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Abstract

:

Proximal humerus fractures increase with the aging of the population. Due to the high failure rates of surgical treatments such as open reduction and internal fixation (ORIF), biomechanical studies seek to optimize the treatments and intervening factors to improve the quality of life of people undergoing these treatments. The aim of the present study was to determine the optimal insertion angle configuration of screws used in a two-part proximal humerus fracture-locking plate osteosynthesis treatment based on finite element analysis (FEA). A series of 3D models of PHILOS locking plates with different screw insertion angle configurations were designed using a matrix system for screw angulation. The locking plate models were evaluated in a two-part proximal humerus fracture with surgical neck fracture under bending and compressive loading conditions using FEA and statistically analyzed using a design of experiments (DOE). The optimal screw insertion angle setting showed an improvement in relation to the interfragmentary strain value of the fracture. Moreover, calcar screws were the most significant feature in fracture stability throughout the tests, followed by the divergence of the most proximal screws and the proximal–distal alignment of the locking plate.
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1. Introduction


Proximal humerus fractures are becoming more frequent in older adults [1], caused by the motor deficiencies and the poor bone quality that the natural aging process brings with it [2]. These fractures are difficult to treat due to the complex union of the shoulder and the variations that the fracture can present [3]. Due to the abovementioned factors, the choice of treatment is based on the characteristics of the patient and the fracture [4]. However, the surgical treatment that today presents the best results is osteosynthesis using a locking plate [5] despite the risks involved and the increase in its failure rate.



In search of treatment optimization, the scientific community directed its studies to the assessment of the factors considered significant to the stability of the fracture [6,7]. Thus, the relevance of the locking plate configuration and its effect on the bone-healing process of the fracture was discovered [8,9]. One of the most interesting parameters is the configuration of the screws used for locking plate fixation [4].



The general problem is the rise in the rate of premature failures that occur in locking plate osteosynthesis treatment for proximal humerus fractures that ends up directly affecting the quality of life of geriatric patients who receive the treatment [1].



The specific problem is the absence of an optimal configuration regarding the angle of insertion of the screws used in the osteosynthesis treatment using a locking plate that results in low stability of the fracture during treatment. Finding the optimal configuration considering mechanical and anatomical limitations of the human body supposes an increase in the stability of the fracture and its fixation that will result in the prevention of premature failures of the treatment and in the improvement of the quality of life of patients [10].



The scientific community has assessed the most significant parameters in relation to the configuration of the locking plate and its effect on the stability of the fixation system [11]. Being a complex and changing system due to singularities of both the patient (age, comorbidities, bone quality, sex, etc.) and fracture type (location of the fracture, presence of impaction, comminution, displacement, etc.), the knowledge necessary to strengthen the stability of the system has not been totally covered considering the existing research [3].



Among the most relevant studies carried out by researchers with the purpose of perfecting the treatment are: the assessment of the effect of material type with which the blocking plate was manufactured, the differences generated by the different types of screws, the importance of the use of calcar screws, the effect on system stability caused by the type of screw hole in the locking plate, improvement of the fatigue performance of high cycle materials by cryogenic treatment and the prediction of premature system failure by determining the optimal number of screws for treatment [5,7,12,13,14,15].



This research offers a new biomechanical approach to solve the problem. Determining the optimal screw insertion angle configuration used in the locking plate to treat two-part proximal humerus fractures [16], significant stability in fracture fixation will be achieved by obtaining the appropriate percentage of interfragmentary deformation of the fractured segments that benefits the natural process of bone consolidation of the fracture [17,18].




2. Materials and Methods


2.1. Proximal Humerus Modeling


Medical images of bone or biological tissue can be obtained by computed tomography (CT) or magnetic resonance imaging (MRI). These devices generate a set of images whose quantity and quality depend on the increments between each captured image and its resolution for each captured plane. The format used for this type of images is DICOM (digital imaging and communication in medicine), specially designed for the medical community because it contains captured patient images and both clinical and personal patient data. This avoids the incorrect assignment of images between different patients, and, in turn, standardizes the transmission of medical images.



The DICOM images used for the present investigation were obtained from the website of the International Society for Biomechanics [19]. Images of the humerus were collected via CT at the Human Anatomy and Embryology Laboratory at the University of Brussels, Belgium. The humerus is considered a long bone, so the images were captured in three sections (distal, diaphysis and proximal); therefore, the reconstruction and union of the sections of interest was necessary. For the segmentation, the threshold of Hounsfield units (HU) was defined. That would allow identifying only the cortical bone tissue of the structure. The threshold defined for the present investigation was from −170 to 2380 HU according to Zhao et al. [20] (Figure 1).



3D Slicer v4.11 software [21] was selected to perform the segmentation of the images used in the present investigation since it is not only free to use but has also been used in biomechanical investigations such as that carried out by Solorzano et al. [22].



The integration, reduction and model simplification were carried out by Autodesk Meshmixer v3.5 software [23]. First, the models were imported in STL format to the software. After using the Boolean union tool, both structures were merged. Seeking to soften the union previously made between both structures, 3D sculpture tools were used within the same software. The whole process allowed the model to be reduced by 90% without losing its original shape, from 269,074 total triangles to 35,182. Model subtraction and conversion of the surfaces to solids was performed in ANSYS SpaceClaim® 2020.R2 software. After importing the models, the meshing of the surfaces was homogenized using the Regularize tool, for which a maximum element size of 1 mm and a 60° angle threshold were defined. Finally, the subtraction of the models was continued using the Substract tool, mesh homogenization and conversion of the models to solids (Figure 2).




2.2. PHILOS Locking Plate Modeling


Three-dimensional modeling of the proximal humerus, PHILOS locking plate and system fixation elements was performed in SolidWorks® 2020 SP5.0 software [24]. The modeling was carried out from the superposition of images obtained from the manufacturer user manual of the PHILOS locking plate [25] and were supplemented by measurements provided in the Synthes Plates and Screws Catalog [26]. The final thickness was 2.5 mm with nine 2.9 mm holes (3.5 mm locking screw inner diameter specified by the manufacturer [26]) with angles obtained from the study by Hamandi et al. [27] (Figure 3).




2.3. Considerations for Finite Element Analysis FEA


To perform the analysis for the locking plate along with the two-part fracture of the proximal humerus, the following considerations were put in place. The screw models were simplified to a simple isotropic cylinder with a diameter of 2.9 mm resembling the inside diameter of 3.5 mm locking screws. Bone tissues were considered isotropic, with a modulus of elasticity (E) of 15.6 GPa and 0.47 GPa for the cortical and cancellous bone, respectively. An average Poisson’s ratio (v) = 0.3 was taken from the literature [28]). In the experiment, 316L stainless steel (E = 190 GPa [18] and v = 0.3) was assigned as the material of manufacture for all fixation elements. The boundary conditions for screw-plate and bone-plate interactions were fixed, assuming ideal locking between the elements. The mesh of the bone and plate models was set tetrahedral and quadratic with a maximum element size of 1.5 mm and 1.0 mm for the bone tissues and the locking plate, respectively. The final meshing of all system models resulted in a total of 414,407 elements and 936,614 nodes. For the validation of our system elements, published models by Jabran et al. (flexion test) [29] and Zhang et al. (compression test) [13] were recreated (Figure 4).




2.4. Screw Angle Direction


For the angulation of the locking plate screws, a design of experiments (DOE) was performed based on the matrix system proposed in the study by Flechler et al. [10], with the difference that for the present study the matrix system was adapted with only 5° of freedom for each screw. The screws were not evaluated individually but in pairs like a mirror as shown in Figure 5.




2.5. Design of Experiments


The response variable of the design of experiments would be the deformation (strain, ε) of the fracture spacing which was sought to ensure being within the optimal range (2–10%) suggested by the theory of interfragmentary deformation [30]. Thus, we sought to fix most of the non-controllable factors of the system to leave only those controllable and of interest for the study; therefore, the DOE factors were the angle of insertion of the screws broken down into two axes (X and Y) for each pair of screws. That is, the experiment would have six factors: Ax, Ay, Cx, Cy, Ex andEy. On the other hand, according to the matrix designed for the angulation of the screws, the DOE would have two levels for each factor, −5° and 5°.



Due to the number of experimental runs necessary to analyze all the combinations generated by the six factors of the DOE, it was decided to carry out a 26−2 fractional factorial design which corresponds to the representation of the fourth part of the complete design. The design used was resolution IV made up of 17 experimental runs and1 replica, including a central point.





3. Results and Discussions


Experimentation and Statistical Analysis


It was decided to use the boundary conditions and configuration parameters applied in the validation of the system through the bending and compression tests with the difference that 17 experimental runs would be carried out for each test mode, each with a different configuration with respect to the angle of the bolts based on DOE 26−2. To homogenize the results, 316L stainless steel was assigned as the manufacturing material for the fixing elements. Each run implied a different design of the PHILOS plate, so the 17 models of the blocking plates were modeled in SolidWorks® program, and later, the assemblies and meshes were readapted to the new conditions of each particular configuration. The lengths of the screws were also adjusted according to each assembly, always seeking to use the longest screws for each hole, avoiding their penetration through the bone; the lengths used were 25, 30 and 35 mm.



After carrying out the 34 experimental runs (17 for each test) using the maximum displacement values of the two-part fracture, the interfragmentary deformation was calculated. To calculate the interfragmentary deformation of each test, the maximum displacement of the fracture was taken as reference, divided by the original fracture gap and converted to a percentage by multiplying the value obtained by 100.



The experimental runs achieved a coefficient of determination (R2) of 97.46% and 96.37% for the bending and compression tests, respectively, while the assumptions of the statistical model (normality, constant variance and independence) were fulfilled. Both tests exhibited similar significance patterns: Ey (p = 0.000), Cx (p = 0.001) and Cy (p = 0.001) for flexion and Ay (p = 0.000), Ey (p = 0.000) and Cx (p = 0.002) for compression.



According to the results of the experimentation, it was determined that the configuration of the insertion angles that would present the least interfragmentary deformation in both loading conditions was Ax: −5°, Ay: −5°, Cx: −5°, Cy: −5°, Ex: 0° and Ey: −5°. The suggested optimum level for the factor was used as the new central reference point in the matrix system for the angle of insertion. Additionally, a new design of experiments was created considering only the axis of greatest significance for each screw pair, according to the previously obtained results: Ay, Cx and Ey. Due to the reduction of the DOE factors, it was possible to carry out a complete design, specifically a 23 factorial design, composed of eight experimental runs and a central point. The new DOE required nine new models of the PHILOS plate. Finally, the same procedures were carried out as for the design of the previous 17 plates.



Once all 18 experimental tests were completed, 95.73% and 96.84% of R2 were obtained for the bending and compression tests, respectively. In both loading modes, the significance of Ey was imminent, p = 0.001 in bending and compression, with Cx and Ay ceasing to be significant factors. The Pareto diagram of effects for tests exhibited these results as shown on Figure 6. Therefore, the new configuration that presented the least interfragmentary deformation based on the new reference points was: Ay: −5°, Cx: −5° and Ey: −5°. Thus, the global optimum configuration up to this point would be Ax: −5°, Ay: −10°, Cx: −10°, Cy: −5°, Ex: −0° and Ey: −10°.



Finally, a new series of experimental runs was carried out based on the new optimal configuration, considering only the Ey factor given its statistical significance. The new experimentation would have three experimental runs only, the known levels −5° and 5° and the central point. The values of interfragmentary deformation (ε) collected coincided again in the configuration with a lower percentage of deformation than DOE 23. In other words, the model reached its maximum optimization point. The graphical comparison of the original configuration and the successive optimizations of the angles can be seen in Figure 7. In addition, Table 1 shows the numerical comparison between the worst screw angles configuration and the best one based on the last optimization in both bending and compression tests using interfragmentary strain (ε) as numerical reference.





4. Conclusions


The optimal screw insertion angle setting was determined. This configuration exhibited a percentage improvement related to the value of the interfragmentary strain of the fracture, ensuring the fracture stability and bone consolidation. Furthermore, the importance of calcar screws on fracture stability was evident as they were the most significant effect throughout the tests (E1–E2 screws). In addition, the divergence of the proximal screws was highlighted as it provides better support for various loading conditions. However, the optimal configuration discovered is limited to the characteristics of the present study since the screw angles were studied in isolation from the other factors involved in achieving fracture stability. Thus, even when the objective of the study was achieved, the results cannot be definitive. To be so, it is necessary to perform a series of validations through physical tests, consider proximal distal locking plate position as a factor and test the optimal configuration in the different variations of the proximal humerus fracture.
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Figure 1. Preliminary 3D model of the structure of the humeral diaphysis. In the preliminary model, the remaining sections of the proximal and distal structures are observed (relative anterior (A), posterior (P) and lateral (L) position). In the boxes on the right side i.e., transverse (red box), coronal (green box) and sagittal (yellow box) planes, the segmentation imperfections can be observed according to the defined HU threshold. 
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Figure 2. Model subtraction process to obtain a final model of the proximal humerus. The process begins (1) with the subtraction of the trabecular bone model (B) to the solid model of the proximal section (A), resulting in the empty structure of the proximal section of the humerus (C). Subsequently (2), the trabecular bone model (B) is added to the empty model (C), obtaining the final model composed of the cortical and trabecular structures (D). 
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Figure 3. PHILOS plate screw insertion angles with views in the top, side and front. 
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Figure 4. Validation test schematics: (A) flexion test; (B) compression test. 
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Figure 5. Matrix system for directing the screw insertion angle. The center of each Cartesian plane represents the reference position of screws A1, C1 and E1, each with 5° of freedom in both axes (proximal–distal and anterior–posterior). Screws A2, C2 and E2 will be a mirror image on the proximal–distal axis depending on the position of the reference screws, each according to its pair in the corresponding row. 
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Figure 6. Pareto diagrams to determine the magnitude and importance of the effects. In both tests, the effect of the Ey factor is statistically significant as the bar crosses the baseline. 
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Figure 7. Comparison of screw insertion angle redirection prior to optimizations (red), after the first optimization of DOE 2(6−2) (yellow) and finally the last optimization of DOE 23 (green). 
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Table 1. Comparison of the worst and best screws angles configuration based on the optimization of the system using the percentage of interfragmentary strain as a reference, for the flexural and compression tests.
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Ax

	
Ay

	
Cx

	
Cy

	
Ex

	
Ey

	
Flexion (ε %)

	
Compression (ε %)






	
Max

	
5°

	
−5°

	
5°

	
5°

	
0°

	
5°

	
6.76661

	
3.52573




	
Min

	
−5°

	
−10°

	
−10°

	
−5°

	
0°

	
−10°

	
6.25003

	
3.26282




	

	

	

	

	

	

	

	
Percentage of improvement (%)




	

	

	

	

	

	

	

	
7.63425

	
7.45690
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