaveric vertebrae from ten donors. The experimental force-displacement data served to evaluate the FE model performance. μCT images were taken before and after screw insertion, allowing the creation of an accurate 3D-model and a precise representation of the mechanical properties of the bone. The experimental results revealed a significant positive correlation between bone mineral density (BMD) and pullout strength (Spearman ρ = 0.59, p < 0.001) as well as between BMD and pullout stiffness (Spearman ρ = 0.59, p < 0.001). A high positive correlation was also found between the pullout strength and stiffness (Spearman ρ = 0.84, p < 0.0001). The FE model was able to reproduce the linear part of the experimental force-displacement curve. Moreover, a high positive correlation was found between numerical and experimental pullout stiffness (Pearson ρ = 0.96, p < 0.005) and strength (Pearson ρ = 0.90, p < 0.05). Once fully validated, this model opens the way for a detailed study of pedicle screw biomechanics and for future adjustments of the screw design.

Introduction

In the United States alone, the number of spinal fusion surgeries increased by 240%, from approximately 174,000 to 413,000 surgeries, between 1998 and 2008 [START_REF] Rajaee | Spinal fusion in the United States: analysis of trends from 1998 to 2008[END_REF]. In 2005, nearly 150,000 similar interventions were performed in Germany, France, Italy, Spain and the UK (MedTech Insight 2006). Although the use of pedicle screws is widespread and considered safe [START_REF] Faraj | Early complications of spinal pedicle screw[END_REF][START_REF] Lonstein | Complications associated with pedicle screws[END_REF], mechanical complications remain prevalent. Commonly reported issues are screw bending, breakage and loosening [START_REF] Faraj | Early complications of spinal pedicle screw[END_REF][START_REF] Lonstein | Complications associated with pedicle screws[END_REF][START_REF] Hsu | Increase of pullout strength of spinal pedicle screws with conical core: Biomechanical tests and finite element analyses[END_REF][START_REF] Chatzistergos | A parametric study of cylindrical pedicle screw design implications on the pullout performance using an experimentally validated finite-element model[END_REF][START_REF] Chamoli | Pedicle screw-based posterior dynamic stabilizers for degenerative spine: In vitro biomechanical testing and clinical outcomes[END_REF][START_REF] Prud'homme | Clinical outcomes and complications after pedicleanchored dynamic or hybrid lumbar spine stabilization: a systematic literature review[END_REF]. In non-fusion techniques, in which the implant stays functional during the patient's lifetime, screw loosening and breakage may lead to loss of function [START_REF] Prud'homme | Clinical outcomes and complications after pedicleanchored dynamic or hybrid lumbar spine stabilization: a systematic literature review[END_REF]. In spinal fusion, where temporary stabilization (6 to 9 months) is sufficient, these complications may yield pseudarthrosis or incomplete fusion [START_REF] Hadjipavlou | The causes of failure in transpedicular spinal instrumentation and fusion[END_REF][START_REF] Lonstein | Complications associated with pedicle screws[END_REF]). For patients with decreased bone quality, spinal stabilization is even more complex due to a drastically reduced screw pullout strength [START_REF] Okuyama | Influence of bone mineral density on pedicle screw fixation: a study of pedicle screw fixation augmenting posterior lumbar interbody fusion in elderly patients[END_REF]. A thorough understanding of the mechanical screw-bone interaction is necessary when facing these issues.

Literature describes the use of in vitro tests, such as pullout, fatigue, bending and insertional torque tests, to evaluate the performance of pedicle screws inserted in bone-mimicking polyurethane (PU) foam [START_REF] Hsu | Increase of pullout strength of spinal pedicle screws with conical core: Biomechanical tests and finite element analyses[END_REF][START_REF] Chao | Increasing bending strength and pullout strength in conical pedicle screws: biomechanical tests and finite element analyses[END_REF][START_REF] Kim | Assessment of pedicle screw pullout strength based on various screw designs and bone densities -an ex-vivo biomechanical study[END_REF][START_REF] Arslan | Postfusion pullout strength comparison of a novel pedicle screw with classical pedicle screws on synthetic foams[END_REF][START_REF] Amaritsakul | Biomechanical evaluation of bending strength of spinal pedicle screws, including cylindrical, conical, dual core and double dual core designs using numerical simulations and mechanical tests[END_REF][START_REF] Cetin | Evaluation of the effect of fixation angle between polyaxial pedicle screw head and rod on the failure of screw-rod connection[END_REF][START_REF] Demir | The pullout performance of pedicle screws[END_REF] or in animal vertebrae [START_REF] Demir | Design and biomechanical testing of pedicle screw for osteoporotic incidents[END_REF][START_REF] Demir | The pullout performance of pedicle screws[END_REF][START_REF] Yaman | The comparison of pullout strengths of various pedicle screw designs on synthetic foams and ovine vertebrae[END_REF][START_REF] Aycan | Pullout performance comparison of novel expandable pedicle screw with expandable poly-ether-ether-ketone shells and cement-augmented pedicle screws[END_REF]) and of bone screws [START_REF] Shirazi-Adl | Fixation pull-out response measurement of bone screws and porous-surfaced posts[END_REF], for which however the loading conditions and the screw/bone interactions are different. In most cases, the specifications of the American Society for Testing and Materials (ASTM) are followed. Prospective studies also provide valuable information [START_REF] Faraj | Early complications of spinal pedicle screw[END_REF][START_REF] Lonstein | Complications associated with pedicle screws[END_REF][START_REF] Prud'homme | Clinical outcomes and complications after pedicleanchored dynamic or hybrid lumbar spine stabilization: a systematic literature review[END_REF]. Finite Element Analysis (FEA) is a very powerful investigative tool, used complementary to experimental studies [START_REF] Hsu | Increase of pullout strength of spinal pedicle screws with conical core: Biomechanical tests and finite element analyses[END_REF][START_REF] Zhang | Effects of bone materials on the screw pull-out strength in human spine[END_REF][START_REF] Chao | Increasing bending strength and pullout strength in conical pedicle screws: biomechanical tests and finite element analyses[END_REF][START_REF] Amaritsakul | Biomechanical evaluation of bending strength of spinal pedicle screws, including cylindrical, conical, dual core and double dual core designs using numerical simulations and mechanical tests[END_REF][START_REF] Demir | The pullout performance of pedicle screws[END_REF][START_REF] Rosa | Experimental analysis of pedicle screws[END_REF]. Parameters describing KEYWORDS Finite element modeling; cadaveric vertebrae; pedicle screw; biomechanics 1994). The mean age was 81.8 years (std. ± 7.8 years) and the distribution female/male was 6 to 4.

For the measurement of the pullout force, a pedicle screw was inserted unilaterally in each of the 30 vertebrae. The screw dimensions were the same for all tested vertebrae, thus correcting for the effect of changing screw dimensions on the pullout strength. The location of insertion, i.e. the left or right pedicle, was randomized. The screw insertion point for the lumbar vertebrae was the processus mammillaris [START_REF] Ouellet | Surgical anatomy of the pelvis, sacrum, and lumbar spine relevant to spinal surgery[END_REF]. For the thoracic vertebrae, the insertion point was defined by the crossing of the base of the superior facet joint and the processus transversus [START_REF] Ebraheim | Projection of the thoracic pedicle and its morphometric analysis[END_REF]. Guiding holes were made in the pedicle with a surgical curved awl and were checked for breaches before screw insertion. The screws were inserted without tapping. The screw insertion was performed by an experienced orthopedic surgeon. A μCT image was taken before and after screw insertion with a μCT 100 device (SCANCO Medical AG, Brüttisellen, Switzerland). The resolution was set to 88 μm [START_REF] Hulme | Regional variation in vertebral bone morphology and its contribution to vertebral World Health Organisation[END_REF]). The vertebra was immobilized in polymethylmethacrylate (PMMA) (Technovit®, Buehler, Düsseldorf, Germany), with the pedicle screw oriented vertically upwards and the vertebral body completely submerged (see Figure 1(a)). A biplanar X-ray image was taken with an EOS system (EOS imaging SA., Paris, France) to evaluate the positioning of the screw inside the pedicle (see Figure 1

(b)).

A uniaxial traction test was performed on the screw on an INSTRON 5566 test bench (Instron Industrial Products, Grove City, PA, USA). A constant rate of displacement of 5 mm/min was applied in the direction of the screw axis. Axial forces were measured until a displacement of ±5 mm was reached. This displacement was high enough to yield complete screw loosening.

The pullout strength was defined as the maximum of the force-displacement curve. The slope of the linear part of the force-displacement curve was chosen as a measure for the pullout stiffness.

Finite element modeling

The finite element analysis was performed using ANSYS 15.0 (ANSYS Inc., Cannonsburg, PA, USA). The FE model consists of two parts: the screw and the bone in contact with it, i.e. the pedicle and part of the vertebral body.

Screw model

The screw geometry was parameterized and modeled with the ANSYS Parametric Design Language (APDL). The defining parameters are pitch, inner and outer diameter, thread width, thread depth, thread angles and number of threads. The screw geometry was obtained as a both the screw design and the bone can be varied, thereby allowing the study of the underlying biomechanical mechanisms determining the screw performance. However, model validation is essential. Generally, this is based on data obtained from pullout or bending experiments on pedicle screws inserted in bone-mimicking foam [START_REF] Hsu | Increase of pullout strength of spinal pedicle screws with conical core: Biomechanical tests and finite element analyses[END_REF][START_REF] Chao | Increasing bending strength and pullout strength in conical pedicle screws: biomechanical tests and finite element analyses[END_REF][START_REF] Amaritsakul | Biomechanical evaluation of bending strength of spinal pedicle screws, including cylindrical, conical, dual core and double dual core designs using numerical simulations and mechanical tests[END_REF][START_REF] Rosa | Experimental analysis of pedicle screws[END_REF]. A similar observation is made when reviewing studies on bone screws [START_REF] Shirazi-Adl | Experimental and finite element comparison of various fixation designs in combined loads[END_REF][START_REF] Hou | Mechanical tests and finite element models for bone holding power of tibial locking screws[END_REF][START_REF] Chao | Increasing bending strength of tibial locking screws: mechanical tests and finite element analyses[END_REF]. Such models allow comparative analyses and a qualitative evaluation of the effect of bone mineral density (BMD). However, this procedure does not take into account the variability in mechanical properties and macro-and micro-architecture of the human vertebrae. To the authors' knowledge, none of the existing Finite Element (FE) models have been validated with cadaveric vertebrae.

The purpose of the present study is therefore to develop a patient-specific FE model of a standard cylindrical pedicle screw inserted in the lumbar vertebra, of which the numerical behavior is evaluated against the in vitro recorded behavior, to predict the intraoperative pullout strength. μCT imaging will enable the estimation of the material properties, as well as the precise modeling and meshing of the bone.

Materials and methods

Experimental study

The pullout resistance of 30 cadaveric vertebrae (T12, L4 and L5) was assessed experimentally with a commercially available Ti-6Al-4V cylindrical pedicle screw with a trapezoidal thread shape (Fradis Medical, Salouël, France). The geometrical parameters of the screw as provided by the manufacturer are given in Table 1. The cadaveric samples were fresh frozen immediately after harvesting and gently thawed at room temperature before testing. BMD was assessed with a DXA device (QDR 4500/A, Hologic, Waltham, MA, USA). The T-score for seven of the ten donors was inferior to -2.5, indicating osteoporosis. One donor was found osteopenic, with a T-score between -2.5 and -1. The bone mineral density of the two other donors was considered normal (World Health Organisation helical assembly of hexahedral elements. The eight-node SOLID45 element with three degrees of freedom (DOF) per node was selected. As such, the geometrical characteristics of the screw threads could be replicated and an appropriate connection between the threads and the screw core at the node level could be obtained. However, as a consequence of this helical architecture, it was not possible to completely fill the screw volume (see also Figure 2). Preliminary simulations have shown that the effect of the cylindrical hole on the model behavior is however insignificant. Figure 2 gives a visual representation of the model. An elastic modulus of 110 GPa and a Poisson's ratio of 0.3 were chosen, corresponding to the mechanical properties of Ti-6Al-4V [START_REF] Combres | Propriétés du titane et de ses alliages [Properties of titanium and its alloys[END_REF][START_REF] Mulier | Functional anatomy of the human locomotor system: course notes[END_REF]).

The mechanical behavior was considered isotropic and linear elastic.

Morphorealistic bone model

The bone model incorporates the information regarding pedicle morphology and material properties from the μCT images. Mimics 15.0 (Materialise, Leuven, Belgium) was used to segment the μCT images and to create a 3D-model of the bone in contact with the screw. The image taken after screw insertion was used to indicate the region of interest (ROI) on the image taken before screw insertion.

Since the image showing the screw suffers from artefacts, it was not used further in the modeling procedure. A triangularsurface mesh was exported to Matlab R2011b (The Mathworks Inc., Natick, MA, USA) to create a volume mesh. A generic cylindrical hexahedral volume mesh was deformed to match the contours of the ROI, resulting from the μCT image segmentation (see Figure 3). The bone volume was meshed with the same eight-node hexahedral elements as those used for the screw model. Four-node SHELL181 elements were used to mesh the outer cortical layer. Because the μCT images do not allow an unambiguous delineation of the cortical bone, the shell elements were appointed a constant thickness of 0.35 mm. This value was based on the measurement of the lateral wall thickness of one sample with low and one with high BMD and on literature data [START_REF] Ritzel | The thickness of human vertebral cortical bone and its changes in aging and osteoporosis: a histomorphometric analysis of the complete spinal column from thirty-seven autopsy specimens[END_REF]).

The ROI was divided into two subdomains, namely the vertebral body and the pedicle. In both domains, the porosity of the cancellous bone was calculated voxel-based from the μCT scans and used to estimate the Young's modulus and the yield strength, using an adapted form of the power-law described by [START_REF] Goulet | The relationship between the structural and orthogonal compressive properties of trabecular bone[END_REF] [START_REF] Goulet | The relationship between the structural and orthogonal compressive properties of trabecular bone[END_REF]). The result is a homogenous mesh with the same mechanical properties for each finite element. The mechanical properties for the cortical bone were derived from [START_REF] Bartel | Orthopaedic biomechanics, mechanics and design in musculoskeletal systems[END_REF] [START_REF] Bartel | Orthopaedic biomechanics, mechanics and design in musculoskeletal systems[END_REF]. A linear elastic/perfectly plastic isotropic constitutive equation was assumed for both the cortical and the cancellous bone [START_REF] Zhang | Investigation of fixation screw pull-out strength on human spine[END_REF][START_REF] Zhang | Effects of bone materials on the screw pull-out strength in human spine[END_REF][START_REF] Chatzistergos | A parametric study of cylindrical pedicle screw design implications on the pullout performance using an experimentally validated finite-element model[END_REF], since the bony elements do not contribute anymore to the system's stiffness when the plastic limit has been reached. comparison between the experimental and numerical pullout stiffness and force at 0.5 mm displacement was performed.

Statistical analyses

The experimental pullout strength and stiffness were correlated with the BMD. Also, the correlation between the experimental pullout strength and stiffness was evaluated.

The normality of the data was verified with a Shapiro-Wilk test. In case the data could be assumed normally distributed, the correlation analysis was performed with the Pearson coefficient. If not, its non-parametric alternative, i.e. the Spearman coefficient, was used instead. The oneto-one comparison was performed with the non-parametric Wilcoxon Signed Rank test. Contrary to the parametric paired t-test, the Wilcoxon Signed Rank is not based on the mean differences, such that large negative and positive differences cannot cancel out each other. The significance level was fixed at 0.05.

Results

Experimental study

Force-displacement curves were obtained for each of the 30 cadaveric vertebrae (see Figure 4). A moderate positive correlation between BMD and pullout strength was noted (Spearman ρ = 0.59, p = 6.81 10 -4 ). A high positive correlation was found between pullout strength and stiffness (Spearman ρ = 0.84, p = 8.00 10 -7 ), as well as between pullout strength and the force at 0.5 mm displacement (Pearson ρ = 0.996, p = 2.89 10 -5 ).

The porosity measurements in the vertebral body and the pedicle revealed no significant difference, the result of a paired t-test (p = 0.66).

At the trailing surface of the screw threads, the screw/ bone interface was modeled with surface-to-surface contact elements in an initially bonded contact configuration [START_REF] Zhang | Investigation of fixation screw pull-out strength on human spine[END_REF][START_REF] Zhang | Effects of bone materials on the screw pull-out strength in human spine[END_REF][START_REF] Chatzistergos | A parametric study of cylindrical pedicle screw design implications on the pullout performance using an experimentally validated finite-element model[END_REF]. Frictionless contact was considered, since the pullout force was perfectly aligned with the screw axis and failure occurs at the thread tips [START_REF] Chatzistergos | A parametric study of cylindrical pedicle screw design implications on the pullout performance using an experimentally validated finite-element model[END_REF]). The surface of the screw was meshed with CONTA173 elements. The complementary surface of the bone was meshed with TARGE170 elements. The screw/bone interface at the leading surface of the screw threads was modeled differently. Contact elements were not used in order to allow interface debonding (see also Figure 8). Local mesh refinement was performed around the screw up to around 5% of the maximum element size, which is determined by the pedicle diameter. This level of refinement was obtained through a mesh convergence analysis.

The external surface of the model corresponding to the vertebral body was fully constrained in all DOF. The pullout experiment was simulated as a quasi-static process, during which a displacement was applied incrementally at the screw tip in the direction of the screw axis. To avoid too high deformations at the element level, the maximum applied displacement was limited to 0.5 mm. As the analysis of experimental data revealed a high positive correlation between the force at 0.5 mm displacement and the pullout strength (Pearson ρ = 0.996, p = 2.89 10 -5 ), the numerical strength was defined as the numerical force obtained at an applied displacement of 0.5 mm.

Preliminary validation

As a first step, the L4 vertebral level was considered. Six cadaveric samples were selected, for each of which an FE model was created. The numerical results were compared with the corresponding in vitro test results. A one-to-one [START_REF] Chen | Biomechanical investigation of pedicle screw-vertebrae complex: a finite element approach using bonded and contact interface conditions[END_REF][START_REF] Wang | The benefits of cement augmentation of pedicle screw fixation are increased in osteoporotic bone: a finite element analysis[END_REF], while such models might provide a better understanding of the still often reported issue of screw loosening [START_REF] Prud'homme | Clinical outcomes and complications after pedicleanchored dynamic or hybrid lumbar spine stabilization: a systematic literature review[END_REF]. Naturally, the model should be validated with experimental data to prove its clinical relevance. As a first attempt, the biofidelity is often established based on experiments performed on screws inserted in bone-mimicking foam [START_REF] Dammak | Analysis of cementless implants using interface nonlinear friction -Experimental and finite element studies[END_REF][START_REF] Shirazi-Adl | Experimental and finite element comparison of various fixation designs in combined loads[END_REF][START_REF] Hou | Mechanical tests and finite element models for bone holding power of tibial locking screws[END_REF][START_REF] Hsu | Increase of pullout strength of spinal pedicle screws with conical core: Biomechanical tests and finite element analyses[END_REF][START_REF] Chao | Increasing bending strength and pullout strength in conical pedicle screws: biomechanical tests and finite element analyses[END_REF][START_REF] Amaritsakul | Biomechanical evaluation of bending strength of spinal pedicle screws, including cylindrical, conical, dual core and double dual core designs using numerical simulations and mechanical tests[END_REF]. However, the inter-subject variability in bone morphology and material properties is not considered. To the best of the authors' knowledge, this is the first study to present a subject-specific model with personalized material properties, incorporating the real morphology of the ROI and for which a preliminary validation against in vitro experiments has been performed.

The experimental study was conducted to allow the exact replication of the set-up in the FE model. Hence, the boundary conditions as well as the orientation and direction of the applied force were carefully controlled. Table 2 presents the measured pullout force and stiffness in relation to the results described in literature. Although a direct comparison is not easy because of the variety of experimental set-ups, the observed inter-subject variability is consistent with the literature and can be ascribed to the variability in bone quality: the youngest subject produced significantly higher pullout force and stiffness values than the rest of the population (see also Figure 4).

It should be noted that the experimental analysis performed in this study replicated the conditions of a worstcase scenario: the pullout force was aligned perfectly parallel to the screw axis. This explains the lower values reported in this study. However, the conditions of this scenario were perfectly controllable, allowing a detailed one-to-one comparison with the numerical results.

The FE model was conceived to meet three main requirements. Firstly, the model should accurately replicate the real geometry of the vertebra, which was obtained through μCT-imaging. An appropriate mesh, with optimal ratio between precision and calculation time, was obtained through a convergence analysis. Figures 3 and7 show that the model accurately replicates the morphology of the ROI, i.e. the contours of the model match those of the real pedicle.

Another important model feature is the material behavior. In this study, the porosity was chosen as an estimator for the Young's modulus and the strength of the cancellous bone. However, few validated relations are available in literature [START_REF] Goulet | The relationship between the structural and orthogonal compressive properties of trabecular bone[END_REF]). Moreover, literature data was used to determine the mechanical properties of the cortical bone [START_REF] Bartel | Orthopaedic biomechanics, mechanics and design in musculoskeletal systems[END_REF]). This might be an explanation for the large differences between the experimental and numerical results for two of the six samples. An

Numerical study

Figure 5 depicts the numerical force-displacement curves for the six modeled cadaveric vertebrae, in relation to the corresponding experimental curves. Figure 6(a) and (b) compare the experimental with numerical pullout force and stiffness data, respectively. It was found that the numerical strength correlates well with the experimental pullout strength (Pearson ρ = 0.87, p = 0.023). A stronger positive correlation (Pearson ρ = 0.90, p = 0.016) was noticed between the numerical and experimental force at 0.5 mm displacement, with differences ranging between 99 N and 571 N. A significant positive correlation was also found between the numerical and experimental pullout stiffness (Pearson ρ = 0.96, p = 0.0028).

Discussion

The aim of this study was the development and validation of a subject-specific FE model of a cylindrical pedicle screw inserted in the lumbar vertebra. Literature describes few FE models investigating the mechanical behavior of pedicle screws in relation to the morphorealistic vertebra stiffness predictions show a high positive correlation with the linear part of the experimental force-displacement curves. The experimental force at 0.5 mm displacement also correlates well with its numerical equivalent. Although the model does not exactly reproduce the experimental stiffness and strength, it does differentiate between samples with varying bone quality and geometry and respects the experimental corridor (see also Figure 5). While a weak positive correlation was found between pullout strength and BMD (ρ = 0.59), a stronger positive correlation was obtained with the numerical model, which also considers bone geometry (ρ = 0.87). This shows that the difference in morphology is an important explanatory factor for the variance in mechanical behavior of the different samples. The rather low variance in porosity and the lack of difference between porosity in the vertebral body and the pedicle, merely confirm this finding.

The Von Mises stress criterion was used to define failure at the element level, which allowed rendering a nonlinear behavior. Since this criterion is based on an equivalent stress, the failure limit might be overestimated. The experimental and numerical strength were slightly less correlated than the experimental and numerical force at 0.5 mm displacement (0.87 vs. 0.90). A more refined failure criterion thus seems necessary.

Although several studies used frictionless screw/bone contact conditions [START_REF] Hou | Mechanical tests and finite element models for bone holding power of tibial locking screws[END_REF][START_REF] Hsu | Increase of pullout strength of spinal pedicle screws with conical core: Biomechanical tests and finite element analyses[END_REF]; Chao improvement might be to use the Hounsfield Unit (HU) instead of the porosity to estimate the material properties [START_REF] Rho | Relations of mechanical properties to density and CT numbers in human bone[END_REF].

As third and last model requirement, the model should be able to reproduce the experimental load-displacement behavior (see Figure 4). Pullout strength and stiffness were considered for model validation. The preliminary model evaluation based on six specimens, yielded promising results. Regardless of the model limitations, the pullout found that this is not a realistic description of the screw/ bone interface, at least under bending loads. However, these authors did not explicitly model the screw threads. [START_REF] Macleod | Does screwbone interface modelling matter in finite element analyses?[END_REF][START_REF] Macleod | Does screwbone interface modelling matter in finite element analyses?[END_REF]) illustrated that when doing so, the contact condition has a less significant effect on the load-displacement behavior. Moreover, since the pullout force was directed in the axis of the screw, the main loading at the screw/bone interface was compression. Also, [START_REF] Chatzistergos | A parametric study of cylindrical pedicle screw design implications on the pullout performance using an experimentally validated finite-element model[END_REF] [START_REF] Chatzistergos | A parametric study of cylindrical pedicle screw design implications on the pullout performance using an experimentally validated finite-element model[END_REF] found that failure occurs at the thread tip, which was confirmed in this study (see Figure 8).

Another shortcoming of the model is the representation of the cortical outer layer of the pedicle by a thin layer of constant thickness. As can be observed on μCT images, the layer thickness is not constant. Hence, further improvement exists in using shell elements of which the thickness changes as a function of location.

A last limitation of the model is that bone compaction due to screw insertion, altering the mechanical behavior of the bone in the screw vicinity and possibly adding to the pullout strength, was not considered. Future work could consider this aspect, but even with this simplification, the results are already quite consistent with the experimental behavior.

The screw model presented here is parameterized, enabling the adjustment of specific design parameters such as inner diameter, outer diameter and pitch. It is thus possible to replicate the morphology of a broad range of commercially available screws.

In conclusion, it can be stated that the model, regardless of its limitations, provides promising results. The model offers a qualitative estimation for the pullout stiffness and strength. Even though improvements are to be made, this work is an important step to obtain a fully validated subject-specific model. This is the first study presenting 

Figure 1 .

 1 Figure 1. (a) the experimental set-up. the figure depicts the cadaveric vertebra, immobilized in pmma, mounted on the test bench. (b) an X-ray image in the axial plane showing the positioning of the screw in the pedicle.

Figure 2 .

 2 Figure 2. the screw model. the screw was modeled as a helical assembly of hexahedral elements.

Figure 3 .

 3 Figure 3. (a) the morphorealistic model of the pedicle in relation to the complete vertebra. the model represents the pedicle and part of the corpus. (b) an antero-lateral section view of the vertebra showing the distal surface of the model. note the local mesh refinement close to the screw.

Figure 4 .

 4 Figure 4. the force-displacement data for each of the 30 cadaveric vertebrae. the green lines indicate the linear part of the curve and represent the least squares regression line for a subset of the data points. the blue dots indicate the force values used as a measure for the pullout strength.

Figure 5 .

 5 Figure 5. Comparison between the experimental and numerical force-displacement curves obtained for six of the tested cadaveric vertebrae.

Figure 6 .

 6 Figure 6. (a) the experimental vs. numerical force at 0.5 mm displacement. the samples are sorted by experimental force. the model seems to be able to correctly differentiate the samples, since the smallest predicted pullout force corresponds to the smallest experimental force. (b) the experimental vs. numerical pullout stiffness. the samples are sorted by experimental stiffness. the model seems to be able to correctly differentiate the samples, since the smallest predicted pullout stiffness corresponds to the smallest experimental pullout stiffness.

Figure 8 .

 8 Figure 8. a contour plot visualizing the displacement in the pullout direction. note that the screw loses contact with the bone at its leading edge.

Table 1 .

 1 geometrical dimensions of the pedicle screw used in the experimental study.

	Outer diameter	6.1 mm
	Core diameter	4.3 mm
	pitch	2.8 mm
	proximal thread angle	15°d
	istal thread angle	30°t
	hread width	0.2 mm
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