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Traditional titanium alloy implant surfaces are inherently smooth and often lack effective osteoinductive properties. To overcome these limitations, coating technologies are frequently employed to enhance the efficiency of bone integration at the implant–host bone interface. Hierarchical zeolites, characterized by their chemical stability, can be applied to 3D-printed porous titanium alloy (pTi) surfaces as coating. The resulting novel implants with a “microporous-mesoporous-macroporous” spatial gradient structure can influence the behavior of adjacent cells; thereby, promoting the integration of bone at the implant interface. Consequently, a thorough exploration of various preparation methods is warranted for hierarchical zeolite coatings with respect to biocompatibility, coating stability, and osteogenesis. In this study, we employed three methods: in situ crystal growth, secondary growth, and layer-by-layer assembly, to construct hierarchical zeolite coatings on pTi, resulting in the development of a gradient structure. The findings of this investigation unequivocally demonstrated that the LBL-coating method consistently produced coatings characterized by superior uniformity, heightened surface roughness, and increased hydrophilicity, as well as increased biomechanical properties. These advantages considerably amplified cell adhesion, spreading, osteogenic differentiation, and mineralization of MC3T3-E1 cells, presenting superior biological functionality when compared to alternative coating methods. The outcomes of this research provide a solid theoretical basis for the clinical translation of hierarchical zeolite coatings in surface modifications for orthopedic implants.
Keywords: biomechanics, biocompatibility, coating stability, hierarchical mesoporous zeolite, surface modification, titanium alloy
1 INTRODUCTION
Titanium and its alloys, such as Ti6Al4V, are preferred metallic materials for orthopedic implants due to their high mechanical strength, excellent corrosion resistance, and good biocompatibility, offering broad prospects for medical applications (Mei et al., 2014; Zhang et al., 2017). However, their relatively high elastic modulus can lead to postoperative complications such as stress shielding-induced bone resorption (Ma et al., 2023). Therefore, 3D-printed porous titanium alloy implants (pTi) have been developed to address these issues by reducing the elastic modulus while maintaining mechanical strength (Yook et al., 2012; Wang et al., 2019). Additionally, pTi provides a “macroporous” structure, characterized by its controllable pore size, porosity, and interconnectivity (Wang et al., 2019). These features mimic the natural bone structure, thereby facilitating cell migration, vascularization, and bone formation. Nonetheless, pTi still exhibits a certain degree of biological inertness and poor osseoinductivity (Contaldo et al., 2021). The osseointegration between titanium alloys and host bone tissue remains a concern, and long-term clinical use has shown a lack of direct contact between bone and titanium implants (Geetha et al., 2009).
Enhancing the osseointegration of implants can be achieved through surface modification, involving the creation of coatings with precise structural, and physicochemical attributes (Ehlert et al., 2019). The successful realization of the biological efficacy of implants primarily hinges upon the biocompatibility and stability of coatings and the influence of coating microstructure on the functionality of surrounding cells (Bose and Tarafder, 2012; Scarano et al., 2018; Alshawwa et al., 2022). Zeolites are solid crystalline aluminosilicates characterized by their uniform microporous structures (Wang et al., 2020). These microporous zeolites are composed of a three-dimensional framework consisting of TO4 tetrahedra, where T represents either Si or Al. These tetrahedra are interconnected through shared oxygen ions, giving rise to a framework with pores and cavities of molecular dimensions that are evenly distributed (Gao and Zhang, 2020; Aljama et al., 2022). It is worth noting that each [AlO4]5− tetrahedron carries a negative charge, which is balanced by cations that can be readily exchanged with other cations, such as Ag, Sr, and Ca, through ion-exchange processes (Amiripour and Ghasemi, 2018; Yong et al., 2022).
In recent years, microporous zeolites and their coatings have attracted widespread attention and application across various domains of biomedicine and bone tissue engineering due to their excellent physicochemical properties, such as biocompatibility, ion-exchange capacity, and biological stability (Pan et al., 2017; Wang et al., 2019; Khojaewa et al., 2019). Wang et al. (Wang et al., 2018) employed an in situ growth method to fabricate a microporous zeolite coating on the surface of porous titanium implants and confirmed that the zeolite coating exhibited superior biocompatibility compared to bare implants. The zeolite coating was also found to stimulate the expression of osteogenic genes and promote new bone formation. In addition, the stability of surface coatings on implants plays a crucial role in the long-term realization of their biological functionality and the harnessing of their highly corrosion-resistant capabilities (Bacakova et al., 2018). Given that the elastic modulus of the zeolite coating falls within the range of 30–40 GPa, which is closely aligned with the elastic modulus of the host bone (approximately 30 GPa), a stable zeolite coating can effectively mitigate the resorption of implant materials. Furthermore, a stable zeolite coating can impede the release of toxic Al and V ions from the substrate titanium alloy, even after exposure to highly corrosive solutions (Bedi et al., 2009; Wang et al., 2018). At the same time, it is well established that surface topography significantly influences the regulation of cellular behaviors and functions. Qiao et al. (Qiao et al., 2020) highlighted the pivotal role of coating microtopography in modulating cellular bioactivity and differentiation capacity within the vicinity of the implant. Compared to bare implants, zeolite coatings enhance the adhesion, spreading, and proliferation capabilities of surrounding cells, such as bone marrow mesenchymal stem cells, osteoprogenitor cells, and osteoblasts (Li et al., 2015; Bacakova et al., 2018). This is primarily attributed to the 3D structure of the zeolite coatings.
In recent years, researchers have developed hierarchical zeolites with gradient variations in their microstructural morphology by subjecting zeolites to processes such as desilication and recrystallization (Gackowski and Datka, 2020). Compared to traditional microporous zeolites, hierarchical zeolites retain the framework structure of microporous zeolites while introducing larger mesoporous structures (2–50 nm) and macropores (greater than 50 nm) (Lin et al., 2018; Ghoneim et al., 2019). Furthermore, current trends in the field of implant morphology modification emphasize that hierarchical structures can further enhance cell adhesion and spreading (Gittens et al., 2014; Haïat et al., 2014). The design of gradient structure surface morphology, resembling natural bone tissue, demonstrates significant potential to enhance cellular functions from a biomimetic perspective (Ding et al., 2018). Thus, we contend that the construction of hierarchical zeolite coatings, in addition to the aforementioned advantages, also establishes a coating with a spatially graded structure of “microporous–mesoporous” on the implant surface. This will improve the biocompatibility and biological functionality of the coating, further promoting osseointegration and bone regeneration at the implant–host bone interface. However, current research mostly focuses on microporous zeolite coatings, and there is still a lack of research on hierarchical zeolite coatings.
In this work, we fabricated zeolite-A coatings on pTi using in situ growth and secondary growth methods, followed by a dealumination reaction with NH4HF2 solution. Furthermore, we employed an alternative layer-by-layer (LBL) electrostatic assembly method to construct hierarchical zeolite coatings (Scheme 1). Subsequently, we analyzed the physicochemical properties and stability of the coating products from the three methods used for coating construction. Simultaneously, we evaluated the biocompatibility of different coatings and assessed the impact of various surface microstructures on the adhesion, spreading, and osteogenic potential of MC3T3-E1 preosteoblasts. To the best of our knowledge, this is the first study to construct hierarchical zeolite coatings on 3D-printed titanium alloy implants using three different methods, establishing a structure-performance-effect relationship for implant coatings, which holds significant clinical implications.
[image: Scheme 1]SCHEME 1 | Schematic illustration demonstrates the construction of hierarchical zeolite coatings on the surface of 3D-printed titanium alloy porous implants utilizing three different methods.
2 MATERIALS AND METHODS
2.1 Materials and chemical reagents
3D-Printed porous Ti6Al4V scaffolds (diameter: 10 mm, height: 3 mm) were produced using the electron beam melting machine (EBM Q10 Plus, Arcam AB, United States). 4A zeolites were purchased from AOS Catalytic Materials Co., Ltd. (China); NaSiO3•9H2O from Xilong Scientific (China); NaAlO2 from Macklin (China); ammonium bifluoride (NH4HF2) from Aladdin Reagent Co., Ltd. (China); poly dimethyl diallyl ammonium chloride solution (PDDA) from Aladdin (China); and polyacrylic acid (PAA) from Acros Organic (Belgium). Dulbecco’s Modified Eagle’s Medium (DMEM)/F-12 and fetal bovine serum (FBS) were purchased from Gibco (United States). Phosphate-buffered saline (PBS), 4% paraformaldehyde, and phalloidin-FITC were purchased from Bioss (China). Calcein acetoxymethyl ester (Calcein-AM)/propidium iodide (PI) staining kit was purchased from Bestbio (China) and 4′,6-diamidino-2-phenylindole (DAPI) from Sigma–Aldrich (St. Louis, MO).
2.2 Preparation of the hierarchical zeolite coating
Before use, the pTi substrates underwent treatment in 30% H2O2 for a duration of 30 min. They were subsequently rinsed three times with deionized water and dried. Then, we utilized three methods to construct the hierarchical zeolite coatings.
2.2.1 In situ hydrothermal growth and modification
The microporous zeolite coatings on the pTi surface were fabricated utilizing a in situ hydrothermal crystallization method. A clear silica source solution was prepared by mixing sodium silicate nonahydrate (NaSiO3•9H2O) and water in the specified proportion. Similarly, a clear aluminum source solution (NaAlO2) was prepared by mixing sodium aluminate and water in the specified ratio. The aluminum source solution was gradually added to the silica source solution with continuous stirring for 6 h, resulting in the formation of the mother liquor for the growth of microporous zeolite coatings. The molar ratio of components and solvents in the microporous zeolite coating growth mother liquor was as follows: 3.2Na2O:2SiO2:Al2O3:128H2O. The zeolite coatings were deposited on pretreated pTi after hydrothermal growth at 100°C for 12 h; then, the pTi was washed with distilled water in an ultrasonic bath and dried at 60°C for 6 h. Next, the pTi-microporous zeolite coating underwent a dealumination reaction in a 0.2 M NH4HF2 solution at 45°C for 2 h, leading to the creation of the hierarchical zeolite coating. It was subsequently rinsed with distilled water and dried at 60°C for 4 h and is denoted as pTi-in situ growth.
2.2.2 Secondary growth and modification
The microporous zeolite coatings were synthesized on the pTi surface using a secondary growth method. Briefly, the pretreated pTi samples were alternately immersed in solutions of PDDA and 4A zeolite seed crystal growth mother liquor (both at 1 mg/mL) for 10 min, rinsed with deionized water, and then dried. Repeating the process five times yielded pTi substrates loaded with zeolite seed crystals. Subsequently, the growth mother liquor from the previous Section 2.2.1, which had a molar ratio of components and solvents of 3.2Na2O:2SiO2:Al2O3:128H2O, was employed for the preparation of the microporous zeolite coating. The zeolite coatings were deposited onto pretreated pTi at 100°C over 12 h. Following this, the pTi substrates were subjected to ultrasonic washing with distilled water and subsequently dried at 60°C for 6 h. Next, the microporous zeolite coating underwent a dealumination reaction in a 0.2 M NH4HF2 solution at 45°C for 2 h. It was subsequently rinsed with distilled water and dried at 60°C for 4 h and is denoted as pTi-secondary growth.
2.2.3 LBL electrostatic assembly method
The hierarchical zeolites were generated by etching 4A zeolites (5 g) with NH4HF2 (0.2 M). The mixture was then washed using deionized water and centrifuged until the suspension reached a nearly neutral pH. The sample was then vacuum-dried at 80°C for 12 h. Subsequently, the pretreated pTi samples underwent sequential immersion in PDDA and PAA solutions (both at a concentration of 1 mg/mL) for 10 min, followed by rinsing with deionized water and drying. This process was repeated four times. The samples were then immersed alternately in PDDA and hierarchical zeolite solutions (both at a concentration of 1 mg/mL), followed by rinsing with deionized water and drying. This PDDA/Zeolite cycle was repeated four times. Finally, to eliminate organic compounds and enhance coating adhesion, the samples were calcined in a muffle furnace at 500°C for 4 h and are denoted as pTi-LBL coating.
2.2.4 Surface characterization of different coatings
The integrity, homogeneity, particle distribution, and surface chemical composition of the coatings were assessed using scanning electron microscopy (SEM, ZEISS GeminiSEM 300, Germany). The surface microstructure and roughness were examined via atomic force microscopy (AFM, Bruker Dimension Icon, Germany). Water contact angles were measured with a contact angle-measuring instrument (Dataphysics OCA200, Germany). Pore size distribution and porosity were determined from N2 adsorption-desorption isotherms using a Micromeritics ASAP 2460 adsorption analyzer (United States).
2.3 Stability performance testing of the coatings and implants
To assess the stability of hierarchical zeolite coatings prepared using different construction methods, an innovative approach was adopted by integrating an ultrasonic oscillator (Bilon, Shanghai) with SEM. In brief, the pTi surface coatings constructed by three different methods were placed in the ultrasonic oscillator, operating continuously at an intensity of 50 kHz for 5 min. Subsequently, the sonicated pTi samples were dried at 60°C for 4 h. By utilizing SEM, the morphology and area of surface coatings were observed for the three sets of non-sonicated hierarchical zeolite coatings and the three sets of sonicated hierarchical zeolite coatings on pTi. This comparative analysis enabled an assessment of coating detachment, thereby determining the impact of the three different methods on coating stability. Images were analyzed using ImageJ (NIH, Bethesda, MD, United States). The compressive strength was tested using an electronic universal testing machine (WDW-100E) with a 10 kN load and a displacement speed of 5 mm/min. The relationship between stress and strain was determined by gradually increasing the pressure in the direction of the vertical axis. The maximum stress value in the curve was the ultimate compressive strength.
2.4 Biocompatibility evaluation of coatings
MC3T3-E1 preosteoblasts were purchased from Pu-nuo-sai Life Technology Co. Ltd. (Wuhan, China). MC3T3-E1 cells were cultured in DMEM/F12 containing 10% FBS, 1% penicillin/streptomycin, and incubated at 37°C under 5% CO2. Cells were seeded on pTi, pTi-in situ growth, pTi-secondary growth, and pTi-LBL coatings in 24-well plates at 2 × 104 cells/well. After culturing for 1 day, a calcein-AM/PI working solution was prepared according to the manufacturer’s guidelines. The samples were then incubated in the working solution for 15 min at 37°C in the dark and then washed twice with PBS before being imaged under a fluorescence microscope (ECHO Revolve, United States). The images were analyzed using ImageJ.
2.5 Cell attachment and morphology on coated pTi surfaces
MC3T3-E1 preosteoblasts were cultured for 1 day in the presence of pTi, pTi-in situ growth, pTi-secondary growth, and pTi-LBL coatings in 24-well plates at a density of 2 × 104 cells/well. After incubating for 1 day, the cells were then rinsed with PBS and fixed with 4% paraformaldehyde for 30 min at room temperature. The cells were then permeabilized with 0.5% Triton X-100 for 10 min followed by cytoskeletal and nuclear staining with phalloidin (30 min) and DAPI (30 s), respectively. The stained cells were then examined under a fluorescence microscope. The pTi, pTi-in situ growth, pTi-secondary growth, and pTi-LBL coating samples were placed in a 24-well cell culture plate. MC3T3-E1 cells were seeded onto the samples at a concentration of 2 × 104/mL. After 12 and 24 h of incubation, gentle rinsing with PBS was performed, followed by fixation of cells and samples for 20 min. Subsequently, cell nuclei were stained with DAPI and observed under a fluorescence microscope, followed by image capture. The analysis aimed to assess the impact of the samples on cell adhesion. The images were analyzed using ImageJ.
The cells seeded on the pTi, pTi-in situ growth, pTi-secondary growth, pTi-LBL coatings were then washed with PBS and fixed by incubating in 2.5% (v/v) glutaraldehyde for 3 days. The samples were then dehydrated using a gradient series of ethanol solutions (30%, 50%, 70%, 80%, 90%, 95%, and 100%). They were then treated with a mixture of ethanol and isobutyl acetate at a 1:1 (v/v) ratio, followed by incubation in pure isobutyl acetate overnight. After critical point drying, the morphology of the cells adherent on the samples was examined using SEM.
2.6 Alkaline phosphatase and Alizarin Red S staining
MC3T3-E1 cells were co-cultured with pTi, pTi-in situ growth, pTi-secondary growth, and pTi-LBL coatings in 24-well plates in an osteogenesis differentiation medium (DMEM/F-12 containing 10% FBS, 50 μM vitamin C, 10 mM β-glycerol-phosphate, 0.1 μM dexamethasone, and 1% penicillin-streptomycin). After culture for 7 days, the alkaline phosphatase (ALP) level was measured using a BCIP/NBT ALP Color Development Kit (Beyotime, China) and Alizarin Red S (ARS) staining was done using ARS solution (Beyotime, China). The stained samples were examined under a stereomicroscope (ECHO Revolve, United States), and ALP activity was measured using an ALP assay kit (Beyotime, China). The calcification on each scaffold was assessed semi-quantitatively by dissolving the calcium nodules with 10% cetylpyridinium chloride and measuring the absorbance at 540 nm.
3 RESULTS AND DISCUSSION
3.1 Fabrication and characterization of hierarchical zeolite coatings
In this study, we employed in situ growth and secondary growth methods to create zeolite coatings on the surface of pTi. Subsequently, a dealumination reaction was performed to construct hierarchical zeolite coatings. Additionally, we successfully applied the LBL electrostatic self-assembly technique to coat hierarchical zeolite coatings onto pTi surfaces. As shown in Figure 1A, the untreated pTi surface, as observed through SEM, appeared smooth, while the coated pTi surfaces of the various coating groups exhibited different degrees of zeolite coatings. In particular, the distribution of hierarchical zeolites in the pTi-in situ growth group appeared less dense than the other coating groups, whereas the uniformity of multi-level, porous, molecular sieve hierarchical zeolite distribution in the pTi-secondary growth group was significantly improved. This improvement can be attributed to the secondary growth, which involves the prior uniform seeding of a layer of zeolite crystals on the substrate to serve as nuclei for crystal growth under hydrothermal conditions (Kuzniatsova et al., 2008). Subsequently, the substrate with the seeded layer is immersed in the growth mother liquor for cross-linking growth followed by modification with NH4HF2, resulting in a denser hierarchical zeolite coatings compared to the in situ growth group (Algieri and Drioli, 2021; Xiaofei et al., 2022). Simultaneously, we observed that the pTi surface treated using the LBL coating method exhibited a uniform morphology, with multi-level, porous molecular sieves evenly covering the substrate material’s surface, demonstrating the best performance among the three coating treatments. In LBL assembly methods, the process of charge neutralization and subsequent resaturation, triggered by the adsorption of counterionic component materials onto a charged surface, leads to charge inversion. This phenomenon facilitates the alternating adsorption of cationic and anionic samples as coatings (Ariga et al., 2019). Hence, we can achieve the construction of more uniformly continuous hierarchical zeolite coatings by varying the number of cycles of adsorption processes for cationic (PDDA) and anionic (hierarchical zeolite) samples.
[image: Figure 1]FIGURE 1 | Characterization of hierarchical zeolite coatings. (A) SEM images of the surface morphology of pTi, pTi-in situ growth, pTi-secondary growth, and pTi-LBL coating samples. (B) The energy spectrum analysis of the different samples. (C, D) N2 adsorption-desorption isotherms and pore size distribution of the pTi, pTi-in situ growth, pTi-secondary growth, and pTi-LBL coating samples.
To further analyze the effect of different hierarchical zeolite coating methods on the elemental composition of pTi, we performed surface elemental composition analysis on untreated pTi and coated pTi samples. As depicted in the EDS elemental analysis (Figure 1B), all four groups exhibited the presence of Ti and Al, which are intrinsic components of the substrate material. Notably, the coating groups contained elements O and Si, consistent with the primary constituents of hierarchical zeolites. The pTi-secondary growth group also featured N and C elements, attributable to the PDDA cationic solution used during the preseeding of the surface with crystal nuclei. Although the pTi-LBL coating group also employed a PDDA solution, the high-temperature calcination process performed as the final step effectively removed the organic components PDDA and PAA from the coating. Furthermore, the N2 adsorption-desorption isotherms revealed that when the relative pressure P/P0 was less than 0.4, a significant increase in adsorption indicated the presence of numerous microporous structures within the materials. As the relative pressure P/P0 continued to increase within the range of 0.4–1.0, all three groups of hierarchical zeolite coatings exhibited H4 type hysteresis loops, signifying the successful introduction of mesoporous structures within the materials (Figure 1C). Additionally, the pore-size distribution curves obtained from the Barret-Joyner-Halenda analysis further confirmed the successful construction of hierarchical zeolite coatings (Figure 1D).
3.2 Stability performance of implants and coatings
This study primarily focused on the investigation of stability, which can be categorized into two main aspects: the adhesion stability of the implant interface coating and the mechanical stability of the entire implant. Our assessment of stability involved subjecting each coating sample to ultrasonic treatment at 50 kHz and subsequent SEM observations to evaluate the extent of coating retention before and after ultrasonication. As shown in Figures 2A, B, the coating retention rate for all three methods remained above 75% after ultrasonic treatment, with no significant differences among the three groups. Sufficient adhesion of the coating is essential for the successful functionality of coated implants in physiological environments, as previously highlighted by Sharifi et al. (Sharifi et al., 2018).
[image: Figure 2]FIGURE 2 | The stability performance of coatings and implants. (A) SEM images of the surface morphology of the pTi-in situ growth, pTi-secondary growth, and pTi-LBL coating samples before and after ultrasonic treatment. (B) The coating retention rate of the pTi-in situ growth, pTi-secondary growth, and pTi-LBL coating samples. (C) The compressive stress–strain curve of each group (n = 3).
Furthermore, implants must meet certain criteria in terms of mechanical strength, biocompatibility, and structural stability to achieve optimal biological functionality (Mehwish et al., 2022). Among these criteria, mechanical stability is regarded as the fundamental prerequisite for implants to perform their intended biological functions (Huang et al., 2017). We conducted compression mechanical tests on pTi, pTi-in situ growth, pTi-secondary growth, and pTi-LBL coating samples using a universal testing machine. As depicted in Figure 2C, the pTi-LBL coating sample exhibited superior compressive deformation resistance compared to the other groups. This enhancement in mechanical performance can be attributed to the 500°C annealing process applied during the fabrication of this group of samples. In addition to eliminating organic compounds, this annealing process promotes dynamic recrystallization of the titanium alloy, a factor highlighted by HIDA et al. (Hida et al., 2013), who pointed out that heat treatment at 500°C optimizes the Young’s modulus and tensile strength of titanium alloys. Thus, our investigation of implant and coating stability in this segment confirms that the LBL-coating method exhibits superior overall performance.
3.3 In vitro biocompatibility of coatings
MC3T3 cells cultured in each group were stained with Calcein-AM/PI for the analysis of biocompatibility. As shown in Figure 3A, our analysis of live-dead staining on the surface of the implant coatings and of surrounding cells revealed that the number of living cells with green fluorescence was obviously more than the dead cells with red fluorescence in each group. Cell death rate, which represents the proportion of dead cells, was assessed using ImageJ. The cell death rates of the pTi, pTi-in situ growth, pTi-secondary growth, and pTi-LBL coating samples were lower than 10%, both in the implant interfaces and the environment surrounding the implants (Figures 3A, B).
[image: Figure 3]FIGURE 3 | Assessment of in vitro biocompatibility in different coatings. (A) Calcein-AM/PI staining of MC3T3 cells after being cultured on pTi, pTi-in situ growth, pTi-secondary growth, and pTi-LBL coating samples. (B,C) Cell death rates of different coatings in the conditions of the implant interface and the surrounding environment (n = 3, *indicates significant differences between groups, *p < 0.05).
Nonetheless, we noted a significantly elevated cell mortality rate on the surface of the pTi-secondary growth implants in comparison to the other sample groups. This phenomenon can be ascribed to the use of the PDDA solution during crystal seeding on the implant surface, leading to a higher PDDA content on the implant surface, thereby exerting an adverse influence on the cell viability of MC3T3 cells. Tang et al. (Tang et al., 2013) have also reported the dose-dependent toxicity of PDDA and its inclusion as a coating component may potentially impact biocompatibility. In contrast, although the LBL-coating samples similarly employed polymer solutions containing PAA and PDDA, the subsequent high-temperature calcination effectively eliminated any incorporated organic substances, thereby preserving biocompatibility without any adverse effects.
3.4 Effect of coating microstructure on cellular behavior
AFM analysis revealed that untreated pTi and pTi-in situ growth exhibited relatively low surface roughness, whereas pTi-secondary growth, and pTi-LBL coating had higher surface roughness (Figure 4A). The surface roughness of pTi-LBL coating, in particular, showed a significant increase. Statistical analysis of the pTi-LBL coating sample surfaces further confirmed this observation (Figure 4C). LBL assembly technology is a method that involves assembling molecular layers by utilizing intermolecular forces such as electrostatic attraction, hydrogen bonds, and covalent bonds. This process yields well-structured, stable, and functionally specialized molecular assemblies between these layers (McFerran et al., 2022). Furthermore, LBL technology provides versatility in terms of substrate materials, demonstrates remarkable adaptability, and is not limited by the substrate material’s type, size, or shape. Combining the results from Figures 1A, 4, it can be inferred that the LBL-coating method enables a more uniform and dense deposition of hierarchical zeolites on the pTi surface, which is important for the subsequent bioactive functionality of the coatings.
[image: Figure 4]FIGURE 4 | Surface roughness, hydrophilicity, and cell adhesion of the implants. (A) AFM micrographs of pTi, pTi-in situ growth, pTi-secondary growth, and pTi-LBL coating samples. (B) DAPI staining of MC3T3 cells after being cultured on different samples. (C) Surface roughness and cell adhesion (D) analysis of different samples. (E) Water contact angle measurement of the hydrophilicity of the four samples. (n = 3, *, ** and*** indicate p < 0.05, <0.01, and <0.001, respectively).
Cell adhesion of MC3T3 cells on the implant surfaces was assessed through DAPI staining. As shown in Figures 4B, D, there was an overall increasing trend in cell adhesion from 12 to 24 h. At both 12 and 24 h time points, the number of adherent MC3T3 cells on pTi-secondary growth and pTi-LBL coatings was significantly higher than the other two groups. However, at the 12 h time point, there was no significant difference between the pTi-secondary growth and pTi-LBL coating groups. In contrast, at the 24 h time point, a significant difference in the number of adherent cells was observed between the pTi-LBL coating and the pTi-secondary growth groups. This result may be attributed to the denser and more uniform spatial gradient structure on the surface of pTi-LBL coating implants, which is more favorable for promoting cell adhesion. This observation is consistent with the findings of (Qiao et al., 2020), who pointed out that surface microtopography can influence cell adhesion, cell extension, and cell cytoskeleton maintenance.
A water contact angle experiment was conducted to measure the hydrophilicity and confirm the coating effect (Figure 4E). The contact angle between the pTi sample and deionized water is approximately 44.47° ± 4.25°, significantly exceeding that of the other groups. Notably, the hydrophilicity of the pTi-LBL coating (6.67° ± 1.40°) group exhibits remarkable superiority compared to the pTi-in situ growth (27.3° ± 5.45°) and pTi-secondary growth (11.4° ± 2.5°) groups. This pronounced hydrophilicity can be chiefly attributed to the tetrahedral silicon-oxygen structure of the molecular sieve and the presence of abundant micro- and mesoporous structures, collectively resulting in a highly hydrophilic coating (Liu et al., 2018). An additional contributing factor is the surface microstructure alteration, particularly the augmented surface roughness, which further enhances the implant’s surface wettability (Beltrán et al., 2022). Therefore, the contact angle between the sample and deionized water significantly decreased after coating, promoting favorable conditions for the initial cell attachment (Jiawen et al., 2021).
Following this, MC3T3 cells were seeded onto the implant surfaces and SEM analysis performed after 3 days. At this juncture, the cells were in a state of active proliferation and migration, enabling us to evaluate their adhesive morphology on the samples. Figure 5A showcases SEM images of cells adhered to different scaffold materials. It is apparent from these electron micrographs that cells adhering to the various scaffold materials displayed a spindle-shaped morphology, consistent with the typical appearance of MC3T3 cells. However, cells on the pTi and pTi-in situ growth scaffold surfaces appeared relatively isolated, while those on the surfaces of pTi-secondary growth and pTi-LBL coating groups displayed more interconnected cells. Additionally, distinct cellular pseudopodia extending from the cells were clearly observable, indicating that the cells were in an active state of proliferation and migration. These results were confirmed by F-actin staining, which marked the cell morphology of MC3T3 cells (Figure 5B). A statistical analysis of SEM cell images using ImageJ revealed that both the cell diameter and area of adherent cells on the pTi-secondary growth and pTi-LBL coating groups were significantly greater than those of the adherent cells of the other two groups (Figures 5C, D).
[image: Figure 5]FIGURE 5 | The impact of coating microstructure on the morphology of MC3T3 cells. (A) SEM images of adherent MC3T3-E1 cells on pTi, pTi-in situ growth, pTi-secondary growth, and pTi-LBL coating samples. (B) F-actin staining of MC3T3 cells after being cultured on different samples. (C, D) The related cellular length and area of SEM images were measured by using ImageJ software (n = 3, * indicating significant differences between groups, *p < 0.05, **p < 0.01, ***p < 0.001).
3.5 Osteogenic differentiation of MC3T3 cells in vitro
The osteogenic differentiation potential of pTi, pTi-in situ growth, pTi-secondary growth, and pTi-LBL coating samples was assessed through ALP enzyme activity, ALP staining, and Alizarin Red staining. ALP is an early biological marker for extracellular matrix (ECM) maturation in the osteogenic differentiation process, which is secreted in a vesicular form and is involved in ECM mineralization (Mao et al., 2021). As shown in Figure 6A, after 7 days of culture, the purple-stained areas in the pTi-LBL coating and pTi-secondary growth groups were significantly higher than in the other two groups, indicating higher ALP content. Subsequently, this result was further confirmed by the ALP enzyme activity assay, which showed that the ALP enzyme activity in the pTi-LBL coating group was higher than in the pTi-secondary growth group (Figure 6B).
[image: Figure 6]FIGURE 6 | Effect of coatings on osteogenic differentiation. (A) ALP staining was conducted after a 7-day incubation of MC3T3 cells with pTi, pTi-in situ growth, pTi-secondary growth, and pTi-LBL coating samples. Alizarin Red staining was performed after co-culturing the cells with each group for 14 days. (B) Enzyme activity analysis of ALP was carried out following a 7-day co-culture of MC3T3 cells with each group. (C) Semi-quantitative analysis was based on Alizarin Red staining (n = 3, * indicating significant differences between groups, *p < 0.05, **p < 0.01, ***p < 0.001).
The deposition of minerals is a hallmark of mature osteoblasts and serves as an indicator of the mineralization phase of the ECM during MC3T3-E1 cell differentiation (Cui et al., 2014). In this study, the mineralization capacity of each group was characterized through Alizarin Red staining. After 14 days of osteogenic induction, significant calcium nodule deposition was observed in the pTi-LBL coating and pTi-secondary growth groups. Further semi-quantitative analysis confirmed that the absorbance of stained calcium nodules in the pTi-LBL coating group (2.45 ± 0.02) was significantly higher than that in the pTi (1.89 ± 0.02), pTi-in situ growth (2.00 ± 0.01), and pTi-secondary growth (2.28 ± 0.05) groups (p < 0.05) (Figure 6C). These findings indicate that the interface constructed using the LBL coating method can enhance osteogenic capabilities.
The biomimetic environment for cells can enhance cell adhesion, proliferation, and later development, ultimately promoting osteogenic cell behavior and contributing to bone tissue regeneration. This regulatory capacity can be influenced by the surface characteristics of implants, including surface morphology, roughness, and hydrophilicity (Szewczyk et al., 2019). The surface microstructure provides topographical cues that regulate cell differentiation or maintain their multipotency, and it can either enhance or diminish cell adhesion (Zhou et al., 2021). Srivas et al. (Srivas et al., 2019) pointed out that the rough surface resulting from hierarchical surface morphology significantly influences cell cytoskeletal structure by altering cell signaling pathways, thereby affecting cell spreading and proliferation on Ti6Al4V. Furthermore, roughness results in increased surface energy and hydrophilicity, accelerating enhanced initial protein adsorption and promoting cell interactions at the implant interface (Petrini et al., 2021). Hence, cell adhesion can be controlled by surface properties, and the combination of surface charge distribution and material chemistry can further modulate cell adhesion, migration, proliferation, and differentiation (Kulkarni et al., 2015). Surface morphology can also influence the osteogenic differentiation capability of cells (Gabler et al., 2015). However, most of the research on surface-layering structures has primarily focused on the “microporous and macroporous” levels. In contrast, the “microporous, mesoporous, and macroporous” layered spatial gradient structure investigated in this study holds more potential as a surface modification strategy for regulating osteogenic capability and bone integration. In this study, we have confirmed that coating the implant surface using the LBL assembly method promotes cell adhesion and spreading while significantly enhancing the osteogenic differentiation capability of MC3T3 cells.
4 CONCLUSION
In summary, this is the first report of the successful development of a hierarchical zeolite coating with a “microporous-mesoporous-macroporous” spatial gradient structure on the surface of pTi. Our research involved a thorough comparative analysis of various coating fabrication methods, incorporating chemical, physical, and biological assessments. Notably, the LBL assembly method yielded coatings distinguished by their uniformity, density, excellent adhesion, and compression resistance, all of which are pivotal for ensuing biological functionality. This innovative LBL-fabricated coating exhibited remarkable biocompatibility with MC3T3-E1 cells. Furthermore, LBL-coated samples showcased heightened surface roughness and hydrophilicity, augmenting the adhesion, proliferation, and spreading capabilities of MC3T3-E1 cells. Lastly, the pTi-LBL coating samples, characterized by their uniformly distributed spatial gradient coating, considerably promoted osteogenic differentiation. In conclusion, the hierarchical zeolite coating, established via the LBL assembly method, holds considerable clinical significance and establishes a crucial foundation for future initiatives in crafting bioactive interfaces.
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Cinematic rendering improves the AO/OTA classification of distal femur fractures compared to volume rendering: a retrospective single-center study
Song Chen1*†, Xiong Wang2†, Zhenxin Zheng1† and Zhiqiang Fu1*
1Department of Orthopedics, The Quzhou Affiliated Hospital of Wenzhou Medical University, Quzhou People’s Hospital, Quzhou, Zhejiang, China
2Department of Orthopedics, Shanghai Baoshan Luodian Hospital, Shanghai, China
Edited by:
Jingwei Zhang, Shanghai Jiao Tong University, China
Reviewed by:
Jan Kubicek, VSB-Technical University of Ostrava, Czechia
Yuanqing Mao,Shanghai Jiao Tong University School of Medicine, China
* Correspondence: Song Chen, chensong89@126.com; Zhiqiang Fu, 724491118@qq.com
†These authors have contributed equally to this work
Received: 09 November 2023
Accepted: 21 December 2023
Published: 08 January 2024
Citation: Chen S, Wang X, Zheng Z and Fu Z (2024) Cinematic rendering improves the AO/OTA classification of distal femur fractures compared to volume rendering: a retrospective single-center study. Front. Bioeng. Biotechnol. 11:1335759. doi: 10.3389/fbioe.2023.1335759

Purpose: Correctly classifying distal femur fractures is essential for surgical treatment planning and patient prognosis. This study assesses the potential of Cinematic Rendering (CR) in classifying these fractures, emphasizing its reported ability to produce more realistic images than Volume Rendering (VR).
Methods: Data from 88 consecutive patients with distal femoral fractures collected between July 2013 and July 2020 were included. Two orthopedic surgeons independently evaluated the fractures using CR and VR. The inter-rater and intra-rater agreement was evaluated by using the Cicchetti-Allison weighted Kappa method. Accuracy, precision, recall, and F1 score were also calculated. Diagnostic confidence scores (DCSs) for both imaging methods were compared using chi-square or Fisher’s exact tests.
Results: CR reconstruction yielded excellent inter-observer (Kappa = 0.989) and intra-observer (Kappa = 0.992) agreement, outperforming VR (Kappa = 0.941 and 0.905, respectively). While metrics like accuracy, precision, recall, and F1 scores were higher for CR, the difference was not statistically significant (p > 0.05). However, DCAs significantly favored CR (p < 0.05).
Conclusion: CR offers a superior visualization of distal femur fractures than VR. It enhances fracture classification accuracy and bolsters diagnostic confidence. The high inter- and intra-observer agreement underscores its reliability, suggesting its potential clinical importance.
Keywords: distal femur fracture, AO/OTA classification, cinematic rendering, volume rendering, diagnostic confidence
INTRODUCTION
Accurate preoperative evaluation is vital in diagnosing and managing distal femoral fractures. Traditionally, anteroposterior, and lateral radiographs serve as primary tools. Yet, patient discomfort often leads to compromised imaging quality, affecting an orthopaedic surgeon’s diagnostic capability (Pinto et al., 2018; Grassi et al., 2023).
The advent of computed tomography (CT) offered enhanced diagnostic accuracy over conventional radiographs in fracture diagnostics (Krastman et al., 2020; Yang and Wang, 2021). However, interpretation of conventional two-dimensional (2D) CT images demands a fusion of anatomical knowledge and inference, making the process susceptible to variation based on the clinician’s experience.
Recently, three-dimensional (3D) imaging techniques, such as volume rendering (VR), have improved clinical outcomes in fracture management (Duran et al., 2019; Essa et al., 2022). Cinematic rendering (CR) is an emerging 3D imaging modality, differentiating itself from VR through a complex global illumination model, creating detailed, lifelike images (Chu et al., 2019; Al Khalifah et al., 2022; Recht et al., 2023). Preliminary studies have suggested superior shape perception and depth using CR over VR (Ebert et al., 2017; Eid et al., 2017; Johnson et al., 2017; Elshafei et al., 2019; Boven et al., 2020; Binder et al., 2021). Yet, its applicability in classifying distal femoral fractures, particularly based on the Arbeitsgemeinschaftfür Osteosynthesefragen Foundation and the Orthopaedic Trauma Association (AO/OTA) classification system, remains unexplored.
This study aims to assess the value of CR against VR in classifying distal femoral fractures using the AO/OTA system (Meinberg et al., 2018). We hypothesize that CR will elevate diagnostic accuracy, enhance intra- and interobserver agreement, and increase diagnostic confidence among orthopaedic surgeons.
Key contributions of this study

• Assessment of the effectiveness of CR in classifying distal femoral fractures using the AO/OTA system.
• Comparison of CR with VR in terms of diagnostic accuracy, intra- and interobserver agreement, and diagnostic confidence.
• Exploration of CR’s potential to enhance fracture management in orthopaedic surgery.
Overview of following sections
The subsequent sections of this paper will detail the evolution and current state of imaging techniques in fracture diagnosis, our methodology, the results of our comparative analysis, a discussion of these findings, and conclusions drawn from our study.
MATERIALS AND METHODS
Study population
Clinical and imaging data from 88 consecutive patients with distal femoral fractures, gathered between July 2013 to July 2020 at our hospital were retrospectively scrutinized. Inclusion criteria for the cases entailed: 1) preoperative diagnosis of distal femur fracture, confirmed intraoperatively; 2) age ≥18 years; 3) complete imaging data available. Exclusion criteria included poor imaging quality post-reconstruction. Following these criteria, two patients were excluded due to age, and four due to incomplete imaging.
Prior to evaluation, an experienced senior surgeon (Z.Q.) with 2 decades of expertise in treating distal femur fractures, in conjunction with VR and CR techniques, categorized all fractures per the AO/OTA system. This was formulated as the gold standard. All patient information was thoroughly anonymized before evaluation. A single resident (S.C.) collected and collated all patient information but did not participate in any assessment experiments.
This study adhered to the ethical principles outlined in the Declaration of Helsinki. It received approval from the institutional review board of our institution, with the approval number [2023CL171]. As this study was retrospective in nature, the requirement for patient informed consent was waived.
Evaluation process
Before evaluation, the raw CT data for each patient were processed to obtain thin-layer reconstructions. The term “thin-layer” refers to the technique of reconstructing CT images with a reduced slice thickness, typically in the range of 0.625–1 mm. This approach enhances the resolution and detail of the images, providing a more precise representation of the bone structure and fracture details. These high-resolution thin-layer CT images were individually preserved in Digital Imaging and Communications in Medicine (DICOM) format within consecutively numbered folders for subsequent analysis. For each assessment, the order was randomized, prompting the generation of a random set of numbers, after which the folders were renamed and reordered. The VR assessments were conducted using the E-3D digital medical modelling and planning system (version 18.02), while the CR assessments were executed using Mevislab software (version 3.4.1).
Two orthopedic surgeons from different hospitals with a combined clinical experience of 10 years (observer 1, XW.) and 14 years (observer 2, ZZ.) independently conducted the assessments. Both surgeons underwent training until they were adept at utilizing both software for fracture rendering and reconstruction. They were also at liberty to remove irrelevant bone structures to avoid occlusion and thus clearly display the distal femur fracture. Both evaluated the fractures according to the AO/OTA classifying criteria and assigned a diagnostic confidence score (DCS) to each completed fracture typing. This score varied from 0 to 5, with 0 indicating no confidence in the typing results and 5 signifying supreme confidence in their diagnosis. Throughout the evaluation process, the two surgeons were instructed to refrain from communicating their findings until the entire evaluation process was finalized.
The entire evaluation process comprised four occasions. The initial assessment witnessed both surgeons independently evaluating using VR imaging. Six weeks later, a similar independent evaluation was conducted using CR imaging. Following another 6-week interval, evaluations were performed first by observer 1 and then using VR and CR imaging techniques. The interval between this round of evaluations remained at 6 weeks. The results of the first round of evaluations were utilized to calculate interobserver agreement, while the results of the second round of evaluations for observer 1 were used to compute intra-observer agreement. Accuracy, precision, recall, F1 score, and DCS for fracture classifying were analyzed from the data recorded in the first round.
Statistical analysis
Cicchetti-Allison weighted Kappa values were utilized to measure inter-observer and intra-observer agreement (Vanbelle, 2017). The strength of agreement was ranked according to the criteria suggested by Landis and Koch (Landis and Koch, 1977). Kappa values ranging from 0.00 to 0.20 represented slight agreement; 0.21 to 0.40 represented fair agreement; 0.41 to 0.60 represented moderate agreement; 0.61 to 0.80 represented substantial agreement; and 0.81 to 1.0 represented almost perfect agreement.
Quantitative data that followed a normal distribution were presented as mean ± standard deviation (SD), while non-normally distributed data were expressed as median with interquartile range. Qualitative data were depicted as frequencies and percentages. Normality was assessed using the Shapiro-Wilk test, with a significance level set at 0.05. For this test, the null hypothesis was that the data follows a normal distribution, and the alternative hypothesis was that it does not.
Differences in DCS between the two assessors were evaluated using the independent t-test for normally distributed data, with the null hypothesis being no difference in means between groups, and the alternative hypothesis being a significant difference in means. If data were not normally distributed, the Mann-Whitney U test was applied, where the null hypothesis was that the distributions are equal, and the alternative hypothesis was that one distribution is stochastically greater than the other.
For comparing the accuracy of imaging techniques, either the chi-square test or Fisher’s exact test was employed, depending on the sample size and the expected cell frequencies, i.e., when more than 20% of cells have expected frequencies less than 5, the Fisher’s exact test was applied. Statistical significance was ascertained by a p-value below 0.05. The null hypothesis for these tests was that there is no difference in proportions between groups, while the alternative hypothesis was that there is a significant difference in proportions.
Precision, recall, and F1 scores were other metrics to assess the two imaging modalities. Precision represented the fraction of accurately identified distal femur fractures among all fractures classified as such by the evaluator. Recall measured the proportion of correctly pinpointed fractures by the examiner relative to the total actual fractures of that specific type. The F1 score served as the harmonic balance of precision and recall.
Analyses involving the Kappa, DCS, and accuracy metrics were executed in R software (version 4.1.0). Meanwhile, computations for precision, recall, and the F1 score were conducted using Python (version 3.8.8).
RESULTS
Patient characteristics
Among the 82 distal femoral fractures enrolled in the study, the age range was from 18 to 92 years, with a mean of 57.5 years, and the body mass index (BMI) was 23.8 ± 3.1 kg m−2. Males constituted 50.0% (41 patients) of the population, and 56.1% (46 patients) sustained injuries on the left side. AO/OTA type 33A fractures were found in 48 cases (58.5%), type 33B fractures in 13 cases (15.9%), and type 33C fractures in 21 cases (25.6%) (Figures 1–3, Supplementary Figures S1–S6). As for the causative events leading to the fractures in our cohort, the majority resulted from slips (48.8%, 40 patients), followed by motor vehicle accidents (28.0%, 23 patients), falls from height (14.6%, 12 patients), and crush injuries (8.5%, 7 patients) (Table 1).
[image: Figure 1]FIGURE 1 | A 69-year-old woman presents with a straightforward fracture of the left femoral shaft and epiphysis, classified as type AO/OTA 33A1. The first row depicts a volumetric rendering reconstruction, while the second row showcases a cinematic rendering reconstruction.
[image: Figure 2]FIGURE 2 | A 58-year-old gentleman presents with a fracture of the right distal femoral epicondyle, featuring fracture line involvement of the articular surface, classified as type AO/OTA 33B1. The first row depicts a volumetric rendering reconstruction, while the second row showcases a cinematic rendering reconstruction.
[image: Figure 3]FIGURE 3 | A 39-year-old woman presents with a comminuted fracture of the left distal femoral epiphysis and articular surface, classified as type AO/OTA 33C3. The first row depicts a volumetric rendering reconstruction, while the second row showcases a cinematic rendering reconstruction.
TABLE 1 | Patient demographics and fracture characteristics.
[image: Table 1]Inter- and intra-observer agreement
VR and CR imaging of the fracture is shown in Figures 1–3. When fractures were typed using the VR imaging modality, the inter-observer weighted Kappa value was 0.905 (p < 0.05), with excellent agreement, and the intra-observer weighted Kappa value was 0.941 (p < 0.05), also with excellent agreement. When fractures were typed using the CR imaging modality, the interobserver-weighted Kappa value increased to 0.992 (p < 0.05), which graded as excellent agreement, and the intraobserver-weighted Kappa value also increased to 0.989 (p < 0.05), which also graded as excellent agreement (Figure 4).
[image: Figure 4]FIGURE 4 | Intra- and inter-observer agreement in fracture classification via two imaging modalities.
Metrics for classification results evaluation
The results of classification using VR and CR imaging in observers 1 and 2 are detailed in Figure 5. Observer 1 achieved an accuracy of 0.79 with VR imaging and 0.90 with CR imaging, indicating a notable discrepancy of 11% between the two (95% Confidence interval (CI), 0.05%–21.95%; χ2 = 3.82; p = 0.051). Observer 2 demonstrated an accuracy of 0.82 using VR imaging and ascended to 0.92 upon employing CR imaging, thereby yielding a marginal difference of 10% (95% CI, −0.18%–20.18%; χ2 = 2.92; p = 0.088).
[image: Figure 5]FIGURE 5 | Confusion matrix visualizations of two assessors following classification of distal femoral fractures utilizing two imaging modalities. Assessment results of Observer 1 using VR and CR are presented in (A,B), respectively, while those of Observer 2 using VR and CR are shown in (C,D), respectively. VR, volumetric rendering; CR, cinematic rendering.
Precision for each subtype of the distal femur using VR imaging varied from 0.33 to 1.00 for observer 1 and from 0.50 to 1.00 with CR imaging. Concurrently, recall spanned from 0.61 to 1.00 and from 0.74 to 1.00, respectively, while F1 scores exhibited a range of 0.5–1.00 and 0.67 to 1.00, respectively, as evidenced in Figure 6A. For observer 2, precision oscillated between 0.50 and 1.00 using VR imaging and was congruent using CR imaging, with recall shifting between 0.61 to 1.00 and 0.74 to 1.00, respectively; and F1 scores fluctuating between 0.5 to 1.00 and 0.67 to 1.00, respectively, as depicted in Figure 6C.
[image: Figure 6]FIGURE 6 | Comparative analysis of assessment outcomes and diagnostic confidence scores by two evaluators utilizing two imaging modalities. (A) Accuracy, recall and F1 score garnered by observer 1 across two distinct imaging modalities. (B) Diagnostic confidence scores for observer 1 using two different imaging modalities. (C) Accuracy, recall and F1 score garnered by observer 2 across two distinct imaging modalities. (D) Diagnostic confidence scores for observer 2 using two different imaging modalities. ∗p < 0.05. VR, volumetric rendering; CR, cinematic rendering.
Post-classifying, the VR and CR imaging techniques employed by observer 1 demonstrated macro-average and micro-average precisions of 0.81 and 0.89 and 0.83 and 0.92, respectively; macro-average and micro-average recalls of 0.88 and 0.96 and 0.79 and 0.90, respectively; and macro-average and micro-average F1 scores of 0.81 and 0.91 and 0.80 and 0.90, respectively, as portrayed in Figure 6A. Following fractionation with CR imaging, observer 2 obtained macro-average and micro-average precisions of 0.84 and 0.90 and 0.85 and 0.94, respectively; macro-average and micro-average recalls of 0.89 and 0.96 and 0.82 and 0.91, respectively; and macro-average and micro-average F1 scores of 0.85 and 0.91 and 0.82 and 0.92, respectively, as illustrated in Figure 6C.
Upon evaluating fractures via CR imaging, most values superseded those procured from VR imaging assessments. In observer 1’s evaluation of type 33A distal femur fractures, type 33A2 showed inferior accuracy and F1 scores compared to types 33A1 and 33A3, and type 33A3 presented the least recall. In the classification of type 33B fractures, precision, recall, and F1 scores uniformly peaked at 1. For type 33C fractures, type 33C1 displayed diminished precision and F1 scores compared to types 33C2 and 33C3, despite having the highest recalls. Observer 2 displayed analogous results, as encapsulated in Figures 6A,C.
Comparison between DCSs
Figures 6B,D elucidate the DCSs attained by the two observers using VR and CR imaging techniques. The mean DCSs for observer 1, utilizing VR and CR imaging techniques, were 4.56 ± 0.79 and 4.79 ± 0.51, respectively, a disparity that was deemed statistically significant (p < 0.05). In the diagnosis of type 33A and 33C fractures, the mean DCSs for both imaging methods were 4.52 ± 0.85 and 4.77 ± 0.52, and 4.38 ± 0.80 and 4.71 ± 0.64, respectively (p > 0.05).
For observer 2, the mean DCSs yielded via VR and CR imaging techniques were 4.55 ± 0.79 and 4.83 ± 0.60, respectively. This variation was likewise significant (p < 0.05). When diagnosing type 33A and 33C fractures, the mean DCSs extracted from the two imaging techniques were 4.50 ± 0.85 and 4.77 ± 0.52, and 4.38 ± 0.80 and 4.86 ± 0.91, respectively (p > 0.05). However, in the diagnosis of the 13 instances of type 33B fracture, both observers reached a perfect DCS of 5 utilizing either imaging modality.
DISCUSSION
The most important findings of the present study were the superior performance of CR imaging over VR imaging in the classification of distal femur fractures and the markedly enhanced intra- and inter-observer agreement associated with the use of CR. Our results notably showed that the Kappa coefficient for CR imaging approaches perfection, indicating near impeccable reliability. In comparison to the current literature that predominantly emphasizes the utility of VR imaging, our study underscores the clinical advantage of CR imaging, which not only produces images that closely resemble actual anatomical specimens but also provides an immersive experience for orthopedic surgeons. Such realism potentially enhances the surgeon’s ability to discern intricate details of distal femur fracture injuries, consequently boosting their diagnostic confidence. While both imaging modalities demonstrated commendable accuracy, precision, recall, and F1 scores, it’s pertinent to note that CR imaging, albeit by a small margin, held an edge. The discernible difference in the DCSs further consolidates the potential of CR as a superior imaging methodology for distal femur fracture classification.
Distal femur fractures, though relatively rare, representing 0.5% of all fractures and 6% of femur fractures, are intrinsically complex with a high disability rate (Martinet et al., 2000; Pietu et al., 2014; Elsoe et al., 2018). Almost all such fractures necessitate surgical intervention, barring any conspicuous contraindications (Lim et al., 2022). Accurate preoperative diagnosis and comprehensive preoperative planning are vital and have been reported to correlate with improved clinical outcomes (Victor and Premanathan, 2013; Zeng et al., 2016; Lou et al., 2017).
From the initial dependence on X-rays, the precision of preoperative fracture classification has evolved substantially with the routine utilization of 3D CT scans (Brouwer et al., 2012). In the current investigation, orthopedic surgeons, irrespective of their years of experience, were able to perform distal femur fracture classification employing the VR technique with an accuracy rate nearing 80%. This figure was amplified to 90% upon the use of the CR technique. This upsurge was attributed to the superior imaging quality, enhanced visualization of the fracture injury details, and a presentation of the fracture that bore closer resemblance to the intraoperative view offered by CR images.
Eid et al., in a recent review, underscored the potential value of CR in trauma assessment. Preoperative treatment planning predicated on CT images is currently implemented across surgical specialties such as trauma, genitourinary, and cardiothoracic surgery and can be amplified by cine-rendered images. Eid also professed that cine-rendered 3D images permit more realistic visualization and monitoring of anatomical variations, thus offering a clearer perspective on complex issues encountered during surgery (Eid et al., 2017).
Further, in a review by Dappa et al., 2016 the potential value of CR versus traditional VR images was compared, with instances of potential clinical applications of CR, such as assisting in preoperative treatment planning. They emphasized that CR has superior clinical applications for structures with high density and high contrast, such as bones.
In 2017, Rowe et al. showcased CR images of musculoskeletal bones, underscoring their value in illustrating complex fractures and the relationship of fractures to adjacent soft tissues and the vascular system. They argued for the merits of CR as a valuable 3D reconstruction visualization technique that provides clinicians with a realistically rich image reading experience, albeit with a caveat that further research is needed to investigate the potential value of CR technology compared to other established reconstruction techniques (Rowe et al., 2018).
Our study echoed similar findings that CR images were more proficient in exhibiting details of comminuted intra-articular fractures compared to traditional VR imaging techniques (Figure 3). Two evaluators of varying clinical experience achieved a precision, recall, and F1 score of 1 and a 100% accuracy when employing the CR technique to AO/OTA type 33C3 fractures.
These findings suggest that CR images, based on CT thin-layer data, deliver a higher film quality and present anatomical details with greater accuracy. This is particularly beneficial for orthopedic surgeons to comprehend fracture patterns and injury specifics such as displacement of the fracture fragment, comminution of the articular surfaces, and stability of the medial and lateral columns of the distal femur. It further impacts the orthopedic surgeon’s ability to formulate precise preoperative plans, such as selecting the appropriate surgical approach and placement of internal fixation. Moreover, when sharing surgical experiences with other specialists and communicating with patients, CR images may prove invaluable, thereby promoting the evolution of orthopedic surgery and fostering harmonious relationships between doctors and patients.
This investigation has some limitations should be stated. Firstly, it is a retrospective study comprising a relatively modest cohort of only 82 cases. The low incidence of distal femoral fractures inherently limits the number of available patients, which in turn affects the sample size and diversity. This limitation might influence the statistical power and generalizability of our findings, particularly in the context of comparing CR and VR imaging modalities. Secondly, the study predominantly features non-complex fracture cases, which may not fully represent the spectrum of complexities encountered in clinical scenarios. This skew towards simpler cases limits the applicability of our findings to more complex fracture scenarios, potentially affecting the comparative analysis of the imaging techniques. Additionally, the evaluation process involved only two assessors. The variations in clinical experience between these assessors might have impacted the results. Future iterations of this research should involve a larger roster of assessors with diverse clinical experiences to validate the veracity of our conclusions. Another aspect yet to be explored is whether fracture classification via the CR technique correlates with improved clinical outcomes. To delve further into this matter, we intend to conduct a randomized controlled trial. Furthermore, as this study pioneers the comparison of CR and VR techniques in distal femur fracture classification, the absence of comparable results from other studies leaves our findings without a benchmark. This underscores the novelty of our research but also points to the need for more studies in this area. We fervently hope that our work will inspire more scholars to undertake similar studies, thereby advancing the use of CR and VR techniques in the diagnosis and treatment of fractures. The limitations of our current study, while posing challenges, also open avenues for future research to build upon our initial findings and contribute to the evolving body of knowledge in this field.
CONCLUSION
Compared with traditional VR imaging, CR imaging offers a more lifelike and detailed depiction of distal femur fractures. This enhanced visualization aids orthopedic surgeons in the accurate classification of fractures, thereby enhancing their diagnostic confidence. The consistency observed in inter- and intra-observer evaluations further underscores the reliability and reproducibility of CR imaging, advocating its broader clinical application.
Looking forward, there are several promising avenues for future research in this domain. Firstly, expanding the study to include a wider variety of fracture types, particularly more complex cases, could provide deeper insights into the capabilities of CR imaging. Additionally, exploring the integration of CR imaging with other diagnostic tools and technologies, such as artificial intelligence and machine learning algorithms, could revolutionize fracture diagnosis and treatment planning. Another important area for future investigation is the assessment of the impact of CR imaging on clinical outcomes, including surgery planning, patient recovery times, and long-term prognoses.
Ultimately, as the field of medical imaging continues to advance, the potential for CR imaging to become a pivotal tool in orthopedic diagnosis and treatment is significant. Our study lays the groundwork for this advancement, and we eagerly anticipate further research that builds upon our findings to fully realize the benefits of cinematic rendering in clinical practice.
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Markerless pose estimation based on computer vision provides a simpler and cheaper alternative to human motion capture, with great potential for clinical diagnosis and remote rehabilitation assessment. Currently, the markerless 3D pose estimation is mainly based on multi-view technology, while the more promising single-view technology has defects such as low accuracy and reliability, which seriously limits clinical application. This study proposes a high-resolution graph convolutional multilayer perception (HGcnMLP) human 3D pose estimation framework for smartphone monocular videos and estimates 15 healthy adults and 12 patients with musculoskeletal disorders (sarcopenia and osteoarthritis) gait spatiotemporal, knee angle, and center-of-mass (COM) velocity parameters, etc., and compared with the VICON gold standard system. The results show that most of the calculated parameters have excellent reliability (VICON, ICC (2, k): 0.853–0.982; Phone, ICC (2, k): 0.839–0.975) and validity (Pearson r: 0.808–0.978, p[image: image]0.05). In addition, the proposed system can better evaluate human gait balance ability, and the K-means++ clustering algorithm can successfully distinguish patients into different recovery level groups. This study verifies the potential of a single smartphone video for 3D human pose estimation for rehabilitation auxiliary diagnosis and balance level recognition, and is an effective attempt at the clinical application of emerging computer vision technology. In the future, it is hoped that the corresponding smartphone program will be developed to provide a low-cost, effective, and simple new tool for remote monitoring and rehabilitation assessment of patients.
Keywords: markerless pose estimation, rehabilitation assessment, high-resolution graph convolutional multilayer perception (HGcnMLP), smartphone monocular video, musculoskeletal disorders
1 INTRODUCTION
Human motion capture systems can quantify and analyze complex sports injuries and balance abilities and have been widely used as a basic technology in biomechanics research (Scott et al., 2022). The parameters captured by the system can provide objective and reliable information for clinical decision-making, for example, auxiliary diagnosis and rehabilitation assessment of musculoskeletal diseases (Aleixo et al., 2019; Kim et al., 2023). Currently, the gold standard for human motion capture is marker-based multi-camera and reflective systems. For example, the VICON motion capture system has the advantages of high precision and stability (Aoyagi et al., 2022). Some studies have demonstrated that marker systems are also proficient in identifying other motor tasks, such as upper limb or trunk balance control (Mailleux et al., 2017; Haberfehlner et al., 2020). However, marker-based motion capture systems also have obvious limitations: a) the system requires dedicated hardware and software; b) the optical markers need to be placed very accurately, which is unfriendly to patients; c) the system is limited to a closed environment and required a professional physical therapist for calibration (Biasi et al., 2015), the above disadvantages limit the promotion of systematic clinical balance estimation and home telerehabilitation.
Markerless pose estimation algorithms based on computer vision and deep neural networks offer a simpler and cheaper alternative to human motion capture (Moro et al., 2022). Compared with marker-based motion capture methods, the markerless method is simple and does not require reflective markers to be placed on the patient, thereby reducing clinician workload and improving efficiency (Avogaro et al., 2023). Furthermore, the data can be easily acquired through common household devices (e.g., webcams, smartphones), which offers the potential to deploy such systems with minimal cost (Stenum et al., 2021a). A markerless system typically consists of four main components: the camera system, the 3D skeletal model, the image features, and algorithms for determining the model shape, pose, and position (Colyer et al., 2018). Among them, the pose estimation algorithm is mainly based on the marked video data to train the neural network, then estimate the human body pose when inputting the user image or video into the trained network, such as the joint center and bones, and finally obtain the pose information (Nakano et al., 2020). Several studies have shown that markerless human 3D pose estimation techniques have great potential for motion capture and remote rehabilitation assessment (Hellsten et al., 2021).
The deep learning-based markerless approach starts with 2D pose estimation, which automatically estimates human joint centers from 2D RGB images and outputs 2D coordinates (Wei et al., 2016; Papandreou et al., 2018). Kidziński et al. detected key points from 2D images for gait analysis, then extracted joint angles, and analyzed their changes during the gait period (Kidziński et al., 2020). Moro et al. investigated the gait patterns of 10 stroke patients and performed quantitative balance analysis, but the 2D characteristics of the images limited the analysis to a subset of elevation and spatiotemporal parameters (Moro et al., 2020). The Carnegie Mellon University research team released the OpenPose processing framework, which can identify multiple human skeletons in the same scene and become the most popular open-source pose estimation technology (Cao et al., 2017). Yagi et al. used OpenPose to detect multiple individuals and joints in the image to estimate gait, step length, step width, walking speed, cadence and compared it with a multiple infrared camera motion capture (OptiTrack) system (Yagi et al., 2020). Stenum et al. used OpenPose to compare spatiotemporal and sagittal motion gait parameters of healthy adults with optical marker-based features captured during walking (Stenum et al., 2021b). Recently, some researchers have detected 3D skeletons from images based on 2D human pose detectors by directly using image features (Martinez et al., 2017; Moreno-Noguer, 2017; Zhou et al., 2018). Martinez et al. used a relatively simple deep feed-forward network to efficiently lift 2D poses to 3D poses (Martinez et al., 2017). Nakano et al. compared the joint positions estimated by the OpenPose-based 3D markerless motion capture technique with the results of motion capture recordings (Nakano et al., 2020). For clinical diagnosis and posture balance assessment, 3D human motion capture can obtain more dimensional posture information (e.g., center of mass, step width, step length, etc.) and provide a more reliable basis for clinical decision-making, which only relies on 2D key points is difficult to achieve. Therefore, even though currently extracting 2D key points is more accurate than 3D models (many 3D key point extraction relies on the input of 2D key points), the latter shows more potential clinical biomechanical applications than 2D models (Hellsten et al., 2021).
There are two main categories of 3D human pose estimation: the first is to directly regress 3D human joints from RGB images (Pavlakos et al., 2017); the second is the 2D-to-3D pose enhancement method (Li and Lee, 2019; Gong et al., 2021), which uses 2D pose detection as input, and then design a 2D to 3D lifting network to finally achieve optimal performance. The second method has become a mainstream method due to its efficiency and effectiveness. When identifying 2D key points, most existing methods take input according to network transfer, and go from high-resolution to low-resolution sub-networks in a concatenated manner (Sun et al., 2019), and finally increase the resolution, which generally reduce resolution and affect accuracy (Newell et al., 2016; Xiao et al., 2018). Therefore, a novel high-resolution network (HRNet) architecture is proposed and is able to maintain high-resolution representation throughout the process (Nibali et al., 2019). On the other hand, during the 2D to 3D pose conversion process, multiple 3D joint positions may correspond to the same 2D projection in the image, which will affect the accuracy of the results. The graph convolutional networks (GCN) have been intensively used to solve the problem of 2D to 3D pose enhancement (Wang et al., 2020). However, although GCN-based methods can effectively aggregate adjacent nodes to extract local features, they ignore the global information between body joints, which is crucial for overall body pose (Cai et al., 2019). Modern multi-layer perceptron (MLP) with global views have shown great power on various vision tasks and are used to extract joint global information (Shavit et al., 2021). Nevertheless, there are still two flaws: 1) the connection between all relevant nodes is simple, and the model is inefficient in terms of graph-structured data; 2) the model is not good at capturing local interactions due to the lack of fine design between adjacent joints. To overcome the above limitations, this study intends to adopt the GraphMLP framework, which is a global-local-graph unified architecture that establishes strong collaboration between modern MLP and GCN for learning better skeletal representations (Zhao et al., 2023). In addition, the GraphMLP framework has the advantages of being lightweight and low computational cost, making it very suitable for clinical needs of low-cost, simple, and effective evaluation (Li et al., 2022).
Additionally, the markerless pose estimation systems include multi-view and single-view techniques (Desmarais et al., 2021). In general, multi-view systems are more accurate and popular for human 3D pose estimation, but they require hardware and synchronization between different cameras. From a physical therapy perspective, the most promising technique is single-view 3D markerless pose estimation, which enables advanced motion analysis of the human body while requiring only a single camera and computing device (Hellsten et al., 2021). Pavlakos and Bogo et al., 2016 estimated 3D human pose from a single image and pointed out that this method provides an attractive solution for directly predicting 3D pose (Pavlakos et al., 2018). Colyer et al. pointed out that it is unclear whether markerless 3D motion capture is suitable for telerehabilitation of human motion studies due to low accuracy (Needham et al., 2021). Kim et al., 2023 performed plantar pressure and 2D pose estimation on patients with musculoskeletal diseases through smart insoles and mobile phones, and the results showed that the extracted parameters had the potential to identify sarcopenia, but lacked 3D pose and reliability analysis. Aoyagi et al., 2022 tracked 3D human motion in real-time based on smartphone monocular video, but the accuracy rate needs to be further improved. To our knowledge, 3D pose estimation and simultaneous quantitative analysis of balance ability in patients with musculoskeletal diseases based on a single smartphone monocular video has not been reported.
In summary, the purpose of this study is to explore the potential of markerless 3D human pose estimation based on smartphone monocular video for gait balance and rehabilitation assessment. The main goals include: 1) Based on the 2D pose estimation high-resolution network framework, combining the advantages of modern MLP and GCN networks to construct a markerless 3D pose estimation model, which can capture local and global interaction information; 2) Based on the smartphone monocular video 3D human pose estimation algorithm, extract the parameters of healthy subjects and patients with musculoskeletal diseases (sarcopenia and osteoarthritis), and verify the reliability and effectiveness; 3) Extract sensitivity indicators for balance evaluation between healthy adults and patients, identify high-low levels of patient recovery progress, and verify the performance of the system in practical clinical applications. Overall, we hope that the proposed markerless human 3D pose estimation algorithm can provide a simple, effective, and easy-to-operate new tool for patient monitoring and rehabilitation assessment.
2 EXPERIMENT
The flowchart of this study, as illustrated in Figure 1, begins with a validation experiment to ascertain the reliability and effectiveness of the proposed method. Subsequently, measurement experiment are conducted on healthy adults and patients, followed by a thorough analysis of their respective datasets. Finally, employing distinctive features displaying significant differences, the data from healthy adults and patients undergo cluster analysis to achieve a graded stratification of their functional capabilities.
[image: Figure 1]FIGURE 1 | The flowchart and objectives of this research.
2.1 Participants
A total of 27 participants were recruited for this study, comprising 12 patients and 15 healthy adults. All patients were recruited from the University of Hong Kong Shenzhen Hospital, and inclusion criteria were as follows: 1) The patient is clinically diagnosed with musculoskeletal diseases (sarcopenia and osteoarthritis); 2) All patients have gait instability or balance dysfunction; 3) Patients were capable of walking independently or with the use of assistive devices; 4) Patients had no cognitive impairments and were capable of completing all experiments independently. Healthy participants were laboratory students aged between 20 and 35 years. Table 1 presents the demographic characteristics of the participants. Before the experiment, professional physical therapists will evaluate the participants’ balance ability through clinical scales and gait tests. All participants signed informed consent forms, and all human-related experiments received ethical approval from the Medical Research Ethics Committee of the Shenzhen Institutes of Advanced Technology, Chinese Academy of Sciences. SIAT-IRB-230915-H0671.
TABLE 1 | Demographic characteristics of patients and healthy adults.
[image: Table 1]2.2 Experimental setup
2.2.1 Measurement equipment and facilities
Video data was collected using an iPhone 14 smartphone (Apple Inc., Cupertino, CA, United States) with an original image resolution of 1920 × 1080 pixels and a frame rate of 30 Hz (auto-focus state). The smartphone, measuring 146.7 × 71.5 × 7.8 mm, was positioned vertically at a distance of 3.5 m from the walking path and at a height of 0.6 m (Figure 2A). The measurement path was set at a length of 3 m and was within the measurement range of the Vicon equipment (Figure 2B).
[image: Figure 2]FIGURE 2 | Experimental Setup, (A) Site setup, (B) Experimental site, (C) Sit-up test (Validation experiment), (D) Gait test (Validation experiment), (E) Markers (Front), (F) Markers (Back), (G) TUG test (Measurement experiment), and (H) Gait test (Measurement experiment).
2.2.2 Vicon
The VICON system consists of 12 infrared cameras and 2 video cameras, which are used to capture human motion data during gait and serve as the gold standard. Before the experimental data collection, a professional physical therapist placed 39 reflective markers on the bone landmarks of the participants, including the head (4), trunk (5), upper limbs (14), and lower limbs (12) (Figures 2E,F). After completing the reflective markers, participants need to go to the center of the venue for posture calibration to prevent the loss of data. The size of the VICON system site is about 15 m × 8 m, which provides enough space for the execution of gait experiments.
2.3 Data acquisition
Participants were requested to wear minimal clothing during the experiments. Two participants (healthy adults) were involved in the validation experiment, during which video data were simultaneously collected by both the VICON system and the smartphone. In the measurement experiment, video data were exclusively captured by the smartphone, involving 25 participants (13 healthy individuals and 12 patients). Actions designed in validation experiments are the basic building elements of actions designed in measurement experiments.
2.3.1 Validation experiment
During the gait test (Figure 2D), participants were instructed to walk at their usual pace along a 3-m-long corridor from the starting point to the turning point, where they would then turn around and walk back to the starting point. (Figure 2A).
In the sit-up test (Figure 2C), a chair was positioned at the midpoint of the corridor. Participants were required to sit perpendicular to the smartphone’s camera at a 90° angle. Once the sit-up test commenced, participants were asked to stand up and maintain a stationary position for 1 s, after which they were to sit back down and remain still for an additional 1 s. Both the gait test and the sit-up test were repeated twice.
2.3.2 Measurement experiment
During the gait test (Figure 2H), participants were instructed to walk at their customary pace along a 3-m-long corridor, starting from the starting point, proceeding to the turning point, and then turning around to walk back to the starting point.
For the Time Up and Go test (TUG test) (Figure 2G), a chair was positioned at the starting point. Participants were required to sit in a chair. Once the test commenced, participants were instructed to walk at their usual pace to the turning point 3 m away, then turn around and walk back to the starting point before sitting down. Both the gait test and the TUG test were repeated three times.
3 METHOD
3.1 Data preprocessing
After collecting video data with the smartphone, the following editing rules were applied:
• In the sit-up test, the video segments before the start of each test and after the completion of each sit-up test were trimmed. (exporting 4 data segments).
• In the TUG test, within the retained video data, segments were selected where participants approached the chair from a step away, turned to sit down, then stood up and took a step forward. (from the end of the previous test to the beginning of the next test) (exporting 50 data segments).
• In the gait tests conducted during the validation and measurement experiments, any parts of the video where the participant’s entire body was not fully visible in the frame were edited. (Figure 3a) (exporting 8 data segments for the validation experiment and 100 data segments for the measurement experiment).
[image: Figure 3]FIGURE 3 | The Flowchart of the Method includes Preprocessing, Extracting 2D key points, Extracting 3D key points, Feature extraction, and Data analysis.
3.2 Extract joint points
3.2.1 Extracting 2D key points
The High-Resolution Network (HRNet) will be employed to extract precise 2D keypoint information from the video data (Sun et al., 2019). HRNet is a high-resolution convolutional neural network specially designed for processing image data with rich details and multi-scale features, so it is often selected as the 2D key point input model in many 3D key point detection research. To conveniently and fairly compare the experimental results, our research also selected this network as the 2D key point detection model.
Initially, the OpenCV (Bradski, 2000) library is used to obtain the width and height information of the video data, and frames are extracted frame by frame. To ensure the presence of a human body in each frame, the initial frame of the video undergoes target detection.
Subsequently, the HRNet model is employed to extract features from the detected human images, and key point detection is performed on the features for each frame. The output includes each key point’s coordinates and their corresponding confidence scores.
Finally, the data is transformed and corrected, resulting in the output of 2D key point-based human pose estimation (Figure 3b).
3.2.2 Extracting 3D key points
After obtaining the 2D key points, an architecture known as Graph MLP-Like will be utilized to estimate the three-dimensional human pose (Li et al., 2022). GraphMLP is a simple yet effective graph-enhanced multi-layer perceptron (MLP-Like) architecture that combines MLP and Graph Convolutional Networks, enabling local and global spatial interactions to capture more comprehensive information.
Initially, GraphMLP treats each 2D key point as an input token and linearly embeds each key point through skeleton embedding. The input 2D pose,[image: image], contains N body joints, each regarded as an input token. These tokens are projected through a linear layer into high-dimensional token features [image: image], where C represents the hidden layer size.
Subsequently, the embedded tokens are passed through the GraphMLP layer, which is characterized by utilizing Graph Convolutional Networks for local feature communication. Each GraphMLP layer consists of a spatial graph MLP (SG-MLP) and a channel graph MLP (CG-MLP). Formulas 1, 2 describe how the MLP layers are modified to handle tokens:
[image: image]
[image: image]
Here, GCN(⋅) represents the GCN block, and l ∈ [1, …, L] denotes the index of the GraphMLP layer. Here, [image: image] and Xl are the output features of the SG-MLP and CG-MLP for the lth block, respectively.
Finally, the prediction head employs a linear layer for regression. It operates on the features [image: image] extracted from the last GraphMLP layer to predict the final three-dimensional pose [image: image]. The output is presented as a file containing 3D coordinates of the key points (Figure 3c).
3.3 Data postprocessing
After acquiring the 3D key point coordinate file, coordinate centering is applied. This involves subtracting the 3D coordinates of the sacrum point from the 3D coordinates of all key points, resulting in a centered key point coordinate file.
Subsequently, all coordinate points are scaled for further feature extraction. In this study, the lengths of the left and right lower legs, denoted as Lleft and Lright, were measured and recorded for each participant. During the scaling process, for all key points’ coordinates Pi in the ith frame, the lengths of the left and right lower legs are calculated using the key points of the left and right knees (Kl and Kr) and the left and right ankles (Fl and Fr) for that frame. The scaling ratio is then computed and applied to scale all key points:
[image: image]
3.4 3D pose feature extraction
3.4.1 Knee angles
The scaled file provides the coordinates of the hip joint Hi, the knee joint Ki, and the ankle joint Ai for that frame. The knee joint angles for the ith frame are determined using the Formula 4:
[image: image]
3.4.2 Knee angular velocity
Given the frame rate of the video data as f (30 Hz), after calculating the knee joint angle for the ith frame, the knee angular velocity for the ith frame can be determined using Formula 5:
[image: image]
3.4.3 Step lengths
Obtain the coordinates of the left and right ankle joints, denoted as Ali and Ari, from the scaled file. Then, compute the distance Di between the ankle joints of the left and right legs for the ith frame:
[image: image]
Subsequently, filter all local maxima based on the threshold to obtain the step length S.
3.4.4 Step side
For the ith step length Si and its time Ti: Obtain the coordinates of the sacral vertebrae point [image: image], thoracic vertebrae point [image: image], and cervical vertebrae point [image: image] at the time Ti. Use the coordinates of these three points to calculate the sagittal plane Sai at the time Ti and use Formula 7 to calculate the coronal plane Coi at the time Ti:
[image: image]
Subsequently, calculate the distances from the left and right ankle joint coordinates Ali and Ari to the coronal plane Coi. Determine the relative position of both feet to the body at time Ti (step side).
3.4.5 Step period
After obtaining the step side, the step period p corresponding to each step side can be calculated using the step length’s corresponding time T:
[image: image]
3.4.6 Walking speed
The walking speed v corresponding to each step side can be calculated using the step length S and step period p:
[image: image]
3.4.7 Step phase
First, calculate all local maxima ωmax and all local minima ωmin for knee joint angular velocity ω. Sort all ω values and use the positions corresponding to the 20th and 80th percentiles as thresholds. Remove extreme values that do not exceed these thresholds.
Next, set the time corresponding to ωmin as the moment when that foot separates from the ground (toe-split), denoted as tsplit. Starting from ωmax, search along the time direction for the first instance when ω falls below ten degrees/s and note the corresponding time as ttouch, representing the moment when that foot makes contact with the ground (heel-strike).
Finally, calculate the swing phase time tswing and support phase time tsupport as follows:
[image: image]
[image: image]
3.4.8 Center of mass
Using a kinematic approach and an 11-segment body model, calculate the COM of the entire body. Firstly, exclude the lighter parts, which are the hands and feet, and divide the rest of the body into 11 segments: head, upper trunk, lower trunk, two upper arms, two forearms, two thighs, and two lower legs (Yang et al., 2014).
Next, based on anthropometric data for the Chinese population 17245–2004 (SPC, 2004), calculate the weight of each segment and use the extracted 3D coordinates of 17 key points to compute the COM of the 11 segments. Finally, calculate the whole-body COM by weighting the relative positions of all body segments Formula 12.
Since the key point coordinates have been subjected to coordinate centering, the COM obtained here is relative to the body’s coordinate system. In the validation experiment, the relative COM position is calculated with respect to the left foot as the reference point since the Vicon markers on the left foot align well with the foot key points extracted from the smartphone data. In the measurement experiment, the relative COM position is calculated with respect to the hip region as the reference point.
[image: image]
Where N is the total number of segments, which in this study is 11, COMi represents the center position coordinates of the ith segment, mw is the total body mass, and mi is the mass of the ith segment.
Using the COMa of the ath frame, as well as the sagittal plane Saa and coronal plane Coa, the deviation distances of the COM from both the coronal and sagittal planes for the ath frame can be determined. By performing these calculations for all frames, the range of deviation of the COM from both the coronal and sagittal planes can be obtained.
3.4.9 Relative center of mass velocity
To better compare the participant’s self-balance ability during various tasks, the RCOMV will be calculated as follows:
[image: image]
Where the frame rate is denoted as f = 30Hz, and COMa represents the COM for the ath frame.
3.5 Statistical analysis
For statistical analysis, the key point data collected by Vicon in the validation experiment will be resampled, reducing the data frequency from f (100 Hz) to match the data frequency collected by the smartphone, which is f (30 Hz). Subsequently, the key point data collected by Vicon and the smartphone will be temporally aligned. The knee joint angles will be used as the alignment feature for the two sets of data, where X(t) represents the knee joint angle data obtained from Vicon, and Y(t) represents the knee joint angle data obtained from the smartphone:
[image: image]
Where t represents time, τ represents a time shift, and by calculating the cross-correlation function C(τ), the time shift τmax that maximizes the cross-correlation value is obtained. Subsequently, the data is temporally shifted to achieve optimal time-domain alignment between the two datasets.
Intraclass correlation coefficients (ICC(2,k)) are used to evaluate all parameters calculated from data obtained from Vicon and the smartphone in the gait test section of the validation experiment. The ICC values are interpreted based on Cicchetti’s guidelines, where ICC [image: image]: poor reliability, 0.40 ≤ ICC [image: image]: fair reliability, 0.60 ≤ ICC [image: image]: good reliability, and ICC [image: image]: excellent reliability (Cicchetti, 1994).
Pearson’s correlation coefficient (r) is used to examine the degree of correlation between all parameters calculated from data obtained from Vicon and the smartphone in the gait test section of the validation experiment. The correlation strength can be interpreted based on the r values as follows: r < 0.30: Negligible correlation, 0.30 ≤ r < 0.50: Low correlation, 0.50 ≤ r < 0.70: Moderate correlation, 0.70 ≤ r < 0.90: High correlation, 0.90 ≤ r ≤ 1.00: Very high correlation (Mukaka, 2012).
To select suitable features for better clustering results between patients and healthy individuals in the measurement experiment’s gait test section, Welch’s t-test (Welch, 1938) is used to assess the differences in all parameters calculated from Phone data between patients and healthy individuals. The significance level is set to p < 0.05, following Prescott’s statistical guidelines (Prescott, 2019).
All data are analyzed using Python.
4 RESULTS
4.1 Reliability and validity verification
In terms of reliability, all results for the parameters computed from data collected from both Vicon and Phone demonstrate excellent reliability (Vicon, ICC (2,k): 0.853–0.982; Phone, ICC (2,k): 0.839–0.975). (Table 2).
TABLE 2 | Reliability and validity of obtained parameters in the validation experiment.
[image: Table 2]In terms of validity, a comparison between the parameters calculated from Phone and Vicon data revealed that all parameters showed a high to very high level of correlation (r: 0.808–0.978, p < 0.05).
Figure 4 displays the knee angles, angular velocities, the distance between the feet, and RCOMV measured during the validation experiment. From the figure, it is evident that there is a significant correlation between the results obtained from Phone and Vicon. In the measurement of knee angles, the results obtained by Phone were consistently slightly higher than those obtained by Vicon, while the differences in others were relatively small.
[image: Figure 4]FIGURE 4 | Partial Parameter Results in the Validation Experiment:Vicon data (red) and Phone data (blue).
4.2 Gait parameter results
Table 3 presents the gait parameter results for each participant, including step lengths, walking speeds, and swing/support times for each foot. Figure 5 displays the spatiotemporal distribution of gait parameters.
TABLE 3 | Gait parameter results.
[image: Table 3][image: Figure 5]FIGURE 5 | Distribution of Gait Spatiotemporal Parameter Results: Healthy adults (blue) and patients (red); (A) Left step lengths, Right step lengths, Left walking speed, and Right walking speed; (B) Left step period, Right step period, Left swing time, Right swing time, Left support time, and Right support time.
The figures show that healthy adults’ results are more concentrated than those of the patients. Regarding gait spatial parameters, the results for healthy adults are greater than those for the patients (Figure 5A). Conversely, regarding gait temporal parameters, the results for healthy adults are generally smaller than those for the patients (Figure 5B).
The difference between healthy adults and patients is relatively minimal regarding swing time for the left and right feet (with a larger overlap in peak areas).
4.3 Knee angle results
Figure 6 depicts the range of knee joint angles and knee joint angular velocities observed among participants during the gait testing in the observational experiment. Overall, healthy adults’ knee joint angle and angular velocity range are more extensive than those for patients. In the knee joint angle range plot, data for healthy adults are relatively concentrated, with values consistently above 60°. In contrast, data for patients are distributed within the range of 30°–80°. Within the knee joint angular velocity range plot, healthy adults generally exhibit values above 300, while patients’ data mostly fall below 300.
[image: Figure 6]FIGURE 6 | Joint Angle Results: Healthy adults (subject 1–13) and patients (subject 14–25). (A) Range of Knee Angles, (B) Box Plot of Knee Angular Velocity.
4.4 Center of mass results
Figure 7 illustrates the RCOMV, the deviation range from the sagittal and coronal planes during gait and TUG testing in the measurement experiment. The horizontal axis represents the time taken to complete the tests.
[image: Figure 7]FIGURE 7 | COM Results: Healthy adults (blue) and patients (red).
Overall, healthy adults complete the tests faster than patients. The RCOMV for healthy adults during gait and TUG testing is greater than that for patients. In gait testing, the deviation range from the coronal and sagittal planes for healthy adults is slightly lower than that for patients. However, in TUG testing, the deviation range from the coronal and sagittal planes for healthy adults shows little difference compared to that of patients.
4.5 Cluster results
Table 4 displays the differences in characteristics between patients and healthy individuals in the measurement experiment. The t-test is used to determine the differences in means between healthy individuals and patients for each feature. All parameters obtained from healthy individuals and patients exhibit significant differences (p < 0.01). Therefore, the features in the table are suitable as input features for cluster analysis to distinguish different levels of balance ability.
TABLE 4 | Differences in characteristics between patients and healthy individuals in the measurement experiment.
[image: Table 4]Figure 8 presents the results of clustering the gait test data of 25 participants (4 data points per person, totaling 100 data points). All parameters calculated from the gait test data collected via Phone were used as inputs. The K-Means++ clustering algorithm was employed with clusters set to 3 to reveal potential patterns within the data (Arthur and Vassilvitskii, 2007).
[image: Figure 8]FIGURE 8 | Clustering Results:Healthy adults (circles), patients (squares).
Overall, the clustering results are significant. Although one data point from a healthy adult participant was incorrectly classified into the patient group, the remaining data were successfully grouped. Meanwhile, the data points for the patient group were well clustered into two distinct groups: high and low levels of rehabilitation progress or balance ability. This classification helps guide and personalize the patient’s ability to improve balance control.
5 DISCUSSION
The purpose of this study is to explore the reliability and effectiveness of 3D human pose estimation based on smartphone monocular video, as well as the feasibility of human balance ability assessment. We propose a novel simple and effective HGcnMLP algorithm for markerless 3D pose estimation and validate it on 15 healthy adults and 12 patients with musculoskeletal diseases. The main findings and contributions are: a) The human gait parameters, knee angle parameters, and RCOMV estimated based on the HGcnMLP algorithm show high reliability, and show excellent consistency with VICON gold standard results; b) The 3D pose estimation method based on smartphone monocular video has the potential to evaluate the gait balance ability of healthy adults and patients, and is expected to solve the problem of lack of simple, effective and easy-to-operate systems in the field of medical diagnosis/rehabilitation evaluation; c) It is the first motion capture method based on the monocular video to be used in research on human biomechanics. It is a useful attempt at the clinical application of this technology and promotes the possibility of emerging computer vision technology in clinical auxiliary diagnosis and remote rehabilitation evaluation.
5.1 Reliability and validity of parameter estimates
Most of the parameters based on VICON and Phone in this study show very high reliability (ICC (2, k): 0.839–0.982), which is better than our previous research based on the OpenPose algorithm framework (ICC: 0.506–0.734) (Liang et al., 2022). Azhand et al. proposed a highly efficient and reliable gait parameter estimation algorithm based on monocular video, and all measured gait parameters showed excellent intra-class correlation coefficient results (ICC (2, k): 0.958 and 0.987), comparable to ours (Azhand et al., 2021). In addition, compared with the VICON motion capture system, all extraction parameters in this study also showed high to very high effectiveness (Pearson r: 0.808–0.978, p < 0.05), consistent with the latest research results (r: 0.921) (Srinivasan et al., 2023). Although the actual interference of participants’ height/weight on the accuracy of mobile phone and Vicon measurements is unclear, we still tried to make the height/weight difference of participants as small as possible to reduce the impact on reliability (Table 1, height p = 0.04, weight p = 0.25). The average step period error is 0.02s, the average left-right knee angle ROM error is about 0.3°, and the knee angular velocity and center of mass velocity are both ≤8°/s (mm/s). We also noticed that the SD value of the angular velocity range of the left knee is higher than that of the right knee. It is speculated that in the experiment we designed, the right leg covers the left leg more than the left leg covers the right leg, resulting in relatively unstable key points extraction on the occluded left side. Nonetheless, the above observations provide preliminary evidence that 3D pose estimation based on smartphone monocular video is suitable for objectively measuring parameters such as gait time, joint angles, and center-of-mass velocity of subjects.
Shin et al. performed quantitative gait analysis on a single 2D image with a pose estimation algorithm based on deep learning. The average error of walking speed was 8.95 cm/s, while our average error result was 5.7 cm/s, showing better performance (Shin et al., 2021). Steinert et al. used a smartphone camera and a deep convolutional neural network to analyze the gait of the elderly on a 3D skeletal model. The gait parameters showed comparable accuracy to ours, but the reliability of parameter estimation needs to be further improved (ICC (1, 1): 0.125–0.535) (Steinert et al., 2019). Stenum et al. compared the spatiotemporal and sagittal motion gait parameters measured using OpenPose (an open-source video-based human pose estimation) with simultaneously recorded 3D motion capture results, showing that the average absolute error in step time and knee angle (step time: 0.02 s/step; knee angle: 5.6°) was comparable to ours (Stenum et al., 2021b). Gu et al. calculated the accuracy of knee angles of the lower limbs based on the OpenPose model by using a single mobile phone to track the joint coordinates of healthy adults during walking, and the results showed an error of 10° Gu et al. (2018). Hellsten et al., 2021 reported knee angle errors of 10° or less in most tracked frames, the accuracy comparable to marker-based camera systems. In addition, our angular velocity and center-of-mass velocity achieved excellent results (≤8°/s (mm/s)) compared to the gold standard, which has important implications for patient balance assessment. We acknowledge that some of the latest Transformer-based monocular models can improve 2D poses to 3D poses with smaller joint position errors than this system. For example, the MotionBERT model (Zhu et al., 2023) and the Graph-based GLA-GCN network model (Yu et al., 2023), etc. Relatively speaking, the GraphMLP model is more lightweight, has fewer parameters, has low computational cost, and is more suitable for our pursuit of low-cost and simple clinical goals. Overall, the HGcnMLP estimation method proposed in this study can improve the accuracy of human posture estimation in monocular videos, and has good reliability and validity, which meets the clinical requirements for system performance.
5.2 Comparison of healthy adult and patient pose parameters
To compare the gait balance ability of healthy adults and patients with sarcopenia (osteoarthritis), the TUG gait test was performed, and gait parameters, joint angle parameters, and center-of-mass velocity were extracted (Åberg et al., 2021). The spatiotemporal parameters in healthy adults showed faster speed, larger step length, and more centralization, whereas patients showed longer step and support/swing times with a wider distribution, suggesting a difference between the two groups (Figure 5; Table 3). In addition, the knee joint angle of healthy adults showed a larger range of motion ([image: image]60°), while patients included three levels: 30°–40°, 40°–60°, and ≥60°, indicating patients tend to slow flexion and extension during walking, this is detrimental in dealing with some acute events (Figure 6). This study also estimated the participant’s relative COM velocities and ranges of COM offset from the sagittal/coronal plane, which usually requires the help of some 3D motion capture systems (e.g., Optotrak Certus and VICON) based on markerless monocular video motion capture (Yang et al., 2014). Healthy adults showed greater COM velocities during TUG testing, and a slightly lower range of COM offsets from the coronal and sagittal planes than patients, indicating better gait stability (Figure 7).
Shin et al. performed quantitative gait analysis on 2D videos of Parkinson’s patients based on a pose estimation algorithm and demonstrated that the proposed method can objectively estimate gait parameters (Shin et al., 2021). Kim et al., 2023 assessed the physical abilities of sarcopenic patients using smartphone video pose estimation and smart insoles to develop patient digital biomarkers. Azhand et al. demonstrated the effectiveness of a monocular smartphone video-based 3D pose estimation algorithm for gait assessment applications in the elderly relative to the gold-standard gait assessment system GAITRite (Azhand et al., 2021). Current research mainly focuses on simple analysis of gait parameters (gait speed, frequency, step length, and step time), but rarely analyzes related parameters such as joint angles and COM velocity (Gu et al., 2018). This study compared three groups of pose features between patients and healthy people, all showing differences (Table 4, p[image: image]0.01), which implies that the extracted features can be used for balance and rehabilitation assessment. To further evaluate the performance of the proposed system in human gait balance level and rehabilitation progress, the K-Mean++ clustering algorithm was used to successfully distinguish patients into different groups and achieved consistent results with professional physical therapist scale evaluations (Figure 8). In summary, this work demonstrates the potential of single smartphone 3D human pose estimation for clinical motion capture, promising comprehensive assessment of balance abilities between healthy and patients.
5.3 Research limitations and future work
We acknowledge that this study has some limitations. First, we only performed data collection at 90° in the walking direction, although previous work has shown that this direction is most conducive to pose estimation (Rui et al., 2023), and more positions can be used to record richer motion poses. In addition, the number of participants was relatively small, and there was no elderly normal subject group, which may affect the reliability of the study. In clustering patients’ balance ability, although the results were consistent with clinical scale evaluations, manual classification of the clustering results was considered a limitation. Finally, the current smartphone video data relies on offline processing by laptop computers and cannot automate this preprocessing by detecting critical time points, which limits clinical and home rehabilitation applications.
In the future, we need to expand the number of participants to further verify and improve the reliability of the results. Of course, we admit that more advanced and accurate 2D key point extraction models will achieve better results, and the latest 2D key point extraction models will be considered in subsequent clinical experiments. Furthermore, we need to develop a novel smartphone application for 3D pose estimation, perform human motion capture directly from camera 2D images, and develop an application interface to visualize parameters and provide reliability and validity results.
6 CONCLUSION
In this study, we preliminarily observed that the markerless 3D pose estimation method based on smartphone monocular video can provide effective and reliable human pose parameters, and can provide good accuracy for the rehabilitation evaluation of patients with musculoskeletal diseases. Although in the field of computer vision algorithms, the performance of the proposed method can be further improved, this work is a useful attempt to use single-view technology in clinical disease diagnosis and balance evaluation and will help promote the application of emerging computer vision technology in the medical field. Given the advantages of the proposed model such as simplicity, low cost, and portability, the markerless 3D pose estimation system is expected to provide a clinical alternative to human motion capture and provide a new easy-to-operate tool for remote monitoring and home rehabilitation assessment.
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The retropharyngeal reduction plate for atlantoaxial dislocation: a finite element analysis
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Objective: To investigate the biomechanical properties of the retropharyngeal reduction plate by comparing the traditional posterior pedicle screw-rod fixation by finite element analysis.
Methods: Two three-dimensional finite element digital models of the retropharyngeal reduction plate and posterior pedicle screw-rod fixation were constructed and validated based on the DICOM (Digital Imaging and Communications in Medicine) data from C1 to C4. The biomechanical finite element analysis values of two internal fixations were measured and calculated under different conditions, including flexion, extension, bending, and rotation.
Results: In addition to the backward extension, there was no significant difference in the maximum von Mises stress between the retropharyngeal reduction plate and posterior pedicle screw fixation under other movement conditions. The retropharyngeal reduction plate has a more uniform distribution under different conditions, such as flexion, extension, bending, and rotation. The stress tolerance of the two internal fixations was basically consistent in flexion, extension, left bending, and right bending.
Conclusion: The retropharyngeal reduction plate has a relatively good biomechanical stability without obvious stress concentration under different movement conditions. It shows potential as a fixation option for the treatment of atlantoaxial dislocation.
Keywords: atlantoaxial dislocation, finite element analysis, retropharyngeal approach, reduction, posterior screw fixation
INTRODUCTION
Atlantoaxial dislocation (AAD) is one of the common diseases in the cranial–cervical junction. In some cases, the mortality rate can reach 35% when severe atlantoaxial dislocation injures the medulla oblongata (Meyer et al., 2019). Studies have shown that AAD caused by traffic injuries accounts for 32.4% of traffic injury deaths, causing significant socioeconomic burden (García-Pallero et al., 2019). A variety of reasons can cause atlantoaxial joint instability, resulting in the loss of the normal alignment of the atlantoaxial articular surface, and then compress the spinal cord, causing numbness, walking instability, paralysis, and even death (Goel, 2019). For improving AAD treatment, some scholars have proposed many classifications, including Fielding, TOI, and Yin (Yin et al., 2005; Xu et al., 2013).
The main treatment for AAD includes conservative treatment (traction and cervical brace) and surgery. Among them, surgery is the most important means of treating AAD. At present, according to the different types of AAD, the surgical treatment methods mainly include anterior release and fixation, posterior reduction fixation, and combined anterior release and posterior fixation (Govindasamy et al., 2020; Unni et al., 2021). For most patients, posterior fixation fusion, with the assistance of skull traction, can achieve good clinical efficacy in one stage (Guo et al., 2020). However, due to the long-term dislocation of the atlantoaxial joint in some patients, the contractures of anterior muscles and ligaments and the anterior hyperosteogeny of the atlantoaxial joint can lead to difficulty in reduction (Zhu et al., 2019). The anterior release is necessary for these conditions in order to better achieve the reduction. At present, the transoral release is the main approach, but it has a relatively high risk of postoperative infection (Dong et al., 2021). In addition, the transoral approach is not suitable for some patients with oral lesions or limited mouth opening.
For those patients, we used the retropharyngeal approach for the atlantoaxial joint release based on clinical experience (Ren et al., 2019). At the same time, we innovatively designed the retropharyngeal reduction plate system inspired by the transoral atlantoaxial reduction plate (TARP). The previous cadaveric simulation experiments showed that the retropharyngeal reduction plate was suitable for placement on the atlantoaxial joint (Li et al., 2022). However, compared with posterior atlantoaxial fixation, there is still a lack of research on the biomechanical properties of the retropharyngeal reduction plate system.
In recent years, the medical finite element analysis method has been widely used in orthopedics (Li et al., 2020; Lewis et al., 2021). By this method, clinicians can conduct preoperative digital simulation of various internal fixation types to obtain the stress and displacement values of different fixation models (Liu et al., 2018). Finite element analysis can provide help for the diagnosis and treatment of clinical orthopedics by selecting the best internal fixation (Rehousek et al., 2018; Wang et al., 2018). Compared with cadaveric experimentation, finite element analysis has obvious advantages in evaluating the biomechanical properties of internal fixation.
Therefore, the aim of this study was to evaluate the biomechanical properties of the retropharyngeal reduction plate and posterior pedicle screw fixation by finite element analysis. The biomechanical stress distribution of the two fixations under different conditions was also measured to provide the theoretical basis for the clinical application of the retropharyngeal reduction plate in the future.
MATERIALS AND METHODS
Design of the retropharyngeal reduction plate system
The retropharyngeal reduction plate system is characteristic of T-type titanium plates, which includes the screws and different sizes of plates (GB4Z180193509, WEGO ORTHO Co., Ltd.) (Li et al., 2022). The specific plate angle (30°–35°) of horizontal and vertical parts can be conducive to the placement onto the atlantoaxial joint. The number of round holes (diameter: 4.5–5.0 mm), used for inserting screws (diameter: 4.0–4.5 mm and length: 16–18 mm), depends on the size of the plates. The length and width of the plates range from 25 to 55 mm and 20 to 25 mm. In addition, the specially designed oval holes (diameter: 5.0–5.5 mm), in the center of the plates, are designed for facilitating reduction by inserting lag screws into the axis. After the anterior release of the atlantoaxial joint, the retropharyngeal reduction plate can achieve reduction by inserting the lag screws to provide the atlantoaxial joint with forward and downward tractions in one stage (Figures 1, 2).
[image: Figure 1]FIGURE 1 | Different sizes of T-type (holes: 6, 7, and 8; length: 25–55 mm; width: 20–25 mm) retropharyngeal reduction titanium plates and the screws (length: 16–18 mm; diameter: 4.0–4.5 mm).
[image: Figure 2]FIGURE 2 | Placement of the retropharyngeal reduction plate. (A) Atlantoaxial dislocation. (B) Fixation on the C1 vertebral body by inserting screws through upper round holes. (C) Construction of the lag screw path through an odontoid process using a hand drill. (D) Lag screw insertion through the special oval hole to achieve reduction. (E) Fixation on the basal part of the C2 vertebral body. (F) Placement of the retropharyngeal reduction plate on the atlantoaxial joint.
The development of finite element models
Cadaveric specimens with atlantoaxial dislocation who had undergone surgical treatment using the retropharyngeal reduction plate were included in this study. The retropharyngeal reduction plate was placed on the atlantoaxial joint of cadaveric specimens. A 45-year-old female atlantoaxial dislocation patient who had undergone the posterior pedicle screw-rod fixation was enrolled in this study. The patient was informed of the experimental procedures and gave written informed consent for participation in this study. Spiral CT scanning was performed from the base of the occipital bone to the C7 vertebrae using 0.5-mm-thick slices. The scanning images were collected and stored in DICOM format for three-dimensional reconstructions using MIMICS 20.0 software (Materialise, Leuven, Belgium). A rough geometric model of cervical vertebrae was obtained by conducting commands, including threshold segmentation and regional growth.
After three-dimensional reconstruction, the stereolithography file was imported into 3-matic 10.0 (Materialise, Leuven, Belgium) to further optimize the model for finite element analysis. For the accuracy of finite element analysis, 3-matic 10.0 (Materialise, Leuven, Belgium) was used to construct a geometric solid model of the bone, cartilage, and intervertebral discs by a series of software commands, including sanding, filling, and denoising processes. After obtaining the model, the thin-walled characteristics and curvature of the model were analyzed to understand the basic structure of the atlantoaxial joint model. In order to ensure that the model has no geometric defects, the repair of the atlantoaxial joint model was managed using 3-matic 10.0 (Materialise, Leuven, Belgium). The model consisted of C1–C4 cervical vertebrae and three intervertebral discs (Figure 3). The mesh and material properties were analyzed and assigned for further analysis using HyperMesh 2018 (Altair Engineering, Inc., Troy, Michigan, United States of America).
[image: Figure 3]FIGURE 3 | Three-dimensional finite element model of the retropharyngeal reduction plate (A) and the posterior pedicle screw-rod fixation (B).
The finite element analysis of the two fixation models
The finite element analysis was achieved using HyperWorks 2019 (United States of America, Altair). Based on the parameters of Young’s modulus and Poisson’s ratio, the scientific assignment of elements was obtained (Wang et al., 2019; Chen et al., 2020). The Young’s modulus and Poisson’s ratio values of different structures are shown in Table 1. For achieving the simulation of the stress to the cervical vertebra from the head due to gravity, 45 newtons (N) of vertical downward pressure was imposed on the surface of the occipital condyle. Approximately 1.5 Nm torque was imposed on the models from different directions to simulate the load of cervical vertebrae under normal physiologic conditions (Bo et al., 2016). We measured and calculated the stress of the two internal fixations under different conditions, including flexion, extension, bending, and rotation.
TABLE 1 | Material property of the atlantoaxial joint models.
[image: Table 1]The mechanical properties of the two different internal fixations were comprehensively analyzed, including the 1) maximum von Mises stress of the fixation; 2) stress distribution of different fixations under six conditions; and 3) stress distribution of the plate, screws, and rods.
RESULTS
The establishment of the two fixation models
The suitable retropharyngeal reduction plate was located at the body of the atlantoaxial joint by inserting screws. The posterior pedicle screw fixation model was obtained after assembling to simulate the posterior surgery. The satisfying finite element models of the two different fixations were obtained after smoothing and remeshing finite element mesh generation (Figure 3), respectively.
The validation of the two fixation models
The range of motion (ROM) values of the two fixation models were compared with previous studies by (Figure 4) Zhang et al. (2006) and Li et al. (2023), respectively. Under different movements, the results are relatively consistent with previous studies. Hence, the two fixation models were reliable for further finite element analysis.
[image: Figure 4]FIGURE 4 | Validation of the two fixation models under a pure moment of 1.5 Nm. Flexion–extension (A), axial rotation (B), and lateral bending (C).
The stress analysis of the two fixation models
The maximum von Mises stress values of the retropharyngeal reduction plate and posterior pedicle screw fixation were 217.2 MPa and 213 MPa under forward flexion, respectively. However, the maximum von Mises stress of the retropharyngeal reduction plate was significantly lower than that of the posterior pedicle screw fixation during the backward extension (156 MPa vs. 266.3 MPa). The maximum von Mises stress values of the left bending and right bending of the retropharyngeal reduction plate were 120.8 MPa and 119.2 MPa, respectively. The maximum von Mises stress values of the left bending and right bending of the posterior pedicle screw fixation were 242.7 MPa and 218.4 MPa, respectively. Under rotation, the maximum von Mises stress values of the retropharyngeal reduction plate were 147.7 MPa (left) and 144.5 MPa (right), respectively. The maximum von Mises stress values of the posterior pedicle screw fixation were 213.1 MPa (left) and 190.5 MPa (right) under rotation (Figure 5), respectively.
[image: Figure 5]FIGURE 5 | Maximum von Mises stress of the two different fixations under different movements, including flexion, extension, bending, and rotation.
The stress distribution of the two internal fixation models
The redness represents the maximum element stress, while the minimum element stress is shown by the blueness. The more uniform distribution of the retropharyngeal reduction plate was noticed under different conditions, such as flexion, extension, bending, and rotation. As shown in Figure 6, the stress was mainly distributed in the lower half of the plate under different conditions, and there was no significant stress concentration in the plate and screws. In the posterior pedicle screw fixation, the junctions of the screw, bone, and rod have relatively more stress in flexion, extension, bending, and rotation. The stress tolerance of the two internal fixations was basically consistent in flexion, extension, left bending, and right bending. In addition, the mean stress of the two internal fixations was far below the maximum yield strength (795–827 MPa) and ultimate strength (860–896 MPa) of titanium alloy.
[image: Figure 6]FIGURE 6 | Finite element analysis results of the retropharyngeal reduction plate and posterior pedicle screw-rod fixation under different movements, including flexion, extension, bending, and rotation.
DISCUSSION
For some severe AAD patients with obvious neck pain, limb weakness, and trunk and limb numbness, surgery is the appropriate treatment with the purpose of achieving atlantoaxial reduction to maintain the stability of the atlantoaxial joint and to achieve spinal cord decompression to alleviate clinical symptoms (Song et al., 2017; García-Pallero et al., 2019; Goel, 2019). At present, the posterior atlantoaxial fusion is the effective surgical method for the treatment of AAD. Since the 20th century, many scholars have proposed a variety of internal fixation methods for AAD, including cable, lamina hook, and screw-rod internal fixation (Ren et al., 2019; Zhu et al., 2019). In addition, many alternative technologies have emerged for different conditions of AAD patients, such as Magerl screw, C1 lateral mass screw, and C2 lamina screw (Kenzaka, 2019).
With the in-depth study on the treatment of AAD, some scholars found that simple posterior internal fixation and fusion cannot achieve good clinical reduction for patients with irreducible atlantoaxial dislocation due to the anterior bone fusion of the atlanto-odontoid joint or scar contracture of surrounding ligaments and muscles (Ren et al., 2019; Zou et al., 2020). In this condition, the anterior release is necessary to achieve a better atlantoaxial reduction before the atlantoaxial internal fixation.
For now, the anterior release can be achieved by the transoral, endoscopic endonasal, or retropharyngeal approach (Zhu et al., 2019). Wang et al. first used one-stage transoral release reduction combined with posterior internal fixation and fusion, with a 71.9% effectivity rate, in the treatment of irreducible AAD (Wang et al., 2006). The transoral release is a common surgical approach for AAD treatment with the advantage of directly exposing the ventral structure of the craniocervical junction to help the release of the atlantoaxial joint under direct vision. In addition, some scholars have also proposed the concept of transoral release combined with the fixation method in one stage and designed corresponding internal fixation instruments, such as the Harms plate and TARP (Yin et al., 2005; Zhu et al., 2019). However, there are some inevitable limitations to the transoral approach, such as postoperative infection, dysphagia, and laryngeal edema. The transoral approach often requires tracheotomy before operation and postoperative nasal feeding for a long time, which makes postoperative nursing difficult (Amelot et al., 2018).
The retropharyngeal approach is relatively safe because of few surrounding important blood vessels and nerves in this area. The retropharyngeal approach not only can fully expose bilateral atlantoaxial lateral mass joints but also has a low risk of complications, including infection and laryngeal edema (Alshafai and Gunness, 2019). However, there are few reports on internal fixation based on the retropharyngeal approach. Inspired by the TARP, we newly designed the retropharyngeal reduction plate system based on clinical experience. The retropharyngeal reduction plate system can achieve one-stage reduction and fixation after the anterior release (Li et al., 2022). However, the difference in internal fixation strength and stress distribution between the retropharyngeal reduction plate and posterior pedicle screw fixation under different movements is still unknown.
In recent years, the finite element analysis is widely used in the application of orthopedic biomechanics (Taylor and Prendergast, 2015; Bo et al., 2016; Wang et al., 2018). The three-dimensional model is able to be reconstructed based on the DICOM data using the three-dimensional modeling software program. The various surgical conditions can be numerically simulated by finite element analysis (Ansys, Abaqus, or HyperMesh) (Li et al., 2020). Finally, the stress and displacement values of the stress model are obtained, which provides a reference basis for clinical diagnosis. Finite element analysis can analyze the stress distribution of adjacent vertebral bodies, intervertebral discs, and other structures. Chen et al. constructed the complete three-dimensional cervical spine model from C4 to C7 and simulated three different surgical methods, namely, percutaneous full-endoscopic anterior cervical discectomy (PEACD), posterior cervical foraminotomy (PCF), and anterior cervical discectomy and fusion (ACDF) (Chen et al., 2020). They also studied the range of motion, intervertebral disc pressure, and facet joint contact force between surgical segments and adjacent segments under different movement conditions using finite element analysis software. The results showed that the PCF and PEACD methods are more suitable for the treatment of cervical spondylotic radiculopathy compared to ACDF from the perspective of biomechanics, and PCF may be better than PEACD. In addition, the finite element analysis is also able to simulate the clinical application of the new internal fixation technique and analyze the stress distribution of internal fixation under different conditions in order to evaluate the clinical application value of the new internal fixation technique (Lewis et al., 2021). Yu et al. designed two thoracic interbody fusion cages according to the CT anatomical parameters of 150 patients, and the stability of the two interbody fusion cages was compared with the assistance of three-dimensional finite element analysis (Yu et al., 2020). The results showed that both kinds of interbody fusion cages had good biomechanical stability, and the stability of the kidney-shaped fusion cage was better than that of the box-shaped fusion cage.
In this study, we designed the retropharyngeal reduction plate based on a large number of previous clinical experiences to achieve atlantoaxial reduction and fixation in one stage (Ren et al., 2019; Guo et al., 2020; Zou et al., 2020). The previous cadaveric simulation experiments proved that the retropharyngeal reduction plate could be successfully fixed in front of the atlantoaxial joint through the retropharyngeal approach (Li et al., 2022). Aiming to analyze the fixation strength and stress distribution of the retropharyngeal reduction plate, compared with the posterior pedicle screw fixation, the three-dimensional finite element analysis was conducted. The results also showed that the maximum stress of the retropharyngeal reduction plate was significantly lower than that of the posterior pedicle screw fixation (156 MPa vs. 266 MPa) under the backward extension. Under other movement conditions, the stress distribution of the retropharyngeal reduction plate is not significantly different compared with that of the posterior pedicle screw fixation. In addition, the stress was mainly distributed in the lower half of the plate but with no obvious stress concentration in the plate and screw.
This study still has several limitations. First, the finite element modeling process relatively simplified the motion of the spine, and the real motion state of the cervical spine may be more complex. Second, finite element modeling is not able to fully simulate the complex surrounding ligaments and muscles of the atlantoaxial joint.
CONCLUSION
In conclusion, the retropharyngeal reduction plate showed good biomechanical stability under different movement conditions, and the stress distribution was more uniform without obvious stress concentration. In the future, the application of the retropharyngeal reduction plate in the clinic is expected to be regarded as one of the treatment methods for AAD.
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Partial femoral head replacement: a new innovative hip-preserving approach for treating osteonecrosis of the femoral head and its finite element analysis
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Purpose: Controversy remains regarding the optimal treatment for stage III Osteonecrosis of the femoral head (ONFH). This study presents, for the first time, the precise treatment of stage III ONFH using the “substitute the beam for a pillar” technique and performs a comparative finite element analysis with other hip-preserving procedures.
Methods: A formalin-preserved femur of male cadavers was selected to obtain the CT scan data of femur. The proximal femur model was reconstructed and assembled using Mimics 20.0, Geomagic, and UG-NX 12.0 software with four different implant types: simple core decompression, fibula implantation, porous tantalum rod implantation, and partial replacement prosthesis. The finite element simulations were conducted to simulate the normal walking gait, and the stress distribution and displacement data of the femur and the implant model were obtained.
Results: The peak von Mises stress of the femoral head and proximal femur in the partial replacement of the femoral head (PRFH) group were 22.8 MPa and 37.4 MPa, respectively, which were 3.1%–38.6% and 12.8%–37.4% lower than those of the other three surgical methods.
Conclusion: The PRFH group exhibits better mechanical performance, reducing stress and displacement in the ONFH area, thus maintaining femoral head stability. Among the four hip-preserving approaches, from a biomechanical perspective, PRFH offers a new option for treating ONFH.
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INTRODUCTION
Osteonecrosis of the femoral head (ONFH) is a progressive multifactorial condition characterized by impaired blood supply and disruption of bone tissue synthesis within the femoral head (Zalavras and Lieberman, 2014a). The annual incidence rate of ONFH ranges from 7 to 20 per 100,000 individuals (Seijas et al., 2019). Causative factors include high-dose steroid use, alcohol abuse, and trauma. ONFH predominantly affects the weight-bearing zone of the femoral head, and if left untreated, it can lead to femoral head collapse and secondary hip joint osteoarthritis (Wu et al., 2020).
Multiple clinical guidelines have achieved consensus on the classification of ONFH based on the Association Research Circulation Osseous (ARCO) staging system, specifically recognizing stages I, II, and IV (Zhao et al., 2020; Association Related To Circulation Osseous Chinese Microcirculation Society, 2022). For stages I and II, treatment options such as core decompression, bone grafting, or osteotomy are recommended. Stage IV requires total hip replacement surgery. However, controversy remains regarding the optimal treatment for stage III ONFH.
Previous literature has documented the use of cartilage transplantation methods in the management of ONFH. However, these techniques have limited applicability in the femoral head due to its greater curvature, deeper location, and compromised blood supply compared to other joints such as the knee (Du et al., 2019). Some researchers propose that in addition to core decompression, the implantation of porous tantalum rods (Floerkemeier et al., 2011), non-vascularized fibular grafts (Feng et al., 2019), or vascularized fibular grafts (Zeng et al., 2013) may help prevent further cartilage collapse. However, neither approach provides robust structural support, satisfactory osseointegration, or a straightforward procedure (Korompilias et al., 2011).
To address these limitations, our research team has developed a partial femoral head replacement device for precise minimally invasive treatment of stage III ONFH according to the ARCO classification. This study aims to evaluate the biomechanical performance of the partial femoral head replacement device and establish a three-dimensional finite element model of ONFH. A comparative analysis was conducted with partial replacement of the femoral head (PRFH), core decompression (CD), core decompression with fibular grafting (CDFG), and core decompression with tantalum rod implantation (CDTRI) models.
MATERIALS AND METHODS
This study received approval from the institutional review board (IRB) (NO. KE 2022-131-1) and complied with the Declaration of Helsinki.
Three-dimensional modeling
A formalin-preserved femur of male cadavers was selected and underwent computed tomography scanning using a SOMATOM Definition AS scanner (Siemens, Germany). The scanning involved a slicing distance of 0.625 mm. A geometric model of the femur was then constructed using Mimics 20.0 software (Materialise, Leuven, Belgium). The non-uniform rational basis spline (NURBS) was created using Geomagic Studio 13.0 software (Geomagic Company, United States). The proximal femur’s solid model was meshed with C3D4 elements using Hypermesh 2014 software (Altair Company, United States).
Establishing implants and assembled model
According to the prosthesis provided by Double Medical Technology Inc. (China) (Figures 1A, B), a model of a partial replacement prosthesis was created using UG-NX 12.0 software (Siemens Product Lifecycle Management Software Inc., United States). Utilizing UG-NX 12.0 software, we assembled the proximal femur model with four types of implants: simple core decompression, fibula implantation, porous tantalum rod implantation, and partial replacement prosthesis (Figure 2).
[image: Figure 1]FIGURE 1 | Partial replacement prosthesis and finite element model validation. (A,B) A partial replacement prosthesis. (C) The loading applied to the finite element model. (D,E) Comparison between the biomechanical test and finite element analysis. (F) Correlation analysis of finite element model validation.
[image: Figure 2]FIGURE 2 | The proximal femur model with four types of implants: (A) partial replacement prosthesis, (B) porous tantalum rod implantation, (C) fibula implantation and (D) simple core decompression.
Material properties and boundary conditions
The models were imported into abaqus 6.14 (Dassault Systèmes Solid Works Corp., Concord, MA, United States). Bone density is related to the material properties. Hence, the material properties of each femoral model were based on the Hounsfield units from the CT scan data (Reina-Romo et al., 2018). The mathematical formulas are as follows, where ρ was the bone density, HU represented the Hounsfield units, E was the modulus of elasticity, and ν was Poisson’s ratio: 1) ρ(g/cm3) = 0.000968*HU+0.5, 2) If ρ≤ 1.2 g/cm3; E = 2014ρ2.5 (MPa), ν = 0.2, 3) If ρ> 1.2 g/cm3; E = 1763ρ3.2 (MPa), ν = 0.32.
The partial replacement prosthesis was assigned as titanium alloy, with Young’s modulus (E) of 110,000 MPa and Poisson’s ratio (v) of 0.3. The fibula, tantalum rod, and cancellous bone were assigned to have different material properties, which were the same as those reported in other studies (Vail and Urbaniak, 1996; Louie et al., 1999; Liu et al., 2021). In these models, each part was assumed to be linear elastic, homogeneous, and isotropic. The moduli of elasticity were 15,100 MPa, 186,000 MPa, and 445 MPa, and the Poisson’s ratios were 0.3, 0.3, and 0.22, respectively (Huang et al., 2019; Xu et al., 2020). In this study, all models simulated the state of bone healing. There were no gaps around the interfaces between the grafted bone and femur in any of the postoperative models. It is important to note that in all the models, the necrotic site in the femoral head was uniformly considered as the weight-bearing region. Additionally, the necrotic tissue was removed and replaced with cancellous bone attributes.
Based on Bergmann’s research (Bergmann et al., 2001) on hip joint contact forces and gait, the forces acting on the femoral head were decomposed into three distinct forces of varying magnitudes and directions. Various movements were simulated to evaluate their influence on the stress encountered by the femoral head. Our finite element model is based on normal walking gait ({x, y, z} = {372, 224, −1,609} N) (Figure 1C). The forces applied to the femoral head were determined by the peak forces and directions observed during these activities.
The von Mises stress on the intact proximal femur was tested to analyze the mesh convergence. The convergence criterion used was a change of <5%. The mesh size was set to 1 mm. To emphasize the mechanical performance of the implant in the specific region of interest, a mesh size of 0.5 mm was employed for all implant components. The intact proximal femur was composed of 33,773 nodes and 158,985 elements. Table 1 showed the numbers of elements and nodes of four different models.
TABLE 1 | Amounts of nodes and elements of four components.
[image: Table 1]Verification of finite element models
The femoral specimen after CT scanning was enveloped in polyethylene film and stored at −20°C until further use. Prior to the experiment, it was allowed to thaw at room temperature for 12 h. Subsequently, the soft tissues including muscles, periosteum, and ligaments were carefully excised. The midshaft of the femur, situated 25 cm from the femoral head, was surgically removed, and the proximal surface of the femur underwent meticulous polishing using fine sandpaper. To facilitate subsequent analysis, the specimens were uniformly coated with black and white matte paint. After the paint had thoroughly dried, the distal femur was firmly affixed within the module using denture powder. The ElectroForce 3330 Series II (TA Instruments, United States) was employed to apply axial pressure ranging from 0 to 600 N onto the surface of the femoral head at a rate of 5 N/s. Concurrently, the high-speed camera integrated within the GOM non-contact optical strain measurement system (GOM GmbH, Germany) captured the loading process at a frame rate of 7 frames/s. The resultant images were subsequently subjected to computer processing to derive strain images and quantify strain values specific to the proximal femur under an axial pressure of 600 N. Subsequent to data acquisition, the GOM Software 2021 was employed to select the appropriate starting point for calculations based on the collected images and to define the calculation area. Upon completion of the calculations, the strain cloud diagram was automatically generated. In the software interface, the stability-loaded cloud diagram was selected, and the strain values corresponding to the chosen points on the proximal femur were quantified (Figure 1D).
Under the same loading and boundary conditions as the biomechanical experiment, the maximum principal strain values at the corresponding position were calculated for the normal proximal femur finite element model (Figure 1E). The results indicate that our model is appropriate for the subsequent study (Figure 1F).
RESULTS
Stress distribution
As shown in Figure 3, in the simulation of normal walking gait, PRFH group had the lowest overall femoral stress value of 63.3 MPa, and the highest stress was found in the core decompression group, which was 96.8 MPa. For the most concerned stress of the femoral head region, the partial replacement group had the smallest stress of 22.8 MPa, followed by the fibular graft group 23.6 MPa, tantalum rod 33.4 MPa, core decompression 37.2 MPa. This study also measured the bone tunnel stress distribution, and the minimum stress occurred in the core decompression group, which was 31.4 MPa. The partial replacement bone tunnel stress was 34.5 MPa, only higher than the core decompression group, and decreased by 42.3% and 36.3% compared to tantalum rod and fibular groups, respectively. Figure 5 illustrated the stress distribution of the partial replacement prosthesis, tantalum rod, and fibula. In the PRFH group, the von Mises stress of the prosthesis was the highest, reaching 257.6 MPa, exceeding the CDFG group (102.6 MPa) and CDTRI group (25.4 MPa). The maximum stress of the partial replacement prosthesis occurred at the junction of the prosthesis head and neck. The peak stress of the tantalum rod and fibula groups occurred in the central region of the implants, measuring (102.6 MPa) and (25.4 MPa) respectively. The partial replacement prosthesis bore more stress transmitted along the proximal femur, yet this von Mises stress value was far below the yield strength of titanium alloy (850–900 MPa). The von Mises stress cloud of four groups were shown in Figure 4 and Figure 5.
[image: Figure 3]FIGURE 3 | The von Mises stress distribution of different parts of femur in four models.
[image: Figure 4]FIGURE 4 | The von Mises stress distribution of whole femur and femoral head: (A,E) partial replacement prosthesis, (B,F) porous tantalum rod implantation, (C,G) fibula implantation and (D,H) simple core decompression.
[image: Figure 5]FIGURE 5 | The von Mises stress distribution of tunnel and implant: (A,E) partial replacement prosthesis, (B,F) porous tantalum rod implantation, (C,G) fibula implantation and (D) simple core decompression.
Displacement distribution
The maximum displacements of PRFH, CDFG, CDTRI and CD groups were 1.757 mm, 3.773 mm, 3.886mm, 3.510 mm, respectively. This indicates that the partial replacement prosthesis group was the most stable. At the same time, in the three models with implants, the maximum displacement of the partial replacement prosthesis was 1.756 mm, which was 50.2% and 52.0% less than tantalum rod and fibular groups, respectively. The maximum displacement of PRFH group’s femoral head was reduced by 53.4, 54.8% and 49.9% compared to CDTRI, CDFG, CD groups, respectively. The displacement distribution of four groups were shown in Figure 6.
[image: Figure 6]FIGURE 6 | The displacement distribution of femoral head, tunnel and implant: (A,E,I) partial replacement prosthesis, (B,F,J) porous tantalum rod implantation, (C,G,K) fibula implantation and (D,H) simple core decompression.
DISCUSSION
The optimal hip-preserving treatment remains a subject of controversy in patients diagnosed with osteonecrosis of the femoral head (ONFH) at ARCO stages II and III, particularly in stage III cases accompanied by femoral head collapse. This study presents, for the first time, the precise treatment of stage III ONFH using the “substitute the beam for a pillar” technique and performs a comparative finite element analysis with other hip-preserving procedures, specifically: partial replacement of the femoral head (PRFH), core decompression (CD), core decompression with fibular grafting (CDFG), and core decompression with tantalum rod implantation (CDTRI). The results showed that the PRFH prosthesis restored skeletal integrity and provided stable support, which reduced load and stress concentration on the femoral head, lowering stress levels and the risk of collapse.
The fundamental concept underlying hip-preserving surgery centers on decompression. CD entails the creation of perforations to alleviate pressure within the femoral head, yielding benefits such as enhanced blood circulation, mitigation of inflammatory responses, stimulation of new bone formation, and the achievement of pain relief. The integration of CD with tantalum rod implantation and fibular implantation (either vascularized or non-vascularized) provides structural reinforcement to the femoral head during decompression, thereby aiding load distribution and diminishing stress concentration. However, due to constraints inherent in surgical design, instrumentation, and technology, the initial surgical approach has been associated with relative operational complexity and suboptimal outcomes (Olsen et al., 2016; Zhang et al., 2022): 1) Complete necrotic bone removal is hindered by instrument limitations; 2) exclusive reliance on bone flap implantation proves inadequate in adequately supporting early postoperative mobility; 3) the procedure’s extensive and technically demanding nature contributes to pronounced donor-site morbidity and protracted rehabilitation periods; and 4) most crucially, for patients with femoral head collapse at ARCO Stage IIIB due to osteonecrosis, these techniques fail to attain satisfactory therapeutic efficacy.
This study reveals that, in term of displacement cloud map, the treatment of femoral head necrosis with PRFH enhances the overall structural stability of the femur by 49.9%–54.8% compared to the other three techniques. This is manifested by a commendable ability to withstand both compressive and tensile forces. Within the femoral model, the lowest von Mises stress extreme occurs in the PRFH group, measuring 63.3 MPa, which translates to a reduction of 16.9%–34.6% compared to alternative surgical approaches. Hence, the design of our PRFH technique, involving the removal of necrotic femoral head portions along with collapsed cartilage, facilitates the restoration of the femoral head’s surface structure. This optimization of overall mechanical performance significantly diminishes the overall stress distribution within the femur. In this study, the prosthesis partially shared the pressure on weight-bearing area, which significantly reduced the stress of the femoral head and proximal femur. The stress reduction was more pronounced than in the other three groups. The peak von Mises stress of the femoral head and proximal femur in the PRFH group were 22.8 MPa and 37.4 MPa, respectively, which were 3.1%–38.6% and 12.8%–37.4% lower than those of the other three surgical methods.
The other three methods (CD, CDFG, and CDTRI) had some limitations in biomechanical aspects. Simple core decompression (CD) has become the reference technique widely used in patients with early-stage ONFH Since popularized by Hungerford (Marker et al., 2008). But the results of CD are always debated and controversial (Koo et al., 1995; Zalavras and Lieberman, 2014b). Some studies (Hong et al., 2015; Liu et al., 2021) questioned and reported that, in fact, CD was not superior to non-surgical treatment, it cannot repair the femoral head which even lowers its biological strength and causes collapse. They found that when there is a subchondral fracture (47% in ARCO stage 3), compared with the pre-collapse stages (85% in ARCO stage 1% and 65% in ARCO stage 2), the success rate of core decompression is even worse (Mont et al., 2015). CD only relieved the intraosseous pressure in the necrotic area, but did not provide structural support or stimulate bone regeneration. CD did not prevent the progression of ONFH, and might even accelerate the collapse of the femoral head due to stress redistribution.
To address this problem, researchers applied vascularized and non-vascularized bone grafts or combined biomaterials such as tantalum metal before femoral head collapse. Nevertheless, the results of treatment outcomes reported from published studies were not consistent. The addition of non-vascularised bone-graft can provide structural support to the subchondral plate, however, procedures often require wide surgical dissection and hip dislocation with associated morbidity (Mont et al., 1998). While free vascularised fibular grafting addresses structural concerns associated with core decompression, it too requires an extensive and technically demanding surgical procedure and is associated with high donor-site morbidity and prolonged rehabilitation (Vail and Urbaniak, 1996; Louie et al., 1999). Reported failure rates following core decompression and tantalum rod implantation have ranged from 2% at 15 months (Liu et al., 2010) to 56% at 18 months (Floerkemeier et al., 2011). In addition, the risks of rod removal include tantalum debris, increased operation time, blood and bone loss, and increased risk of femoral fracture (Fernández-Fairen et al., 2012; Owens et al., 2012).
According to some studies, there is a high rate of retained tantalum debris on post-operative radiographs after total hip arthroplasty following failure of core decompression and tantalum rod implantation (Mont et al., 1998). This debris on the articular and the implant may have long-term effects (Olsen et al., 2016). According to the findings of histopathologic retrieval analysis conducted by Tanzer et al. (Tanzer et al., 2008), possible reasons for these results could be that the porous tantalum rod provided insufficient mechanical support for the subchondral bone of the necrotic area, and that there was no occurrence of bone regeneration in the necrotic area. Findings from multiple studies have reported on failure after porous tantalum rod insertion in a large number of patients, and conservative management is not an option for these patients. Thus, conversion to hip arthroplasty is the preferred treatment in most cases.
The limited lifespan of the replacement femoral head causes young patients to enter an endless cycle of repetitive revision once hip arthroplasty is chosen. Partial replacement prosthesis has a bionic porous structure that enhances the bond between the prosthesis and the surrounding tissue. The hollow structure bone graft within the partial replacement prosthesis promotes the biological fixation of the prosthesis and the surrounding healthy bone tissue, improving the stability of the prosthesis. The porous structure also alleviates the stress concentration at the interface of the prosthesis and the host bone, preventing prosthesis loosening or fracture. Moreover, this bionic structure partial replacement prosthesis can better adapt to the morphology and mechanics of the proximal femur, reducing the mismatch and stress difference between the prosthesis and the host bone, and improving their biocompatibility and mechanical stability. The peak value of the bone tunnel was measured to be 34.5 MPa, which was only lower than that of the core decompression group. Additionally, this reduced the risk of fractures around the prosthesis. The partial replacement prosthesis selectively replaces the necrotic segment of the femoral head, maintaining the integral bone and soft tissue structures of the proximal femur and hip socket. It is equipped with effective extraction instruments, ensuring minimal interference with total hip arthroplasty surgery. Therefore, partial femoral head replacement can serve as a transitional or bridging procedure for total hip arthroplasty, offering more options for young or active patients.
Research limitations and future research directions
Our study has some limitations that need to be acknowledged. First, in our study, the “ideal position” is explicitly defined as the weight-bearing region of the femoral head. If the site of femoral head necrosis is not in the ideal position and the position of the partial replacement prosthesis changes, it may potentially affect the finite element results. Second, we used a linear elastic material model for bone tissue, which might not capture the nonlinear behavior of bone under large deformation or damage. Third, we used a static loading condition for gait cycle, which might not reflect the dynamic loading condition in vivo. In this study, point loading force was applied, which may influence the calculation results, especially when the loading point is close to the ONFH site. On the other hand, the femur model we constructed did not take into account articular cartilage, which could affect the results. Additionally, long-term follow-up clinical trials are necessary to assess the stability, hip function and lifespan of partial femoral head replacement.
CONCLUSION
In conclusion, our study compared four surgical methods for ONFH using finite element analysis: PRFH, CD, CDFG, and CDTRI. The results showed that PRFH had the best biomechanical performance among the four methods, as it reduced the stress concentration and displacement in the necrotic area, increased the stress transfer to the healthy bone tissue, maintained the shape and stability of the femoral head, and restored the normal biomechanics of the hip joint. Our findings suggest that PRFH is a superior surgical method for ONFH in terms of biomechanical effects.
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Background: The cervical anterior transpedicular screw (ATPS) fixation technology can provide adequate stability for cervical three-column injuries. However, its high risk of screw insertion and technical complexity have restricted its widespread clinical application. As an improvement over the ATPS technology, the cervical anterior transpedicular root screw (ATPRS) technology has been introduced to reduce the risk associated with screw insertion. This study aims to use finite element analysis (FEA) to investigate the biomechanical characteristics of a cervical spine model after using the novel ATPRS intervertebral fusion system, providing insights into its application and potential refinement.
Methods: A finite element (FE) model of the C3-C7 lower cervical spine was established and validated. After two-level (C4-C6) anterior cervical discectomy and fusion (ACDF) surgery, FE models were constructed for the anterior cervical locked-plate (ACLP) internal fixation, the ATPS internal fixation, and the novel ATPRS intervertebral fusion system. These models were subjected to 75N axial force and 1.0 Nm to induce various movements. The range of motion (ROM) of the surgical segments (C4-C6), maximum stress on the internal fixation systems, and maximum stress on the adjacent intervertebral discs were tested and recorded.
Results: All three internal fixation methods effectively reduced the ROM of the surgical segments. The ATPRS model demonstrated the smallest ROM during flexion, extension, and rotation, but a slightly larger ROM during lateral bending. Additionally, the maximum bone-screw interface stresses for the ATPRS model during flexion, extension, lateral bending, and axial rotation were 32.69, 64.24, 44.07, 35.89 MPa, which were lower than those of the ACLP and ATPS models. Similarly, the maximum stresses on the adjacent intervertebral discs in the ATPRS model during flexion, extension, lateral bending, and axial rotation consistently remained lower than those in the ACLP and ATPS models. However, the maximum stresses on the cage and the upper endplate of the ATPRS model were generally higher.
Conclusion: Although the novel ATPRS intervertebral fusion system generally had greater endplate stress than ACLP and ATPS, it can better stabilize cervical three-column injuries and might reduce the occurrence of adjacent segment degeneration (ASD). Furthermore, further studies and improvements are necessary for the ATPRS intervertebral fusion system.
Keywords: cervical spine, anterior approach, pedicle screw, intervertebral fusion system, finite element analysis
INTRODUCTION
Based on prior research findings, it has been suggested that patients with severe cervical three-column injuries or those requiring multi-segment cervical decompression and reconstruction may not achieve sufficient stability by a solitary anterior approach fixation (Jack et al., 2017; Bayerl et al., 2019; Sethy et al., 2022). As a result, this inadequacy could potentially lead to increased postoperative complications and surgical failure (Bayerl et al., 2019). Some researchers argued that it is essential for these patients to undergo additional posterior surgery (Sethy et al., 2022). Nevertheless, the simultaneous utilization of anterior and posterior surgical approaches is linked to prolonged operative durations, increased trauma, and heightened risks (Wewel et al., 2019).
The ATPS method, as introduced by Koller et al., has demonstrated the capability to furnish enough stability through a sole anterior approach (Koller et al., 2008a). Previous investigations have revealed that the pull-out strength of ATPS surpasses that of cervical vertebral body screws (VBS) by 2.5 times, and it can yield comparable outcomes to the combined anterior and posterior surgeries (Koller et al., 2008b; Koller et al., 2009; Koller et al., 2010; Koller et al., 2015). Nevertheless, our research team, through a comprehensive series of studies on ATPS, has identified some ATPS limitations, including a heightened risk of screw insertion and technical complexity (Zhao et al., 2014; Zhao et al., 2016; Zhao et al., 2018; Li et al., 2022). Those all curtailed its widespread clinical applicability. So far, there only have been several reports on the clinical application of ATPS (Zhang et al., 2019; Pei et al., 2022). Consequently, we have undertaken enhancements to the ATPS technology, culminating in the proposal of the ATPRS technology (Zhang et al., 2022). In the sagittal plane, the head end of ATPRS is located on the axis of the pedicle; in the horizontal plane, the head end of ATPRS is positioned at the junction of the pedicle axis and the posterior edge of the vertebral body. Anatomically, the pedicle gradually widens from its narrowest point towards both sides, resembling an hourglass shape (Onibokun et al., 2009; Liu et al., 2010). The ATPRS can avoid passing the narrowest point of the cervical pedicle. So, the ATPRS technology, in theory, mitigates the risks associated with screw insertion. In our previous study, we have indicated the feasibility of the ATPRS intervertebral fusion system in the cervical spine (Ye et al., 2023). The system comprises three primary components: the insert positioned between the upper and lower vertebral bodies, the first screw connecting the upper vertebral body and the insert, and the second screw connecting the lower vertebral body and the insert. Besides, based on our previous radiographic study of the ATPRS fixed system, the screw hole positions in the cage were determined (Ye et al., 2023). However, there is a lack of direct biomechanical study. Therefore, the primary objective of this study is to conduct FEA to scrutinize and compare the alterations in range of motion (ROM) and stress distribution within the ACLP, the self-designed ATPS fixation system (ZL:201120445914), and the self-designed ATPRS intervertebral fusion system (ZL:2019202500823) in the context of a two-level discectomy decompression and bone graft fusion surgery (Zhao et al., 2018; Ye et al., 2023). This analysis can serve as a foundational basis for the subsequent design and application of the ATPRS intervertebral fusion system.
MATERIALS AND METHODS
Subject
At our hospital, we selected a healthy adult male volunteer, aged 28, with a height of 175 cm and a weight of 65 kg. This individual had no prior history of cervical spine trauma, diseases, surgeries, or related conditions. To ensure the participant’s suitability, frontal and lateral cervical spine radiographs were obtained, along with hyperextension and hyperflexion films, aimed at excluding cervical scoliosis, deformities, bone degradation, osteophytes, and cervical instability.
The study received the permission from the Ethics Committee of Ningbo No. 6 Hospital, affiliated with Ningbo University. Additionally, this study was based on image data and would not cause harm to the volunteers. It also would not disclose volunteer information. Therefore, by national legislation and institutional requirements, there was no need for participants or their legal guardians/next of kin to sign an informed consent form.
Establishment of the intact FE model
Computed tomography (CT) images (64-channel scanner, Philips, Netherlands) of the volunteers’ entire C3-C7 spinal segments were recorded onto a CD in DICOM format. Subsequently, the CT image data of the lower cervical spine were imported into Mimics 21.0 software (Materialise, Belgium) for the construction of a 3D model. The bony structures of C3-C7 were isolated within a specific threshold range, and any necessary adjustments were made using the mask editing function. Ultimately, a preliminary 3D model encompassing the entire lower cervical spine from C3 to C7 was generated through the application of the 3D calculation function. This preliminary 3D model of the lower cervical spine was then imported into the reverse engineering software Geomagic Studio 2014 (3D Systems, Inc., United States) for surface refinement and optimization, and it was saved in STP format.
The model, in STP format, was subsequently imported into Ansys Workbench 2019 (ANSYS, United States) for FE pre-processing. A meshing technique employing ten nodal cells was utilized. In Figure 1, the vertebral body comprised bone cancellous, bone cortical, and endplates, with the cortical bone set at a thickness of 0.5 mm, and the upper and lower endplates established at a thickness of 0.5 mm (Panjabi et al., 2001a). The intervertebral disc was divided into two distinct parts, the nucleus pulposus, and the annulus fibrosus, with the nucleus pulposus accounting for approximately 40% (Cai et al., 2020). Additionally, the ligaments incorporated in the model encompassed interspinous ligament, supraspinous ligament, anterior longitudinal ligament, posterior longitudinal ligament, transverse ligament, ligamentum flavum, and capsular ligaments. To optimize computational efficiency and convergence, a segmentation technique utilizing multiple two-node spring elements with only axial translational degrees of freedom was employed for the representation of the ligaments (Herron et al., 2020). While mesh-based ligament modeling may provide a more realistic appearance, it significantly hinders calculation convergence and demands extensive computational time. The spring element effectively achieves the same outcome, reducing computational time and enhancing model convergence. Material properties and element types for each tissue within the lower cervical spine model were referenced from previous literature (Table 1) (Zhao et al., 2018; Zhang et al., 2022; Manickam and Roy, 2022).
[image: Figure 1]FIGURE 1 | The intact finite element model of lower cervical spine: anterior oblique view (A), posterior oblique view (B).
TABLE 1 | Main material properties of the lower cervical finite element model.
[image: Table 1]Establishment of the two-level ACLP, ATPS, and ATPRS FE model
The complete lower cervical spine FE model was segmented in the ANSYS FEA software to create a three-column cervical injury model. Specifically, the ligaments (supraspinous, interspinous, bilateral facet joint capsules, ligamentum flavum, posterior longitudinal ligament) and the posterior part of the intervertebral disc between C4-C5 and C5-C6 were removed, leaving only a portion of the anterior longitudinal ligament.
Using Siemens NX1911 software (Siemens, Germany), we separately designed the ACLP internal fixation system, the ATPS internal fixation system, and the ATPRS intervertebral fusion system (Figure 2). Following the requirements of a two-level ACDF surgery, the C4-C5 and C5-C6 intervertebral discs were excised. The prepared three-column injury model was then combined with each internal fixation system to ensure a precise fit. For the ACLP internal fixation system, six vertebral screws with a length of 16 mm and a diameter of 4.0 mm were placed bilaterally. In the ATPS internal fixation system, three ATPS screws with a length of 30 mm and a diameter of 3.5 mm were inserted on one side, while on the other side, three vertebral screws with a length of 16 mm and a diameter of 3.5 mm were placed. In the ATPRS intervertebral fusion system, four ATPRS screws with a length of 22 mm and a diameter of 3.5 mm were inserted bilaterally. To simulate complete bony fusion, a rigid tied contact was defined between the screws, plates, cages, and vertebral bodies, which means that there is no relative displacement between screws, plates, cages, and vertebral bodies (Figure 3) (Lin et al., 2021).
[image: Figure 2]FIGURE 2 | The three internal fixation methods: the anterior cervical locked-plate (ACLP) internal fixation (A–C), the cervical anterior transpedicular screw (ATPS) internal fixation (D–F), the cervical anterior transpedicular root screw (ATPRS) intervertebral fusion system (G–I).
[image: Figure 3]FIGURE 3 | The finite element models of three internal fixation methods: the anterior cervical locked-plate (ACLP) internal fixation finite element model (A, B); the cervical anterior transpedicular screw (ATPS) internal fixation finite element model (C, D); the cervical anterior transpedicular root screw (ATPRS) intervertebral fusion system finite element model (E, F).
Loading and boundary conditions
Constraints were applied to the four FE models to keep the lower endplate of C7 completely fixed and C3 unconstrained. Based on previous literature, an axial pressure of 75 N was applied to the upper surface of the C3 vertebra to mimic the weight of the head (Zhang et al., 2022). A 1.0 Nm moment was loaded at the coupling point on the upper surface of the C3 vertebra to cause anterior flexion, posterior extension, lateral flexion, and axial rotational activity in the FE models (Lee et al., 2016; Liang et al., 2022). The ROM of cervical spine surgical segments, the stress distribution of screws, plates, fusion devices, upper endplate, and intervertebral discs were recorded for each model and analyzed comparatively.
RESULTS
Model validation
In this study, the intact lower cervical spine FE model has a total of 94245 elements and 164833 nodes, with realistic shape and good performance. In the intact lower cervical spine FE model, the ROMs at the levels of C3-C4, C4-C5, C5-6, and C6-7 were as follows: during flexion, they were 3.97°, 5.72°, 4.32°, and 3.11°, respectively; during extension, they were 2.16°, 3.89°, 6.48°, and 3.96°, respectively; during lateral bending, they were 6.86°, 5.62°, 2.90°, and 2.74°, respectively; and during axial rotation, they were 6.76°, 5.04°, 2.90°, and 2.30°, respectively. In Figure 4, the ROMs of the model were in high agreement with the previous study, which indicates the validity of the present study model (Panjabi et al., 2001b; Kallemeyn et al., 2010; Lee et al., 2016; Zhang et al., 2022). And this FE model could be used in the later study.
[image: Figure 4]FIGURE 4 | Comparison of the range of motion (ROM) of the intact three-dimensional finite element model of C3-C7 with the previous biomechanical studies. ROM in flexion (A). ROM in extension (B). ROM in lateral bending (C). ROM in axial rotation (D).
ROMs of the cervical spine surgical segments
As illustrated in Figure 5, the ROMs for flexion, extension, lateral bending, and axial rotation in the intact surgical segments (C4-C6) were measured at 10.04°, 10.37°, 8.52°, and 7.94°, respectively. Following the two-level corpectomy procedure, the three internal fixation methods substantially reduced the ROMs in C4-C6. Specifically, the ATPRS model demonstrated a 93.3% reduction in mobility in flexion, while the ATPS model showed a 20.0% reduction compared to the ACLP model. In extension, the ATPRS model exhibited a 53.3% reduction, and the ATPS model showed an 11.6% reduction compared to the ACLP model. In lateral bending, the ATPRS intervertebral fusion system increased mobility by 13.3% compared to the ACLP model but the ATPS model decreased mobility by 20.0% compared to the ACLP model. Regarding axial rotation, the ATPRS intervertebral fusion system decreased mobility by 3.2% compared to the ACLP model, while the ATPS model increased it by 12.9%. Furthermore, all three internal fixation methods resulted in increased ROMs in the C3-C4 segment due to the fixed fusion of the surgical segments.
[image: Figure 5]FIGURE 5 | Comparisons of the range of motion (ROM) of the surgical segments (C4–C6) between the intact model and three internal fixation models (ACLP, ATPS, ATPRS): ROM in flexion (A). ROM in extension (B). ROM in lateral bending (C). ROM in axial rotation (D).
Stress of internal fixation system
As depicted in Table 2, when subjected to a load of 1.0 Nm, the ATPRS model exhibited maximum bone-screw interface stresses of 32.69 MPa, 64.24 MPa, 44.07 MPa, and 35.89 MPa during flexion, extension, lateral bending, and axial rotation, respectively. These values were all lower than those of the ATPS model and ACLP model. The ATPS model exhibited higher maximum bone-screw interface stresses than the ACLP model in lateral bending and axial rotation but lower stresses in flexion and extension. In terms of plate stresses, the maximum von Mises stresses were predominantly at the screw-plate interface. In flexion, extension, and lateral bending, the ATPS model has higher plate stresses than the ACLP model, except for axial rotation (Table 3).
TABLE 2 | The maximum von Mises stresses at the bone-screw interface of the three internal fixation models (ACLP, ATPS, ATPRS) (MPa).
[image: Table 2]TABLE 3 | The maximum von Mises stresses on the plate of the three internal fixation models (ACLP, ATPS, ATPRS) (MPa).
[image: Table 3]Regarding the cage stresses (Table 4), at the C4-C5 level in the ACLP model, the maximum von Mises stress values for flexion, extension, lateral bending, and axial rotation were 62.89, 29.72, 37.88, and 38.28 MPa, respectively. For the ATPS model, these respective values were 62.37, 30.98, 80.16, and 38.26 MPa, while for the ATPRS model, they were 90.02, 85.24, 50.19, and 39.90 MPa. At the C5-C6 level, in the ACLP model, the maximum von Mises stress values for flexion, extension, lateral bending, and axial rotation were 50.57, 46.19, 70.98, and 39.07 MPa, respectively. For the ATPS model, these respective values were 86.49, 45.57, 70.79, and 38.54 MPa, while for the ATPRS model, they were 95.25, 59.26, 89.94, and 23.85 MPa. Stress distribution maps for the internal fixation system (screws, plates, cage) under flexion, extension, lateral bending, and axial rotation conditions are illustrated in Figures 6, 7.
TABLE 4 | The maximum von Mises stresses on the cages of the three internal fixation models (ACLP, ATPS, ATPRS) (MPa).
[image: Table 4][image: Figure 6]FIGURE 6 | Stress cloud map of the screw–bone interface and plate of three internal fixation models (ACLP, ATPS, ATPRS) in flexion, extension, lateral bending, and axial rotation.
[image: Figure 7]FIGURE 7 | Stress cloud map of the cage of three internal fixation models (ACLP, ATPS, ATPRS) in flexion, extension, lateral bending, and axial rotation.
Stress on the upper endplate
In Table 5, for the upper endplate of C5, the intact model exhibited maximum stresses were 8.91, 11.08, 12.24, and 6.03 MPa during flexion, extension, lateral bending, and axial rotation, respectively; In the ACLP model, these values were 17.18, 41.50, 53.28, and 26.82 MPa, respectively; In the ATPS model, these values were 50.12, 44.35, 78.40, and 30.29 MPa, respectively; In the ATPS model, these values were 116.55, 98.52, 54.85, and 36.38 MPa, respectively. For the upper endplate of C6, the intact model exhibited maximum stresses were 8.61, 10.55, 8.99, and 5.16 MPa during flexion, extension, lateral bending, and axial rotation, respectively; In the ACLP model, these values were 18.15, 53.30, 37.34, and 47.04 MPa, respectively; In the ATPS model, these values were 18.05, 55.36, 40.23, and 48.53 MPa, respectively; In the ATPS model, these values were 19.34, 60.29, 52.69, and 24.91 MPa, respectively.
TABLE 5 | The maximum von Mises stresses on the upper endplate of the four models (INTACT, ACLP, ATPS, ATPRS) (MPa).
[image: Table 5]Stress on the intervertebral disc
Figure 8 illustrates the maximum von Mises stresses of the C3-C4 and C6-C7 intervertebral discs. For the C3-C4 intervertebral disc, the maximum von Mises stresses in the intact model during flexion, extension, lateral bending, and axial rotation were 8.82, 7.85, 8.30, and 8.71 MPa, respectively. In the ACLP model, these values were 11.11, 11.58, 12.01, and 10.73 MPa, while in the ATPS model, they were 11.39, 11.56, 11.93, and 10.63 MPa, and in the ATPRS model, they were 10.55, 10.66, 10.55, and 9.69 MPa, respectively. As for the C6-C7 intervertebral disc, the maximum von Mises stresses in the intact model during flexion, extension, lateral bending, and axial rotation were 5.49, 6.25, 4.07, and 2.84 MPa, respectively. In the ACLP model, these values were 6.46, 7.79, 4.49, and 4.33 MPa, while in the ATPS model, they were 6.46, 7.35, 4.51, and 4.33 MPa, and in the ATPRS model, they were 6.04, 6.83, 4.25, and 3.83 MPa, respectively. The stress distribution of the C3-C4 and C6-C7 intervertebral discs is depicted in Figure 9.
[image: Figure 8]FIGURE 8 | Comparisons of the von Mises stress of the adjacent intervertebral disc between the intact model and three internal fixation models (ACLP, ATPS, ATPRS) in flexion, extension, lateral bending, and axial rotation: the stress on the C3-C4 intervertebral disc (A), the stress on the C6-C7 intervertebral disc (B).
[image: Figure 9]FIGURE 9 | Stress cloud map of the adjacent intervertebral disc of the intact model and three internal fixation models (ACLP, ATPS, ATPRS) in flexion, extension, lateral bending, and axial rotation: the stress cloud map of the C3-C4 intervertebral disc (A), the stress cloud map of the C6-C7 intervertebral disc (B).
DISCUSSION
FEA is a valuable method for investigating biomechanics in models. The primary steps involve establishing and validating the FE model. Once validated, the model can effectively accommodate various constraints, loading conditions, and material properties for different tests conducted by researchers (Wang et al., 2023). Consequently, this analysis method has been widely utilized in cervical spine biomechanics research (Lin et al., 2021; Zhang et al., 2022; Liang et al., 2022). In this study, we used cervical spine CT imaging data from a healthy adult male to rebuild the intact FE model of the lower cervical spine, and FE models of ACLP, ATPS, and ATPRS internal fixation methods were simultaneously established. This study aims to explore the biomechanical characteristics of the cervical spine FE model after using the self-designed ATPRS intervertebral fusion system. We applied 75N axial pressure and 1.0 Nm to the intact model, and the ROMs in flexion, extension, lateral bending, and axial rotation aligned with findings from previous studies (Figure 4), demonstrating the reliability of the FE model used in this study.
Through the analysis of the tests, all three internal fixation methods effectively reduced the mobility of the surgical segment. Moreover, the FE model of the ATPRS intervertebral fusion system exhibited the most substantial reduction in mobility for the C4-C6 segment during flexion, extension, and rotation. However, compared with the ACLP model and ATPS model, the ROM of the C4-C6 segment showed slightly greater during lateral bending in the ATPRS model. These collective findings suggested that the ATPRS intervertebral fusion system can provide adequate stability for cervical three-column injuries and was superior to the ATPS and ACLP internal fixation systems. Adjacent segment degeneration (ASD) is a common complication after cervical spine surgery, with its risk factors including a compensatory increase in the ROM of non-fused segments (Wong et al., 2020). Previous studies have indicated that the loss of mobility in the fused segment leads to a compensatory increase in the mobility of the non-fused segments after surgery (Hua et al., 2020; Choi et al., 2021), consistent with our present study. Specifically, we observed a more obvious compensatory increase in ROM for C3-C4, while the increase in ROM for C6-C7 was less significant. This result may indicate a higher risk of degeneration in the upper adjacent segments.
We observed that the maximum stress at the bone-screw interface in the ATPRS model was consistently lower than that in the ACLP and ATPS models, regardless of the type of movement (Table 2). This finding may suggest a reduced risk of postoperative complications such as screw loosening or fracture in the ATPRS intervertebral fusion system (Lin et al., 2021). Additionally, during lateral bending and axial rotation, the maximum stress at the bone-screw interface in the ATPS model was 129.62 and 60.94 MPa, respectively, which was higher than that of the ATPRS model and the ACLP model. This difference may be attributed to the asymmetric design of the ATPS internal fixation system, resulting in greater stress on the side with deeper insertion. However, the maximum stress at the bone-screw interface in the ATPS model was lower than that in the ACLP model during flexion and extension. The stress cloud map indicated that the maximum stress on the screws and plates mainly occurs at the contact area between the screws and plates, consistent with previous studies (Li et al., 2022) (Figure 6). In Table 3, the maximum stress on the plate in the ATPS model was greater than that in the ACLP model during flexion, extension, and lateral bending, but lower during axial rotation.
Cage subsidence, a common complication after ACDF surgery, occurs at a rate of approximately 20.0% (Noordhoek et al., 2018). While mild cage subsidence generally does not lead to corresponding symptoms, severe cage subsidence may result in foraminal stenosis, local kyphotic deformity, recurrent pain symptoms, and even reoperation (Brenke et al., 2015; Pinter et al., 2022; Pinter et al., 2023). The stress on the vertebral endplate to some extent reflects the likelihood of cage subsidence and greater endplate stress often leads to a higher risk of cage subsidence (Shen et al., 2022). In our study, the upper endplate stresses of the three internal fixation models all exceed that of the intact model. Specifically, in most cases, the upper endplate stresses of the ATPRS model were greater than that of the ACLP model and the ATPS model. This might imply a potentially greater risk of cage subsidence in the ATPRS intervertebral fusion system (Ahn et al., 2023). Previous studies have similarly indicated that the rate of subsidence with a plate and cage combined is lower than that with a standalone cage and screws (Xu et al., 2020; Dhar et al., 2023). In terms of cage stress, during flexion, stress was mainly concentrated on the anterior side of the cage; during extension, stress was primarily concentrated on the posterior side of the cage; during lateral bending, stress was mainly concentrated on both sides of the cage; during compression, stress was mainly distributed around the edges of the cage. Additionally, the screw holes in the ATPRS model’s cage were also areas of stress concentration. During the processes of flexion, extension, and lateral bending, the maximum stress on the cage in the ATPRS model was greater than that in the ACLP and ATPS models, except for the maximum stress on the cage at C4-C5 during lateral bending, where the ATPRS model was lower than the ATPS model. The possible reason for these results was that the plate shares some of the force, leading to less pressure on the fusion cage in the ACLP and ATPS models during movement. However, during axial rotation, the maximum stress on the fusion cage in the ATPRS model at C5-C6 was lower than that in the ACLP and ATPS models. This difference may be due to the direction of the torque during rotational movement, which was perpendicular to the long axis of the cervical spine and did not directly act on the fusion cage.
In the stress distribution map (Figure 9), the stresses on the adjacent intervertebral discs in the four models were observed to be concentrated at the anterior edge, posterior edge, posterior lateral edge, and posterior lateral edge during flexion, extension, lateral bending, and axial rotation, respectively. This spatial distribution aligned with the primary compression positions of the intervertebral discs during cervical spine movement in various directions. Additionally, the stress on the intervertebral discs in the three postoperative internal fixation models consistently surpassed that in the intact model during each type of motion. Similar findings have been reported in related research (Eck et al., 2002; Wu et al., 2019; Zhang et al., 2022). For instance, Eck et al. (Eck et al., 2002)demonstrated a notable increase in pressure on the adjacent intervertebral discs following cervical spine fusion surgery based on cadaveric cervical spine studies. Similarly, Wu et al. (Wu et al., 2019)identified an increase in stress on the adjacent intervertebral discs after the insertion of a cage at C3-C4 and C5-C6 in a FE model of the cervical spine. Notably, the stress on the adjacent intervertebral discs is closely associated with the development of adjacent segment degeneration (ASD) (Arun et al., 2009). In Figure 8, it was evident that the maximum stresses on the adjacent intervertebral discs in the ATPRS model during flexion, extension, lateral bending, and axial rotation were 10.55, 10.66 MPa, 10.55, and 9.69 MPa in C3-C4 and were 6.04, 6.83, 4.25, and 3.83 MPa in C6-C7. Those values consistently remained lower than those in the ACLP and ATPS models. This observation may suggest a reduced risk of ASD occurrence when utilizing the ATPRS intervertebral fusion system, thereby retaining the advantages associated with a zero-profile fusion cage (Li et al., 2020; Ahn et al., 2023).
Several limitations are present in this study. Firstly, the FE model, due to its omission of the influence of neck muscles, cannot fully replicate physiological cervical spine movement. Consequently, the analytical results may exhibit discrepancies with actual clinical outcomes. And vitro biomechanical studies of the ATPRS intervertebral fusion system need to be improved in further study. Secondly, in this study, the screw model was simplified and lacked threads to ensure better convergence of the FE model. Thirdly, the FE model was reconstructed from cervical spine CT images of a healthy adult, without accounting for conditions such as osteoporosis, osteophytes, and intervertebral disc degeneration. As such, its representativeness is limited, warranting further comprehensive investigation.
In conclusion, although the novel ATPRS intervertebral fusion system generally led to higher endplate stress and may increase the risk of cage subsidence compared to ACLP and ATPS, it can provide more significant benefits in terms of reconstructing the stability of cervical spine three-column injury and preventing ASD. Additionally, further research and improvement of the ATPRS intervertebral fusion system are still required, including in vitro animal or cadaveric cervical spine experiments.
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Biomechanical evaluation on a new type of vertebral titanium porous mini-plate and mechanical comparison between cervical open-door laminoplasty and laminectomy: a finite element analysis
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Objective: Compare the spine’s stability after laminectomy (LN) and laminoplasty (LP) for two posterior surgeries. Simultaneously, design a new vertebral titanium porous mini plate (TPMP) to achieve firm fixation of the open-door vertebral LP fully. The objective is to enhance the fixation stability, effectively prevent the possibility of “re-closure,” and may facilitate bone healing.
Methods: TPMP was designed by incorporating a fusion body and porous structures, and a three-dimensional finite element cervical model of C2-T1 was constructed and validated. Load LN and LP finite element models, respectively, and analyze and simulate the detailed processes of the two surgeries. It was simultaneously implanting the TPMP into LP to evaluate its biomechanical properties.
Results: We find that the range of motion (ROM) of C4-C5 after LN surgery was greater than that of LP implanted with different plates alone. Furthermore, flexion-extension, lateral bending, and axial rotation reflect this change. More noteworthy is that LN has a much larger ROM on C2-C3 in axial rotation. The ROM of LP implanted with two different plates is similar. There is almost no difference in facet joint stress in lateral bending. The facet joint stress of LN is smaller on C2-C3 and C4-C5, and larger more prominent on C5-C6 in the flexion-extension. Regarding intervertebral disc pressure (IDP), there is little difference between different surgeries except for the LN on C2-C3 in axial rotation. The plate displacement specificity does not significantly differ from LP with vertebral titanium mini-plate (TMP) and LP with TPMP after surgery. The stress of LP with TPMP is larger in C4-C5, C5-C6. Moreover, LP with TMP shows greater stress in the C3-C4 during flexion-extension and lateral bending.
Conclusion: LP may have better postoperative stability when posterior approach surgery is used to treat CSM; at the same time, the new type of vertebral titanium mini-plate can achieve almost the same effect as the traditional titanium mini-plate after surgery for LP. In addition, it has specific potential due to the porous structure promoting bone fusion.
Keywords: finite element analysis, biomechanics, laminectomy, laminoplasty, titanium miniplate, cervical spondylotic myelopathy
1 INTRODUCTION
Cervical Spondylotic Myelopathy (CSM) is a type of cervical spondylosis, which mainly refers to the degeneration of the intervertebral connection structure of the cervical spine, resulting in spinal cord compression or ischemia and, subsequently, spinal cord dysfunction (Xiong et al., 2015; Ghogawala et al., 2021). It is critical to realize that cervical spinal cord injury could be traumatic or non-traumatic. Cervical spondylosis with neuropathy and myelopathy comes under non traumatic spinal cord injury (Goel et al., 2018; Tyagi et al., 2019). CSM accounts for 10%–15% of cervical spondylosis and is the most common cause of spinal cord dysfunction worldwide (Badhiwala et al., 2020). Currently, the main posterior surgical methods for CSM include LN and LP. The purpose of LP is to open and expand the vertebral canal, causing the cervical spinal cord to drift backwards and alleviating the patient’s symptoms (Wang et al., 2022). Lumbar LN and fusion can expand the spinal canal, shift the cervical segment of the spinal cord backwards, release pressure, and significantly stabilize the cervical spine. The computed endpoints may not be adequate to make firm conclusions, although several prior meta-analyses have compared LP and LF in the treatment of CSM and ossification of the posterior longitudinal ligament (Lee et al., 2016; Ma et al., 2018; Yuan et al., 2019). There is currently limited research on the biomechanical effects of the cervical spine after LN and LP. In the original LP outlined by Hirabayashi, the vertebral lamina is reconstructed through suturing and fixation. Although the long-term neurological results of cervical LP with suture fixation have been satisfactory (Suk et al., 2007; Okada et al., 2009), LP re-closure is also considered a problem related to this surgery. Matsumoto et al. (Matsumoto et al., 2008) reported that up to 34% of patients have varying degrees of lamina re-closure at one or more segments after LP using suture fixation. There are also some clinical reports indicating the risk of re-closure between the vertebral lamina and lateral mass (Wang et al., 2011). At the same time, existing LP also has some defects, such as the risk of re-closure of the vertebra, the possibility of intraoperative self-bone transplantation, and the inability of the solid structure of the spacer to promote bone fusion.
Cervical biomechanics research primarily uses in vitro and in vivo models. Obtaining human specimens is exceedingly tricky because of medical ethics and conventional ethics limits, even though body specimens have good human representativeness and can effectively support cervical biomechanics research (Cho et al., 2022; Silva et al., 2023). Furthermore, the broad restrictions imposed by medical ethics restrict the utilization of human living models. However, the progression of science and technology has facilitated the introduction of computer simulation technology and finite element analysis methods, presenting novel approaches and technologies for investigating cervical biomechanics. (Sun et al., 2022; Gerringer et al., 2023). Finite element analysis can be utilized to compare the biomechanical properties of the cervical spine under physiological or pathological conditions by altering parameters and analyzing their effects. This enables an examination of pathological processes’ impact on the cervical spine’s mechanical characteristics (Srinivasan et al., 2021; Frantsuzov et al., 2023; Hsieh et al., 2023). This method can evaluate the biomechanical effects of various spinal surgeries and assess the mechanical stability of different implants by calculating and analyzing parameters such as ROM, IDP, facet joint stress, and stress in the spinal cord, among other factors. (Chen et al., 2020; Lin et al., 2023; Wang et al., 2023).In this study, we developed finite element models of the healthy C2-T1, C3-C6 LN, C3-C6 LP, and C3-C6 LP with vertebral TPMP. This research aims to improve and optimize the current vertebral plate fixation system, devise a novel vertebral plate fixation system, and assess the biomechanical effects following LN and LP.
2 MATERIALS AND METHODS
2.1 Design process of a new type of vertebral titanium mini-plate
The design process is depicted in Figure 1. Initially, the traditional vertebral TMP implanted in LP (Ke et al., 2021; Liang et al., 2023) is extracted (Figure 1A). It has come to our attention that there is a lack of spacer (Figure 1B) between the vertebral lamina and lateral mass. We introduced a fusion body (Figure 1C) to address this issue while incorporating serrations to prevent extraction. Afterwards, fill the fusion body with a porous structure (Figure 1D). The parameters of the porous structure include a small beam diameter of approximately 200 μm. This process completed the design of the vertebral TPMP (Figure 1E).
[image: Figure 1]FIGURE 1 | The design process of TPMP. (A) Extracting traditional spinal TMP implanted with LP. (B) A lack of spacer between the vertebral lamina and lateral mass. (C) The combination of fusion body and TMP. (D) Fusion body filled with porous structure. (E) The overall appearance of TPMP.
2.2 Establishment of a complete finite element model of the cervical spine
The subject of this study is a healthy volunteer (male, age 26, height 174 cm, weight 66 kg). The participants’ dual-source CT scans were acquired at 0.625 mm intervals (SOMATOM Definition AS +, Siemens, Germany). Furthermore, we established a three-dimensional finite element model of the C2-T1 cervical spine using DICOM data (Ahn et al., 2023). The research was carried out following the guidelines in the Declaration of Helsinki. This study was reviewed by the Medical Ethics Committee of Southern Hospital of Southern Medical University, and the participants signed an informed consent form (license number: 1, date: 2 January 2022).
The complete cervical spine model comprises seven vertebrae, six intervertebral discs, and related ligaments. It is a detailed three-dimensional finite element model based on cross-sectional CT images. The DICOM format imaging files of healthy volunteers should be read by the medical 3D reconstruction software MIMICS 21.0 (Materialize, Leuven, Belgium). Then, reconstruct the geometric structure of the cervical vertebrae through threshold segmentation, editing masks, cavity filling, and other operations. Subsequently, the data was imported into the reverse engineering software Geomagic Studio 2017 (Geomagic, NC, USA) for smoothing, converted into corresponding geometric entities, and exported as an STP file. Then, the C2-T1 vertebral model of the cervical spine was imported into Solidworks 2021 (France, Dassault Company) to generate a computer-aided design (CAD) model of the cervical spine. The models of the cortical bone, cancellous bone, facet joint, fibrous ring, nucleus pulposus, and endplate cartilage were created based on the contours of the cervical spine vertebra (Mo et al., 2015). At last, the finite element model was analyzed using the finite element analysis software Ansys (ANSYS Ltd., Canonsburg, Pennsylvania, United States).
The C2-T1 finite element model can be divided into cortical bone, cancellous bone, intervertebral disc (IVD), facet joints, and related ligaments (Figure 2A). Cortical bone is constructed as a tetrahedron with a thickness of 0.5 mm (Hua et al., 2020). The intervertebral disc (IVD) comprises annulus fibrosus and nucleus pulposus. The nucleus pulposus is located near the centre of the intervertebral disc and accounts for 40% of the intervertebral disc (Li et al., 2021; Tang et al., 2022). The endplate is a tetrahedron with a thickness of 0.5 mm. The facet joint is recognized as cartilage tissue and has frictionless sliding contact with its upper and lower vertebrae (Lin et al., 2023). The ligaments consist of Anterior longitudinal ligament, Posterior longitudinal ligament, Ligamentum flavum, Interspinous ligament, Supraspinous ligament, and Transverse ligament. These ligaments were established with nonlinear tension only spring elements (Wang et al., 2017; Xu et al., 2022). The material characteristics of the model are listed in Figure 2B and Table 1 (Cai et al., 2020; Guo H. et al., 2021; Guo X. et al., 2021).
[image: Figure 2]FIGURE 2 | Intact C2-T1 spine finite element model and material properties of the ligaments. (A) Intact C2-T1 spine finite element model. (B) Material properties of the ligaments.
TABLE 1 |  Material characteristics of three-dimensional finite element model of cervical spine.
[image: Table 1]2.3 Finite element models of C3-C6 LN
In order to simulate LN on a cervical spine model, a portion of the interspinous ligament (ISL), supraspinal ligament (SSL), and ligamentum flavum (target segment) were removed, and then some of the lamina elements and spinous processes were removed until the medial side of the facet joint was shown (Song et al., 2014; Nishida et al., 2022). This method creates a LN model at the C3–C6 level (Figure 3A).
[image: Figure 3]FIGURE 3 | The finite element models of different posterior approach surgeries on C3-C6. (A) The finite element models of C3-C6 LN. (B) The finite element models of C3-C6 LP + TMP. (C) The finite element models of C3-C6 LP + TPMP.
2.4 Finite element models of C3-C6 LP with TMP
As shown in Figure 3B, LP was performed at the C3-C6 segment. This is developed based on the surgical method proposed by Hirabayashi et al. (Hirabayashi et al., 2010). Firstly, remove the ligaments flavum, interspinal ligament, and supraspinal ligament from C3-C6, and then create a V-shaped opening on the hinge side of the vertebral plate, with a width of 12 mm on the opening side. The vertebral plate is fixed with titanium alloy and screws, and the material properties of titanium alloy are as follows: Young’s modulus is 110 Gpa, and Poisson’s ratio is 0.3 (Xu et al., 2022).
2.5 Finite element models of C3-C6 LP with TPMP
The surgical method is similar to LP. Replace the traditional TMP with TPMP as an implant, which is fixed with screws and is still considered as titanium alloy material (As shown in Figure 3C).
2.6 Boundary and model validation
To validate the intact finite element model of the cervical spine, the lower surface of the T1 vertebra was fixed within 6 degrees of freedom (Mo et al., 2015). Additionally, a vertical load of 73.6 N and a moment of 1.0 Nm were applied on the upper surface of C2 to replicate the spinal movements in forward flexion, backward extension, left and right lateral bending, and axial rotation (Hua et al., 2020; Ke et al., 2021). The range of motion, intervertebral disc pressure, von-Mises stress in the facet joint, and stress in the vertebral plate of the spine were analyzed. Furthermore, the biomechanical effects of various surgical techniques and post-operative implants were investigated.
3 RESULT
3.1 Model validation
Comparative analysis was conducted between the current intact finite element model of the cervical spine and three prior biomechanical studies to assess the efficacy of the aforementioned finite element model (Moroney et al., 1988; Panjabi et al., 2001; Finn et al., 2009). The projected degree of flexion extension, lateral bending, and axial rotation of the entire cervical spine model is congruous with the findings of previous experimental research investigations (Figure 4). A considerably favourable concurrence existed between our experimental data and the reference data. The results indicate that the model can effectively and reasonably predict the biomechanical properties of the cervical spine.
[image: Figure 4]FIGURE 4 | Comparison of the ROM of the intact three-dimensional finite element models of C2-T1 with the prior biomechanical studies. (A) ROM in flexion-extension. (B) ROM in lateral bending. (C) ROM in axial rotation.
3.2 Analysis of biomechanical effects of two different posterior surgical methods for C3-C6 after surgery
It can be found that the ROM of C4-C5 after LN surgery surpassed that of LP implanted with different plates alone. This change manifests in flexion-extension, lateral bending, and axial rotation. More noteworthy is that LN has a much larger ROM on C2-C3 in axial rotation. In general, the ROM implanted with two different plates in LP is similar (Figure 5). As for the stress of the facet joints, there is little difference between different surgeries during lateral bending. The facet joint stress of LN is smaller on C2-C3 and C4-C5, and larger more prominent on C5-C6 in the flexion-extension (Figure 6). Regarding intervertebral disc pressure (IDP), there is not much difference between different surgeries except for the LN on C2-C3 in axial rotation (Figure 7).
[image: Figure 5]FIGURE 5 | ROM of different posterior approach surgeries on C3-C6. (A) ROM in flexion-extension. (B) ROM in lateral bending. (C) ROM in axial rotation.
[image: Figure 6]FIGURE 6 | Stress of the facet joints different posterior approach surgeries on C3-C6. (A) Stress of the facet joints in flexion-extension. (B) Stress of the facet joints in lateral bending. (C) Stress of the facet joints in axial rotation. (D) Stress distribution of LN in flexion-extension. (E) Stress distribution of LP + TMP in flexion-extension. (F) Stress distribution of LP + TPMP in flexion-extension.
[image: Figure 7]FIGURE 7 | Stress of the IDP of different posterior approach surgeries on C3-C6. (A) The IDP in flexion-extension. (B) The IDP in lateral bending. (C) The IDP in axial rotation.
3.3 Biomechanical analysis of C3-C6 LP with TMP and TPMP
By extracting and comparing data between different implanted plates, it was found that the displacement of the vertebral TMP and TPMP was almost the same, and they both gradually increased with the elevation of the segment (Figure 8). The stress of LP with TPMP is larger in C4-C5, C5-C6. And LP with TMP shows greater stress in the C3-C4 during flexion-extension and lateral bending (Figure 9).
[image: Figure 8]FIGURE 8 | Comparison of the displacement of the C3-C6 LP with TMP and TPMP. (A) Displacement in flexion-extension. (B) Displacement in lateral bending. (C) Displacement in axial rotation.
[image: Figure 9]FIGURE 9 | Comparison of the plate von-Mises stress of the C3-C6 LP with TMP and TPMP. (A) Plate stress in flexion-extension. (B) Plate stress in lateral bending. (C) Plate stress in axial rotation. (D) Stress distribution of LP + TMP in flexion-extension. (E) Stress distribution of LP + TPMP in flexion-extension.
4 DISCUSSION
This study aims to compare various biomechanical indicators after LP and LN, as well as the biomechanical effects of LP using TPMP in the treatment of CSM. The biomechanical results indicate that the ROM of C4-C5 after LN surgery was greater than that of LP implanted with different plates alone. Furthermore, flexion-extension, lateral bending, and axial rotation reflect this change. LN results in a significantly more extensive ROM on C2-C3 in axial rotation. The ROM implanted with two different plates in LP is similar. There is almost no difference in facet joint stress in lateral bending. The facet joint stress of LN is smaller on C2-C3 and C4-C5 and more prominent on C5-C6 in the flexion-extension. The facet joint stress of LP with TPMP is smaller on C2-C3 and C4-C5 in the axial rotation compared with LN. This indicates that LP with TPMP can achieve biomechanical effects similar to LN, even better at specific segments and degrees of freedom. Regarding intervertebral disc pressure (IDP), there is little difference between different surgeries except for the LN on C2-C3 in axial rotation. The Increased IDP and facet joint stress of LN on C2-C3 in the axial rotation may be related to ROM. Greater ROM may generate greater stress. TMP and TPMP are almost identical in displacement. The stress of LP with TPMP is larger in C4-C5, C5-C6. And LP with TMP shows greater stress in the C3-C4 during flexion-extension and lateral bending.
The cornerstone of treatment for CSM is spinal canal decompression with cervical LN. This operation aims to expand the back of the cervical spine by removing the spinous processes, lamina, ligamentum flavum, and enlarged bone that cause spinal stenosis (Brown et al., 2021). A dorsal approach is the most effective treatment for patients with congenital spinal stenosis and dorsal compression. In this sense, cervical LN is still a helpful treatment option for CSM (Lu, 2007). Several studies have constructed finite element models for posterior cervical LN and analyzed the resultant alterations in stress distribution within the intervertebral discs and the mobility of the vertebral bodies (Hong-Wan et al., 2004; Ng et al., 2005). Some literature analyses the biomechanical effects and instability based on the range of the posterior bone and ligament complex resection of the LN surgery using finite element technology (Khuyagbaatar et al., 2017). LN was previously considered the “gold standard” for treating CSM, but postoperative cervical instability limited its use (Lu, 2007; Highsmith et al., 2011). In this study, it is possible that LN removed the spinous process and part of the vertebral lamina, resulting in a larger ROM of the entire cervical spine in the flexion and extension direction.
LP is the surgical process of reconstructing the vertebral lamina after opening the spinal canal. The general surgical principle is to create one or more hinges for opening the door, and the vertebral lamina is lifted but not removed on the hinges. This process increases the cross-sectional area of the vertebral canal, relieves spinal cord compression, and then implants multiple segments with vertebral TMPs (Kurokawa and Kim, 2015; Cho et al., 2018). Currently, cervical LN and cervical LP (single or double door) are the main implementation methods of cervical posterior decompression surgery. These two surgical methods have become classic surgeries, but there has yet to be a significant innovation in the specific vertebral TMP for cervical LP in recent decades. In 1997, it was first reported that patients with Hypertrophic spinal pachymeningitis underwent LP, which confirmed that spinal canal decompression and autologous bone graft were acceptable treatment methods for young patients (Kanamori et al., 1997). In recent years, a research team has designed and implemented a technique for inserting an autologous bone spacer between the opened lamina and lateral mass, but without the need for suturing and fixing autologous bone spacer and plates (Kono et al., 2021). Due to the limited number of autologous bone donor sites, long surgical time, and pain in the autologous bone donor site during surgery, HA spacers have been used in LP. This study expands the surgical scope of LP (Goto et al., 2002; Takayasu et al., 2002). In the experimental study of hydroxyapatite/alginate composite injection of three-dimensional polylactic acid scaffolds and mesenchymal stem cells as spacers for LN, the application of the scaffolds has biocompatibility similar to autologous bone graft (Rahyussalim et al., 2022). The above research prompted our team to design a new type of vertebral titanium porous mini-plate, which allows the original TMP to have spacers. Due to the presence of spacers, the risk of vertebral lamina re-closure can be reduced. In addition, TPMP can potentially promote bone fusion due to its porous titanium alloy structure.
There are also some limitations in this study. Firstly, due to the lack of muscles and tendons in this finite element model, it is impossible to simulate various states of the cervical spine accurately. Secondly, the attributes of the intact cervical spine material are outlined as linear and isotropic while ignoring the anisotropy of the material. Therefore, this model has specific differences from the actual human body. Thirdly, a three-dimensional finite element model of a healthy volunteer, which cannot simulate the neck condition of patients with CSM was used as the research object. However, this study can clarify the effects of LN, LP, and LP with TPMP on intervertebral discs and facet joints. Meanwhile, future research should focus on the ability of this TPMP to promote bone fusion. This finite element model helps to infer the application strategies of different posterior cervical surgeries and implants.
5 CONCLUSION
When using posterior surgery to treat CSM, LP may have better immediate postoperative stability than LN. LP can perform spinal cord decompression without significantly altering the cervical ROM. TPMP can achieve biomechanical effects similar to TMP during LP. In addition, due to the presence of porous structures in TPMP that promote bone fusion, it has a particular potential value.
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Long-term continuous instrumented insole-based gait analyses in daily life have advantages over longitudinal gait analyses in the lab to monitor healing of tibial fractures
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Introduction: Monitoring changes in gait during rehabilitation allows early detection of complications. Laboratory-based gait analyses proved valuable for longitudinal monitoring of lower leg fracture healing. However, continuous gait data recorded in the daily life may be superior due to a higher temporal resolution and differences in behavior. In this study, ground reaction force-based gait data of instrumented insoles from longitudinal intermittent laboratory assessments were compared to monitoring in daily life.
Methods: Straight walking data of patients were collected during clinical visits and in between those visits the instrumented insoles recorded all stepping activities of the patients during daily life.
Results: Out of 16 patients, due to technical and compliance issues, only six delivered sufficient datasets of about 12 weeks. Stance duration was longer (p = 0.004) and gait was more asymmetric during daily life (asymmetry of maximal force p < 0.001, loading slope p = 0.001, unloading slope p < 0.001, stance duration p < 0.001).
Discussion: The differences between the laboratory assessments and the daily-life monitoring could be caused by a different and more diverse behavior during daily life. The daily life gait parameters significantly improved over time with union. One of the patients developed an infected non-union and showed worsening of force-related gait parameters, which was earlier detectable in the continuous daily life gait data compared to the lab data. Therefore, continuous gait monitoring in the daily life has potential to detect healing problems early on. Continuous monitoring with instrumented insoles has advantages once technical and compliance problems are solved.
Keywords: digital medicine, fracture, ground reaction force, injury, pedography, postoperative treatment, rehabilitation, wearable sensors
1 INTRODUCTION
Bone healing is a process that requires appropriate biomechanical conditions (Barcik and Epari, 2021) and blood supply (Lu et al., 2007; Keramaris et al., 2008), and involves numerous cells and molecular mechanisms (Saul et al., 2023). Long-bone fractures fail to heal in up to 5%–10% of cases (Zura et al., 2016). Methods to monitor progress in fracture healing that are routinely used in clinical practice today include the clinical impression, questionnaires, and infrequent radiographic imaging (Mundi et al., 2020). However, none of these methods reliably allows early prediction of non-unions or delays in healing, and the timely start of an intervention (Blokhuis et al., 2001; Ganse et al., 2022). Possible interventions include the application of low-intensity pulsed ultrasound (Leung et al., 2004), extracorporeal shock-wave therapy (Searle et al., 2023), magnetic fields (Ribeiro et al., 2023), or revision surgery (Giannoudis et al., 2015). When healing delays occur, rehabilitation times are often extensive, immobilization can last several months, and there are massive negative socio-economic and psychological effects (Simpson and Tsang, 2017).
In the last few years, the number of studies that used gait analysis to monitor fracture healing has increased (Bennett et al., 2021; Larsen et al., 2021; Kröger et al., 2022). For longitudinal monitoring of the healing progress, spatiotemporal gait parameters, kinematics, kinetics, and pedography-parameters were suitable (Warmerdam et al., 2023). Gait analysis can allow for better fracture healing monitoring, as well as timely individualized rehabilitation and treatment. Particularly, changes in gait speed and asymmetry measures have great potential to indicate problems in fracture healing in a more objective and timelier manner (Warmerdam et al., 2023). However, these supervised lab assessments take place in an artificial setting where patients are aware that they are being observed, and therefore patients may not show their usual gait pattern (Brodie et al., 2016; Warmerdam et al., 2020). It is known that gait parameters, such as gait speed and step length are lower when measured during daily life, whereas temporal gait parameters are higher compared to lab assessments (Warmerdam et al., 2020).
In the last decade, many instrumented insoles were developed to monitor gait (Ngueleu et al., 2019; Wang et al., 2019; Ma et al., 2023). With recent technological advances, it has become possible to collect gait data continuously during daily life. It is now possible to conduct measurements in a more natural context throughout the rehabilitation period (Braun et al., 2017). Improvements in battery life and data storage capacity, durability, usability, hysteresis and drift, and higher sample frequencies made long-term measurements with a high time resolution possible (Elstub et al., 2022; Subramaniam et al., 2022; Wolff et al., 2023). A recording frequency of 25 Hz and more allows for analyses of the vertical ground reaction force curve with its characteristic two maxima and in-between minimum during the stance-phase (Wolff et al., 2023). With lower recording frequencies, such as of the insoles typically used to continuously monitor patients with diabetes in their daily lives, such analyses were previously not possible. With lower recording frequencies, peak force spikes were missed (Abbott et al., 2019).
We conducted a longitudinal prospective observational clinical trial to compare insole-based lab assessments with continuous recordings from the daily life in patients throughout the healing phase after tibial fractures. Our hypotheses were i) That differences exist between measurements in the lab compared to continuous recordings during the daily life of patients, that ii) The daily life gait data improve over time, and that iii) Long-term continuous measurements can deliver high-resolution data to monitor the healing process in more detail.
2 MATERIAL AND METHODS
The prospective cohort study is part of the project Smart Implants 2.0—Weight-bearing and Gait Observation for Early Monitoring of Fracture Healing and Individualized Therapy after Trauma, funded by the Werner Siemens Foundation. It was registered in the German Clinical Trials Register (DRKS-ID: DRKS00025108). Ethical approval was obtained from the IRB of Saarland Medical Board (Ärztekammer des Saarlandes, Germany, application number 30/21). The study was conducted with oral and written informed consent according to the newest version of the Declaration of Helsinki. In this observational study, measurements in the lab were only conducted during inpatient stays and when outpatient clinic appointments were scheduled anyway to not alter the frequency of consultations and degree of care. All patients enrolled in this study received both types of measurements simultaneously, longitudinal intermittent measurements in the lab with every inpatient or outpatient stay in the hospital, and continuous daily life measurements throughout the first 3 months after fracture.
2.1 Inclusion and exclusion criteria
Recruitment took place in a monocenter study at Saarland University Hospital in Germany between February 2022 and June 2023. Inclusion criteria were patients of 18 years or more of both sexes with tibial fractures. Exclusion criteria were age under 18 years, immobility already before the fracture event, use of walking aid prior to the fracture, inability to give consent, further major injuries of the lower extremities in addition to the tibial fracture, alcohol or drug abuse, pregnancy, and participation in another ongoing clinical study within the past month or less.
2.2 Measurements in the lab
Instrumented pedography insoles (OpenGO, Moticon GmbH, Munich, Germany) equipped with 16 pressure sensors were matched for shoe size of the patient and calibrated to the patient’s body weight. Data were recorded with 100 Hz from both feet with one insole in each shoe. The insole sensors have a resolution of 0.25N/cm2 and are known to underestimate the extrema in the force data by −3.7% to −1.1% at 100 Hz (Cramer et al., 2022). All patients were asked to walk straight for 10 m. Ten steps in the middle part of the walk were extracted for data analysis. Only the vertical ground reaction force data were taken into account. The force values are around zero at the beginning and the end of the stance phase. There are generally two maxima with one minimum in between during walking. The first maximum represents the loading force, the minimum represents the mid-stance phase and the second maximum represents the push-off force (Figure 1).
[image: Figure 1]FIGURE 1 | Vertical ground reaction force curve of a stance phase during walking.
2.3 Measurements during the daily life
During the day life, the same insoles were used for the measurements, but data were recorded at a rate of 25 Hz. Due to limited data storage capacity, 25 Hz is the maximum recording frequency these insoles provide for continuous measurements. The data are primarily stored on the insoles, and patients need to actively conduct data transfer to a smartphone using an app once daily. In addition, the insole batteries need to be changed and charged on a daily basis. Patients were trained to use the insoles, store the data, and charge and change the batteries. The insoles were activated the entire time all day and night, and they recorded every activity when worn. Only stepping activities were extracted from the data for analysis, however no distinctions were made between different types of walking, e.g., indoor, outdoor, stairs.
2.4 Data processing
As the initial processing step, stance phases of the gait cycles were identified and extracted from the time-series data. Stance phases were determined by considering any activity with consecutive ground reaction force readings above 30 N. To account for possible recording-device faults, a tolerance of up to three missing values was allowed. Additionally, load-bearing activities lasting less than 300 ms or more than 3500 ms were discarded. These thresholds were arbitrarily chosen after exploring the data.
To ensure comparability between subjects and steps, the force was normalized to the body weight of the patients and the time to the duration of the stance phase using equidistant subsampling on a Cubic Spline interpolation. Because of the low recording frequency and the sensor noise, a Gaussian filter (Sigma = 3, kernel size 7) was applied to the raw data. Where using the filtered data still resulted in inconclusive extremum candidates, we implemented additional detection strategies in the following order: First, extremum candidates occurring within the first or last 10% of the stance phase were eliminated. Then, events in the second half of the stance phase were eliminated as candidates for the first maximum and vice versa for the second. This check split the maxima candidates into two groups for first and second maximum candidates, respectively. Next, if multiple extremum candidates occurred within a pool size of 5% of the stance phase or either group contained one candidate with a force reading greater than all other candidates within the group by a factor of 1.05, this candidate with the highest force value was selected. If this procedure delivered too few candidates, previous eliminations were reinstated based on their highest achieved monotony distance, until the desired number of candidates was reached.
Any stance activity that after the application of these strategies during step detection had an irregular number of unambiguous extremum candidates was classified as a non-step event and subsequently removed from the dataset. From all detected steps, the maximal force and stance duration were extracted from the raw data. The loading slope and unloading slope were only extracted when there were two maxima during the stance phase. Daily averages were calculated for these parameters. For the analysis of the average gait parameters, only the values of the injured side were used. The asymmetry of the four parameters was calculated with data of the injured and the healthy side according to the following equation:
[image: image]
An asymmetry value of 0% indicates perfect symmetry. Additionally, the number of steps per day and the average walking bout length were extracted, where both sides were taken into account (Table 1).
TABLE 1 | Description of the parameters analyzed in this study.
[image: Table 1]2.5 Statistical analyses
To compare the lab assessments with the continuous daily life data, an average of 7 days of the continuous data was calculated around the time of the lab assessment. All lab data were compared with the matching continuous seven-days-average data. The data were tested for normality with the Shapiro-Wilk test. In case of a normal distribution, a Student’s t-test was used, otherwise a Wilcoxon signed-rank test was used to compare the lab data with continuous data.
To analyze whether the continuous data improved throughout the healing process, the data of the first week, the sixth week and the last week of patients with union were compared with a repeated measures ANOVA with time as a within-patient factor. Post-hoc tests were performed with Bonferroni correction. Significance was assumed at p < 0.05 for all tests.
3 RESULTS
3.1 Enrolment
Thirty-one patients with a tibial shaft or proximal tibial fracture were enrolled in this study between February 2022 and May 2023. Eight patients were not eligible to participate in the continuous measurements and seven patients only took part in the lab assessments, as they were unable to start the continuous measurements for either technical or compliance reasons. Out of the sixteen patients who collected continuous data, only six data sets contained enough data (>6 weeks) to analyze. More detailed information can be found in Figure 2.
[image: Figure 2]FIGURE 2 | One Flow chart of patients enrolled in the study with information about the exclusion for the continuous data analysis.
3.2 Intermittent lab vs. continuous daily-life data
Patient characteristics are shown in Table 2 and the lab and continuous gait data are represented in Figure 3. The lab data were compared to the average of 1 week of continuous data around the same days of the lab assessment. The stance duration and all asymmetry parameters were significantly different between walking in the lab and everyday walking (Figure 4).
TABLE 2 | Patient characteristics.
[image: Table 2][image: Figure 3]FIGURE 3 | Continuous daily life (solid lines) and lab data (dots connected by dashed lines) with each patient in a different color. The continuous daily-life data are presented as a 3-day moving average. The patient represented with the blue color developed an infected non-union. BW = body weight; T = time. (A) Maximal force, (B) Loading slope, (C) Unloading slope, (D) Stance duration, (E) Asymmetry of the maximal force, (F) Asymmetry of the loading slope, (G) Asymmetry of the unloading slope, (H) Asymmetry of the stance duration.
[image: Figure 4]FIGURE 4 | The distribution and boxplot of the lab data (blue) and continuous daily-life data (coral). p-values are written in each subfigure in case of a significant difference. The data in c and d were not normally distributed. (A) Maximal force, (B) Loading slope, (C) Unloading slope, (D) Stance duration, (E) Asymmetry of the maximal force, (F) Asymmetry of the loading slope, (G) Asymmetry of the unloading slope, (H) Asymmetry of the stance duration.
3.3 Changes in gait throughout the healing process of tibial fractures
In patients with union, a repeated measures ANOVA showed that the continuous daily-life data improved significantly during the first 3 months of the healing process, except for the stance duration (Table 3; Figure 3; Figure 5). Post-hoc testing revealed that all parameters that significantly improved showed this improvement between the first and last recorded week. The maximal force, unloading slope and the number of steps per day showed significant improvements during the first and second 6-week periods. Asymmetry of the maximal force decreased significantly during the first 6 weeks only (Table 3).
TABLE 3 | p-values of repeated measures ANOVA to evaluate changes in parameters from daily life data between the first week, sixth week and last week of data collection of the five patients with union. Post-Hoc tests were performed with Bonferroni correction. Significant p-values are shown in bold.
[image: Table 3][image: Figure 5]FIGURE 5 | The total number of steps and the average walking bout length per day. Data are presented as a 3-day moving average. The patient represented with the blue color developed an infected non-union. (A) Total number of steps, (B) Average walking bout length.
4 DISCUSSION
The present study showed that the stance duration and the asymmetry parameters were significantly different between lab assessments and continuous daily life monitoring. Only six out of 31 attempts to collect sufficient continuous gait data in the daily life of patients were successful, while the others failed either due to hard- or software, or compliance issues. The data obtained were of high quality and allowed earlier detection of union problems. Thus, continuous monitoring has advantages once technical and compliance problems are solved.
Differences between laboratory-based and continuous daily life measurements were expected based on previous studies that compared similar gait parameters between lab and daily life assessments in healthy (older) adults and several other, mainly neurological, patient groups (Toosizadeh et al., 2015; Del Din et al., 2016; Storm et al., 2018; Hillel et al., 2019; Takayanagi et al., 2019; Van Ancum et al., 2019; Rast et al., 2022). However, in our study, force-related parameters were not significantly different between the lab and the daily life. It appears that during daily life, when patients walk on crutches or still have pain, they focus more on their walking. In patients with hip osteoarthritis during two, three and four-point gait with crutches, forces in the hip joint were 13, 17% and 12% reduced, respectively (Damm et al., 2013). Additionally, gait speed in patients with Parkinson’s disease was lower when walking with a cane compared to walking without walking aids (Bryant et al., 2012). The more focused and cautious gait when using crutches may lead to a higher comparability of everyday life to lab-assessment data. This seems to be the case especially in the first weeks after injury and/or surgery.
The asymmetry was significantly different between lab assessments and continuous monitoring in daily life. In patients with Parkinson’s disease, a significant difference in step length asymmetry was found between lab and daily-life assessments, however, there were no differences in asymmetry of temporal parameters (Del Din et al., 2016). The differences between lab and everyday life assessments could at least partially be due to the variance in environment. In the lab, patients walk in a straight line, where during the daily life patients more often walk along a curved path or turn on the spot, especially when they walk indoors. During outdoor walking, patients might come across different types of surfaces, which might not be as smooth, solid and level as in the lab. This is known to alter the gait pattern and its variability (Thies et al., 2005; Nohelova et al., 2021), but could potentially also have an effect on asymmetry. The disadvantage of daily life assessments is that it is unknown what exactly the patients have done, as movements are not standardized. The step-detection algorithm should only extract steps, but just from the insole data, it cannot be concluded whether someone is stepping around in the kitchen during cooking, is walking outside or is walking on the stairs. It is expected that most detected steps are from ‘regular’ walking (covering a horizontal distance), there will be a certain number of steps that are measured during other activities. Furthermore, non-step load bearing events might falsely present as steps. The fact that all extracted steps were included in the data analysis has probably led to more variability compared to the lab assessment. On the other hand, a greater number of steps was collected and thereby more detailed and realistic information obtained. Depending on what the patients did and how they felt, there may be greater fluctuations, but trends can be identified by averaging the values.
In the present study, gait during the daily life significantly improved throughout the first 3 months after tibial fractures. To the best of our knowledge, only two studies have used pressure-sensing insoles to monitor patients after an injury during their daily life. A feasibility study in patients with ankle fractures showed an increase in force and activity (Braun et al., 2016). In the other study, step count and time spent walking had a larger impact than the maximal force and cadence on patient-reported physical function 1 year after a lower leg fracture (North et al., 2023). Both studies only measured up until 6 weeks after surgery. Since proximal tibial fractures need about 3 months to heal (LI et al., 2023), in the present study patients were monitored for 3 months after surgery.
The larger data quantity from the continuous daily-life data could make it easier to detect healing problems early. One out of the six patients developed a non-union caused by bacterial infection involving the soft tissues and fracture. The last measurement was performed when the patient was readmitted to the hospital because of the infection (70 days after surgery, Figure 3). Especially in the loading and unloading slope of the force curve, a decrease in performance could be seen earlier in the daily-life data compared to the lab data (Figure 3). If the data were stored on a cloud and medical professionals had access to them, they could receive an automatic notification if the performance decreased, as the pattern of change appears to be distinct enough to be detectable by either traditional reasoning approaches or machine learning. The medical professional could closely monitor the data remotely and invite the patient to the clinic earlier to adjust treatment, if necessary.
The insoles require a lot of handling from the patients. Every day, the patients are required to save the data and change and recharge the batteries. Many patients were already overwhelmed by the new situation after their injury and could not handle the extra work they had to put in the insoles. In addition, we experienced a high rate of hardware failure, which led to the approximate consumption of insole hardware with a value of 2,000 to 4,000 Euros per patient in the present study. Out of 23 patients who were eligible to participate in the continuous measurements in their everyday lives, despite our best efforts, only 6 patients collected a data set that was of value to us. Another limitation of measuring with the insoles is that the number of steps per day measured is likely not the total number of steps taken per day. This is the case because the patients might not have worn the insoles all day. Especially at home, they might not walk around with their shoes on. In addition, as the insoles inactivate during breaks and will re-activate only after a few steps, these first few steps will not be recorded. These factors may have affected the average walking bout length and might have had a minor influence on the other gait parameters.
These difficulties in data collection by instrumented insoles may either be overcome when better and more suitable hardware becomes available, or by collecting data via the implant used to treat the fracture itself (Ganse et al., 2022; Windolf et al., 2022). Automated data collection of fracture stiffness via implants may deliver a similar force curve and allow for direct measurements less reliant on patient compliance. In the future, such systems may allow for much more accurate healing prediction and individualized rehabilitation monitoring than the present insole-based approach. Immediate patient feedback systems, such as via alarms (sound, vibration) when weight-bearing restrictions are exceeded may complement the functionalities (Ganse et al., 2016; Abbott et al., 2019).
5 CONCLUSION
Differences exist between laboratory and continuous assessments, mainly in the gait asymmetry parameters caused by a different and more diverse behavior at home. There were no differences in force-related parameters between laboratory and home measurements, potentially due to more careful gait with crutches, as well as pain. The continuous assessments in the daily life provided gait data with a higher time resolution, which makes it easier to detect changes in performance sooner. Therefore, continuous gait monitoring in the daily life has potential to detect healing problems early on. Future research should focus on finding a more feasible device to monitor patients during daily life, and on the identification of gait parameters that serve to differentiate early between patients with union and patients with healing problems.
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Robotic-assisted anatomic anterior cruciate ligament reconstruction: a comparative analysis of modified transtibial and anteromedial portal techniques in cadaveric knees
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Introduction: This study employed surgical robot to perform anatomic single-bundle reconstruction using the modified transtibial (TT) technique and anteromedial (AM) portal technique. The purpose was to directly compare tunnel and graft characteristics of the two techniques.
Methods: Eight cadaveric knees without ligament injury were used in the study. The modified TT and AM portal technique were both conducted under surgical robotic system. Postoperative data acquisition of the tunnel and graft characteristics included tibial tunnel position, tunnel angle, tunnel length and femoral tunnel-graft angle.
Results: The mean tibial tunnel length of the modified TT technique was significantly shorter than in the AM portal technique (p < 0.001). The mean length of the femoral tunnel was significantly longer for the modified TT technique than for the AM portal technique (p < 0.001). The mean coronal angle of the tibial tunnel was significantly lower for the modified TT technique than for the AM portal technique (p < 0.001). The mean coronal angle of the femoral tunnel was significantly lower for the AM portal technique than for the modified TT technique (p < 0.001). The AM portal technique resulted in a graft bending angle that was significantly more angulated in the coronal (p < 0.001) and the sagittal planes (p < 0.001) compared with the modified TT technique.
Discussion: Comparison of the preoperative planning and postoperative femoral tunnel positions showed that the mean difference of the tunnel position was 1.8 ± 0.4 mm. It suggested that the surgical navigation robot could make predictable tunnel position with high accuracy. The findings may support that the modified TT technique has benefits on femoral tunnel length and obliquity compared with AM portal technique. The modified TT technique showed a larger femoral tunnel angle in the coronal plane than the AM portal technique. Compared with the modified TT technique, the more horizontal trajectory of the femoral tunnel in the AM portal technique creates a shorter femoral tunnel length and a more acute graft bending angle.
Keywords: anatomic reconstruction, transtibial, anteromedial portal, tunnel length, obliquity
1 INTRODUCTION
The arthroscopic reconstruction is a common treatment for anterior cruciate ligament (ACL) injury (Chin et al., 2019). The goals of ACL reconstruction are to restore knee stability and to regain full knee function. The success of ACL reconstruction depends on a variety of factors, and tunnel placement plays one of the most significant roles in restoring knee stability (Strauss et al., 2011; Uliana et al., 2012). Tunnel malposition is the most common technical error leading to graft failure (Christensen et al., 2018). The revision rate after ACL reconstruction ranges from 10% to 40%, of which 70%–80% are because of tunnel misplacement (Chin et al., 2019). Over the past decades, anatomic ACL reconstruction has been advocated to ensure ideal function of the reconstructed ACL, resulting in better biomechanical and clinical outcomes. To improve patient outcomes, surgeons should consider factors such as graft choice, proper surgical technique, and patient-specific risk factors when performing ACL repairs.
Transtibial (TT) technique is one of the most common approaches for single-bundle (SB) ACL reconstruction (Brophy and Pearle, 2009; Zaffagnini et al., 2011). In the TT technique, the femoral drill guide is inserted through the tibial tunnel, so the femoral tunnel position is dependent on the orientation of the tibial tunnel. However, numerous studies have shown that the traditional TT technique failed to place the anatomic femoral tunnel (Zbek and Binnet, 2021). Hence, independent drilling of the femoral tunnel using the anteromedial (AM) portal technique has become an alternative to the TT technique for anatomic SB ACL reconstruction (Chang et al., 2011; Youm, 2014). For the AM portal technique, the femoral drill guide is inserted through the medial portal, which enables the surgeon to position the femoral tunnel independently of the tibial tunnel. However, this may be accompanied by the greater risks of posterior wall blowout, short femoral tunnels and acute graft bending angle (Chang et al., 2011).
As a result of these limitations, new surgical techniques or practices have been developed to improve patient outcomes and reduce graft failure in ACL repairs. Some investigators modified the TT technique to achieve anatomic ACL reconstruction but this is much more technically challenging (Piasecki et al., 2011; Trofa et al., 2020). Despite various studies demonstrating the appropriate tibial tunnel starting position and angle for anatomical TT reconstruction (Trofa et al., 2020), it is still difficult to achieve an anatomic tunnel position using handheld locators under arthroscopy. The surgeon determines the tunnel position only through subjective observation during arthroscopic reconstruction, and the positioning accuracy is affected by the surgeon’s learning curve (Park et al., 2016). However, intraoperative placement errors of the tunnel can be reduced with the assistance of surgical navigation robots (Endele et al., 2009; Zhu et al., 2013). Robotic surgery has been found to reduce blood loss, transfusion rates, length of hospital stay, and overall complication rates compared to traditional surgical methods (Davies et al., 2015). Five-year survival rates after robotic surgery exceeding 95% (Davies et al., 2015). A study comparing patient satisfaction between robotic-assisted surgery and traditional surgery found higher satisfaction with robotic surgery (Xue et al., 2024). Furthermore, orthopaedic surgical navigation robots provide the possibility of anatomical reconstruction with a modified TT (Ding et al., 2022).
Therefore, this study employed surgical navigation robot to perform anatomic SB ACL reconstruction using the modified TT technique and AM portal technique. The purpose was to validate the accuracy of the femoral tunnel created by surgical navigation robot, and to directly compare tunnel and graft characteristics of the two techniques, including the tunnel position, tunnel angle, tunnel length and graft obliquity. We hypothesized that the modified TT technique performed by robotic system would achieve anatomic femoral tunnel with longer femoral tunnel length and less tunnel-graft bending angle compared with the AM portal technique.
2 MATERIALS AND METHODS
Eight cadaveric knees without ligament injury were used in the study. This study used strains obtained from human cadaver samples. Institutional ethics committee of Shanghai Sixth People’s Hospital did not require the study to be reviewed or approved by an ethics committee because they were deidentified. All included knees had no evidence of degenerative arthritis, ligament injuries or prior surgeries. The skin and muscles were sharply resected, leaving the cruciate ligaments, capsule, collateral ligaments, and menisci intact. The tibia, fibula, and femur were transected, leaving a length of 25 cm for each bone. Before testing, each cadaveric knee was thawed at room temperature for 24 h. During the testing, each specimen was kept moist with 1.0% saline solution. The medial parapatellar arthrotomy was performed and the intact ACL was sectioned at femoral and tibial insertions, leaving 1–2 mm soft tissue footprint. These were done in each cadaveric knee.
2.1 Intraoperative acquisition of specific landmarks
The knee was placed on the operating table at full extension. The constraints of the collateral ligament, posterior cruciate ligament, and congruity of the articular surfaces all contributed to a neutral knee position. Navigation was performed based on an image-free technique usingIntelligent Knee Stability Restoration (IKSR) robotic system and dedicated ACL reconstruction software (Droidsurg Medical Co., Ltd, Shanghai, China) (Figure 1A). The IKSR robotic system consists of a master control trolley, robotic arm, optical tracking system, footswitch, navigation and positioning system software, and accessory kits. It utilizes optical tracking and positioning technology to collect the positional data of the optical marker bodies on each component for intraoperative surgical planning. The robotic arm is controlled to perform movements to reach the location of the planned surgical access. After system calibration, 3D surface model of femur and tibia were generated by several anatomic landmarks, which were pointed by handheld touch probe with reflective markers. Two rigid bodies were fixed to the tibia and femur approximately 15 cm away from the tibial plateau and femoral condyle (Figure 1B). Each rigid body has a distinct conformation of reflective markers that can be tracked by the infrared tracker.
[image: Figure 1]FIGURE 1 | (A) The overall composition of Intelligent Knee Stability Restoration; (B) Two rigid bodies fixed to the tibia and femur at full extension.
2.2 Planning of tunnel positions
The knee was fixed to the operating table at 90° flexion. Ensure that the tibia was placed in a neutral position relative to the femur when the fixator was secured. No extra coronal or transverse plane torques were applied. The ACL attachment points were exposed in the joint cavity under direct observation, and the center of ACL footprint were identified. A tracked touch probe with infrared tracer markers was used to mark the target tunnel position and to perform accurate 3D reconstruction of points (Figure 2). For the modified TT technique, the tibial and femoral tunnel positions were determined according to the previous study describing an anatomical TT technique for ACL reconstruction (Zhao, 2020). The tibial tunnel was located at the intersection of the midline between the 2 transverse lines passing through the anterior edge of the anterior horn of the lateral meniscus and the lateral tibial eminence and the midline between 2 longitudinal lines passing through the base of its medial slope and the ridge of the medial tibial eminence. Two reference points, namely, the high reference point (HRP, i.e., the over-the-top point) and the low reference point (LRP, i.e., the lowest point of the lateral wall of the femoral notch) onto the surface of the femoral intercondylar notch, were determined to define the femoral tunnel position (Figure 3) (Zhao, 2020). PLP (posterolateral bundle point) was defined as a point 5 mm anterior to the LRP, and the femoral tunnel was located at a point between the PLP and HRP, with a distance of 5 mm to the PLP. For the AM portal technique, the anatomical area of the ACL insertion was considered as an accurate reference location for tunnel drilling. The femoral and tibial tunnel positions were located within the center of ACL footprints with the knee at 120°of flexion for this method (Trofa et al., 2020).
[image: Figure 2]FIGURE 2 | Marking the target tunnel position using a tracked touch probe with infrared tracer marker.
[image: Figure 3]FIGURE 3 | Femoral tunnel positioning (Point A) for the modified transtibial technique. (HRP, high reference point; LRP, low reference point; PLP, a point 5 mm anterior to the LRP; Point A, a point 5 mm to the PLP).
2.3 Navigated K-wire drilling
Once the centers of the tibial and femoral tunnel positions have been planned, the navigated drilling was initiated using the robotic arm. After the mark points were registered on the main console, the robotic arm with 7 degrees of freedom navigated based on the master station plan of the route and moved to the target position accurately. The cannula was inserted, and the tunnel center position was drilled using a 2.4 mm K-wire. The guide pin was passed from tibia into the femur, until it formed a line connecting the inner aperture of tibial tunnel to the inner aperture of femoral tunnel. For the AM portal technique, the robotic arm was placed on the lateral aspect of the femur. The 2.4 mm guide pin was inserted through the extra-articular point to the inra-articular point.
2.4 Data acquisition
The robotic arm tried to drill a tunnel according to the preoperative planning, however, the actual drilled tunnel (the intraoperative tunnel) could be different due to human error and systemic error. To assess the accuracy of the surgical navigation robot, we marked the preoperative and postoperative femoral tunnel position. The position of the preoperatively planned tunnel was identified and marked with colored markers. Postoperative obtained tunnel was used as the reference for evaluation of the accuracy of the system. The difference of preoperatively planned and postoperatively obtained femoral tunnel positions was measured directly on the cadaveric knee. Comparison of the preoperative planning and postoperative femoral tunnel positions showed that the mean difference of the tunnel position was 1.8 ± 0.4 mm.
After navigating K-wire positioning into the planned tunnel positions, data acquisition of the tunnel aperture was performed. Measurements of the tibial tunnel position included the following parameters: distance from the outer aperture of tibial tunnel to the tibial anterior tuberosity, distance from the outer aperture of tibial tunnel to the medial end of the tibia, distance from the outer aperture of tibial tunnel to the tibial articular surface (Figure 4). Distance from the inner aperture of the tibial and femoral tunnel to the outer aperture of the tibial and femoral tunnel was defined as the tibial and femoral tunnel length.
[image: Figure 4]FIGURE 4 | Tibial tunnel starting position. Line A distance from the outer aperture of tibial tunnel to the tibial anterior tuberosity; Line B distance from the outer aperture of tibial tunnel to the medial end of the tibia; Line C distance from the outer aperture of tibial tunnel to the tibial articular surface.
Fluoroscopic images of postoperative knee in anteroposterior and lateral projections were acquired with the K-wire determining the tunnel and graft obliquity. For the tibial tunnel, the coronal angle was defined as the angle between the tibial tunnel and the plane of the tibial plateau (Figure 5A), and the axial angle was defined as the angle between the tibial tunnel and the tibial long axis (Figure 5A). For the femoral tunnel, the coronal angle was defined as the angle between the femoral tunnel and the line tangent to the medial and lateral femoral condyles (Figure 5B). Graft obliquity was determined by measuring the femoral tunnel-graft angle of the coronal and sagittal plane at full knee extension (Figure 6).
[image: Figure 5]FIGURE 5 | (A) The coronal angle (α) and axial angle (β) of the tibial tunnel (white line: tibial tunnel); (B) The coronal angle of the femoral tunnel (white line: femoral tunnel).
[image: Figure 6]FIGURE 6 | (A) The femoral tunnel-graft angle (α) in the coronal plane; (B) The femoral tunnel-graft angle (β) in the sagittal plane at full knee extension (red line: femoral tunnel; white line: graft connecting the inner aperture of tibial tunnel and femoral tunnel).
2.5 Statistical analysis
All statistical analyses were performed using SPSS software (version 14.0, SPSS). The Shapiro-Wilk test was used to confirm the normal distribution of different variables. Paired sample t-test was used to compare the tunnel and graft characteristics between two tunnel drilling techniques. p values < .05 were considered statistically significant.
3 RESULTS
3.1 Tibial tunnel starting position
For the modified TT technique, the distance from the outer aperture of tibial tunnel to the tibial anterior tuberosity was 17.3 mm ± 2.2 mm, the distance from the outer aperture of tibial tunnel to the medial end of the tibia was 24.0 mm ± 4.1 mm, and the distance from the outer aperture of tibial tunnel to the tibial articular surface 19.6 mm ± 5.4 mm (Table 1).
TABLE 1 | Analysis of tibial tunnel position and tunnel length.
[image: Table 1]3.1.1 Tunnel length
The mean tibial tunnel length of the modified TT technique was significantly shorter than in the AM portal technique (34.0 mm ± 3.3 mm vs. 40.3 mm ± 2.3 mm, p < 0.001). The mean length of the femoral tunnel was significantly longer for the modified TT technique than for the AM portal technique (42.0 mm ± 6.1 mm vs. 34.8 mm ± 4.5 mm, p < 0.001) (Table 1).
3.1.2 Tunnel and graft obliquity
The mean coronal angle of the tibial tunnel was 48.9° ± 4.7° for the modified TT and 65.8° ± 6.5° for AM portal technique, with significant difference (p < 0.001). The mean axial angle of the tibial tunnel was significantly lower for the AM portal technique than for the modified TT technique (26.7° ± 3.1° vs. 44.9° ± 3.7°, p < 0.001). The mean coronal angle of the femoral tunnel was significantly lower for the AM portal technique than for the modified TT technique (46.5° ± 4.1° vs. 54.0° ± 4.7°, p < 0.001) (Table 2).
TABLE 2 | Analysis of tunnel and graft obliquity.
[image: Table 2]A comparison of the femoral tunnel-graft angle at full extension in the two techniques found significant differences in both the coronal (p < 0.001) and the sagittal (p < 0.001) planes. The AM portal technique resulted in a graft bending angle that was significantly more angulated in the coronal (139.5° ± 5.6° vs. 148.1° ± 7.4°) and the sagittal planes (118.8° ± 5.2° vs. 128.9° ± 6.7°) compared with the modified TT technique (Table 2).
4 DISCUSSION
This study directly compared anatomic SB ACL reconstructions performed with a modified TT technique and an AM portal technique. The results suggested that the perforating angle and location of guide wires could be adjusted to achieve anatomic TT reconstruction. The modified TT technique showed a larger femoral tunnel angle in the coronal plane and lower femoral tunnel-graft angle than the AM portal technique. The modified TT technique created a shorter tibial tunnel length but a longer femoral tunnel length than AM portal tunnels.
If anatomical femoral tunnel is desired using the TT technique, the corresponding tibial tunnel entrance must be identified. This study found an optimum starting position approximately 24.0 mm ± 4.1 mm medial to the tibial tubercle and 19.6 mm ± 5.4 mm distal to the tibial plateau edge. However, previous studies have presented different starting points of the tibial tunnel for anatomic TT reconstruction. Heming et al. (2007) used a cadaveric model to demonstrate the plausibility of the anatomical footprint using the TT technique, but commented that starting point of the tibial tunnel is unacceptably close to the joint line (less than 10 mm). Piasecki et al. (2011) found an optimum starting position 9 mm posteromedial to the tibial tubercle and 16 mm distal to the medial tibial plateau edge. Morgan et al. (1995) suggested starting the tibial tunnel 15 mm medial to the tibial tubercle and 10 mm superior to the pes anserinus. The present study explored more practical tibial starting point than the ideal trajectory of the previous studies. This is because anatomic femoral tunnel locations were modified in this study, which reduced tibial axial angulation and resulted in a more practical tibial starting point. In the present study, the femoral tunnel position was determined according to the previous study (Zhao, 2020). The high reference point and the low reference point onto the surface of the femoral intercondylar notch helped to define the femoral tunnel position (Zhao, 2020). Surgical navigation robot benefits surgeons by providing visual bony anatomy inside the surgical field and good results for tunnel orientation and position in accuracy and reproducibility (Lee et al., 2016). An ACL reconstruction robotic positioning system based on anatomical characteristics provides more accurate bone tunnel positioning compared to handheld locators (Ding et al., 2022). Future research would include the traditional hand-held locator group to provide valuable insights into the advantages of robotic-assisted ACL reconstruction techniques. The implication of this study is that a more distal and medial tibial tunnel entrance will result in anatomic graft positioning with the assistance of surgical navigation robot.
In this study, the recommendation to place the tibial guide pin at 49° to the tibial plateau and at 45° to the tibial long axis represented an anatomic tunnel position. Our results show that the tibial plateau angle and tibial long axis angle vary within a certain range among different subjects, with standard deviations of 4.7° and 3.7° respectively. These individual differences have a minor influence on our experimental conclusions. In clinical practice, surgeons need to make small adjustments based on each patient’s specific anatomy to achieve optimal surgical outcomes. This is in agreement with the work of Heming et al. who indicated that a 47.9° tibial tunnel angle to the tibial plateau is necessary to achieve anatomic femoral tunnel in the TT ACL reconstruction (Jennings et al., 2017). In a previous cadaveric study, the guide pin was placed at the center of tibial and femoral footprints, showing that the tibial tunnel angle was 42.1°to the tibial shaft (Heming et al., 2007). Inconsistent with our results, (Howell et al., 2001) recommended an anatomic position of the femoral tunnel if the tibial guide pin was placed at 60°–65° to the tibial plateau. The findings of our study and previous studies defend the criteria defined by Howell, and favor the idea that the coronal tibial angle should be much lower, in order to place the femoral tunnel in the right place. For anatomical ACL reconstruction under arthroscopy, the TT technique has difficulty in determining appropriate tibial tunnel angle and achieving accurate tunnel position (Segawa et al., 2005). Our data indicates tighter control over tibial tunnel placement may translate to more consistent graft placement and better restoration of anatomic characteristics after reconstruction. Clinical adoption of these findings could reduce graft failure rates and the need for revision surgeries. In this study, it was sought to identify the clinical availability of the surgical navigation robot with emphasis on attainment of appropriate tunnel angle, as well as accurate localization for tunnelling. Previously, anatomical reconstruction may not be achieved using the modified TT technique during arthroscopic procedure due to human factors. The surgical navigation robot could minimize the human error, and the result of the present study showed that the mean difference of the preoperative planning and postoperative femoral tunnel positions was 1.8 ± 0.4 mm. It appears that surgical navigation robot combined with the modified TT technique can achieve the desired tunnel position for anatomic ACL reconstruction.
Our study found that the coronal femoral tunnel angle created by the AM portal technique were more horizontal than those of the modified TT technique (46° vs. 54°). In agreement with our finding, (Youm, 2014) reported the difference in coronal obliquity of the femoral tunnel was about 7° between the AM portal technique (42.5°) and the modified TT technique (49.3°). Bedi et al. (2010) reported that the coronal angles of the oblique femoral tunnels from either the AM portal or the TT techniques were 45.9° and 54.1°, respectively. Additionally, our coronal angle of the femoral tunnel in the modified TT technique was on average 54.0° ± 4.1°, and it was lower than the results (61.7° ± 5.5°, 58.8° ± 8.3°) of traditional TT techniques reported by previous studies. This indicated that anatomic TT ACL reconstruction compared with the traditional TT technique created a more oblique femoral tunnel. The modified TT technique maintained a comparably favorable degree of angulation, which would be expected to make graft passage of similar ease as with the traditional TT technique. Previous studies have concluded that the horizontal trajectory of the guide wire may increase the risk of posterior cortical breakthrough (Bedi et al., 2010). Thus, not only is the modified TT technique more reproducible, but it is also safer when such complications of the AM portal technique is taken into consideration.
The AM portal technique resulted in femoral tunnel-graft angle that was much more angulated than the modified TT technique in the coronal (139.5° vs. 148.1°) and the sagittal planes (118.8° vs. 128.9°). A cadaveric model demonstrated that the increased femoral tunnel-graft angle was associated with the increased graft strain (Sinha et al., 2015). It has been reported that with the greater tunnel-graft angle, the greater force on the graft at the tunnel aperture as it is stretched over this bony edge (Ahn et al., 2016). Relative to the traditional TT tunnels, the increased graft obliquity in the AM portal technique would be predicted to increase force by 98.3% (29° increase in tunnel-graft angle) versus 27.6% (8° increase in tunnel-graft angle) for the modified TT technique. Additionally, acute graft bending angle may be a critical biomechanical factor contributing to poor graft immaturity or graft failure (Ahn et al., 2017; Tashiro et al., 2017). This suggested that the AM portal technique compared with the modified TT technique resulted in more acute bending of the ACL graft at the femoral tunnel aperture, which may be associated with postoperative complications such as femoral tunnel expansion and graft immaturity or damage.
The mean tibial tunnel length of the modified TT technique was significantly shorter than in the AM portal technique (34.0 mm vs. 40.3 mm). The mean length of the femoral tunnel was significantly longer for the modified TT technique than for the AM portal technique (42.0 mm vs. 34.8 mm). Tibial tunnel length shorter than 30 mm and femoral tunnel length shorter than 35 mm may compromise graft fixation and tunnel-graft length match (Loh et al., 2003). A previous cadaveric study reported that a tibial tunnel created with proximal starting point would result in tunnel-graft mismatch problems and compromise tibial graft fixation. A study found that a shorter femoral tunnel length at certain angles was significantly associated with a shorter distance between the tunnel and the medial femoral condyle (Loh et al., 2003). Another study investigated the position of the femoral tunnel after tunnel widening and shifting (Lee et al., 2016). It found that the tunnel center and margins shifted anteriorly, indicating potential changes in tunnel length (Lee et al., 2016). Ebersole et al. (2016) commented that the femoral tunnel length was considerably shorter than 35 mm for an accurately positioned footprint, which may result in unstable fixation. However, this study has proved that a relatively distal and medial starting position resulting in anatomic tunnels is practical and achieve a longer tibial tunnel and femoral tunnel length. One issue to be aware of during ACL reconstruction is the length of the autograft tendon. To achieve the fastest and best tendon-bone healing, there is an optimal length, with placement in the bone tunnel equal to 17 mm or more. Therefore, the length of the autograft tendon is suitable for the tunnel length created by the modified TT technique.
The limitation of this study was that the number of cadaveric knees was small. Graft strain was not measured in this study, therefore, it is not yet clear of the relative role that aperture position and tunnel angulation play on graft strain after anatomic ACL reconstruction. The gender-based relationship between joint function and outcome after ACL reconstruction conducted by surgical navigation robot remains unclear and requires further clinical investigation. The present study did not measure graft strain, and future study should include the measurement of graft strain. While cadaveric studies offer valuable insights, further clinical trials involving living patients are necessary to validate the findings in a real-world setting. The modified TT ACL reconstruction was performed in cadaveric knees, and long follow-up will be needed in future clinical practice to investigate the clinical and biomechanical outcomes.
5 CONCLUSION
The surgical navigation robot has the potential to accurately identify and drill bone tunnels in anatomic ACL reconstruction. This study demonstrated the practical perforating angle and location of guide wires for anatomic reconstruction using the modified TT technique conducted by surgical navigation robots. These findings indicate that both the modified TT and AM portal techniques could achieve anatomic tunnel placement but that the tunnel direction differed significantly. Compared with the modified TT technique, the more horizontal trajectory of the femoral tunnel in the AM portal technique creates a shorter femoral tunnel length and a more acute graft bending angle, which may negatively affect graft fixation and healing. Therefore, it is possible to modify the TT technique to achieve more anatomic ACL reconstruction, and the modified TT technique has benefits in a relatively long femoral tunnel length, smaller femoral tunnel and graft obliquity, which leads to stable graft healing.
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Fragility fractures, which are more prevalent in women, may be significantly influenced by autophagy due to altered bone turnover. As an essential mediator of autophagy, Beclin-1 modulates bone homeostasis by regulating osteoclast and chondrocyte differentiation, however, the alteration in the local bone mechanical environment in female Beclin-1+/− mice remains unclear. In this study, our aim is to investigate the biomechanical behavior of femurs from seven-month-old female wild-type (WT) and Beclin-1+/− mice under peak physiological load, using finite element analysis on micro-CT images. Micro-CT imaging analyses revealed femoral cortical thickening in Beclin-1+/− female mice compared to WT. Three-point bending test demonstrated a 63.94% increase in whole-bone strength and a 61.18% increase in stiffness for female Beclin-1+/− murine femurs, indicating improved biomechanical integrity. After conducting finite element analysis, Beclin-1+/− mice exhibited a 26.99% reduction in von Mises stress and a 31.62% reduction in maximum principal strain in the femoral midshaft, as well as a 36.64% decrease of von Mises stress in the distal femurs, compared to WT mice. Subsequently, the strength-safety factor was determined using an empirical formula, revealing that Beclin-1+/− mice exhibited significantly higher minimum safety factors in both the midshaft and distal regions compared to WT mice. In summary, considering the increased response of bone adaptation to mechanical loading in female Beclin-1+/− mice, our findings indicate that increasing cortical bone thickness significantly improves bone biomechanical behavior by effectively reducing stress and strain within the femoral shaft.
Keywords: Beclin-1, bone strength, mechanical property, finite element model, cortical bone, adult female, stress, safety factor
1 INTRODUCTION
Fragility fractures, characterized by compromised bone strength and increased bone fragility, primarily arise from age-related bone loss or inadequate peak bone mass at maturity (Ensrud et al., 1995; Melton, 1997; Clynes et al., 2020). Fractures occur twice as frequently in women as in men, with women accounting for 75% of hip fractures (Jordan and Cooper, 2002). Globally, osteoporosis affects approximately 200 million women, with a prevalence of one in three women over the age of 50 experiencing an osteoporotic fracture (de Villiers and Goldstein, 2022). The biomechanical response of bones to stress begins to decrease after maturity. Most of the changes were observed in biomechanical compared to architectural properties and female bones are more severely affected by aging (Mumtaz et al., 2020). The correlations between trabecular bone microstructure and site-specific as well as age-related factors have previously been shown to exhibit greater prominence in females (Glatt et al., 2007; Lochmuller et al., 2008). Age-related reductions in cortical bone thickness and cross-sectional area were observed in elder females, suggesting a relationship between the risk of fracture and morphological changes in cortical bone (Imamura et al., 2019). Considerable efforts focus on mitigating age-related bone loss postmenopause, while comparatively less on assessing peak skeletal mass and fracture risk among nonpregnant adult women (Rogers et al., 2000; Mazzuoli et al., 2002; Boschitsch et al., 2017). The impact of fragility fractures may be underestimated in adult females, who are uniquely affected by gender without the confounding influence of age, hormones, or other factors.
Autophagy is highly involved in bone metabolism, acts as a primary determinant of bone mass, structure, and functional remodeling (Wang et al., 2023). All types of bone cells demonstrated a basal level of autophagic activity (Arai et al., 2019; Yin et al., 2019). Autophagy preserves metabolic energy homeostasis and regulates mineralization and absorption, playing a crucial role in bone regeneration (Mizushima et al., 2008; Yin et al., 2019; Wang et al., 2023). Our previous study found that mechanical stimulation within the physiological range induces protective autophagy in osteocytes (Zhang et al., 2018). Impaired autophagy in osteoblasts triggers endoplasmic reticulum stress and results in significant bone loss (Li et al., 2018). Pathological dysregulation of autophagy initiates the onset and development of osteoporosis. Aging, estrogen deficiency, and glucocorticoids induce downregulation in autophagic activity, thereby contributing to the development of osteoporosis (Yin et al., 2019). Estrogen has been confirmed to enhance the survival and functionality of human osteoblasts by promoting autophagy (Gavali et al., 2019). Furthermore, autophagy could preserve the functionality of bone marrow mesenchymal stem cells, preventing bone loss caused by the lack of estrogen. Reduced autophagy in osteoblasts of female mice, associated with increased oxidative stress, may contribute to osteoporosis development, suggesting that autophagy could represent a new therapeutic target for ameliorating osteoporosis in women (Camuzard et al., 2016). As a key regulator of autophagy, Beclin-1 has been confirmed to modulate bone homeostasis by regulating osteoclast and chondrocyte differentiation; A deficiency of Beclin-1 in osteoclasts leads to a decrease in cancellous bone mass and an increase in cortical bone thickness in mice, accompanied by impaired chondrocyte differentiation (Arai et al., 2019). Furthermore, the expression of Beclin-1 decreases in both human osteoarthritis patients and ovariectomized osteoporotic mice (Qi et al., 2017; Zhang et al., 2019). Despite these insights into the molecular mechanisms of Beclin-1, the impact on factors related to bone fragility such as whole-bone morphology, tissue horizontal strain, and bone mechanical behavior remains unexplored.
Finite element (FE) models of femurs based on quantitative computed tomography (QCT) have been extensively used to estimate bone stiffness and strength (Mann et al., 2008; Benca et al., 2017; Mosleh et al., 2020; Sullivan et al., 2020; Varga et al., 2020), which has been applied to predict fracture risk in bone diseases and metastases (Arrington et al., 2006; Anez-Bustillos et al., 2014; Celik et al., 2019; Falcinelli et al., 2019; Nandi et al., 2022; Verbruggen and McNamara, 2023). Theories of bone adaptation that have been developed to predict changes in bone shape and density are based on strain (Patel et al., 2014; Yang et al., 2014; Razi et al., 2015; Yang et al., 2017; Javaheri et al., 2020; Katz and Yosibash, 2020), stresses (San Antonio et al., 2012; Celik et al., 2019; Falcinelli et al., 2019; Bruce Ralphin Rose, 2020), and strain energy density (SED) (Cresswell et al., 2018; Lu et al., 2019). The objective of this study was to characterize changes in the biomechanical environment of the femurs of female Beclin-1+/− mice compared to those of female WT mice by FE analysis based on micro-computed tomography (Micro-CT) images. The observed changes in the whole bone mechanical behaviors in female Beclin-1+/− mice may provide information on the prediction of fracture associated with cortical bone and help to elucidate the mechanisms of fracture.
2 METHODS
2.1 Animal model
All animal experiments carried out with the approval of the Institutional Animal Care and Use Committee (IACUC) of Chongqing Medical University. Beclin-1+/− mice with a C57BL/6J background were obtained from Beth Levine’s laboratory (Qu et al., 2003), and the age- and gender-matched wild-type (WT) C57BL/6 mice served as a control. In this study, seven-month-old female Beclin-1+/− mice (n = 5) and WT mice (n = 5), which were individually housed in ventilated cages under standard laboratory conditions with access to ample food and water (22°C, 12-h light/dark cycle), were used. Mice were euthanized by cervical dislocation according to the AVMA Guidelines (American Veterinary Medical Association, 2020), the femurs were then harvested, cleaned of soft/adherent tissues, and fixed in 4% paraformaldehyde for 48 h. The right femurs were subjected to micro-CT analysis to examine bone architecture followed by three-point bending tests to determine bone mechanical properties.
2.2 Micro-CT imaging and analysis
The intact femurs were scanned by micro-CT at an isotropic voxel size of 10.5 μm (μCT 40, Scanco Medical AG; 70 kVp, 0.5 mm Al filter). Quantitative parameters related to the three-dimensional microstructures of the cancellous bone of the distal metaphyseal femoral bone and the cortical bone of the midshaft femoral bone were recorded according to previously published guidelines (Bouxsein et al., 2010). The phenotypic parameters for the cortical bone included total cross-sectional area inside the periosteal envelope (Tt.Ar, mm2), the area of cortical bone (Ct.Ar, mm2), Ct. Ar/Tt.Ar (%), cortical thickness (Ct.Th, mm), endocortical perimeter (Ec.Pm, mm), periosteal perimeter (Ps.Pm, mm), polar moment of inertia (pMOI, mm4), minimum moment of inertia (Imin, mm4), and cortical tissue mineral density (Ct.TMD, mg HA/cm3). The phenotypic parameters for the cancellous bone included the bone volume fraction (BV/TV, %), trabecular thickness (Tb.Th, mm), trabecular number (Tb.N, 1/mm), trabecular separation (Tb.Sp, mm), structure model index (SMI, SMI will be 0 for parallel plates and three for cylindrical rods, and four for perfect spheres), and trabecular bone mineral density (vBMD, mg HA/cm3).
2.3 Biomechanical testing
After micro-CT scanning, the femurs were subjected to three-point bending until failure to assess their mechanical properties. The femur was loaded with a span of 7 mm at a deflection rate of 0.05 mm/s using a univert mechanical test system (Cellscale, Waterloo. Ontario, Canada). Force-displacement data were collected every 0.2 s, recorded to generate the load-displacement curve; subsequentially, we calculated the maximum force (F, N), stiffness (K, N/mm), post-yield displacement (PYD, mm), work-to-fracture (Nmm), elastic modulus (E, GPa) following established guidelines (Jepsen et al., 2015). Eq. 1 were used to calculate the elastic modulus (E):
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where K is the stiffness, L is the loading span, Imin is the minimum moment of inertia.
2.4 Finite element analysis
DICOM files obtained from the micro-CT scans of the femurs of the WT and Beclin-1+/− mice were imported into the MIMICS software (19.0, Materialise, Belgium) for segmentation and reconstruction to generate 3D models of the proximal femur, midshaft femur, and distal femur (Figure 1B). The volumes of interest (VOIs) for the proximal femur were defined as spanning from the most proximal point of the femoral head to 4 mm in the distal direction, while the VOIs for the distal femur were defined as spanning 2 mm toward the midshaft from the distal growth plate (Figure 1A). Each model was meshed to produce a three-dimensional FE model consisting of four-node tetrahedral elements (Figure 1C).
[image: Figure 1]FIGURE 1 | Finite Element model development. (A) Micro-CT image of mouse femur. (B) Segmentation and reconstruction of micro-CT images to generate proximal, midshaft, and distal femur models. (C) Model extraction of proximal, midshaft femoral and distal femur model with tetrahedral elements. (D) Application of load and boundary conditions; red triangles represent the distal femur fixed in all directions. The load on the proximal femur is uniformly distributed on the surface of the femoral head, while for midshaft and distal region, is coupled to the cortical bone surface of the proximal femur.
Bone heterogeneous material properties, assumed to be linear elastic, were mapped to create structural anisotropy by varying the distribution of density (Verbruggen and McNamara, 2023). In the process of determining the femur’s material properties, the bone ash density (ρash, g/cm3) was calculated from the Hounsfield units (HU) (Les et al., 1994; Dragomir-Daescu et al., 2010) based on CT-derived bone mineral density (ρQCT) by Eq. 2 and used to obtain the elastic modulus (E, GPa) according to Eq. 3 (Keller, 1994; Knowles et al., 2016; Lu et al., 2019). A Poisson ratio of 0.3 was assigned to all models (Webster et al., 2008).
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To reflect the peak physiological loading on murine long bone, apply forces in the proximal-distal direction equal to 120% of the mouse’s weight and 10.9% in the anterior-posterior direction (Charles et al., 2018); and the distal surfaces were fixed in all directions (Figure 1D). The load for the proximal femur was evenly distributed on a small circular surface of the femoral head, coupled to a reference node located at the center of the mass of the femoral head (Blanchard et al., 2013), and the surface area of the proximal cortical bone was coupled to a reference point perpendicular to the center of the surface area for the midshaft and distal regions (Verbruggen and McNamara, 2023). Linear elastic FE analysis was performed in Abaqus (Dassault Systèmes, version 2022). The von Mises stress, maximum principal strain, and SED were quantitatively evaluated for each region as parameters describing the mechanical environment of the mouse femurs.
To predict the fracture risk, the minimum safety factor (SF) defined as given in Eq. 4 was calculated for each model (Taddei et al., 2006), where the ultimate strength (S, MPa) of the bone tissue was obtained from the apparent ash density by Eq. 5 (Keller, 1994; Fleps et al., 2020) and the maximum von Mises stress (σ, MPa) was computed from the FE model.
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2.5 Data analysis
The differences in the femoral morphology, tissue-level stress and strain, and whole-bone mechanical properties between WT and Beclin-1+/− mice were assessed using unpaired t-tests with the GraphPad Prism software (GraphPad Software, USA) to determine the effects of Beclin-1 deficiency on these outcome parameters. Linear regression analysis with standard errors was employed to examine associations between bone morphological parameters and bone mechanical parameters, as well as between bone morphological parameters and biomechanical indicators predicted by the FE model for the femurs. Pearson correlation analysis was used to evaluate all relevant correlations. The results are presented as the mean ± standard deviation, with statistical significance defined as a value of p < 0.05.
3 RESULTS
3.1 Beclin-1 deficiency increased cortical bone mass (not trabecular bone) in female mice
Compared to WT mice, Beclin-1+/− mice exhibited a reduction in body weight (CTL: 25.70 ± 1.16 g, Beclin-1+/−: 23.12 ± 0.6 g, p < 0.05, n = 5 per group), significant reduced trabecular bone mineral density, notable increased SMI, but a slight decrease in trabecular bone mass (BV/TV), thickness, and space along with minor increment of trabecular number (Figures 2A, C). The Tissue mineral density in cortical bone did not exhibit significant changes. Significant enhancements were observed in cortical area and cortical thickness, and cortical bone perimeters (both Ps.Pm and Ec.Pm), as well as Tt. Ar; while there were no significant changes in Cortical area fraction (Ct.Ar/Tt.Ar), the minimum and polar moments of inertia at the cortical midshaft regions (Figures 2B, D).
[image: Figure 2]FIGURE 2 | Altered cortical bone microstructure in Beclin-1+/− female mice. Representative Micro-CT reconstruction images of (A) trabecular bone and (B) cortical bone of female WT and Beclin-1+/− mice. Quantitative analyses of femur’s trabecular bone (C) and cortical bone (D). Significant difference: *p < 0.05.
3.2 Beclin-1 deficiency enhanced whole-bone mechanical properties in female mice
The three-point bending results (Table 1) showed that Beclin-1+/− mice exhibited significantly increased maximum force with 63.94% difference and stiffness with 61.18% difference, while a reduction of PYD (−35.0% difference) and similar work-to-fracture, compared to WT mice. Moreover, the elastic modulus was 72.3% greater for the femurs from the Beclin-1+/− mice.
TABLE 1 | Comparison of femur bone mechanical properties between 7-month-old female WT and Beclin-1+/− mice.
[image: Table 1]To elucidate the biomechanical responses of femur observed in three-point bending tests, we investigated the correlations between bone mechanical properties and the morphological parameters of cortical bone. Specifically, we evaluated the associations between cortical bone area and/or cortical thickness with maximum force and stiffness. Pearson’s correlation analysis was conducted by consolidating all femurs into a single group, with a significance level set at 0.05. The significant Pearson correlation coefficients are presented in Table 2, while the correlations of interest are depicted (Figures 3A–L). Increasing cortical thickness and endocortical perimeter significantly enhanced the maximum force, stiffness, and elastic modulus, along with a positive and significant correlation between stiffness and both cortical cross-sectional area and periosteal perimeter.
TABLE 2 | Correlation between femoral bone mechanical properties and cortical morphological parameters in 7-month-old female WT and Beclin-1+/− mice.
[image: Table 2][image: Figure 3]FIGURE 3 | Linear regression analysis: The significant correlation between bone mechanical properties and the morphological parameters of cortical bone. (A) Max Force versus Tt.Ar. (B) Max Force versus Ct.Th. (C) Max Force versus Ec.Pm. (D) Stiffness versus Tt. Ar. (E) Stiffness versus Ct.Th. (F) Stiffness versus Ct. Ar. (G) Stiffness versus Ec.Pm. (H) Stiffness versus Ps.Pm. (I) Elastic modulus versus Ct. Ar. (J) Elastic modulus versus Ct.Th. (K) Elastic modulus versus Ec.Pm. (L) Elastic modulus versus Ps.Pm. Significant difference defined as p < 0.05.
3.3 Beclin-1 deficiency decreased tissue-level stress and strain in female murine femurs
FE models were established to simulate the peak physiological load on murine long bone and analyze the stress and strain of the bone tissue for the WT and Beclin-1+/− mice. In the proximal region of femur, von Mises stress and maximum principal strain occurred at medial side of the femoral neck and top of femoral head, while these parameters were more evenly distributed throughout bone tissue in midshaft and distal regions (Figure 4). Under peak physiological load, the tissue-level stress and strain throughout the femurs were generally lower for the Beclin-1+/− mice than for the WT mice. There were no significant differences in the stress or strain distributions between WT and Beclin-1+/− mice in the femoral proximal region (Figures 4A, B). In femur midshaft, Beclin-1+/− mice significantly reduced the distribution of von Mises stress and maximum principal strains (Figures 4C, D), while only von Mises stress significantly decreased in distal region (Figures 4E, F). Using FE models, the maximum principal strains on the surfaces of the midshaft femurs under the peak physiological load were predicted to be 142 ± 35.7 με for the WT mice and 97.1 ± 13.42 με for the Beclin-1+/− mice, while the corresponding predicted maximum von Mises stresses were 4.15 ± 0.90 and 3.03 ± 0.37 MPa, respectively. In the distal regions, the von Mises stress for the Beclin-1+/− mice (2.30 ± 0.53 MPa) was 36.64% lower than that for the WT mice (3.63 ± 0.79 MPa).
[image: Figure 4]FIGURE 4 | Predicted stress and strain distribution in femur of WT and Beclin-1+/− female mice. (A) Von Mises stress and (B) Maximum principal strain of proximal femur. (C) Von Mises stress and (D) Maximum principal strain of midshaft femur. (E) Von Mises stress and (F) Maximum principal strain of distal femur. Significant difference: *p < 0.05.
The FE models predicted lower SED values for Beclin-1+/− mice compared to WT mice in the midshaft, and distal femur regions. The most significant difference (50% decrease) was observed in the midshaft region. According to stress intensity theory, an SF value less than one indicates a higher risk of fracture. Our FE modeling did not show significant differences in the SF for the proximal region between WT mice (5.83 ± 1.66) and Beclin-1+/− mice (6.33 ± 2.66), despite a slight increment of SF for Beclin-1+/− mice. For the midshaft and distal regions, the SF values for the Beclin-1+/− mice (31.59 ± 4.09 and 27.59 ± 6.19) were 36.99% and 64.62% higher, respectively, than those of WT mice (23.06 ± 5.63 or 16.76 ± 3.35), indicating a greater resistance to fractures in the femoral diaphysis of Beclin-1+/− mice compared to WT (Table 3).
TABLE 3 | Predicted biomechanical indicators in cortical bone of 7-month-old female WT and Beclin-1+/− femurs using FE model.
[image: Table 3]To further investigate the biomechanical indicators (von Mises stress, SF, maximum principal strain, and SED) of the femurs predicted by the FE model, their correlations with cortical bone morphological parameters as well as bone mechanical properties were evaluated, respectively. The Pearson correlation coefficients are summarized in Table 4. For the proximal femur, neither morphological nor mechanical parameters had an impact on the biomechanical indicators predicted by FE. However, increases in cortical thickness and perimeter significantly enhanced the SF values for both the midshaft and distal regions, accompanied by a positive and significant correlation between SF and cortical cross-sectional area in the distal femur (Figures 5A–F). Furthermore, von Mises stress in the distal region is negatively correlated with cortical bone thickness and area (Figures 5G, H). Considering its correlation with bone material properties on the midshaft femur, von Mises stress, maximum principal strain, and SED were negatively correlated with the stiffness and elastic modulus (Table 4; Figures 6A–C). Furthermore, maximum force, stiffness, and elastic modulus exhibited negative correlations with von Mises stress in the distal region (Figures 6D–F). Moreover, SF increased for both distal and midshaft femur when elevated bone mechanical properties were present particularly stiffness (Figures 6G–I).
TABLE 4 | Correlation of FE-predicted biomechanical indicators with experimental bone morphological and mechanical parameters in 7-month-old female WT and Beclin-1+/− femurs.
[image: Table 4][image: Figure 5]FIGURE 5 | Linear regression analysis: The significant correlation between FE-predicted biomechanical indicators and morphological parameters of cortical bone. For midshaft femur: Min safety factor versus (A) Ct. Th, (B) Ec.Pm, and (C) Ps.Pm. For distal femur: Min safety factor versus (D) Ec.Pm, (E) Ct. Ar and (F) Ct. Th; Von Mises stress versus (G) Ct. Ar and (H) Ct. Th. Significant difference defined as p < 0.05.
[image: Figure 6]FIGURE 6 | Linear regression analysis: The significant correlation between FE-predicted biomechanical indicators and experimental bone mechanical parameters of cortical bone. For midshaft region: Stiffness versus (A) Von Mises stress, (B) Max principal strain and (C) Strain energy density, (G) Min safety factor. For distal femur: Stiffness versus (E) Von Mises stress, (F) Strain energy density and (I) Min safety factor; maximum force versus (D) Von Mises stress and (H) Min safety factor. Significant difference defined as p < 0.05.
4 DISCUSSION
The present study aimed to characterize the morphological and biomechanical behavior of femurs from adult female Beclin-1+/− mice. Compared to WT mice, Beclin-1+/− mice exhibited increased cortical bone area, perimeters and cortical thickness. Biomechanical assessment using three-point bending revealed that Beclin-1+/− mice showed elevated fracture resistance with greater ultimate force and stiffness in the femoral diaphysis. These findings suggest that Beclin-1 deficiency improves the mechanical behavior of cortical bone, primarily due to thickening of the cortex. Additionally, FE analysis predicted reduced tissue-level stress and strain within the femurs of Beclin-1+/− mice compared to those of WT mice under peak physiological load for long bones. In general, the stress and strain distributions were similar among each femoral model, showing that the highest von Mises stress and maximum principal strain occurred at the medial side of the femoral neck in the proximal region and were more uniformly distributed throughout the bone tissue, with a larger difference in the midshaft femur. The SED values for the midshaft femurs from the Beclin-1+/− mice tended to be lower than those observed for the WT mice. SF values for the midshaft and distal regions were significantly higher for Beclin-1+/− mice than for WT mice, indicating that female Beclin-1+/− mice cortical bone exhibited better fracture resistance.
In this study, Beclin-1 deficiency in 7-month-old female mice led to an increase in cortical bone mass, but a slight decrease in trabecular bone mass and lower BMD. These reciprocal effects are intriguing, as they match trends observed across different mouse strains. For instance, strains with low bone density, such as C57BL/6J (B6), generally have thin cortices but extensive trabecular bone; while other strains, such as C3H/HeJ (C3H), exhibit much thicker cortical bone but less trabecular bone extending from the growth plate, compared to B6 mice (Turner et al., 2000). Cortical bone loss resulted from impaired periosteal bone formation and increased endocortical bone resorption. Trabecular bone loss was caused by reduced trabecular bone formation and increased bone resorption (Funck-Brentano et al., 2018). The trabecular osteopenia caused by Beclin-1 deficiency is interesting in that both trabecular thickness and separation are decreased, and trabecular number density increases. This is unlike, for instance ovariectomy, where separation is increased and number falls (Syed et al., 2010; He et al., 2011); it suggests a changed pattern of trabecular turnover and architecture, toward a more finely textured pattern.
The size and thickness of cortical bone are key determinants of bone strength and fracture risk (Poole et al., 2010). Increasing age was also found to be related to a decrease in periosteal attachment and an increase in intracortical resorption, thus weakening bone material and structural integrity (Seeman, 2008b). The increased cortical area and/or thickness observed in Beclin-1+/− female mice is likely due to enhanced periosteal apposition on the periosteal envelope. Periosteal expansion at the diaphysis involves bone formation on the periosteal surface to increase bone width (Isojima and Sims, 2021). During skeletal growth, periosteal apposition surpasses endosteal resorption, leading to a net increase in bone width and cortical thickness, crucial for the size and shape of developing bones (Chen et al., 2022). Following the cessation of longitudinal growth, a balanced dynamic between periosteal apposition and endocortical formation is essential to maintain cortical thickness, bone diameter, and strength. However, an imbalance between periosteal apposition and endocortical formation, with less new bone formation, increased osteoclast activity, and more endocortical bone loss, can lead to thinner cortical bones, greater fragility, and defects in fracture repair and bone regeneration (Brommage et al., 2019; Chen et al., 2019; Salazar et al., 2019; Isojima and Sims, 2021). Bone loss from the endocortical surface contributes to bone fragility, while bone deposition on the periosteal surface might be an adaptive response to maintain resistance to bending (Szulc et al., 2006). The larger cross-sectional area of the Beclin-1+/− mice may be due to a stronger adaptive response to mechanical loading. Cortical anabolic responses to mechanical stimuli declined with age into adulthood and cortical cross-sectional geometry alone does not necessarily predict whole-bone functional stiffness (Main et al., 2014). Millard et al. reported that the increase in biomechanical strength of the femurs in aging female mice may be attributable to an increase in bone formation by endothelial osteoblasts (Millard et al., 2017). Tissue material properties and mechanical stress both contribute to bone strength, and changes in the material properties may offset the increase in bone volume (Donnelly, 2011). The skeletal phenotypic features observed in female femurs, increased cortical thickness, and reduced tissue-level stress and strain, are in agreement with previous observations (Endo et al., 2020) illustrating that reduced cortical bone thickness caused strong stresses and strains in female femoral shafts and consequently increased the risk of hip fracture.
The material composition and structural characteristics of bone jointly affect bone strength, where the structure determines the load that can be tolerated and the load also determines the structure, and bone modifies its material composition and structure by adaptive modeling and remodeling to accommodate loads (Seeman, 2008a). The cortical bone structural properties, including cortical thickness, cross-sectional area, and area moment of inertia have been known to provide mechanical competence and can be applied to predict bone strength and fracture risk (Augat and Schorlemmer, 2006). Although size and shape are important morphological characteristics that determine bone strength, the composition and mechanical properties of bones vary as a function of age (Mumtaz et al., 2020). The bone mineral content increasing with age was previously shown to lead to increased maximum force, higher elastic modulus, lower work-to-fracture, and ultimately reduced bone toughness (Currey, 1984). Further investigations are necessary to understand the cortical anabolic response to mechanical loading in the altered bone microstructure of female Beclin-1+/− mice.
There were several limitations in the present study. First, our assessment is largely associated with the accuracy of the simulation and the correct description of the boundary conditions. Differences in bone morphology and the loading distribution on cortical bone may compromise the accuracy of non-invasive bone strength assessments. (Arrington et al., 2006). Individual variations in tissue properties such as porosity and mineralization impact bone strength. The FE model did not account for changes in intracortical porosity due to the resolution of the microCT images, roughly matching the average vascular aperture of 9–15 μm, potentially lowering the prediction accuracy (Varga et al., 2020). Furthermore, the increased brittleness caused by increased mineralization is associated with the bone mineral density distribution (Roschger et al., 2008). Since there were no significant differences in bone strength on the tissue scale for the proximal femur, these results cannot be directly compared with the previous literature. Although there is strong evidence that the deterioration of biomechanical properties at the whole bone level is the cause of bone brittleness, the current study has not addressed the cellular and molecular basis of the actual changes in osteogenic mechanical properties. Future work focused on understanding the underlying collagen structure and how it can change could provide a means of addressing this question. Lastly, in the morphometric and FE analyses, we displayed heat maps for specific regions rather than the entire bone. Although previous studies have focused on measuring cortical bone in the midshaft region, this approach may not always be optimal, especially for morphological analysis using Micro-CT 3D imaging. The midshaft may represent the weakest point of the long bone, showing minimal response, whereas larger responses might be observed in other areas, such as the metaphyseal region (Javaheri et al., 2015; Javaheri et al., 2018). Imaging the entire length of murine bones could provide a more comprehensive view of architectural changes and mechanical performance (Javaheri et al., 2020). Further investigation is crucial to fully understand the changes in bone microstructure and the distribution of stress and strain at the tissue level throughout the whole bone in female Beclin-1+/− mice.
In conclusion, we observed striking alterations in the morphological and biomechanical properties of femurs from adult female Beclin-1+/− mice, providing valuable information on bone strength and fracture prediction, thus potentially contributing to the treatment and prevention of osteoporosis and other bone diseases. Further integration of experimental and computational research is necessary to elucidate the underlying mechanisms responsible for increased bone strength in female Beclin-1+/− mice, as well as to investigate the cellular and molecular basis of the cortical anabolic response to mechanical loading in altered bone microstructure.
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Segment selection for fusion and artificial disc replacement in the hybrid surgical treatment of noncontiguous cervical spondylosis: a finite element analysis
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Introduction: The treatment of skip-level cervical degenerative disease (CDD) with no degenerative changes observed in the intervening segment (IS) is complicated. This research aims to provide a reference basis for selecting treatment approaches for noncontiguous CDD.
Methods: To establish accurate finite element models (FEMs), this study included computed tomography (CT) data from 21 patients with CDD (10 males and 11 females) for modeling. The study primarily discusses four cross-segment surgical approaches: upper (C3/4) anterior cervical discectomy and fusion (ACDF) and lower (C5/6) cervical disc arthroplasty (CDA), FA model; upper CDA (C3/4) and lower ACDF (C5/6), AF model; upper ACDF (C3/4) and lower ACDF (C5/6), FF model; upper CDA (C3/4) and lower CDA (C5/6), AA model. An initial axial load of 73.6 N was applied at the motion center using the follower load technique. A moment of 1.0 Nm was applied at the center of the C2 vertebra to simulate the overall motion of the model. The statistical analysis was conducted using STATA version 14.0. Statistical significance was defined as a p value less than 0.05.
Results: The AA group had significantly greater ROM in flexion and axial rotation in other segments compared to the FA group (p < 0.05). The FA group consistently exhibited higher average intervertebral disc pressure in C2/3 during all motions compared to the AF group (p < 0.001); however, the FA group displayed lower average intervertebral disc pressure in C6/7 during all motions (p < 0.05). The AA group had lower facet joint contact stresses during extension in all segments compared to the AF group (p < 0.05). The FA group exhibited significantly higher facet joint contact stresses during extension in C2/3 (p < 0.001) and C6/7 (p < 0.001) compared to the AF group.
Discussion: The use of skip-level CDA is recommended for the treatment of non-contiguous CDD. The FA construct shows superior biomechanical performance compared to the AF construct.
Keywords: cervical degenerative disease, interior cervical discectomy, adjacent segment disease, cervical disc arthroplasty, hybrid surgery, finite element analysis
1 INTRODUCTION
Anterior cervical discectomy (ACDF) is a commonly performed surgical procedure for the treatment of single or multilevel cervical degenerative disease (CDD). It has been proven to have high fusion rates and favorable clinical outcomes (Wu et al., 2017a). However, ACDF carries the risk of segmental instability and adjacent segment disease (ASD) (Xiong et al., 2018). This is attributed to the biomechanical changes induced by ACDF, including reduced range of motion (ROM) at the surgical segment, altered endplate and intradiscal stress, and increased load on the facet joints, which may contribute to adjacent segment degeneration (Wang et al., 2018; Xiong et al., 2018).
On the other hand, cervical disc arthroplasty (CDA) aims to preserve the physiological motion between adjacent vertebrae, thus avoiding abnormal stress transfer to the adjacent segments (Lee et al., 2012). CDA mimics the natural coupling of cervical spine motion by preserving the intervertebral instant center of rotation (ICR) (Kaiser et al., 2002; Laratta et al., 2018). Both ACDF and CDA achieve effective neural decompression and restoration of intervertebral disc height, contributing to successful treatment of CDD (Zhao et al., 2015). The management of long-segment CDD is more complex compared to short-segment CDD. This is particularly true when treating skip-level CDD, where there are no degenerative changes observed in the intervening segment (IS), posing significant challenges in selecting the appropriate surgical approach (Sun et al., 2020). Previous research has highlighted the importance of preserving the IS to enhance the effectiveness of skip-level CDD treatment (Qizhi et al., 2016; Shi et al., 2016; Wu et al., 2017b). Therefore, the surgical approach should aim to maintain the normal biomechanical properties of the IS. Long-segment ACDF is not recommended for noncontiguous skip-level CDD as it can disrupt the natural intervertebral disc structure of the IS (Wu et al., 2017a). Moreover, long-segment ACDF is associated with a higher risk of internal fixation-related complications, including implant failure and the development of ASD (Yang et al., 2016). Although noncontiguous ACDF preserves the integrity of the IS, it leads to increased postoperative motion and stress on the IS, thereby elevating the risk of IS degeneration (Sun et al., 2020). Previous studies have demonstrated the superiority of cervical disc arthroplasty (CDA) over ACDF in the treatment of two-level CDD, as it maintains cervical mobility and stability of adjacent segments (Zhao et al., 2015; Wu et al., 2017b). Furthermore, compared to single-level CDA, multi-level CDA has shown more favorable clinical outcomes and functional recovery without a higher incidence of complications (Goffin et al., 2003; Sun et al., 2020). However, multi-level CDA is associated with various challenges such as heterotopic ossification, prolonged surgical time, increased intraoperative bleeding, suboptimal cervical alignment, vertebral body fracture, and prosthetic displacement (Coric et al., 2011). These factors limit the application of noncontiguous CDA in the management of non-contiguous CDD (Liu et al., 2015).
The Hybrid surgery, which combines CDA and ACDF techniques, has been proposed as a potential solution. The concept behind Hybrid surgery is to preserve cervical mobility while reducing abnormal loads on adjacent segments, thus potentially preventing the occurrence of ASD (Wu et al., 2019a). However, the actual therapeutic efficacy of Hybrid surgery is still a matter of debate, and the precise surgical indications for its use have not been clearly defined, leading to ongoing discussions regarding its clinical application (Wu et al., 2019b). Previous studies have suggested that the use of Hybrid surgery in long-segment cervical procedures can effectively prevent postoperative complications associated with multi-level ACDF, while preserving cervical mobility (Barbagallo et al., 2009). Therefore, Hybrid surgery may be an ideal approach for treating noncontiguous CDD. However, further discussions are needed regarding the specific surgical strategy formulation and selection of surgical indications.
Finite element analysis (FEA) is a commonly employed biomechanical research method that can enhance our understanding of cervical biomechanical characteristics. By utilizing finite element modeling based on cervical anatomy parameters, we can visually represent the biomechanical effects of different surgical treatment methods (Kallemeyn et al., 2010). However, previous studies have often relied on a single standard model to compare different treatment methods for CDD, without considering individual variations among patients (Manickam and Roy, 2022). Therefore, the primary objective of this study is to incorporate multiple patients with noncontiguous CDD into finite element analysis, enabling modeling and analysis.
The study aims to simulate noncontiguous skip-level ACDF, CDA, and various types of Hybrid surgeries. Statistical methods will be employed to analyze the data and compare the biomechanical characteristics of different treatment methods. This research endeavors to provide a reference basis for selecting appropriate treatment approaches for noncontiguous CDD.
2 MATERIALS AND METHODS
2.1 Finite element modelling
To create precise finite element models (FEMs), this study utilized computed tomography (CT) data from 21 patients diagnosed with cervical degenerative disease (CDD), comprising 10 males and 11 females. The CT images were obtained using a SOMATOM Definition AS + scanner (Siemens, Germany) with a thickness of 0.75 mm and an interval of 0.69 mm. These radiological images served as the basis for constructing realistic clinical models of the cervical spine (C2∼C7) through the application of FEA techniques (Sun et al., 2023). The geometric models of the C2∼C7 cervical spine were reconstructed using Mimics 17.0 software (Materialize Inc., Leuven, Belgium) from the radiological images. Subsequently, these geometric models were exported as STL files and further refined into physical structures using Geomagic Studio 12.0 software (3D Systems Corporation, Rock Hill, SC, United States). This meticulous process allowed for the creation of detailed and reliable finite element models, which served as the foundation for the subsequent simulation and analysis of various surgical treatment methods for noncontiguous CDD.
In previous research, the focus on noncontiguous cervical spine diseases has mainly centered around the middle segment C4/5 (Wu et al., 2019a; Sun et al., 2020; Sun et al., 2023). However, for the purpose of this study, the attention was directed towards the C3/4 and C5/6 segments for surgical procedures. Four cross-segment surgical approaches were primarily explored: the upper (C3/4) ACDF and lower (C5/6) cervical disc arthroplasty (CDA) in the FA model; upper CDA (C3/4) and lower ACDF (C5/6) in the AF model; upper ACDF (C3/4) and lower ACDF (C5/6) in the FF model; and upper CDA (C3/4) and lower CDA (C5/6) in the AA model. These surgical strategies were simulated using the aforementioned software.
In the ACDF approach, the relevant intervertebral disc, anterior longitudinal ligament (ALL), and posterior longitudinal ligament (PLL) were removed, and NuVasive® Helix ACP and CoRoent® Contour implants were inserted at the intervertebral level. The analyzed implants in this study included NuVasive® Helix ACP, CoRoent® Contour, and Synthes® Prodisc-C (Table 1). The FEMs of these devices were constructed using Solidworks 2016 and integrated with the cervical spine models. On the other hand, in the CDA approach, the relevant intervertebral connections were removed, and Prodisc-C was implanted at the corresponding level (Figure 1). High-quality meshes of these models were generated using Hypermesh 12.0. Subsequently, material properties and experimental conditions were defined, followed by setting up the finite element analysis in ABAQUS 6.13. These steps ensured the accurate representation and analysis of the various surgical approaches for noncontiguous CDD in this study.
TABLE 1 | Dimensions and material parameters of devices.
[image: Table 1][image: Figure 1]FIGURE 1 | FEMs of intact group (A), CDA-CDA (AA) group (B), ACDF-ACDF (FF) group (C). ACDF-CDA (FA) group (D) and CDA-ACDF (AF) group (E).
2.2 Material properties
The material properties and element types used in the finite element models are presented in Table 2 (Mo et al., 2017; Sun et al., 2020; Tohamy et al., 2022). The cancellous bone was represented as tetrahedral elements (C3D4) with a mesh size of 3 mm and was established based on the solid volume of the vertebrae. The cortical bone, which covered the cancellous bone, had a uniform thickness of 0.4 mm and was represented by triangular shell elements (S3) with nodes coinciding with the exterior surface of the cancellous bone. The intervertebral disc was composed of the nucleus pulposus and annulus fibrosus. The fibrous annulus contained a group of crossed fibers that only experienced tension, constituting approximately 19% of the fibrous annulus. The nucleus pulposus, making up about 40% of the intervertebral disc, was located near its center (Mo et al., 2015). The annulus ground substance and nucleus pulposus were meshed using hexahedral elements (C3D8R), while the annulus fibers were represented by tension-only truss elements (T3D2). For the facet joints, the articular surfaces were covered by cartilage, and the surface contact was considered nonlinear. The cartilage thickness and gap were both set at 0.5 mm (Wu et al., 2019b). Additionally, the ALL, PLL, ligamentum flavum (LF), interspinous ligament (IL), supraspinous ligament (SL), and capsular ligament (CL) were inserted into the model as six groups of ligaments and were defined as T3D2 elements (Tang et al., 2022). These elements and properties were chosen to accurately represent the biomechanical characteristics of the cervical spine and its associated structures in the finite element analysis.
TABLE 2 | Material parameters of the cervical spine.
[image: Table 2]2.3 Boundary and loading conditions
To ensure proper alignment, constraints were imposed on the interfaces between the natural structures of the cervical spine. The interaction between the facet joints was modeled as sliding friction, allowing for realistic contact behavior. The lower endplate of the C7 vertebra was fully restricted in all directions to ensure stability during the analysis (Manickam and Roy, 2022). The connections between the screws and the vertebral bodies, as well as between the screws and the implanted device, were treated as fixed constraints to simulate their rigid attachment. The interface between the cancellous bone graft material and the CoRoent® Contour implant was defined as having no friction to enable smooth interaction. Furthermore, the endplates and intermediate layer of the ProDisc-C implant were considered fully bonded, providing a strong connection (Lin et al., 2009; Sun et al., 2020). In the finite element analysis, an initial axial load of 73.6 N was applied at the motion center using the follower load technique to replicate the effects of muscle forces and the weight of the head. Additionally, a moment of 1.0 Nm was applied at the center of the C2 vertebra to simulate the overall motion of the C2∼C7 finite element model, including flexion, extension, lateral bending, and axial rotation. Throughout the analysis, the range of motion (ROM) for each intervertebral segment was calculated and compared against existing data to validate the accuracy and reliability of the finite element model (Lee et al., 2016; Liu et al., 2016; Wu et al., 2019a; Sun et al., 2020; Sun et al., 2023). These procedures were essential to accurately simulate the biomechanical behavior of the cervical spine and to obtain reliable results for the different surgical treatment methods used in the study.
2.4 Statistical analysis
The statistical analysis was performed using STATA version 14.0 (Stata Corp LP, College Station, Texas, United States). Continuous variables were presented as mean ± standard deviations (SD). The normality of continuous data was assessed using the Kolmogorov-Smirnov test. For normally distributed data, either one-way analysis of variance (ANOVA) or Student’s t-test was utilized for analysis. In the case of skewed distributed data, the Kruskal–Wallis test was applied. A significance level of p < 0.05 was considered statistically significant in all analyses.
3 RESULTS
3.1 Validation of finite element models
In this study, the range of motion (ROM) for each segment of the complete C2∼C7 finite element model was compared to data from previous studies. The findings showed a strong concordance between the average ROM of each segment in this study and the results reported in existing literature, providing validation for the reliability and accuracy of the C2∼C7 finite element model utilized in this investigation (Figure 2) (Panjabi et al., 2001; Lee et al., 2016; Liu et al., 2016; Wu et al., 2019b; Sun et al., 2020; Sun et al., 2023).
[image: Figure 2]FIGURE 2 | The ROM for each segment of the cervical spine finite element model under different motion conditions in different articles: (A) flexion motion, (B) extension motion, (C) lateral bending, and (D) axial rotation.
3.2 Comparison of ROMs
Table 3 present the comparative results of ROM in each segment among different groups during various motions. When comparing the AA group to the FA group, there was no significant difference in ROM during various motions in C2/3 (p > 0.05). However, the AA group exhibited significantly greater ROM in flexion and axial rotation in other segments compared to the FA group (p < 0.05). When comparing the AA group to the AF group, the AA group showed significantly higher ROM during various motions in the IS (C4/5), lower surgical segment (C5/6), and lower segment (C6/7) compared to the AF group (p < 0.05). In the comparison between the FA group and the AF group, the FA group demonstrated significantly higher ROM in the lower segment (C6/7) during extension compared to the AF group (p < 0.001), while no significant difference was observed in ROM for other motions (p > 0.05). Moreover, ROM in the IS was significantly higher in the FA group compared to the AF group during extension and lateral bending (p = 0.001). In C2/3, the FA group had significantly lower ROM during lateral bending compared to the AF group (p < 0.001), while for other motions, the ROM in the FA group was significantly higher than in the AF group (p < 0.05).
TABLE 3 | Comparison of ROMs at different intervertebral levels.
[image: Table 3]3.3 Comparison of average intervertebral disc pressures
Table 4 present the results of between-group comparisons of average intervertebral disc pressure in each segment during various motions. When compared to the AF group, the AA group showed lower average intervertebral disc pressure in other segments during various motions (p < 0.05), except for extension in C2/3, where no significant between-group difference was observed (p = 0.550). Additionally, the FA group consistently exhibited higher average intervertebral disc pressure in C2/3 during all motions compared to the AF group (p < 0.001). However, the FA group displayed lower average intervertebral disc pressure in C6/7 during all motions (p < 0.05).
TABLE 4 | Comparison of average pressures in intervertebral discs.
[image: Table 4]3.4 Comparison of contact forces in cervical facet joints
Table 5 present the results of between-group comparisons of the contact stresses in facet joints during extension. The AA group showed significantly lower facet joint contact stresses during extension in C2/3 (p < 0.001) and C4/5 (p < 0.001) compared to the FA group. However, the AA group had significantly higher facet joint contact stresses during extension in C6/7 compared to the FA group (p < 0.001). Additionally, the AA group had lower facet joint contact stresses during extension in all segments compared to the AF group (p < 0.05). On the other hand, the FA group exhibited significantly higher facet joint contact stresses during extension in C2/3 (p < 0.001) and C6/7 (p < 0.001) compared to the AF group.
TABLE 5 | Comparison of average contact forces in facet joints in extension.
[image: Table 5]4 DISCUSSION
The management of multilevel CDD remains a subject of controversy. ACDF offers advantages such as direct lesion removal, excision of degenerated intervertebral discs, and correction of cervical curvature (Lee et al., 2011). However, when using long-segment ACDF to address non-contiguous CDD, it can disrupt the physiological function and structural stability of the intervening normal segments. As a result, long-segment ACDF is not considered an ideal approach for treating non-contiguous CDD. Skip-level ACDF, on the other hand, may lead to the development of ASD, with reported incidence rates ranging from 6.25% to 20% in short-term follow-ups. Over the long term, the intervening segments can undergo gradual degeneration due to excessive motion and increased stress (Wu et al., 2017a). Similarly, in our study, skip-level ACDF significantly increased the range of motion and facet joint contact stress in adjacent segments compared to other surgical techniques. Therefore, skip-level ACDF is not recommended as an optimal treatment approach for non-contiguous CDD.
Previous research has demonstrated that skip-level CDA is a safe and effective approach for treating noncontiguous CDD. However, the indications for multi-level CDA are more stringent, resulting in higher surgical complexity, reduced postoperative cervical stability, and an increased risk of implant-related complications, leading to higher overall costs (Wu et al., 2017b). Previous studies have shown that skip-level CDA does not significantly increase intervertebral disc pressure or facet joint pressure in the intervening segment compared to adjacent segments (Wu et al., 2017a). Similarly, in our study, skip-level CDA did not result in significantly higher adjacent segment disc stress compared to the intact cervical spine, suggesting that skip-level CDA can play a role in preventing ASD. The design of artificial discs aims to mimic the biomechanical characteristics of natural discs, and the rotational center of the artificial disc should align as closely as possible with the rotational center of the cervical motion segment. Therefore, the rotational center of artificial discs is commonly located behind the inferior endplate of the lower vertebral body (Lin et al., 2009). While the artificial nucleus of an artificial disc can maintain disc height, it still requires good fixation with the endplate screws to ensure stress transmission along the axis of the cervical spine (Wu et al., 2019a). If the elastic potential energy cannot dissipate through the artificial nucleus within the artificial disc, a significant amount of stress may be exerted on the bony contact surfaces of the endplates. This is particularly evident during flexion motion, where a large amount of stress can be transmitted to the adjacent segments, thereby increasing the risk of ASD (Lin et al., 2009; Sun et al., 2023). In our study, skip-level CDA resulted in increased facet joint contact stress in the intermediate and lower segments during extension. This phenomenon may be related to the placement of the artificial disc’s rotational center. To achieve the optimal position of the artificial disc’s rotational center, its implantation position is relatively posterior, which increases the stress burden on the posterior column of the adjacent segment. As a result, there is an increased risk of posterior column structural degeneration in the intermediate and lower segments. Although skip-level CDA effectively reduces intervertebral pressure in adjacent segments, it comes at the cost of decreased overall cervical stiffness and, consequently, decreased overall cervical stability (Lee et al., 2016).
Hybrid surgery is considered a relatively safe and effective approach in the treatment of multilevel cervical spondylosis, as it combines the advantages of both ACDF and CDA techniques. The Hybrid construct achieves a balance between stability and mobility, allowing for preserved cervical mobility without a significant reduction in cervical stiffness (Coric et al., 2011). As a result, its application is becoming increasingly common in clinical practice (Panjabi et al., 2001). The selection of segments for ACDF and CDA in Hybrid surgery plays a crucial role in determining the overall structural biomechanical performance. In a Hybrid construct, the choice of the lower ACDF segment can significantly impact the stress distribution on the lower segments (Lee et al., 2011). However, in this study, we found no significant difference in intervertebral disc stress and facet joint contact stress in the IS between the FA group (upper ACDF and lower CDA) and the AF group (upper CDA and lower ACDF), suggesting that both Hybrid surgical approaches offer similar protective effects on the IS. This indicates that both Hybrid surgeries can effectively preserve the biomechanical integrity of the IS.
Hybrid surgery is considered a relatively safe and effective approach in the treatment of multilevel cervical spondylosis, as it combines the advantages of both ACDF and CDA techniques. The Hybrid construct achieves a balance between stability and mobility, allowing for preserved cervical mobility without a significant reduction in cervical stiffness (Wu et al., 2019b). As a result, its application is becoming increasingly common in clinical practice (Barrey et al., 2012). The selection of segments for ACDF and CDA in Hybrid surgery plays a crucial role in determining the overall structural biomechanical performance. In a Hybrid construct, the choice of the lower ACDF segment can significantly impact the stress distribution on the lower segments (Li et al., 2018). However, in this study, we found no significant difference in intervertebral disc stress and facet joint contact stress in the IS between the FA group (upper ACDF and lower CDA) and the AF group (upper CDA and lower ACDF), suggesting that both Hybrid surgical approaches offer similar protective effects on the IS. This indicates that both Hybrid surgeries can effectively preserve the biomechanical integrity of the IS.
Hybrid surgery may lead to an overall increase in cervical facet joint contact stress, potentially influencing the long-term effectiveness of the surgery (Li et al., 2018). In this study, we observed that the facet joint contact stress in the upper and lower adjacent segments was lower in the FA group (upper ACDF and lower CDA) compared to the AF group (upper CDA and lower ACDF), suggesting that the FA group provides better protection for the posterior column structures. This could be attributed to the upper ACDF in the FA group, which corrects the upper cervical curvature, resulting in a more ideal direction of force transmission and relatively reduced stress on the posterior column structures. After Hybrid surgery, the cervical spine requires greater torque to achieve full range of motion compared to an intact spine. However, this increased torque can cause fatigue of the paraspinal muscles during cervical motion, posing a risk to the long-term mobility of the cervical spine (Li et al., 2018). The study findings suggest that ACDF may be more suitable for segments with smaller range of motion in Hybrid surgery, while CDA may be more suitable for segments with larger range of motion to minimize the impact on adjacent segments (Sun et al., 2023). By carefully considering the biomechanical characteristics of each surgical approach, surgeons can make more informed decisions in choosing the appropriate Hybrid surgery strategy for individual patients, thereby optimizing the long-term outcomes of the surgery.
Several clinical studies have indicated that both Hybrid surgery and skip-level CDA have a preventive effect on ASD and offer protection for the IS (Wu et al., 2017a). However, the findings from this study revealed that skip-level CDA exhibited an overall better protective effect on adjacent segments and IS compared to Hybrid surgery. The reason for this discrepancy lies in the clinical practice, where doctors often choose Hybrid surgery for patients with well-preserved IS, as ACDF can lead to stress concentration on adjacent segments. On the other hand, CDA can better mimic the functional characteristics of a normal intervertebral disc, making it more suitable for patients with mild degeneration in adjacent segments. The preoperative condition of adjacent segments can influence the assessment of ASD occurrence postoperatively. By utilizing biomechanical methods to systematically analyze different treatment approaches, this study effectively eliminated the interference of confounding factors that are commonly encountered in clinical studies, thereby improving the accuracy and reliability of the results. Biomechanical analysis offers valuable insights into the specific effects of each surgical approach on cervical biomechanics, enabling a more comprehensive understanding of their advantages and limitations. By integrating biomechanical findings with clinical evidence, surgeons can make more informed decisions when selecting the appropriate surgical treatment for patients with non-contiguous cervical degenerative disease, thus optimizing the long-term outcomes and enhancing patient care.
This study has several limitations that should be acknowledged. Firstly, to enhance the credibility of the finite element model, CT data from patients with CDD were utilized. However, accurately modeling degenerated structures, such as degenerated intervertebral discs, and assigning appropriate material properties to these structures presented challenges. Garay et al. (Garay et al., 2022) stated that the bone mineral density (BMD) of different cervical vertebrae segments and parts was different due to various physiological loads. In order to reduce the impact of BMD at different cervical vertebrae levels on the study results, the surgical levels were the same for all models in this study. In addition, this study focused on analyzing the biomechanical properties of the three-joint complex at each movement level of the cervical spine, and did not discuss the stress and strain of the bone structure. Therefore, the structure of the cervical spine model is simplified into a columnar structure composed of bone cortex and bone cancellum in the front and a uniform arcuated posterior unit structure in the rear, which is helpful to save computing resources and improve the feasibility of the study, so as to make the study more targeted. Consequently, the comparison of different surgeries was conducted within an ideal analytical environment. The simplified model is difficult to reflect the complex coupling motion between intervertebral disc and facet joint. In addition, the pulling action of muscles is also difficult to simulate in finite element models. In this study, the overall properties of the cervical spine models were adjusted by adjusting the elastic modulus of the intervertebral discs and the elastic modulus of the ligaments, so that its biomechanical properties were close to the physiological state of the complete cervical spine. Therefore, after simplifying the cervical spine models, this study made them consistent with the data provided by previous published literatures as far as possible in terms of validity verification, so as to improve the credibility of the models. Although the cervical spine model’s validity was verified, and statistical analysis was applied to the data, enhancing the representativeness and credibility of the research results to some extent, it partially addressed the aforementioned limitations. Secondly, the fixation systems were integrated with the cervical spine models without analyzing the interaction between the fixation systems and the bone-tissue interface post-implantations. Nonetheless, considering the design concepts and principles of different implants, they were placed in optimal positions to simulate their functional state, which was not expected to significantly impact the research outcomes. Thirdly, this study simulated all cervical spine models with various surgical treatment methods, overlooking the influence of surgical indications. However, this limitation was mitigated by standardized settings and statistical analysis of the cervical spine models, reducing the impact of individual patient differences on the research results. The research methodology employed in this study provides an intuitive representation of the biomechanical characteristics of different surgical treatment methods, making it visually reliable compared to traditional clinical studies. Therefore, despite certain factors that may affect its accuracy, the research methodology employed in this study effectively minimized the impact of confounding factors on the research conclusions, ensuring the reference value of the research results.
5 CONCLUSION
This study demonstrates that in the treatment of non-contiguous CDD, CDA offers significant biomechanical advantages and effectively avoids stress concentration in the middle and adjacent segments. On the other hand, skip-level ACDF significantly increase the stress burden on adjacent and middle segments, thereby elevating the risk of ASD, and is not recommended for non-contiguous CDD treatment. For cases where surgical indications permit, skip-level CDA is recommended as it achieves optimal biomechanical performance for the cervical spine. In situations where skip-level CDA is not feasible for a patient, Hybrid surgery can be considered. Among the Hybrid constructs, the FA construct demonstrates superior biomechanical performance compared to the AF construct. If both combinations are viable, the FA construct is recommended for treating non-contiguous CDD. Additionally, in cases where there is a notable difference in the degree of degeneration between segments, it is recommended to perform ACDF on the more severely degenerated segment, while CDA is suggested for the relatively less degenerated segment. Overall, the findings of this study provide valuable insights for clinicians when selecting the most appropriate surgical approach to achieve optimal biomechanical outcomes in the treatment of non-contiguous CDD.
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As a solution to restore knee function and reduce pain, the demand for Total Knee Arthroplasty (TKA) has dramatically increased in recent decades. The high rates of dissatisfaction and revision makes it crucially important to understand the relationships between surgical factors and post-surgery knee performance. Tibial implant alignment in the sagittal plane (i.e., posterior tibia slope, PTS) is thought to play a key role in quadriceps muscle forces and contact conditions of the joint, but the underlying mechanisms and potential consequences are poorly understood. To address this biomechanical challenge, we developed a subject-specific musculoskeletal model based on the bone anatomy and precise implantation data provided within the CAMS-Knee datasets. Using the novel COMAK algorithm that concurrently optimizes joint kinematics, together with contact mechanics, and muscle and ligament forces, enabled highly accurate estimations of the knee joint biomechanics (RMSE <0.16 BW of joint contact force) throughout level walking and squatting. Once confirmed for accuracy, this baseline modelling framework was then used to systematically explore the influence of PTS on knee joint biomechanics. Our results indicate that PTS can greatly influence tibio-femoral translations (mainly in the anterior-posterior direction), while also suggesting an elevated risk of patellar mal-tracking and instability. Importantly, however, an increased PTS was found to reduce the maximum tibio-femoral contact force and improve efficiency of the quadriceps muscles, while also reducing the patellofemoral contact force (by approximately 1.5% for each additional degree of PTS during walking). This study presents valuable findings regarding the impact of PTS variations on the biomechanics of the TKA joint and thereby provides potential guidance for surgically optimizing implant alignment in the sagittal plane, tailored to the implant design and the individual deficits of each patient.
Keywords: knee mechanics, TKA, subject-specific modelling, posterior tibial slope, soft tissue loading
1 INTRODUCTION
Total knee arthroplasty (TKA) is a common surgery aimed at restoring knee function in individuals experiencing progressive osteoarthritis. Currently, around 400,000 primary TKA surgeries are conducted annually in the United States alone (Varacallo et al., 2022), and it is anticipated that this number will surge to 1.26 million operations per year by 2030 (Sloan et al., 2018; Shichman et al., 2023). Unfortunately, surgery outcome dissatisfaction rates varying from 10% to 30% (Ayers et al., 2022; Ferri et al., 2023; Inui et al., 2023; Nham et al., 2023), with the greatest complaints concerning persistent pain and joint stiffness, which impede subject’s ability to engage in everyday functional activities (Choi and Ra, 2016). Importantly, poor functional and clinical outcomes greatly contribute to revision surgeries, particularly among younger individuals who have undergone TKA (with revision rates of up to 22% for patients undergoing surgery below 50 years (Stone et al., 2022)).
Implant design and implantation are thought to be the two primary factors governing knee functionality after TKA. In particular, implant alignment is known to play a critical role in postoperative joint instability/stiffness (Sheth et al., 2017; Oussedik et al., 2020), as well as soft tissue loading patterns (Willing and Walker, 2018; Johnston et al., 2019). Several studies have assessed changes in kinematics and kinetics of the knee during walking due to variations in implant alignment in the coronal plane. These include investigations into changes in patella kinematics (McWalter et al., 2007) as well as tibiofemoral contact location and load (Halder et al., 2012; Lerner et al., 2015; Smith et al., 2016a). On the other hand, there has been a relatively small number of biomechanical investigations exploring the role of TKA implantation parameters in other anatomical planes. Specifically, in the sagittal plane, it has long been thought that an increased posterior tibial slope (PTS) can increase the moment arm of the quadriceps muscles by shifting the tibiofemoral contact points posteriorly (Ostermeier et al., 2006a; Kang et al., 2017; Wang et al., 2020). Therefore, many surgeons try to encourage femoral rollback by increasing the posterior slope of the tibial component to enhance the range of knee flexion as well as efficacy of the knee extensor mechanism. However, the consequences of such variations on articular contact mechanics and loading of other knee structures has not yet been completely clarified.
In-vivo studies investigating the influence of PTS on post-TKA knee joint biomechanics have been mainly limited to those using medical imaging to quantify range of motion (Bellemans et al., 2005) or to assess knee stability (Ersin et al., 2023) during passive or loaded knee flexion (Seo et al., 2013). For example, Bellemans and co-workers (Bellemans et al., 2005) evaluated maximum knee flexion angles obtained from patients with well-functioning TKAs using video-fluoroscopy and found an average gain of 1.7° flexion for every degree of PTS. In another study, Fujimoto and co-workers (Fujimoto et al., 2013) measured the femorotibial joint gap over the arc of passive knee flexion (0°–135°) and reported a significantly greater tibiofemoral gap but an improved postoperative range of motion (ROM) for joints with higher PTS angles. However, due to radiation exposure and limitations of the measurement technique, such in-vivo investigations have not yet been expanded to functional activities like walking and squatting.
Some in-vitro cadaveric studies have also assessed the impact of PTS on knee function after TKA. For example, Ostermeier and co-workers (Ostermeier et al., 2006a) used a cadaveric rig to simulate isokinetic knee flexion-extension on seven cadaveric specimens with TKA implants. They reported an improved efficacy of the knee extensor mechanism due to increased quadriceps lever arms for TKAs with larger PTS angles. Using a similar approach, isokinetic extension of the cadaveric knees was also examined, where PTS was shown to only have a small influence on tibiofemoral contact stress, but a large effect on PCL loading, after PCL-retaining TKA (Ostermeier et al., 2006b). Their findings are, however, only partially consistent with those reported by Wang and co-workers (Wang et al., 2020) who similarly found that TKAs with larger PTS angles result in more posterior femoral translation, but reported larger articular contact areas and thereby smaller contact pressures. Such inconsistent results plausibly originate from the limited capacity of in-vitro cadaveric studies to accurately recreate the in-vivo loading conditions within the knee. Moreover, cadaveric tests are inefficient for parametric investigations into the outcomes of varying surgical factors.
Given the limitations of in-vivo and in-vitro investigations, computational modelling provides an efficient toolset to simulate different approaches in orthopaedic surgeries and estimate their biomechanical outcomes (Hoy et al., 1990; Arnold et al., 2010; Carbone et al., 2015). Such numerical approaches therefore provide opportunities for more detailed investigations into the influence of PTS on tibiofemoral as well as patellofemoral kinematics, ligament forces, and knee contact mechanics. Traditionally, however, forward dynamic simulations have been unduly sensitive to parameter variations, while inverse dynamic formulations have been limited to the quasi-static boundary constraints dictated by motion capture data. Moreover, solving the muscle redundancy problem in the presence of contact and ligament forces has been technically challenging. The recent development of force dependent kinematic (FDK) approaches within musculoskeletal modelling environments (Brandon et al., 2017; Skipper Andersen et al., 2017) now enables the simultaneous prediction of muscle forces, ligament forces, cartilage contact pressures as well as secondary knee kinematics during dynamic activities while solving the inherent muscle redundancy problem. As such, FDK approaches, including the recently developed COMAK tool (Brandon et al., 2017; clnsmith, 2022) within OpenSim (Delp et al., 2007), allow joint kinematics to be iteratively updated in order to balance the joint loading conditions, and hence provide a predictive approach for evaluating the kinematic and kinetic effects of perturbing specific parameters such as PTS.
A sound understanding of the role of PTS requires access to highly accurate kinematics and kinetics. The CAMS-Knee datasets (Taylor et al., 2017) provide access to the subject-specific implant and bone geometries and precise implantation data to create detailed subject-specific models of the measured subjects. Moreover, the unique collection of skin-marker motion capture data, lower limb muscle EMG, 6 degree of freedom (DoF) knee kinematics reconstructed from video-fluoroscopy, and in-vivo measured knee contact forces (KCFs) enable comprehensive musculoskeletal simulations of functional activities as well as extensive validation of modelling predictions. Therefore, this study first aimed to validate a computational modelling framework against the CAMS-Knee datasets, which provided the basis for then understanding the influence of PTS on TKA joint biomechanics. To this aim, we have built a subject-specific musculoskeletal model with detailed knee joint structures reconstructed from patient-specific CT images. After a comprehensive validation of the joint kinematics and loading as well as muscle activation patterns, the model was used to simulate virtual implantations with different PTS angles to investigate the resultant changes in knee contact mechanics and soft tissue loading conditions.
2 METHODS
2.1 CAMS-knee datasets
The CAMS-knee datasets (Taylor et al., 2017) report experimental data including kinematics and loading of the tibiofemoral joint in six TKA subjects performing five trials of multiple functional activities of daily living. In addition to the routine gait lab data (i.e., skin-marker trajectories, ground reaction forces (GRFs), and EMG), six components of the knee contact forces (KCFs) and moments were also measured in-vivo using instrumented knee implants (Heinlein et al., 2007). The 6 DoF tibiofemoral kinematics were reconstructed from video-fluoroscopy images to within 1° (all rotations) and 1 mm (in-plane) accuracy (Foresti, 2009) and reported in the datasets. For the current study, we used only the data available for level walking and squatting, where the level walking cycle was defined from heel strike to heel strike of the instrumented leg while the squat cycle was defined from upright standing, through deep flexion, to upright standing. In addition to the publicly available data, we had access to subject-specific CT images of the lower limb bones.
2.2 Subject specific lower limb model
A personalized model was developed to represent subject “K5R” (65-year-old, with a height of 1.74 m and a mass of 95.6 kg) from the CAMS-Knee project. The subject underwent a cruciate-sacrificing TKA of the right knee, receiving a highly congruent implant (Innex FIXUC, Zimmer AG, Switzerland). The surgical procedure aimed to achieve mechanical alignment of the leg, leading to postoperative varus and PTS angles of 1° and 7°, respectively. For the current study, the 3D geometries of lower limb bones were reconstructed through segmentation of the subject’s CT images. To account for the exact subject-specific implantation details, implant components were accurately positioned in their parent bones to match their exact positions on the CT images. Using the STAPLE toolbox (Modenese and Renault, 2021), personalized bone and joint coordinate systems were determined and used to generate a lower limb multibody model (Figure 1). It is worth mentioning that, in this study the tibiofemoral joint was defined to allow the six DoF kinematics of the femoral component relative to the tibial component (reference frame), with the coordinate system described by Kutzner and co-workers (Kutzner et al., 2010). Here, the origin of the tibial reference frame was used to calculate and report the joint contact moments. Similarly, the patellofemoral joint was defined as a six DoF joint enabling movement of the patella relative to the femoral component (reference frame). Muscle properties and their 3D pathway parameters were scaled from a reference musculoskeletal model (Arnold et al., 2010) with 44 muscle-tendon units of the right lower limb and manually adjusted to match the subject-specific bone morphology. The optimal fibre length and tendon slack length of each muscle were optimized using the script provided by Modenese and co-workers (Modenese et al., 2016).
[image: Figure 1]FIGURE 1 | Steps towards constructing the Subject-Specific Musculoskeletal Model.
The tibiofemoral and patellofemoral articulating contact were modelled using an elastic foundation algorithm introduced by Lenhart and co-workers (Lenhart et al., 2015). The following soft tissue structures were then added as one-dimensional spring elements to the multibody model: superficial medical collateral ligament (sMCL), deep medical collateral ligament (dMCL), IT band (ITB), posterior capsule (pCAP), popliteofibular ligament (PFL), posterior oblique ligament (POL), lateral collateral ligament (LCL), medial patellofemoral ligament (mPFL), lateral patellofemoral ligament (lPFL), and patellar tendon (PT). The insertions of the ligaments and the number of fibre strands were decided according to average anatomical insertion sites (Meister et al., 2000; Claes et al., 2013; Alaia et al., 2014; Saigo et al., 2017; Shah et al., 2017; Dean and LaPrade, 2020). The stiffness and reference strain of each ligament bundle were initially defined based on data reported in the literature (Smith et al., 2016b). The slack length of each ligament was later optimised to maintain 2% strain at full extension of the knee.
2.3 Simulation of functional activities
Using the baseline subject-specific MS model, five trials each of level walking and squatting were simulated (cycle duration and maximum knee flexion angle are reported in Supplementary Table S1). Skin marker trajectories and GRF data were used as inputs to the OpenSim COMAK algorithm, which has been described in details in previous publications (Brandon et al., 2017; clnsmith, 2022). The algorithm utilizes the inverse kinematic approach (Lu and O Connor, 1999) to calculate coordinates, speeds, and accelerations of the primary joint rotations (e.g., knee flexion, hip flexion, hip adduction, … ) from the measured marker trajectories. Subsequently, a numerical optimization enables simultaneous optimization of the secondary kinematics (e.g., adduction and axial rotation of the tibiofemoral joint), muscle, ligament, and articular contact forces. The optimized solution should generate the primary joint accelerations while minimizing a cost function that solves the inherent muscle redundancy problem. In the current study, for the baseline model simulations, the knee flexion/extension angle (F-E) was prescribed based on the fluoroscopically measured kinematics. The abduction/adduction (A-A), internal/external rotation (I-E), and the three translational DoFs of the tibiofemoral joint, namely, anterior/posterior (A-P), proximal/distal (P-D), and lateral/medial (L-M) translations were estimated through COMAK optimization and verified against the CAMS-Knee fluoroscopically measured joint kinematics. In addition to the muscle activations, the components of the tibio-femoral contact force (TFCF: FLateral P-D, FMedial P-D, FTotal P-D, FTotal L-M, and FTotal A-P), as well as the three components of the contact moment (MF-E, MA-A, and MI-E) were predicted using the baseline musculoskeletal model and verified against EMG and the in-vivo forces measured by the instrumented implant.
2.4 Simulations with varying posterior tibial slopes
Sagittal plane alignment of the tibial component was then perturbed ±12° around the K5R 7° baseline implantation (i.e., from −5° to 19°) with 2° intervals to simulate multiple implantation scenarios with varying PTS. It is worth noting that although negative PTS values are not frequently encountered in TKA, we chose to investigate them to gain a broader understanding of potential associations between PTS and joint kinematic and kinetic parameters. Using the perturbed models, the COMAK algorithm was employed to resolve the level walking and squat simulations, as outlined in previous descriptions for the baseline model simulations. However, to enable the simulation of models with varying PTSs using the same marker trajectories obtained from subject measurements in the laboratory, the knee flexion angle was permitted to be controlled by the skin markers. The knee joint kinematics (femoral relative to tibial component, and patella relative to femoral component), kinetics, and pressure distributions within the tibiofemoral and patellofemoral joints, as well as muscle and ligament forces were extracted from the simulation outcomes and compared across the different PTSs. To assess the influence of variation in PTS on the knee joint mechanics, Spearman correlation coefficients were calculated between PTS and the peaks and ranges of different kinematic and kinetic parameters for the two activities. In a final step, we aimed to understand whether the PTS variations observed within the in-vivo data of the six CAMS-Knee subjects (PTS range from 5.0° to 11.0°) could be explained using the relationships revealed using our modelling framework.
2.5 Validation and statistical analysis
To validate the accuracy of the baseline model, we conducted comparisons between in-vivo measurements and in silico estimates. This involved using the Root Mean Square Error (RMSE) to gauge the average disparity between the model’s 6 DoF tibiofemoral kinematics and those acquired through video fluoroscopy. Additionally, RMSE was employed to quantify errors in contact force simulations by contrasting the model’s predictions with the six components of contact force and moments obtained from the instrumented knee prosthesis. Furthermore, the muscle activation patterns of lower limb muscles, as predicted by the baseline model, underwent validation against subject-specific EMG data found in the CAMS-Knee datasets.
Spearman correlation analyses were performed to assess sensitivity of the knee joint biomechanics to variation of the PTS and to identify possible relationships between PTS and in silico (quantified by coefficient of correlation, rs) estimated knee kinematic and kinetic parameters. We then explored the in-vivo datasets from the six CAMS-Knee subjects to find out whether relationships were also evident in the experimental data (quantified by coefficient of correlation, ri), and whether these match the simulation findings.
3 RESULTS
3.1 Subject-specific model outcomes and validation: knee kinematics
For level walking simulations, the estimated tibiofemoral kinematics qualitatively matched the fluoroscopically assessed in-vivo joint movement patterns extremely well (Figure 2; Supplementary Figure S1), with AP translation RMSEs of below 0.3 mm (peak error of 1.5 mm), A-A and I-E rotations RMSEs of 0.3° and 1.4° respectively.
[image: Figure 2]FIGURE 2 | Tibio-femoral kinematics and kinetics during walking. Shaded areas show ± 1 standard deviation of the five activity trials.
For the simulated squat activity, the model kinematics predicted the in-vivo joint movement patterns with only minor discrepancies. Here, the RMSEs for the A-A and I-E rotations were 0.2° and 0.4°, respectively (Figure 3). The pattern and magnitude of the A-P translation were also very accurately predicted (1.1 mm peak error).
[image: Figure 3]FIGURE 3 | Tibio-femoral kinematics and kinetics during squatting. Shaded areas show ± 1 standard deviation of the five activity trials.
3.2 Subject-specific model outcomes and validation: knee kinetics
The estimated TFCF components for level walking were also in good agreement with those measured using the instrumented knee implant (Figure 2; Supplementary Figure S1). In fact, the peak error between the simulation and in-vivo data was less than 10% BW for FTotal P-D and less than 3.8 Nm for each of the three moment components. However, there was a slight over prediction of the maximum FLateral P-D and maximum MI-E (0.08 BW, and 2.05 Nm, Figure 2).
With less than 0.16 BW RMSE, the TFCF estimates for the squat trials performed by the subject nicely matched the in-vivo data, whereas the three joint moments were slightly over predicted, showing RMSEs ranging from 2.66 to 6.46 Nm (Supplementary Figure S1).
3.3 Subject-specific model outcomes and validation: lower-limb muscle activations
The baseline model was generally able to predict muscle recruitment patterns recorded by EMG sensors over the five level walking cycles measured within the CAMS-Knee datasets (Supplementary Figure S2). In particular, while activation patterns of vasti muscles, tibialis anterior, and medial hamstrings were nicely predicted by the modelling framework, the lateral hamstrings, and rectus femoris activations did not precisely match the corresponding EMG data. For the simulated squat trials, except for the hamstrings, activation patterns of other muscles were in a good agreement with their corresponding EMG signals (Supplementary Figure S3).
3.4 Simulation of PTS: walking
Increasing the PTS resulted in no significant change in the knee flexion angle during walking (Figure 4) The A-A and I-E rotation angles were found to be sensitive to PTS variations, however the magnitude of these changes was small (less than 1.6° extra internal rotation for a 24° increase of PTS, Figure 4; Supplementary Figure S4). The most visible impact of PTS on the knee kinematic parameters was observed in the relative positioning of the femoral condyles on the tibial component, where greater PTSs resulted in larger posterior femoral displacement. This was also confirmed by the more posterior centre of pressures (CoPs) on the polyethylene inlay, which was consistent across different flexion angles (Figure 5). Regarding the patellofemoral joint, it is important to note that all kinematic parameters were affected by the PTS. In particular, an increased PTS resulted in smaller patellar flexion and rotation angles, as well as in more anterior, proximal, and lateral translation of the patella (Supplementary Figure S5).
[image: Figure 4]FIGURE 4 | The impact of different PTS angles on tibiofemoral joint kinematics and kinetics during walking. Note: The shift in PTS was subtracted from the implant flexion to solely capture alterations in the knee flexion angle.
[image: Figure 5]FIGURE 5 | Tibiofemoral contact area (TFCA), and tibiofemoral mean contact pressure (TFCP) during walking (left). Centre of Pressure (CoP) at second FTotal peak (52% cycle) (right).
Altering the PTS significantly changed total TFCF in anterior posterior direction (rs = 0.99) but did not result in significant changes in TFCF or its medial and lateral components (Figure 4). Moreover, substantial variations in tibiofemoral contact moments (−0.90<rs < −1.00 for MF-E, MA-A, and MI-E, Supplementary Figure S4) were observed across models with different PTSs (Supplementary Figure S6). Notably, the analysis of in-vivo knee contact moments exhibited a strong correlation between the MI-E and PTS (ri = −0.71), while MF-E and MA-A exhibited moderate (ri = -0.44) and weak (ri = -0.26) correlations (Supplementary Figure S4). Additionally, an increase in PTS was associated with a reduction in the compressive and medio-lateral components of the contact force experienced by the patellofemoral joint (Supplementary Figure S7).
While shifting the medial and lateral CoPs to more posterior and central locations (Figure 5; Supplementary Figure S5). For the INNEX implant studied here, an increased PTS also reduced the tibiofemoral contact area (TFCA) on the medial side of the tibiofemoral (TF) joint (Figure 5), resulting in increased TF contact pressures (TFCPs). Opposite patterns were observed for the TFCAs and TFCPs on the lateral side. While models with larger PTSs experienced lower PF contact pressures (PFCPs, Supplementary Figure S8), no major changes in CoP translation or contact area of the patellofemoral (PF) joint were observed when varying PTS (Supplementary Figures S8, S9).
Increasing the PTS decreased the quadriceps muscle forces and produced a small increase in hamstring and gastrocnemius muscle forces (Figure 6). However, no significant changes were observed in activation patterns of other lower-limb muscles. The maximum forces experienced by the MCL (mainly the deep fibres), patellar tendon (PT), and IT band (ITB) were smaller for larger PTSs, while the PFL and LCL force peaks showed small increases (Figure 6).
[image: Figure 6]FIGURE 6 | Variation of muscle and ligament forces with different PTSs during walking.
3.5 Simulation of PTS: squatting
For the simulated squat activity, our results indicate a strong impact of PTS on the tibiofemoral abduction angles, while such relationships were less clear in-vivo (−0.09<ri < −0.35, Figure 7; Supplementary Figure S10). The impact of PTS on peak I-E rotation was confirmed by strong correlations observed in both the simulation and experimental data, even though the resultant changes were small (less than 0.18° variation in I-E due to 24° PTS change, Figure 7; Supplementary Figure S10). Similar to level walking simulations, an increased PTS resulted in more posterior translation of the femoral condyles relative to the tibial component, with the largest impact at the beginning and end of the squat cycle where the knee is extended. Throughout the squatting cycle, an increased PTS resulted in slight extension and medial rotation of the patella, while the impact of PTS on patellar tilt and medio-lateral translation was only observed at the beginning of the cycle (Supplementary Figure S11).
[image: Figure 7]FIGURE 7 | The impact of different PTS angles on tibiofemoral joint kinematics and kinetics during squatting. Note: The shift in PTS was subtracted from the implant flexion to solely capture alterations in the knee flexion angle.
In general, for our squat simulations, an increase of PTS reduced peaks of FLateral P-D, FMedial P-D, and FTotal P-D (−0.80<rs < −1.00, Figure 7; Supplementary Figure S10) and resulted in larger anterior contact forces, although these changes were not evident in the experimental data (−0.53<ri<0.18). Moreover, clear changes were observed in MF-E and MI-E in response to variations in the model PTS (rs = −1 for F-E and rs = 1 for I-E moment, Supplementary Figure S6), but such correlations were weaker in-vivo (0.26<ri<0.44). Regarding the patellofemoral joint, the biggest impact of PTS variation was observed on the compressive contact force where an increase of PTS from −5° to 19° resulted in a 0.61 BW reduction of the maximum contact force, while slightly increasing the proximodistal shear force at the articular contact surface (Supplementary Figure S11).
Squat simulations indicated that both medial and lateral CoPs moved posteriorly in response to an increase of the PTS (Supplementary Figures S7, S12), and this was consistent for different flexion angles (Figure 7). Moreover, an increased PTS resulted in a slight medial translation of the CoPs, which was more highlighted on the medial side (Supplementary Figures S7, S12). Contrary to level walking simulation results, an increased PTS resulted in greater contact areas on the medial side, which consequently reduced the medial contact pressure (Supplementary Figure S12). For the PF joint, variations in PTS did not significantly affect the CoP location on the patellar button (Supplementary Figure S9). However, models with larger PTSs exhibited slightly reduced contact pressures during squat (Supplementary Figure S8).
The influence of PTS on the predicted muscle forces during squatting was very similar to that observed for the level walking simulations, with a reduction of the quadriceps muscle force (especially at larger flexion angles) and a small increase in hamstrings and gastrocnemius forces (mainly at small knee flexion angles) due to an increased PTS (Supplementary Figure S13). Changes in the MCL, PT and PFL forces in response to PTS perturbations were very similar between squatting and walking, however for the squat simulations, the ITB force showed a small increase with increasing PTS (Supplementary Figure S13).
4 DISCUSSION
Clinically, the posterior tibial slope is varied during TKA implantation to allow beneficial outcomes regarding range of joint flexion and efficiency of the knee extensor mechanism. However, the role of PTS on soft tissue loading and articular contact mechanics is hardly understood. To address this biomechanical challenge, we developed a subject-specific musculoskeletal model based on the bone anatomy and precise implantation data provided within the CAMS-Knee datasets (Taylor et al., 2017). Using the novel COMAK algorithm that concurrently optimizes the joint kinematics, together with contact, muscle, and ligament forces enabled accurate estimations of the knee movement and tibiofemoral and patellofemoral contact loads during level walking and squatting. Once confirmed for accuracy, the baseline modelling framework was then used to study the influence of PTS on knee joint biomechanics. Our results indicated that PTS can greatly influence tibiofemoral translations (mainly in the A-P direction), while also affecting patellar tracking during both level walking and squatting. In addition, an increased PTS was found to improve efficiency of the quadriceps while reducing the forces experienced by the PT and the patellofemoral joint.
Our baseline model enabled accurate predictions of the tibiofemoral kinematic and kinetic parameters, as well as muscle activation patterns, for both level walking and squatting activities. To the best of our knowledge, this is the first study validating subject-specific model outcomes for two different activities against multiple force and motion parameters measured in-vivo. Importantly, the errors in our simulations of tibiofemoral axial contact force consistently ranked among the lowest in terms of RMSE when compared to those from similar musculoskeletal models using numerical optimization (0.1–0.16 BW in our simulations compared with the 0.1 to 1.7 BW range reported in studies by Moissenet et al. (Moissenet et al., 2017), DeMers et al. (DeMers et al., 2014), Knarr et al. (Knarr and Higginson, 2015), Thelen et al. (Thelen et al., 2014), and Imaninejad et al. (Imani et al., 2020)). It therefore seems that the application of subject-specific models, combined with advanced algorithms that account for soft-tissue balance and articulating contact conditions within the muscle optimisation process are able to greatly improve the accuracy of musculoskeletal modelling estimates. The small remaining errors most likely originate from generic model parameters such as ligament and muscle properties (Hosseini Nasab et al., 2019; Hosseini et al., 2020; Nasab et al., 2021; Zhang et al., 2021; Hosseini et al., 2022). Moreover, inaccuracy of the single-plane fluoroscopy setup used within the CAMS-Knee measurements might partially explain errors in kinematic parameters, especially at the mid-swing phase when the legs cross each other and limit the accuracy of segment registration (Acker et al., 2011).
Our sensitivity analysis investigating the impact of PTS on tibiofemoral joint kinematics has revealed that alterations in PTS predominantly impact the relative positioning of implant components along the A-P axis (Figure 4; Figure 7). Our results thus concur with previous in-vitro investigations reporting that a change of PTS can induce considerable changes in implant kinematics (Rodner et al., 2006; Shen et al., 2015; Wang et al., 2020). It is worth noting that since identical motion capture data were employed to guide the knee flexion angle (Figure 2; Figure 3). As such, while prior studies have theorized that an increased PTS results in a broader knee flexion range (Okazaki et al., 2014; Chambers et al., 2016; Ersin et al., 2023), our simulation methodology did not allow a direct in silico evaluation of this hypothesis. Nonetheless, the posterior positioning of the femoral condyles consistently observed at larger PTS values implies a reduced risk of impingement with the posterior femur. This observation therefore provides insight into the potential rationale behind the observed increased maximum knee flexion linked to higher PTS values.
This study not only extends our current understanding of the impact of PTS on tibiofemoral joint biomechanics but also broadens our insights into the potential implications of PTS alterations on patellofemoral kinematics and loading patterns. Specifically, our findings reveal that a greater PTS angle correlates with a notable increase in the range of patellar medio-lateral translation and tilt (Supplementary Figure S7, 8, 11). This phenomenon can be attributed to the fact that an elevated PTS leads to a more extended orientation of the femur relative to the tibial component, causing the patella to adopt a more superior contact position on the femoral component. In this position, congruency between the femoral implant component and the patellar button is reduced. Consequently, a TKA joint featuring a larger PTS may elevate the risk for patellar instability or dislocation, particularly at lower knee flexion angles. This conclusion aligns with the findings of Keshmiri and co-workers (Keshmiri et al., 2015), who conducted an intraoperative investigation on patellar tracking in 40 patients before and after computer navigated TKA and found that sagittal component alignment significantly influences patellar kinematics. Importantly, our computational approach extended their findings to weight-bearing functional activities, exposing the potential risk of patellar mal-tracking associated with excessive PTS values. Consequently, surgeons should be mindful of the potential for patellar mal-tracking and instability due to PTS alteration, as it may contribute to postoperative anterior knee pain, one of the most common complications following TKA (Miller et al., 2001; Kienapfel et al., 2003; Heinert et al., 2011).
As an important finding, our level walking simulations revealed no significant changes in axial TFCF due to the varied PTS (Supplementary Figure S4), while squat simulations on models with larger PTSs resulted in slightly smaller contact force peaks (Figure 7; Supplementary Figure S10). This generally concurs with findings of a previous investigation reporting no significant changes in TFCF peaks in response to PTS perturbation (Marouane et al., 2014). Our findings are also supported from a biomechanical perspective, as it is widely acknowledged that TFCFs are primarily influenced by muscle activation patterns rather than implant alignment strategies (Winby et al., 2009; Smith et al., 2016a; Frigo and Donno, 2021; Febrer-Nafría et al., 2023). Moreover, even though our level walking simulations indicate that models with higher PTSs exhibit smaller quadriceps forces (0.12 BW for 24° change in PTS, Figure 6), an increased PTS resulted in larger forces in the knee flexor muscles (Figure 6). Consequently, the overall alteration in the tibiofemoral contact force was negligible. Although small differences in the magnitudes of TFCFs do not raise significant concerns in the context of intraoperative PTS decisions, the increased FTotal A-P, the observed posterior shift in the medial and lateral CoPs together with the increased TFCPs (Supplementary Figure S4-6, 12) do indeed raise questions about the potential negative impact of excessive PTSs on implant durability and wear patterns as has also been discussed in the literature (Wasielewski et al., 1994; Kang et al., 2018a; Pourzal et al., 2020). Therefore, it is essential to expand the scope of boundary conditions in preclinical mechanical testing (Iso, 2002; Iso, 2014) to encompass the full spectrum of potential PTSs that surgeons may consider in TKA. As far as the patellofemoral joint is concerned, we observed a meaningful decrease in the PFCFs and PFCPs with higher PTSs in both studied activities (Supplementary Figure S9). Given the relatively small variations in patellofemoral kinematics resulting from PTS alterations, it appears unlikely that an increase in PTS has a detrimental effect on patellofemoral joint loading, which has also been reported previously (Kang et al., 2018a; Kang et al., 2018b).
In general, for both movements simulated in this study, the muscle activation patterns estimated by our modelling framework closely match the corresponding EMG signals captured in-vivo (Supplementary Figures S1, S2) as well as those reported in other modelling investigations using the CAMS-Knee datasets (Imani et al., 2020; Wagner et al., 2022). Nonetheless, in line with numerous preceding musculoskeletal modelling investigations, our analyses predicted the peak activity of the rectus femoris muscle to occur at the midpoint of the level walking cycle, representing a noticeable deviation from the in-vivo EMG signals (Supplementary Figure S2). This deviation is likely attributable to the well-documented crosstalk between the vastii and rectus femoris muscles (Winter et al., 1994; Farina et al., 2002; Germer et al., 2021). The discrepancy in predicted hamstring muscle activation patterns for squat simulations primarily arises from inability of available cost functions used for muscle optimization to accurately estimate the subject-specific co-contraction between knee flexor and extensor muscles, a phenomenon corroborated in the literature (Crowninshield and Brand, 1981; Forster et al., 2004; Nguyen et al., 2019). According to our simulation results, larger PTSs were associated with decreased quadriceps muscle forces during both activities (Figure 6; Supplementary Figure S13; up to 18.4% across the modelled 24° PTS change). The enhanced efficiency of the knee extensor mechanism at higher PTSs is plausibly due to the increased posterior translation of the femoral component, leading to an increased lever arm for the quadriceps muscles. Hence, elevating the PTS may serve as a viable strategy for addressing insufficient capacity of the knee extensor musculature commonly observed in TKA patients (Fujimoto et al., 2013; Khow et al., 2022).
This study had several limitations that should be acknowledged. Firstly, certain parameters in the subject-specific model used as the baseline for assessing the influence of PTS on knee joint biomechanics were not entirely personalized, such as ligament properties and muscle pathways. However, it is important to note that the comparison against in-vivo joint kinematics, KCFs, and EMG patterns provides a strong foundation for the validity of our simulation pipeline. Furthermore, the within-study comparison of outcomes across different PTS values mitigates the potential impact of baseline model inaccuracies. Secondly, some of the correlations suggested by our simulations did not align with the in-vivo data from the CAMS-Knee datasets. This discrepancy may be attributed to numerous subject-specific variables acting as confounding factors, potentially obscuring the influence of PTS on knee joint mechanics. Specifically, the six subjects measured within the CAMS-Knee project had distinct implantation specifications, resulting in varying knee alignment parameters (Febrer-Nafría et al., 2023). This high level of diversity makes it challenging to isolate and study the specific impact of PTS on joint functionality in this particular cohort. In addition, the TFCAs and TFCPs were extremely sensitive to the implant congruency. Given that the investigated implant (Innex FIXUC implant) featured a highly congruent design, any generalization of the biomechanical interrelationships with PTS to other implant designs should be exercised with caution, especially since less constrained implants might well exhibit more extreme responses to variations in sagittal plane implantation.
To conclude, this study used one of the most comprehensive biomechanical datasets comprising knee anatomy, kinematics, and internal loading conditions to establish an in silico framework to investigate the influence of posterior tibial slope on the knee joint mechanics and muscle forces after total knee arthroplasty. The rigorous validation against 14 in-vivo kinematic and kinetic parameters as well as EMG data ensured the unique capability of the model to accurately estimate knee joint behaviour during both level walking and squatting activities. Sensitivity tests examining the role of PTS revealed significant changes in medial and lateral tibiofemoral CoP positioning, considerable variations in anterior-posterior TFCF, as well as alterations to patellofemoral translation and tilt during functional activities. Notably, higher PTSs demonstrated the potential to enhance quadriceps muscle efficiency while reducing the strain on vital structures, such as the patellar tendon and the patellofemoral interface. Simultaneously, however, excessive PTSs should be avoided due to potential issues with patellar tracking and possible instability, as well as altered contact mechanics at the tibio-femoral joint. This study offers valuable insights into the implications of PTS variations on TKA joint biomechanics. Further simulations with altered implant congruency and PTS may help to understand how different implants react to variations in PTS, thereby provide potential guidance for surgically optimizing implant alignment in the sagittal plane according to the implant concept and each patient’s specific deficits.
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Computational evaluation of wire position using separate vertical wire technique and candy box technique for the fixation of inferior pole patellar fractures: a finite element analysis
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The separate vertical wire (SVW) technique and the improved candy box (CB) technique have been proposed for treating inferior pole patellar fractures. However, there is still a lack of clear explanation regarding the location of the wire passing through the patella. Five models of SVW techniques were established in different positions. Finite element analysis was then conducted to determine the optimal bone tunnel position for the SVW technique. Based on these findings, six groups of finite element models were created for CB techniques. The maximum displacement and stress on both the patella and steel wire were compared among these groups under 100-N, 200-N, 300-N, 400-N, and 500-N force loads. The results indicated that, in the SVW technique, the steel wire group near the fracture end of the longitudinal bone tunnel showed minimal displacement and stress on the patella when subjected to different forces. On the other hand, in the CB technique, both the patella and wire experienced minimal stress when a transverse bone tunnel wire was placed near the upper posterior aspect of patella. In conclusion, the SVW technique may require the bone tunnel wire to be positioned near the fractured end of the lower pole of the patella. On the other hand, in CB technique, the transverse bone tunnel wire passing through the patella may be close to its upper posterior aspect. However, further validation is necessary through comprehensive finite element analysis and additional biomechanical experiments.
Keywords: separate vertical wire technique, candy box technique, finite element analysis, inferior pole patellar fractures, wire position
1 INTRODUCTION
Inferior pole patellar fractures make up approximately 9.3%–22.4% of all patellar fractures (Zhu et al., 2020; Yan et al., 2023). These fractures are often comminuted and challenging to effectively reduce and fix due to the small size and concentrated stress in the fracture fragments (Oh et al., 2015). Among the internal fixation methods for patellar inferior pole fractures, the tension-band wiring combined with cerclage wiring (TBWC) technique is considered the gold standard for treating patellar fractures. However, when steel wires are inserted into the fractured comminuted area at the inferior pole, it can result in weak fixation and potential displacement of small bone fragments. This increases the risk of internal fixation failure and nonunion (Zhu et al., 2022; Fan et al., 2023).
The SVW technique, proposed by Yang et al., in 2003, is a specialized internal fixation technique used for treating inferior pole patellar fractures. Biomechanical experiments and clinical studies have been conducted on this technique, revealing that out of 29 patients, two experienced complications such as wire loosening (Yang and Byun, 2003). Since then, there have been continuous explorations using the SVW technique and its modified versions for treating inferior pole patellar fractures. In 2014, Song et al. combined the SVW technique with circumferential wiring (SVWC) to treat these fractures in osteoporotic patients. They conducted biomechanical studies on cadaver specimens using both the original and improved techniques, test results showed that after improvement, the average failure load increased from 216N to 324N. However, in clinical studies involving four patients (Song et al., 2014), complications such as wire fracture were still observed. In 2018, He et al. further modified SVW (MSVW) by replacing encircling steel wire to bone-penetrating tunnel steel wire. Clinical research results indicated that this new technique addressed most previous issues but still had occurrences of complications like wire loosening (He et al., 2018).
Our team initially introduced the CB technique as an improvement to the SVWC technique. In this new approach, we replace the circumferential wire of the SVWC technique with two transverse bone tunnel wires positioned at the upper/middle 1/3 of the patella. We then conducted finite element analysis and biomechanical testing, which confirmed that the CB technique performs exceptionally well under different loads (Fan et al., 2023). However, there is currently no definitive explanation for the optimal positions of vertical bone tunnel steel wires in SVW technology and horizontal bone tunnel steel wires in CB technology.
Considering the treatment effects of previous and improved versions of SVW techniques, as well as unresolved complications like wire loosening, We hypothesize that the varying positions of the patellar bone tunnel wire may impact the biomechanical environment, potentially leading to different clinical outcomes. To investigate this further, we established finite element models for 5 groups of SVW techniques with different positions. Through finite element analysis, we identified the best position for the vertical bone tunnel wire in SVW technique. Using this optimal position as a reference, we developed models for 6 groups of CB techniques and used finite element analysis to calculate potential optimal positions for transverse bone tunnel wires passing through the patella. This research may offer practical guidance for surgical operations.
2 MATERIALS AND METHODS
2.1 Development of candy box technology
In previous studies, we have enhanced the MSVW technique by combining separate vertical wire fixation with proximal patellar wire double ligation. The distribution of the improved steel wire is similar to that of a candy box, Therefore, it is called Candy Box (CB) technology. The key improvements include fixing the fractured end with three separate vertical steel wires and creating bone tunnels in the upper and middle one-third of the patella. Then, the fixed wire around the periphery of the patella was replaced with two wires on the side of the patella through the bone tunnel (Figure 1). Our team has previously confirmed both biomechanical advantages and potential clinical benefits associated with CB technology (Fan et al., 2023).
[image: Figure 1]FIGURE 1 | Schematic diagram of separate vertical wire and candy box technology. (A) Front view of separate vertical wire technology. (B) Front view of candy box technology. (C) Side view of candy box technology. (a) Three separate vertical steel wires. (b) Upper 1/3 steel wires of the patellar tunnel. (c) Middle 1/3 steel wires of the patellar tunnel.
2.2 Initial design of vertical bone tunnel steel wire positions in SVW technique
To construct the model of SVW technique for different positions of bone tunnels, we begin by drawing a midline “m” on the lateral view section of the patella. To ensure proper fixation of the entire distal fracture fragment with SVW technique, we start from the posterior aspect of the fracture end and draw a line up to the anterior attachment point of quadriceps tendon on the patella. The intersection point between this line and “m” is labeled as group “c.” Using this same starting point, groups “b” and “d” are obtained by intersecting points 2 mm above and below line “m,” respectively. Similarly, groups “a” and “e” are obtained by intersecting points 4 mm above and below line “m,” respectively (Figure 2A). In total, there are five groups (a, b, c, d, e) for internal fixation in this part.
[image: Figure 2]FIGURE 2 | Schematic diagram of the research plan. (A) The first part of the diagram shows five vertical steel wires positioned at different locations. Line m is the midline of the patella. The intersection point between the starting point behind the fracture end and the stop point of the quadriceps tendon with line m is referred to as group c. Group b and group d intersect with line m at positions 2 mm above and below, respectively, under the same starting point condition. Similarly, group a and group e intersect with line m at positions 4 mm above and below, respectively. In total, there are five groups in the first part. (B) In Part 2, the diagram illustrates the positions of two horizontal steel wires. Line n represents a vertical line located 5 mm behind the articular surface of the patella, Line o represents a vertical line directly in front of the patella, Line s represents the midpoint line between lines o and n, Lines x and y represent vertical lines positioned 2 mm in front and behind line s, respectively. Steel wire g is considered to be in an optimal position based on Part 1 of the study. Point p is situated below line s, with a distance of 4 mm from steel wire g. Points p1, p2, and p3 are taken at positions that are 2 mm away from steel wire g along lines x, s, and y respectively, Points p4 and p5 are located above points p2 and p3 with an interval of 2 mm, Point p6 is positioned above point p5 with a distance of 2 mm. Overall, there are six groups included in Part 2.
2.3 Initial design of transverse bone tunnel steel wire positions in CB technique
The research on the transverse bone tunnel wire position for CB technology was conducted after determining the optimal position for SVW technology. The optimal vertical position is represented by wire g. Line n is a vertical line located 5 mm front the posterior articular surface of the patella, while line o is a vertical line directly in front of the patella. The midline between lines o and n is represented by line s. Lines x and y are positioned 2 mm in front and behind line s, respectively. Point p is located on line s with a 4 mm gap from wire g. Points p1, p2, and p3 are taken at positions 2 mm away from wire g along lines x, s, and y respectively. Points p4 and p5 are positioned above points p2 and p3 with a 2 mm gap between them. Point p6 is placed above point p5 with another 2 mm gap. This section includes six sets of internal fixation: p1, p2, p3, p4, p5, and p6 (Figure 2B).
2.4 Establishment of initial 3D model
A healthy adult volunteer underwent a scan of the entire knee joint using a 128-layer spiral computed tomography scanner (SIMENS SENSATION 128, resolution: 512*512 pixels). The resulting image data was saved in DICOM format and imported into Mimics 21 modeling software. From there, the patellar region was chosen and the patellar polyline was extracted to generate a three-dimensional model of both the patella and inferior pole patellar fracture. This model was then processed for denoising, encapsulation, and smoothing using Geomagic Studio 2021 software.
2.5 Establishment and evaluation of internal fixation models
The established three-dimensional fracture model was inputted into the ANSYS WORKBENCH2021 finite element analysis software. The elastic modulus and Poisson’s ratio of bones and steel wires in the model were defined based on previous research (as shown in Table 1) (Du et al., 2022). Frictional contact was set between the periphery of the patella and bone tunnel wire, as well as between the patella and vertical wire, with a friction coefficient of 0.2 (Zhu et al., 2022). The friction coefficient of the fractured end of the inferior pole of the patella was set to 0.45 (Chang et al., 2018; Demirtaş and Kati, 2023).
TABLE 1 | Model material parameters.
[image: Table 1]Models for five SVW techniques and six CB techniques were established according to the research plan and initial design. We applied load on the upper end of the patella while constraining its lower end. Compression Only Support software was used behind the patella to simulate internal and external condyles of femur, with an angle of 45° relative to the long axis of patella to simulate forces on knee joint (Chen et al., 2019) (Figure 3).
[image: Figure 3]FIGURE 3 | Schematic diagram of patella loading. The inferior pole of the patella is bound and constrained, the upper pole is loaded, and the arrow indicates the stretching direction. The orange circles represent the support of the medial and lateral condyles of the femur to the patella.
2.6 Evaluation indices
We analyzed the stress and displacement distribution of the patella and internal fixation using the solution module of ANSYS WORKBENCH 2021 software. The results were represented in Nephogram format. Additionally, we calculated the maximum stress and displacement values for both the patella and internal fixation, presenting them in Histogram form. This analysis is conducted under loads of 100-N, 200-N, 300-N, 400-N, and 500-N for five models of SVW technology and six models of CB technology.
3 RESULTS
3.1 Evaluation of the ideal placement of vertical steel wires through bone tunnels
The results of the finite element analysis indicated that group e had the lowest maximum displacement and patellar stress values under various forces. However, it also exhibited higher wire stress values (Figure 4).
[image: Figure 4]FIGURE 4 | The schematic diagram of the research results in the first part. (A) Displacement nephogram under 500N force. (B) Stress nephogram of patella under 500N force. (C) Stress nephogram of steel wire under 500N force. (D) Histogram of the maximum displacement of different groups under different forces. (E) Histogram of the maximum stress of patella under different forces. (F) Histogram of the maximum stress of steel wire under different forces. Note: In this context, “a,b,c,d,e” represent different positions along the vertical wire.
3.2 Evaluation of the ideal placement for the transverse patellar tunnels
The finite element analysis results indicated that the p6 group exhibited smaller values of wire stress and patellar stress under different forces, while the p1 group exhibited smaller maximum displacement values (Figure 5).
[image: Figure 5]FIGURE 5 | The schematic diagram of the research results in the second part. (A) Displacement nephogram under 500N force. (B) Stress nephogram of patella under 500N force. (C) Stress nephogram of steel wire under 500N force. (D) Histogram of the maximum displacement of different groups under different forces. (E) Histogram of the maximum stress of patella under different forces. (F) Histogram of the maximum stress of steel wire under different forces. Note: In this context, p1, p2, p3, p4, p5, and p6 respectively represent different positions of the upper 1/3 of the wire.
4 DISCUSSION
This study evaluated the position of steel wires in two techniques, SVW and CB, for treating fractures in the inferior pole of the patella. The findings suggest that in SVW technology, placing the steel wire group near the fracture end of the longitudinal bone tunnel results in minimal displacement and stress on the patella under various forces. Additionally, in CB technology, positioning the transverse bone tunnel line near the posterior upper part of the patella leads to reduced stress on both the patella and metal wire.
Fractures in the inferior pole of the patella can cause damage to the extensor mechanism and disrupt normal anatomical and biomechanical relationships in the knee joint (O'Donnell et al., 2021). Therefore, it is essential to treat these fractures correctly in order to restore stability, integrity, and function (Yang et al., 2017; Huang et al., 2021). The SVW technique, along with its modified techniques, has become an important method for treating such fractures (Fan et al., 2023; Yan et al., 2023). However, the placement of the steel wire in the patellar bone tunnel has always been a significant challenge for surgeons during actual operations. After reviewing the literature, we discovered that Yang and Song’s SVW technique places the vertical steel wire puncture point near the quadriceps tendon, similar to group a or b in this study (Yang and Byun, 2003; Song et al., 2014). On the other hand, He’s MSVW technique in 2018 positions the longitudinal steel wire closer to the fractured end of patella, resembling group d or e mentioned previously(He et al., 2018). These clinical studies have reported various complications such as different degrees of wire loosening. Consequently, we hypothesize that different positions of patellar bone tunnel steel wires may result in distinct biomechanical environment and potentially lead to diverse clinical outcomes.
In the first part of our research, we observed that Group e had the smallest maximum displacement and minimum patellar stress values under different forces. However, it also had higher wire stress values. This could be attributed to a phenomenon called “stress shielding,” where components with higher elastic modulus bear more load when connected in parallel (Amirouche et al., 2017). As a result, they provide a stress and strain shielding effect on components with lower elastic modulus. Consequently, this leads to significantly higher wire stress compared to patellar stress at the same location (Pettersen et al., 2009; Garabano et al., 2022). Additionally, the smaller fixation range of the wires near the fracture end indirectly causes a more concentrated stress on them. However, in cases of inferior pole patellar fractures, a smaller fixation range can shift the center of gravity towards “inferior central fixation,” which may explain why Group e shows better biomechanical characteristics. Therefore, based on this part of the study, we tentatively consider that for SVW technique, positioning vertical bone tunnels near the fracture end may be safer.
In a previous biomechanical study, it was found that damaging the anterior patellar cortex during media patellofemoral ligament (MPFL) reconstruction surgery can increase the risk of patellar fracture (Bonazza et al., 2018). As a result, when deciding on the placement of the middle 1/3 steel wire passing through the transverse patellar tunnel in CB technology, we opted for a p-point that is located far from the anterior cortex. Additionally, during the finite element modeling process, we discovered a potential risk of the wire passing directly through the joint cavity when it goes through the transverse bone tunnel within 5 mm behind the patella. To address this issue, we decided to reserve a range of 5 mm behind the patella (line n). Additionally, if two bone tunnel wires are too close to each other, it may lead to convergence and surgical failure during actual operation. Furthermore, the first part of this study revealed that steel wires positioned closer to the fracture end may result in better internal fixation. As a consequence, there are fewer available bone tunnels for insertion in the middle 1/3 of the patella. Therefore, we only select the p-point located far from the anterior cortex of the patella and 4 mm away from the vertical steel wire as an insertion point for the middle 1/3 of the steel wire. Conversely, there is more space remaining in the upper 1/3 of the patella. Consequently, our study focused solely on studying CB technology’s transverse bone tunnel on this specific area.
The results of the second part of this study indicate that the steel wire experienced minimal stress in both the steel wire and patellar when passing through position p6, which aligns with previous biomechanical research (Wierer et al., 2022). Additionally, it was observed that p1 had the smallest maximum displacement value under different forces. However, all displacement values recorded in this study were well below the failure criterion (3 mm) for transverse bone tunnels in the patella (Patel et al., 2000). Based on these findings, we tentatively suggest placing the tunnel above and behind the patella, as far away from its anterior cortex as possible. This approach may create a more favorable biomechanical environment for the patella and potentially enhance clinical outcomes.
This study has several limitations. Firstly, our model does not accurately simulate the motion of the knee joint. Secondly, we only evaluated forces at a 45-degree angle of the patella and assessed force processes for transverse fractures at the lower pole of the patella. Additionally, we did not conduct further biomechanical experiments or clinical studies. Therefore, future research should focus on establishing comprehensive finite element models for different types of fractures from various force angles. Finally, long-term clinical studies are necessary to validate our findings.
5 CONCLUSION
The SVW technique may require the bone tunnel wire to be near the fracture end close to the lower pole of the patella. On the other hand, in CB technique, the transverse bone tunnel wire passing through the patella may be close to its upper posterior aspect. These positioning differences could potentially improve biomechanical environment and lead to better clinical outcomes. However, further validation is required through comprehensive finite element analysis and additional biomechanical experiments.
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Introduction: Jones fractures frequently fail to unite, and adequate fixation stability is crucial. This study aimed to elucidate the biomechanical stability of various intramedullary screw fixation constructs.
Methods: Jones fracture model over the proximal 5th metatarsal of artificial bone was created in all specimens. Six groups were divided based on varied screw constructs with different screw lengths, either 30 or 40 mm, including cannulated screws—C30 and C40 groups, one high-resistance suture combined with intramedullary cannulated screws (F.E.R.I. technique)—CF30 and CF40 groups, and second-generation headless compression screws (SG-HCS) —HL30 and HL40 groups. Mechanical testing was conducted sequentially, and the maximal force (N) and stiffness (N/mm) of all constructs were recorded.
Results: The maximal force (N) at 1.0 mm downward displacement in C30, C40, CF30, CF40, HL30, and HL40 groups were 0.56 ± 0.02, 0.49 ± 0.02, 0.65 ± 0.02, 0.49 ± 0.01, 0.68 ± 0.02, and 0.73 ± 0.02, respectively, and the stiffness (N/mm) in subgroups were 0.49 ± 0.01, 0.43 ± 0.01, 0.67 ± 0.01, 0.42 ± 0.01, 0.61 ± 0.01, and 0.58 ± 0.02, respectively. SG-HCS subgroups exhibited greater maximal force and stiffness than conventional cannulated screws. Screws of 30 mm in length demonstrated better stability than all 40 mm-length screws in each subgroup. In C30 fixation, the stiffness and maximum force endured increased by 1.16 and 1.12 times, respectively, compared with the C40 fixation method. There were no significant differences between CF30 and SG-HCS groups. Only the F.E.R.I technique combined with the 4.5 mm cannulated screw of 30 mm in length increased the biomechanical stability for Jones fractures.
Discussion: These biomechanical findings help clinicians decide on better screw fixation options for greater stability in Jones fractures, especially when large-diameter screws are limited in use. However, this biomechanical testing of intramedullary screw fixation on Jones fracture model lacks clinical validation and no comparisons to extramedullary plate fixations. Moving forward, additional clinical and biomechanical research is necessary to validate our findings.
Keywords: Jones fracture, biomechanics, screw, maximal force, stiffness, headless screws, SG-HCS, F.E.R.I
1 INTRODUCTION
Jones fractures, located in zone 2 of the proximal fifth metatarsal (MT-5) at the metaphyseal–diaphyseal junction, frequently occur in elite athletes (Dean et al., 2012; Roche and Calder, 2013). Jones fractures make up 17.8% of all foot fractures in National Football League (NFL) players, (Kavanaugh et al., 1978) which is significantly higher than the reported incidence of all foot fractures in the general population, ranging from 0.7% to 1.9% (Josefsson et al., 1994). The limited blood supply within a vascular watershed area may be interrupted at the fracture site, subsequently leading to delayed union or non-union of fractures (Bluth et al., 2011; McKeon et al., 2013). Treatment options for Jones fractures vary; however, non-operative treatment carries a higher risk of non-union, with reported failure rates of 21%–44% after cast immobilization (Mologne et al., 2005; Chloros et al., 2022) and prolonged healing times compared to surgical interventions (Wheeler and McLoughlin, 1998; Roche and Calder, 2013; Yates et al., 2015). Therefore, surgical management is recommended for Jones fractures to prevent subsequent nonunion of fractures and refracture (Porter, 2018; Singh et al., 2018; Attia et al., 2021).
Surgical fixation using implants, including intramedullary screws, tension band wiring, or extramedullary plates, has been proposed to stabilize proximal MT-5 fractures for bony healing, yielding favorable surgical outcomes (Lee et al., 2011; Massada et al., 2012; Seidenstricker et al., 2017; Varner and Harris, 2017; Goh et al., 2018). Intramedullary screw fixation of Jones fractures offers advantages such as ease of application and cost-effectiveness compared to plate fixation. Therefore, intramedullary fixation with partially threaded cannulated screws has traditionally been the implant of choice for Jones fractures, allowing athletes early weight-bearing and return to sport. However, conventional cannulated screw fixation, especially with small diameters, may inherently struggle to resist loads from peroneus brevis pulling (Willegger et al., 2020b), resulting in failure rates of 5%–7.3% (Wright et al., 2000; Granata et al., 2015). Headless Herbert-style compression screws and other fixation techniques aimed at achieving superior initial stability have been introduced to reduce failure rates (Lee et al., 2011; Lam et al., 2021).
Larger diameter intramedullary screw fixation in Jones fractures has been reported to improve stability and enhance union rates (Willegger et al., 2020a). However, the diameter of the screw will be constrained by the limited inner diameter of the curve-shaped medullary canal of MT-5 for Jones fractures (Orr et al., 2012). Furthermore, the MT-5 medullary canal is not straight, and the coronal diameter is less than 4.5 mm in 19% of males and 26% of females, respectively (Ochenjele et al., 2015). Therefore, modified screw designs or reinforcement with suture cerclage on conventional cannulated screws were introduced to enhance initial stability for Jones fractures. D’Hooghe et al. proposed a new modified fixation method with a combination of a cannulated screw and additional high resistance suture cerclage of MT-5 fractures, named the F.E.R.I. technique (D’Hooghe et al., 2019). They believed the F.E.R.I. technique offers superior stability in fixation for proximal MT-5 fractures, but there were no biomechanical comparisons with other fixation methods in their study.
Moreover, second-generation headless compression screws (SG-HCS), which are headless, tapered, continuously threaded screws with variable pitches, have been developed to improve compression force on fracture sites to enhance bony union. Previous mechanical evaluations in the scaphoid showed SG-HCS to have equal or superior compression force compared to Herbert-style screws (Beadel et al., 2004; Haisman et al., 2006; Hausmann et al., 2007; Assari et al., 2012) but there was no significant improvement in stability of intramedullary SG-HCS compared to conventional screws for Jones fractures (Sides et al., 2006; Orr et al., 2012).
The above literature review focuses on Jones fractures and elucidates the pros and cons of different treatment strategies, introduces the F.E.R.I. technique, and discusses studies related to headless compression screws. The majority of previous research on Jones fractures has only focused on intramedullary fixation with different screw diameters or designs and their surgical outcomes clinically. However, there has been few biomechanical assessment of different screw fixation methods on Jones fracture. The comparisons of biomechanical stability between SG-HCS and conventional cannulated screws for Jones fractures are still controversial. The verification of biomechanical stability of intramedullary conventional screws, F.E.R.I., and SG-HCS constructs for Jones fractures is still scarce. Therefore, our findings in this study will provide biomechanical evidence of various screw fixations for Jones fractures, particularly aiding clinicians in deciding optimal fixation techniques for cases with a small diameter of the intramedullary canal of MT-5.
The purpose of this study is to compare the biomechanical stability of different constructs of intramedullary screw fixation, including conventional cannulated screws, the F.E.R.I. technique, and SG-HCS, with varied screw lengths, respectively, on a Jones fracture model. We hypothesize that the F.E.R.I. technique can improve the stability of conventional cannulated screws and be equivalent to that of SG-HCS.
The novelty of this study:
• Investigate the biomechanical conditions of different intramedullary screw fixation methods, including conventional screws, the F.E.R.I. technique, and SG-HCS constructs, on Jones fractures.
• Verify whether the F.E.R.I. technique indeed enhances the stability of Jones fracture fixation.
2 MATERIALS AND METHODS
2.1 Specimen preparation
To simulate Zone 2 fractures of the proximal 5th metatarsal bone, artificial feet bones (9147, SYNBONE, Zizers, Switzerland) were utilized in this research. Biomechanical testing of various fixations on the stability of proximal 5th metatarsal fractures was conducted. Following the simulation of fractures on the proximal 5th metatarsal bone and fixation using different implants according to the assigned groups, the distal parts of the repaired 5th metatarsal bones were embedded in poly resin. Specimens were then mounted and secured in the designed fixtures attached to a material test system (MTS) for further biomechanical testing.
2.2 Fracture creation and screw fixation
An oblique linear fracture directed towards the 4th-5th metatarsal articulation was created on a precision position table using a saw at a distance of 1.5 cm from the proximal tuberosity of the 5th metatarsal. The entrance of screws was made through the guided wire placed into the intramedullary canal by drilling from the tip of the tuberosity of the proximal 5th metatarsal. The fractures at the proximal 5th metatarsal were fixed using partially headed cannulated or tapered headless screws commonly used for fractures of the 5th metatarsal. Screws included 4.5 mm stainless steel partially-threaded cancellous screws (Synthes, United States, Monument, CO) and 4.7 mm Acutrak-2 screws (Acumed, Beaverton, OR, United States). The Acutrak-2 screw is tapered, with variable pitch titanium screws having a leading thread diameter of 4.5 mm and a trailing thread diameter of 4.7 mm. Both 30 mm and 40 mm screws in length were used in both screw groups, respectively (Figure 1).
[image: Figure 1]FIGURE 1 | Implants of fracture fixation. (A) 4.5-mm stainless partially-threaded cannulated screws. (B) 4.7 mm Acutrak-2 screw. (C) Fiberwire.
Additionally, in the cannulated screw fixation group, a high-resistance suture, Fiberwire (Arthrex, Naples, FL, United States), was further used to augment the stability of screw fixation using the F.E.R.I. technique (D’Hooghe et al., 2019). Briefly, a bony through-hole tunnel was drilled vertically 10 mm distal to the fracture line over the proximal 5th metatarsals. A no. 2 Fiberwire was passed through the tunnel and then pulled from the distal to the proximal in a figure-of-eight pattern. Finally, it was securely knotted around the neck of the headed cannulated screw. The screw was placed along the guide wire and then tightened, and manual maneuvers were performed to check the final fracture stability. Ultimately, the distal part of the 5th Metatarsal bone was embedded in poly resin for further mechanical testing (Figure 2).
[image: Figure 2]FIGURE 2 | F.E.R.I. technique. A no. 2 Fiberwire was passed through the through-hole tunnel in a figure-of-eight pattern combined with one intramedullary cannulated screw.
2.3 Experimental groups
According to the fixation constructs for of Jones fracture, there were a total of 6 groups included on the basis of different screw types, including partially-threaded cannulated screw, F.E.R.I. and tapered SG-HCS, and screw length, either 30 mm or 40 mm in length (Figure 3) Each groups have 10 biomechanical tests for each 0.1 mm increment of downward displacement at fracture sites.
Group 1 (C30): Fixed by 30 mm partially-threaded cannulated screw
Group 2 (C40): Fixed by 40 mm partially-threaded cannulated screw
Group 3 (CF30): Fixed by 30 mm partially-threaded cannulated screw + F.E.R.I
Group 4 (CF40): Fixed by 40 mm partially-threaded cannulated screw + F.E.R.I
Group 5 (HL30): Fixed by 30 mm tapered SG-HCS
Group 6 (HL40): Fixed by 40 mm tapered SG-HCS
[image: Figure 3]FIGURE 3 | The testing groups according to the different fixating methods of Jones fractures.
2.4 Biomechanical testing
To simulate the non-destructive loads on the fractured bone after surgical fixation in a clinical scenario, submaximal loads rather than maximal loads to failure were applied to the experimental specimens in this study. These tests elucidated the variations in construct stability with increasing loads and analyzed the differences in mechanical stiffness and force at 1 mm displacement at the fracture site among various fixation methods. The distal end of the 5th artificial metatarsal was embedded in poly resin and mounted in the fixture of the MTS (JSV-H1000, Japan Instrumentation System, Nara, Japan) (Figure 4).
[image: Figure 4]FIGURE 4 | Biomechanical testing. The distal part of the 5th metatarsal bone was mount in the fixture of MTS and the cantilever loaded the repaired bone using various fixation constructs to displace downward the fracture site.
The cantilever was positioned 1 cm away from the proximal tip of the 5th metatarsal, and downward load was applied to the ground for a bending test from the plantar aspect of the 5th metatarsal base. All samples in the experimental groups were preloaded to stabilize the cantilever on the bone. The bone was loaded to displace the fracture site with various fixation groups from 0.1 mm to 1.0 mm, with a 0.1 mm increment each time. Ten rounds of each testing were performed. Displacement-force data were recorded during the experiment, and the stiffness (N/mm) of fixation constructs was determined. The maximal forces (N) on the MTS on the 5th Metatarsal bone at 1.0 mm displacement of fractures were also recorded to determine the strength of fixation constructs.
2.5 Statistical analysis
The continuous data was presented with means ± standard deviation (SD). The categorical data were presented with frequencies and percentages. The normality of continuous data was checked by Kolmogorov-Smirnov test. The maximum force and stiffness of the different fixation approaches were analyzed using Kruskal-Wallis test by Bonferroni test with a 0.05 level of significance. All statistical analyses were performed using the Statistical Package for the Social Science (IBM SPSS version 22.0; International Business Machines Corp, New York, United States). The level of statistical significance was set at p < 0.05. In this study, ANOVA was employed to test for mean differences. Therefore, the null hypotheses state that the means of the six experimental groups (C30, C40, CF30, CF40, HL30, and HL40) are equal, while the alternative hypotheses suggest rejecting the null hypotheses, indicating that at least one group’s mean differs from the others.
3 RESULTS
The maximal force (mean ± SD) at 1.0 mm displacement of the fracture site in the C30, C40, CF30, CF40, HL30, and HL40 groups were 0.56 ± 0.02 N, 0.49 ± 0.02 N, 0.65 ± 0.02 N, 0.49 ± 0.01 N, 0.68 ± 0.02 N, and 0.73 ± 0.02 N, respectively. The required loads in the CF30, HL30, and HL40 groups were higher than in the C30, C40, and CF40 groups. Regarding stiffness, the stiffness (mean ± SD) in the C30, C40, CF30, CF40, HL30, and HL40 subgroups were 0.49 ± 0.01 N/mm, 0.43 ± 0.01 N/mm, 0.67 ± 0.01 N/mm, 0.42 ± 0.01 N/mm, 0.61 ± 0.01 N/mm, and 0.58 ± 0.02 N/mm, respectively. There was higher stiffness in the CF30, HL30, and HL40 groups compared to the C30, C40, and CF40 groups. The results revealed higher maximal force and stiffness of the constructs in the SG-HCS groups and 30 mm cannulated screw with Fiberwire reinforcement. The differences in both maximal force and stiffness between subgroups reached statistical significance (Table 1).
TABLE 1 | Maximal force and Stiffness of various fixations.
[image: Table 1]After post hoc analysis, the maximal force and stiffness of subgroups were demonstrated by box plots, respectively (Figures 5A, B). Both the maximal force and stiffness of SG-HCS groups (HL30, HL40) were significantly higher than the cannulated screw groups (C30, C40) (p < 0.001). The maximal force and stiffness of SG-HCS were also higher than CF40 (p < 0.001), but there were no significant differences between the SG-HCS group and CF30 (HL30 vs. CF30, p = 1.0; HL40 vs. CF30, p = 0.234). Furthermore, in the cannulated screw, F.E.R.I., and SG-HCS subgroups, the maximal force and stiffness of screws with 30 mm in length were significantly higher than 40 mm screws. According to the results, under the same screw constructs, longer screws did not demonstrate more biomechanical stability for fractures.
[image: Figure 5]FIGURE 5 | The statistical comparisons between subgroups (A) Maximal force (N) at 1 mm displacement downward of fixation constructs and (B) Stiffness (N/mm).
The Figure 6 demonstrated the force versus displacement for mechanical tests with 0.1 mm increment of fracture sites under loading in different fixation constructs. The most steep slop, i.e. stiffness, was in HL30 group, in order, the following were HL40, CF30, C30, C40, and CF40.
[image: Figure 6]FIGURE 6 | The force versus displacement for mechanical tests on different fixations.
4 DISCUSSION
In this study, we utilized an artificial bone fracture model to verify the biomechanical stability of diverse constructs of medium-diameter screw for Jones fractures. SG-HCS subgroups exhibited greater maximal force and stiffness than conventional cannulated screws. Screws of 30 mm in length demonstrated better stability than all 40 mm-length screws in each subgroup. With a 30-mm length conventional screw fixation (C30), both stiffness and maximum force endurance increased by 1.16 and 1.12 times, respectively, in comparison to the C40 fixation. Only the F.E.R.I. technique, when combined with a 4.5 mm cannulated screw measuring 30 mm in length, resulted in a biomechanical stability equivalent to that of fixation with SG-HCS for Jones fractures.
Jones fracture, characterized as a Zone 2 fracture of the proximal 5th metatarsal, is notorious for nonunion, malunion, and refracture following surgical fixation, particularly in elite athletes. Intramedullary screw fixation, with its relatively minimally invasive surgical approach, offers potential advantages such as reduced wound complications and irritations. However, concerns persist regarding the inherent biomechanical instability associated with fracture fixation. Although SG-HCS has been touted for its biomechanical stability in enhancing fracture union rates (Kibar et al., 2022; Wallace et al., 2023), its application in Jones fractures using medium-diameter tapered headless screws remains controversial (Demel et al., 2023). Additionally, the F.E.R.I. technique, involving Fiberwire suture augmentation with cannulated screw fixation, has been introduced to enhance fracture stability, but its clinical and biomechanical benefits require further investigation. To our knowledge, we are the first to compare the mechanical stability among conventional cannulated screws, the F.E.R.I technique, and SG-HCS for Jones fractures.
Based on previous reports, approximately one-fifth of the population has an intramedullary diameter below 4.5 mm and curve-shaped intramedullary canal (Ochenjele et al., 2015). These factors prevent the usage of large-diameter intramedullary screw fixation for Jones fracture. In this current study, we specifically utilized medium-diameter screws, including 4.5 mm cannulated screws and 4.7 mm Acutrak-2 screws, to fix the Jones fracture model and compared their biomechanical strength. We found that SG-HCS offered significantly more biomechanical stability than conventional cannulated screws with varied screw lengths, either 30 mm or 40 mm. However, the significant increase in maximal force and stiffness was only found in the 30 mm cannulated screw with Fiberwire reinforcement, not in the 40 mm cannulated screw. The biomechanical stability of Fiberwire augmented with 30 mm cannulated screw (CF30 group) was equivalent to that of the SG-HCS groups. Our experimental results show that screws of appropriate length and using Fiberwire reinforcement can increase biomechanical strength by 1.2 times compared to intramedullary screw fixation alone.
Furthermore, when utilizing cannulated screws of different lengths, either 30 mm or 40 mm, for Jones fracture fixation, it was observed that longer cannulated screw implantation did not result in increased stiffness. Greater stiffness indicates a more stable fixation effect, as the 5th metatarsal proximal fracture is subjected to the same displacement, requiring a greater force to achieve the same displacement. In partially threaded cannulated screw fixations, this study found that using the C30 fixation method resulted in a stiffness increase of 1.16 times compared to the C40 fixation method (the maximum force endured could be increased by 1.12 times). The main reason for this might be that the fracture site of the Jones fracture was wedged onto the screw threads (Figure 7). Consequently, the screw threads could effectively stabilize the upper and lower ends of the fracture, thereby providing better stability. We found that longer screws did not necessarily provide greater stability, and appropriate screw length also influenced fixation stability. This finding in our study has not yet been reported in the fixation of Jones fractures, but it is consistent with reports on metacarpal fractures by Yamaguchi et al. (Yamaguchi Jr et al., 2023). Therefore, when selecting screw length for 5th proximal metatarsal bone fractures, attention should be paid to the location of the fracture.
[image: Figure 7]FIGURE 7 | The relations between intramedullary cannulated screws with varied length and the fracture site of Jone fracture.
In addition to selecting a screw with appropriate length for fixation of Jones fractures, D’Hooghe et al. suggested that the F.E.R.I technique, involving fixation with an intramedullary screw combined with a high-resistance suture, provides increased stability for Jones fractures (D’Hooghe et al., 2019). In this study, intramedullary cannulated screws combined with Fiberwire were found to increase the stiffness of Jones fracture fixation. However, biomechanical strength was only enhanced when a high-resistance suture was augmented with a 30 mm cannulated screw, but not with a 40 mm screw. This suggests that the increase in stiffness was not solely attributed to the combination of cannulated screw and Fiberwire, but also depended on matching the correct cannulated screw length. The combination of the F.E.R.I technique with an appropriate screw length allows the 5th metatarsal bone to withstand greater maximal force.
According to the results of this study, the stiffness of tapered headless screw fixation is higher than that of cannulated screw stabilization. The main reason for this difference may be attributed to the design and mechanics of the screws. When a cannulated screw of appropriate length is used for fixation, although the threads effectively fix the upper and lower bones of the fracture (as indicated by the red area in Figure 8), there will be a smooth surface area where the screw has no thread (the blue area in Figure 8). In contrast, the SG-HCS has a thread-fixed area (the red area in Figure 8) that is more extensive compared to the conventional cannulated screw. Additionally, the thread design of SG-HCS, with continuous varied pitch, increases compression force at the fracture site, resulting in higher stiffness. Therefore, compared to conventional cannulated screws, the usage of SG-HCS also provides higher stability for Jones fractures.
[image: Figure 8]FIGURE 8 | The comparisons of fixation area by threads using partially threaded cannulated screws and SG-HCS in Jones fracture.
Some previous articles have reported that the fixation effect of SG-HCS is not better than that of partially threaded cannulated screws (Sides et al., 2006; Orr et al., 2012). However, these studies often utilized cadaveric bones, which exhibit individual differences, leading to variations in the size of the 5th metatarsals, particularly in cases with smaller body sizes. Consequently, the authors were unable to use screws with the same larger diameter to fix Jones fractures in their research. Instead, they selected the diameter of the fixation screw based on the estimated inner diameter of the bone canal during the experiment, which may have introduced biases into the biomechanical comparisons. In contrast, in this current study, we utilized synthetic bones (synbones) instead of cadaveric bones, which offer consistent quality and the advantage of homogeneity. However, it is important to note that the results reported herein still require further research to confirm our findings.
There are several limitations in this study that should be acknowledged. Firstly, there was no correlation with clinical outcomes in this research, which could have provided valuable insights into the practical implications of the biomechanical findings. Moreover, the use of artificial bones instead of fresh human 5th metatarsal bones may limit the generalizability of the results, as artificial bones cannot fully replicate the characteristics of real human bones, including anisotropy and trabecular bone structure. Additionally, the evaluation of stability was conducted solely through cantilever bending testing on the 5th metatarsal bone alone, which may not fully represent the complex loading conditions experienced in vivo. Furthermore, the mechanical experiments in this study did not apply loads to failure of the fixation constructs on the 5th metatarsal bone. While this was a deliberate choice to focus on exploring the biomechanical fixation strength under varying load conditions at the fracture site, it is important to note that clinical suboptimal loading conditions may not generally result in screw failure.
5 CONCLUSION
The intramedullary cannulated medium-diameter screw combined with a high resistance suture, such as Fiberwire, increased the biomechanical stability in terms of stiffness and maximal force of fixation for Jones fractures and may be a viable solution to enhance fixation strength if the use of large-diameter screws is limited due to the small inward diameter of the medullary canal of the 5th metatarsal. However, screw length also influences the stability of fixation constructs on proximal 5th metatarsal fractures. A longer screw length does not necessarily increase fixation capability. Therefore, clinical utilization of the Fiberwire combined with the optimal screw length based on the fracture location is crucial for increasing biomechanical stability and to potentially enhance fracture union of Jones fractures. These findings provide scientific evidence to assist clinicians in selecting intramedullary screw fixation options for greater stability in Jones fractures, especially when the use of large-diameter screws is limited. Nevertheless, additional clinical and biomechanical research comparing F.E.R.I screw fixation with extramedullary plate fixation for Jones fractures is necessary to validate our findings.
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Background: Injury to the lateral collateral ligament of the ankle may cause ankle instability and, when combined with deltoid ligament (DL) injury, may lead to a more complex situation known as rotational ankle instability (RAI). It is unclear how DL rupture interferes with the mechanical function of an ankle joint with RAI.Purpose: To study the influence of DL injury on the biomechanical function of the ankle joint.Methods: A comprehensive finite element model of an ankle joint, incorporating detailed ligaments, was developed from MRI scans of an adult female. A range of ligament injury scenarios were simulated in the ankle joint model, which was then subjected to a static standing load of 300 N and a 1.5 Nm internal and external rotation torque. The analysis focused on comparing the distribution and peak values of von Mises stress in the articular cartilages of both the tibia and talus and measuring the talus rotation angle and contact area of the talocrural joint.Results: The dimensions and location of insertion points of ligaments in the finite element ankle model were adopted from previous anatomical research and dissection studies. The anterior drawer distance in the finite element model was within 6.5% of the anatomical range, and the talus tilt angle was within 3% of anatomical results. During static standing, a combined rupture of the anterior talofibular ligament (ATFL) and anterior tibiotalar ligament (ATTL) generates new stress concentrations on the talus cartilage, which markedly increases the joint contact area and stress on the cartilage. During static standing with external rotation, the anterior talofibular ligament and anterior tibiotalar ligament ruptured the ankle’s rotational angle by 21.8% compared to an intact joint. In contrast, static standing with internal rotation led to a similar increase in stress and a nearly 2.5 times increase in the talus rotational angle.Conclusion: Injury to the DL altered the stress distribution in the tibiotalar joint and increased the talus rotation angle when subjected to a rotational torque, which may increase the risk of RAI. When treating RAI, it is essential to address not only multi-band DL injuries but also single-band deep DL injuries, especially those affecting the ATTL.Keywords: finite element, rotational ankle instability, deltoid ligament, anterior talofibular ligament finite element, anterior talofibular ligament
INTRODUCTION
Ankle instability, commonly seen in athletes, is often attributed to injury of the anterior talofibular ligament (ATFL) (Hintermann et al., 2002). Instability can hamper the patient’s ability to engage in physical activities and result in abnormal joint function, increasing the risk of osteoarthritis (Golditz et al., 2014). Orthopedic surgeons recognize that combined injury to the ATFL and deltoid ligament (DL) can lead to a more complicated condition known as Rotational Ankle Instability (RAI) (Valderrabano et al., 2007). Studies have shown that in cases of ATFL injury, there is a 40% likelihood of concurrent deltoid ligament injury (Koh et al., 2023). The prevailing treatment for RAI in clinical practice focuses on repairing or reconstructing the lateral ATFL and calcaneofibular ligament (CFL). However, postoperative follow-up studies have reported that up to 30% of patients are dissatisfied with the results (Harper, 1988; Vega et al., 2020), and around 60% continue to experience tenderness in the medial ankle (Yang et al., 2023).
The high dissatisfaction rate may be due to inadequate treatment of the damage to the medial ligament, suggesting a need for more comprehensive approaches to treating RAI (Hintermann, 2003; Hintermann et al., 2004). A similar lack of consensus exists on the best strategy for treating DL injuries. Vega et al. introduced a surgical technique for repairing the anterior fibers of the deltoid ligament using a single anchor and non-absorbable sutures (Vega et al., 2020), and Li et al. detailed a method for repairing the deep fibers in the DL using a similar approach (Li et al., 2023). Higashiyama et al. used autologous tendon grafts for anterior tibiotalar ligament (ATTL) reconstruction (Higashiyama et al., 2020). Choi et al. developed a process using three anchors and suture tape to repair the superficial layer of the DL (Choi et al., 2016). The variation in repair methods may be due to the limited understanding of the underlying mechanisms of RAI (Higashiyama et al., 2020; Vega et al., 2020; Mansur et al., 2021; Pisanu et al., 2021). A more thorough understanding of the mechanical contribution of the individual ligaments to ankle joint stability is essential for developing effective methods for treating RAI (Li et al., 2019). Research in this field often uses a combination of biomechanical testing of cadaveric ligaments alongside finite element simulation for analytical purposes.
To assess the effects of various ligament injuries on ankle stability, researchers typically subject cadaveric foot and ankle specimens to a range of simulated injuries. These specimens are then subjected to forces and torques on a stress platform, while X-ray images record changes in ankle joint displacement or the talus rotational angle (Tarczyńska et al., 2020; Teramoto et al., 2021; Bhimani et al., 2022; Saengsin et al., 2022). Previous research indicated that the deltoid ligament complex stabilizes the ankle joint’s medial aspect, limiting hindfoot eversion and talus external rotation (Cromeens et al., 2015; Brodell et al., 2019). Nonetheless, few studies have assessed in detail the biomechanical contribution of each band of the deltoid ligament to ankle stability (Wei et al., 2011; Hsu et al., 2015; Takao et al., 2020). While cadaveric specimens allow for in vivo testing in human tissue, this method has considerable drawbacks, such as specimen availability, formalin-induced tissue changes, and limitations in measuring internal stress in the joint. The aforementioned limitations and variability in experimental methodologies across studies lead to substantial variation between results. Finite Element Analysis (FEA) has emerged as a complementary tool for biomechanical testing (Park et al., 2019; Alastuey-López et al., 2021; Wang et al., 2022; Luan et al., 2023). FEA allows for individual variables to be controlled, provides a broader range of test conditions compared to cadaveric experiments, is not limited by sample availability, and is not subject to the same ethical considerations (Zhang et al., 2011; Xu et al., 2012). Moreover, it allows stress and deformation behaviors to be predicted in deep internal tissues (Cheung et al., 2005; Wong et al., 2016) and has been used to compare treatment methods and develop innovative strategies that may not be possible using conventional test methods (Isvilanonda et al., 2012). Several finite element models of the ankle ligament complex have been proposed to investigate limitations with current clinical treatments (Cheung et al., 2006; Tao et al., 2009; Shin et al., 2012; Mo et al., 2022). However, these previous models have limited applications because injury to the medial deltoid ligament is often overlooked (Can et al., 2020), uniform stiffness is usually assigned across all ligaments, and the ligaments are frequently oversimplified or incomplete (Forestiero et al., 2017). Such shortcomings can lead to considerable variability in the outcomes and undermine the accuracy of the results.
As such, this study aims to 1) develop a comprehensive finite element numerical model of the foot and ankle, incorporating a complete range of ligaments. The ligaments were constructed as solid models from MRI images with realistic anatomical structures, facilitating a better understanding of the internal behavior of the ligaments under load. The interface between the ligament and surrounding tissues can be more accurately simulated, thus providing a robust tool for analyzing ankle mechanics under various conditions, and 2) examining the talus rotation and stress distribution in the tibiotalar joint surface cartilage in cases of combined medial and lateral ligament injuries. It was hypothesized that there is considerable variation in the rotational stability of the ankle joint with different ligament injuries, and the damage to the deep layer of the deltoid ligament, compared to the superficial layer, has a more significant effect on the rotational stability of the ankle joint, leading to abnormal joint stress and contact patterns. Clearly defining the mechanical contributions and biomechanical responses of each ligament to the rotational stability of the ankle joint is essential for pre-operative planning and choosing the correct approach for repair and reconstruction.
MATERIALS AND METHODS
This study used a finite element model of the right ankle to simulate a static stance and internal-external rotation tests under various ligament rupture conditions: (1) an ankle with intact ligaments; (2) isolated ATFL rupture; (3) ATFL rupture associated with various combinations of superficial deltoid ligament injuries, including talonavicular ligament (TNL), tibiospring ligament (TSL), tibiocalcaneal ligament (TCL), and superficial posterior tibiotalar ligament (sPTTL); (4) ATFL rupture with different combinations of deep deltoid ligament injuries, comprising anterior tibiotalar ligament (ATTL) and deep posterior tibiotalar ligament (dPTTL) ruptures; (5) ruptures of all four superficial bundles of the deltoid ligament; (6) ATFL rupture accompanied by ruptures of all four superficial bundles of the deltoid ligament. The analysis focused on ankle kinematics, maximum von Mises stress on tibial and talus articular cartilage, joint compressive contact area, and the talus rotation angle.
Model establishment
A comprehensive three-dimensional foot-ankle model was constructed from MR images of an adult female right foot specimen (162 cm, 57 kg) sourced from Huashan Hospital, affiliated with Fudan University. Consent for the storage and utilization of the bodies for research was obtained from the donors before their death or their next of kin. The parameters are as follows: TE = 4.3, TR = 380, resolution = 0.4 × 0.4 mm, and slice thickness = 0.4 mm. The MR images were reconstructed in Mimics 21.0 (Materialise N. V., Leuven, Belgium), followed by surface refinement and feature extraction in Geomagic Studio (Geomagic, version 12.0). The model was then meshed using HyperMesh (Altair Engineering, Tokyo, Japan) and imported into Abaqus (Simulia, Inc, USA, version 2016) for preprocessing, finite element analysis, and subsequent post-processing. The final FE model encompassed 26 complete foot bones, including the distal ends of the tibia and fibula. The cartilage of each joint in the ankle was meticulously segmented and included in the model. The plantar fascia and several small ligaments dispersed throughout the foot were modeled with tension-only truss elements linked to their respective bone attachment points. The model also simulated eleven primary ligaments surrounding the ankle joint, with five laterally (ATFL, posterior talofibular ligament (PTFL), CFL, anterior tibiofibular ligament (ATiFL), posterior tibiofibular ligament (PTiFL)) and six medially (TSL, TCL, TNL, ATTL, dPTTL, sPTTL). Experienced ankle surgeons rigorously verified all ligament segmentations and insertion points. The final three-dimensional finite element ankle model is shown in Figure 1. As detailed in Table 1, the material parameters of tissues and element types were adopted from the literature. Cartilage-to-cartilage interactions were defined as frictionless sliding contacts, permitting mutual sliding without penetration. On the other hand, ligament insertion points were bound to their respective bone insertion points to maintain consistent displacement. Binding constraints were also applied between cartilage and the adjoining bone surface.
[image: Figure 1]FIGURE 1 | Overview of the finite element foot-ankle model showing bones, tissues and connections.
TABLE 1 | Summary of model materials and element types.
[image: Table 1]Mesh convergence testing was executed by applying an anterior drawer force of 150 N to the ankle joint and calculating the distance between the posterior edges of the tibia and talus. The selected mesh used first-order, four-node tetrahedron elements. The mesh size was incrementally decreased until the variation in the specified distance remained within 2% with the reduction in element size. The final element size for ligaments and cartilage was 0.5 mm, while other structures were set at 1 mm. The entire model comprised 1,739,585 elements.
Validation of the FE model
For biomechanical validation, a Ligs digital joint meter (Innomotion Inc., China) and an X-ray imaging system were used to perform an anterior drawer test (ADT) and a talus tilt test on the ankle specimen. This allowed for objective measurements of the anterior drawer test distance and the talus tilt angle. The left foot sample was used in this experiment, and the right foot finite element model originated from the same individual. As shown in Figures 2A,B, during the anterior drawer test, the device’s motor unit methodically retracted the anterior tibia relative to a static calf and heel, applying a force of up to 150 N at 3 N/s. X-ray images were taken for further analysis after the ankle specimen was subjected to a 150 N anterior drawer force. Subsequently, the apparatus was adjusted to apply a force of the same magnitude and loading rate to the medial side of the tibia, and X-ray images were recorded. Then, an ankle surgeon dissected the specimen, severed the ATFL, and repeated the two experiments mentioned above. Figures 2C,D, respectively, demonstrate the method of extracting the vertical distance between the posterior edges of the tibia and talus, known as the anterior drawer distance, and the talus tilt angle from X-ray images using the RadiAnt DICOM Viewer software. Each measurement was taken three times and the average was considered the final value. Figures 2E,F show the setup method for the finite element model, which adheres to the same boundary and loading conditions used in the biomechanical experiments. In the simulated anterior drawer test, the heel end was fixed, and the distal end of the tibia and fibula was constrained to allow only rotational movement around the Y-axis. Then, a 150 N force was applied at the corresponding position on the anterior edge of the tibia, and the vertical distance between the posterior edges of the tibia and talus was extracted in the post-processing of the model. In the simulated talus tilt test, the model’s heel was fixed, and the distal end of the tibia and fibula was constrained to allow only rotational movement around the x-axis. Then, a 150 N force was applied to the corresponding position on the medial side of the tibia, and the rotational angle of the talus was extracted in the post-processing. Ultimately, the finite element simulation results were compared with the experimental data to determine the model’s accuracy.
[image: Figure 2]FIGURE 2 | Biomechanical experiments on ankle specimens and the finite element model setup using the same boundary and loading conditions. (A) Diagram of anterior drawer test. (B) Diagram of talus tilt test. (C) Extraction of anterior drawer displacement with X-ray platform. (D) Extraction of talus tilt angle with X-ray platform. (E) Boundary conditions and loading for finite element simulation of anterior drawer test. (F) Boundary conditions and loading for finite element simulation of talus tilt test.
The skin, fat, fascia, muscles, and anterior and lateral tendons of the ankle joint were meticulously excised to unveil the ligaments underneath for anatomical validation. With the ankle joint neutrally positioned, a vernier caliper (accurate to 0.1 mm) was used to record the length of each ligament’s upper and lower boundaries. The ligament width and thickness were determined at three locales: proximal, distal, and midpoint. Given the bifurcation of the medial deltoid ligament, post superficial measurement, it was gently separated to inspect its deeper segments. Furthermore, the positions of the ligament insertion in the model were corroborated using measurements from a three-dimensional coordinate measuring device, as detailed by Campbell et al., which assessed the distances from the insertion of each ligament to pertinent bone landmarks (Campbell et al., 2014).
Establishment and simulation of intact and injury models
The coordinate system for the rotation axis in the finite element model was defined using a method introduced by Brockett and Chapman (Brockett and Chapman, 2016), as shown in Figure 3. In this system, the Y-axis of the ankle joint complex on the sagittal plane is defined by a line connecting the medial and lateral malleoli. The Z-axis of the rotation on the transverse plane revolves around the long axis of the tibia, perpendicular to the Y-axis. It intersects at the midpoint of the line connecting the medial and lateral malleoli. This point is the center of rotation of the ankle joint in the neutral position. During static standing, the X-axis of rotation on the coronal plane is perpendicular to the other two axes and passes through the center of rotation. To simulate static standing accurately, each model was subjected to a downward force of 300N (Anwar et al., 2017) applied vertically to the tibia and fibula, and the stress distribution on the ankle joint was recorded. Additionally, a rotational torque of 1.5 Nm (Zhang et al., 2022) was applied to the calcaneus to replicate internal and external rotation, supplementing the 300N static standing force. The talus rotation angle was recorded for further analysis. The corresponding ligamentous tissues were excised from the model to simulate an ankle joint with varying degrees of ligament damage. Based on preliminary experiment outcomes (Shoji et al., 2019; Sakakibara et al., 2020) and current clinical data (Mizrahi et al., 2018; Barini et al., 2021), emphasis was placed on the ATFL as the primary lateral ligament. The ATFL ligament was then paired with ruptures of the deltoid ligament to create compound ligament injury models. Consequently, the combined injury models were delineated as: lateral ligament injury + superficial deltoid ligament injury (ATFL + TNL; ATFL + TSL; ATFL + TCL; ATFL + sPTTL; ATFL + TNL + TSL + TCL + sPTTL) and lateral ligament injury + deep deltoid ligament injury (ATFL + ATTL; ATFL + dPTTL; ATFL + ATTL + dPTTL) and Complete rupture of all four superficial medial ligaments (TNL + TSL + TCL + sPTTL). In total, 11 distinct ankle models were established including intact ankle joints and isolated ATFL injuries.
[image: Figure 3]FIGURE 3 | The setup of finite element models using identical boundary and loading conditions.
RESULT
Validation of FE foot model
Figure 4 presents the validation results of both the anterior drawer and talar tilt tests. The outcomes of the finite element (FE) models align well with the experimental data. When subjected to an anterior drawer force of 150N, the vertical distance between the posterior edges of the tibia and talus—before and after severing the ATFL—measures 6.2 mm and 8.0 mm, respectively. The FE models predicted values of 6.1 mm and 7.5 mm. Similarly, under a 150N lateral force, the angular displacement between the tibia and talus, pre and post-ATFL severance, was 7.3° and 9.2°, respectively, compared to the FE predictions of 7.5° and 9.3°. Notably, the discrepancies between the experimental and FE results were within a 6.5% margin.
[image: Figure 4]FIGURE 4 | Anterior drawer distance and talus tilt angle in finite element model and cadaveric specimen biomechanical experiments.
Second, the validation results for the alignment of the various foot ligaments are shown in Supplementary Table S1. The FE model’s predictions of the ligament’s length, width, and thickness were highly consistent with the results of anatomical measurements, with maximum differences of 2.0 mm, 0.6 mm, and 0.2 mm, respectively, all within the range of previous research findings.
The validation results for the distances between the insertion points of each foot ligament and the corresponding bone markers are shown in Table 2. The FE model’s predictions of the ligament insertion points were highly consistent with the anatomical measurements, with a maximum difference of 1.1 mm, both within the range of prior research outcomes.
TABLE 2 | Compared with the measurement results and literature, the FE model predicts the distance from the ligament insertion point to the relevant bony landmarks.
[image: Table 2]The biomechanical simulation results of the intact and injured ankle joints
The distribution of von Mises stress on the cartilage of the talocrural joint under various ligament rupture scenarios is shown in Figure 5. This figure shows that in a static standing position, stresses on the talar cartilage were primarily concentrated on the anterior and medial sides across the different injury models. When the ATFL and ATTL were ruptured concurrently, a new stress concentration area emerged in the middle of the talar articular surface, a region typically unstressed under normal conditions. This pattern is also evident in models featuring a complete rupture of the superficial DL4 bundle. Additionally, during static standing with internal rotation, the stress concentration extends considerably towards the medial side of the talar cartilage, beyond the surfaces of the talar dome. Moreover, in cases where the ATTL is among the compromised ligaments, internal rotation induces the formation of a novel contact region on the medial central portion of the upper surface of the talus cartilage. In static standing with external rotation, despite the similarity in stress concentration areas across the different ligament injury models, the stress on the talocrural joint cartilage intensifies when an ATFL rupture is coupled with a medial ligament rupture, as opposed to an isolated ATFL rupture.
[image: Figure 5]FIGURE 5 | Distribution of von Mises stress (MPa) on the talus cartilage of ankle models with different injuries placed under various loading conditions.
Figure 6 illustrates the maximum von Mises stress experienced by the tibia and talus cartilage and the contact area in the tibiotalar joint under static standing conditions. The data shows that the maximum von Mises stress in the ankle joint with an isolated ATFL rupture increased by only about 0.3% and 1.6% in the tibia and talus cartilage, respectively, compared to an intact joint. A similar pattern was observed when an ATFL rupture was paired with a single superficial deltoid ligament strand rupture. However, the stress notably escalates with a rupture of the ATFL and ATTL, reaching a zenith when it coincides with an additional rupture of the dPTTL. Compared to the intact ankle joint, the stress increased by 18.3% in the talus and 54.3% in the tibial cartilage. Moreover, a rupture of the ATFL and the ATTL leads to an increased contact area in the talocrural joint, which is further enhanced when the ATFL and all four strands of the superficial medial ligaments rupture.
[image: Figure 6]FIGURE 6 | (A) the maximum von Mises stress on the tibia and talus cartilage with different injuries during static standing. (B) the contact area on the tibiotalar joint with different injuries during static standing.
Figure 7 shows the maximum von Mises stress on the tibia and talus cartilage, the stress-induced contact area and the talar rotational angle under static standing and external rotation. The data shows that the maximum von Mises stress in the ankle joint with an isolated ATFL rupture increased by only about 0.3% in the tibia and talus cartilage compared to an intact joint. In contrast, the complete rupture of all four strands of the superficial deltoid ligament leads to a substantial increase in the peak stress: 69.8% increase in stress on the tibial cartilage, and 74.8% increase on the talus cartilage, in comparison to the intact joint. Furthermore, the total rupture of the deltoid ligament superficial strands reduced the contact area on the talocrural joint by 27.3%. Regarding the talus rotational angle, a combined rupture of the ATFL with either the superficial TNL or the deep ATTL increased the angle by 21.8%, relative to the intact ankle.
[image: Figure 7]FIGURE 7 | (A) the maximum von Mises stress on the tibia and talus cartilage with different injuries during static standing and external rotation. (B) The contact area on the tibiotalar joint with different injuries during static standing and external rotation. (C) The talus external rotation angle with different injuries during static standing and external rotation.
Figure 8 depicts the maximum von Mises stress on the tibia and talus cartilage during static standing and internal rotation, as well as the stress-induced contact area and the rotational angle of the talus. In the internal rotation position, all scenarios involving ATFL damage show increased maximum stress values of varying levels (greatest on the tibial side, ranging from 35.5% to 119.7%) and more pronounced increases when accompanied by ATTL rupture. Additionally, any rupture of the deep DL or superficial DL involving the TCL increases in contact area (ranging from 9.4% to 16.1%). Furthermore, compared to the intact ankle joint, an isolated ATFL rupture considerably increased the talus’s rotational angle by approximately 81%. When the ATFL and ATTL ruptured, the rotational angle of the talus further increased, reaching about 2.5 times that of the intact ankle joint.
[image: Figure 8]FIGURE 8 | (A) the maximum von Mises stress on the tibia and talus cartilage with different injuries during static standing and internal rotation. (B) The contact area on the tibiotalar joint with different injuries during static standing and internal rotation. (C) The talus internal rotation angle with different injuries during static standing and internal rotation.
DISCUSSION
The results of this research showed that an isolated ATFL rupture does not markedly alter the cartilage stress in an injured ankle joint relative to one with intact ligaments during the static standing and external rotation. However, when a multiband deltoid ligament (DL) continues to be injured, affecting either the superficial or deep layer, in a rotational ankle injury considerably alters the distribution of contact stress on the tibiotalar joint and increases the joint’s rotational angle under a specified torque. Conversely, when a single band of the DL is compromised, an ATTL injury significantly impacts the ankle’s stability of the normal mechanical architecture. Similarly, although an isolated ATFL injury increases the contact stress on the tibiotalar joint compared to an intact ankle joint during static standing and internal rotation condition, more severe joint stress abnormalities are observed when the DL continues to be injured.
Anatomical studies have demonstrated that the ATTL is typically smaller than the PTTL and is absent in some people (Campbell et al., 2014; Hintermann et al., 2014; Won et al., 2016), leading to the general assumption that the PTTL plays a more important role in ankle stability (Mengiardi et al., 2016). However, biomechanical testing on fresh ankle specimens has shown that the elastic modulus of the PTTL is approximately half of the ATTL (Siegler et al., 1988). In our research, we focused on scenarios where the ATFL was disrupted. We found that an ATTL rupture had a more pronounced impact on the mechanical structure of the ankle than a dPTTL rupture, except under conditions of external rotation torque. In such cases, the ATTL/dPTTL rupture predominantly affected the talus rotation angle. To our knowledge, this study is the first to simulate these specific conditions. In anatomical terms, the ATFL emerges from the fibula’s anterior-inferior segment and progresses inward towards the anterior region of the talus. Similarly, the ATTL originates from the tibia’s anterior-inferior portion, advancing to connect with the talus. These ligaments are situated in the anterior section of the ankle joint. In contrast, the PTTL arises from the posterior-inferior area of the tibia, descending to attach to the posterior region of the talus. Consequently, in instances of ATFL rupture, the ATTL may be essential in ensuring ankle joint stability, given its anterior placement. A study that sectioned the ligaments of 16 cadavers reported that the ATTL and intermediate tibiotalar ligaments control the ankle joint’s external rotation. Furthermore, these ligaments, in conjunction with the ATFL, regulate the internal rotation of the talus (Watanabe et al., 2012). A subsequent cadaveric study investigated the functionality of diverse deltoid ligaments under varying operational conditions (Gregersen et al., 2022). It was observed that the elongation and tension of the ATTL predominantly responded to rotational movements. In contrast, the length and tension of the dPTTL exhibit minimal sensitivity to such rotations. These findings corroborate our conclusion that the simultaneous rupture of the ATTL and ATFL substantially undermines the ankle joint’s rotational stability. In addition, previous study indicates significant variations in the length and tension of the dPTTL during ankle plantarflexion and dorsiflexion, implying that these positions may facilitate the observation of dPTTL rupture’s impact on the ankle joint’s mechanical structure (Gregersen et al., 2022). Nevertheless, the absence of tests on ankle plantarflexion and dorsiflexion in this study could explain the lack of significant contributions from the dPTTL that were detected.
Previous research has shown that chronic deltoid ligament (DL) injuries are often associated with cartilage lesions in the medial and anterior regions of the talus dome (Schäfer and Hintermann, 1996). MRI scans of patients with ankle instability have shown progressive degeneration in the talus dome’s posterior medial and lateral regions, even 3 years post-surgery (Hu et al., 2021). Some researchers have attributed the cartilage lesions to increased pressure on the joint surface (De Vries et al., 2005), while others argue that alterations in the distribution of the joint surface contact, referred to as joint contact patterns, are primarily responsible for the cartilage lesions (Alonso-Rasgado et al., 2017). Our study observed that the contact area of the tibiotalar joint was predominantly in the anterior medial region of the talar dome, with increased contact stress after ligament rupture. Additionally, new contact areas emerged in the medial posterior and central regions when the joint was subjected to a 300N vertical load with complete superficial DL rupture, with or without ATFL rupture, and when subjected to a 300N vertical load with 1.5 Nm internal rotation and with ATTL and ATFL rupture. These findings align closely with previous literature. Although our study did not simulate chronic ligament injuries or post-operative conditions, it underscores the importance of focusing on the medial region of the talar dome when treating DL injuries. Preventing articular facet cartilage degeneration post-surgery remains a significant challenge.
A previous study comparing various deltoid ligament (DL) reconstruction techniques (Wiltberger, Deland, Kitaoka, and Hintermann) through model simulations identified the Kitaoka procedure as the most effective for reducing ankle external rotation displacement (Xu et al., 2012). Among these techniques, the Kitaoka procedure uniquely positions the distal end of the reconstructed ligament anteriorly at the medial cuneiform (Kitaoka et al., 1998). Our study found that applying an external rotation torque led to a significant increase in talus external rotation in cases of ATTL/TNL rupture, particularly with single-band DL ruptures. These findings indicate that when treating rotational ankle instability (RAI) characterized by increased ankle external rotation, anteriorly relocating the distal insertion during DL reconstruction may help mitigate excessive external rotation.
This study has some limitations. 1) This study exclusively focused on static loading conditions, omitting considerations of ankle joint dorsiflexion and plantarflexion and the various loading environments associated with different daily activities. 2) The finite element model, derived from a single subject, may not accurately represent all patient groups. However, its advantage lies in the precise control over variables, permitting endless modifications of a specific factor without damaging the sample. Such methods are effectively used to enhance our understanding of the underlying biomechanics. 3) This research classified ligament conditions strictly as either ruptured or intact, deliberately omitting partial tears. Future studies will explore the biomechanics of the ankle joint after minor ligament tears leading to rotational instability.
CONCLUSION
This study found that DL injury alters the distribution of contact stress on the tibiotalar joint and increases the talus rotation angle when subjected to rotational torque, which may lead to RAI. In addition to multiple-band DL injuries, it is also necessary to pay attention to single-band deep DL injuries, especially those that involve the ATTL.
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Introduction: The trabecular network is perceived as a collection of interconnected plate- (P) and rod-like (R) elements. Previous research has highlighted how these elements and their connectivity influence the mechanical properties of bone, yet further work is required to elucidate better the deeply interconnected nature of the trabecular network with distinct element formations conducting forces per their mechanical boundary conditions. Within this network, forces act through elements: a rod or plate with force applied to one end will transmit this force to a component connected to the other end, defining the boundary conditions for the loading of each element. To that end, this study has two aims: First, to investigate the connectivity of individually segmented elements of trabecular bone with respect to their local boundary conditions as defined by the surrounding trabecular network and linking them directly to the bone’s overall mechanical response during loading using a mathematical graph model of the plate and rod (PR) Network. Second, we use this model to quantify side artifacts, a known artifact when testing an excised specimen of trabecular bone, where vertical trabeculae lose their load-bearing capacity due to a loss of connectivity, ultimately resulting in a change of the trabecular network topology.
Resuts: Connected elements derived from our model predicted apparent elastic modulus by fitting a linear regression (R2 = 0.81). In comparison, prediction using conventional bone volume fraction results in a lower accuracy (R2 = 0.72), demonstrating the ability of the PR Network to estimate compressive elastic modulus independent of specimen size or loading boundary condition.
Discussion: PR Network models are a novel approach to describing connectivity within the trabecular network and incorporating mechanical boundary conditions within the morphological analysis, thus enabling the study of intrinsic material properties of trabecular bone. Ultimately, PR Network models may be an early predictor or provide further insights into osteo-degenerative diseases.
Keywords: microarchitectural properties, trabecular plate, trabecular rod, graph model, volumetric spatial decomposition, finite element analysis
1 INTRODUCTION
Trabecular bone strength depends not only on bone volume but also on the local structure of the trabecular network (Nazarian et al., 2009). Previous research has characterized the trabecular network as a collection of plate-like and rod-like elements, where, per definition, plates are structural elements with small thicknesses compared to the planar dimension, and rods resemble a cylindrical shape. Micro-computed tomography (μCT) can be used to capture the trabecular bone structure, and plates and rods can be identified using a shape-preserving 3D-thinning algorithm (Saha et al., 1994; 1997) followed by a 3D-topological classification (Saha and Rosenfeld, 2000; Saha et al., 2010). Using this method (Stauber and Müller, 2006a; Liu et al., 2011), previous research has identified that spatial and temporal variations of plates and rods are a vital determinant of bone’s mechanical properties, including yield strength and elastic modulus (Liu et al., 2009; Zhou et al., 2014; Wang et al., 2015). Typically, plate-related measures are positively associated with elastic modulus and yield strength (Zhou et al., 2014), with axially aligned plates expressing higher bone mineral density (Liu et al., 2009; Wang et al., 2015). At the same time, most road-related parameters are inversely associated with mechanical properties (Zhou et al., 2014); thus, they have been hypothesized to initiate mechanical failure (Liu et al., 2009). Previous research has shown that plate and rod models, combined with their connectivity (plate-plate, plate-rod, rod-rod connections), represent bone strength and bulk tissue response to mechanical loading more precisely than bone volume (Liu et al., 2008). However, current plate and rod characterizations lack a complete description of the interplay of all components within the trabecular network. Within the topology of plate-like and rod-like structures, forces act through elements; a rod with force applied to the top will transmit most of this load to components connected to its bottom. This plate and rod (PR) network defines the boundary conditions for the loading and unloading of individual elements and is, therefore, key to the mechanical evaluation of trabecular bone. This is evident in side artifacts (Ün et al., 2006), where the specimen excision-induced disruption of the PR network’s peripheral connectivity affects an excised specimen’s mechanical properties. Specifically, in inhomogeneous, anisotropic bone samples, even a single or missing trabeculae may induce catastrophic failure (Stauber et al., 2014). Given the dependence of side artifacts on PR connectivity (Zhu et al., 1994; Andrews et al., 2001; Onck et al., 2001), it may affect specimen strength and elastic modulus differently due to variations in failure mechanisms.
Therefore, we propose the following two aims: 1) to develop a mathematical graph model that links the trabecular PR network to the bulk mechanical properties of the specimen, and 2) to test the model by evaluating the contribution of side artifacts to bulk specimen mechanical properties as a function of the PR network. We will accomplish the former by modeling the connectivity of individually segmented elements in the specimens, with respect to their local boundary conditions as defined by the surrounding trabecular network, and the latter by linking them directly to the overall mechanical response of the specimens during loading. We hypothesize that the PR network better describes specimen bulk tissue mechanical properties than bone volume. We used micro-finite element (μFE) analysis derived from μCT scans of bovine trabecular bone specimens to identify bulk tissue properties, validated by compressive mechanical testing. We derived a spatial network of these elements from CT scans to study interconnections between plate and rod objects and used a mathematical graph model to identify load-bearing (i.e., connected) elements. We utilized an inner core specimen model to introduce controlled changes into the trabecular network while maintaining consistent morphological parameters, subsequently extracting sub-volumes from the original specimen. This enabled us to introduce connectivity changes at the cored specimen interface and directly link changes within the trabecular network to changes within the microscopic stress distribution derived from μFE modeling. Ultimately, the interplay of microscopic spatial complexity and heterogeneity variations within the PR network may provide insights into load transmission mechanisms within the trabecular bone and be an important indicator for many osteopathic diseases.
2 MATERIALS AND METHODS
2.1 Specimen preparation and imaging
Twelve bovine femurs from 36-month-old adult female animals were obtained from a local butchery. Perpendicular cuts to the longitudinal axis of the femur were performed on frozen samples (Ducheyne et al., 1977; Bentzen et al., 1987) using a band saw and a self-leveling 3-beam line laser (DW089K, DeWalt Industrial Tool Co., Baltimore, MD, United States of America) at the proximal end. Growth plates were avoided using individual visual X-ray assessment. A cylindrical specimen of trabecular bone (∅ = 20 mm) was extracted from each sample using a Magnicon Bond diamond core drill while secured and submerged in water (Keaveny et al., 1993). A low-speed saw (Isomet, Buehler, Lake Bluff, IL, United States of America) with two parallel diamond blades was used to cut uniformly sized (l = 30 mm) specimens (An et al., 1999; Tawy et al., 2016). After coring and cutting, the specimens were subjected to ultrasonic cleaning for 50 min (Tabletop Ultrasonic Cleaners, FS-140, Fisher Scientific, Waltham, MA, United States of America). When not used, samples were wrapped in 0.9% saline-soaked gauze and stored in a freezer at −20°C (Linde and Sørensen, 1993). Specimens were scanned using a μCT (μCT40, Scanco Medical AG, Brüttisellen, Switzerland) at an isotropic voxel size of 30 μm with a tube energy of 55 kVp, a current settings of 72 μA, an integration time of 200 ms, and a 1,200 mg HA/cm3 beam hardening correction. Density calibration was performed using a calibration phantom scanned weekly according to the manufacturer’s recommendations (Bouxsein et al., 2010). The sensitivity of network topology to even small changes was investigated by intentionally introducing side artifacts. Specifically, to minimize material-related variability across samples, the same samples were subjected to five non-destructive mechanical testing stages sequentially with three different plunger sizes in a step-wise reduction approach, as outlined in Figure 1. This sequential testing allowed the evaluation of the same samples at three reduced diameters (∅ = 20, 16, 12 mm) and lengths (l = 30, 15 mm) while maintaining a consistent aspect ratio resulting in increased contribution of side-artefacts with decreasing specimen size (Table 1; Lievers et al., 2010).
[image: Figure 1]FIGURE 1 | Sample preparation and step-wise reduction approach. (A) The location of the specimens excised from bovine femurs. The samples were first tested with 20 mm (B) and 16 mm (C) plungers at the original full diameter of 16 mm. Then, the samples were cored down to a 16 mm diameter and re-tested with a 16 mm plunger (D). To preserve the aspect ratio, the samples were then cut in half, perpendicular to the long axis, and tested using a 12 mm plunger (E). Finally, the samples were further cored down to 12 mm diameter and tested a third time with a 12 mm plunger (F).
TABLE 1 | Sample parameters at different testing stages and the expected contribution of side artifacts.
[image: Table 1]2.2 Network connectivity model
An iterative thinning process, first described by P.K. Saha et al. (Saha and Chaudhuri, 1996), was employed, to produce a shape-preserving representation of the original volumetric image (Figure 2A). The resulting one-voxel-thick skeletons were classified using a three-dimensional digital topological characterization method (Figure 2B; Saha and Rosenfeld, 2000) (additional details provided in a supplemental document). For each voxel, it was determined whether it is a surface voxel, a surface-end voxel, an arc voxel, an arc-end voxel, an arc–arc intersection voxel, an arc–surface intersection voxel, a surface–surface intersection voxel, or an isolated voxel. Following the work by Stauber et al. (Stauber and Müller, 2006a), slender planes were reduced to rods within two iterations, and all rods shorter than four voxels were removed. Within this new optimized image, individual rods and plates were separated by removing all points within a junction point’s radius (r = 2 voxels), enabling individual labeling of rods with odd and plates with even indices. Using a 3D-bitmapping image dilation algorithm described by van den Boomgard et al. (Boomgaard and Balen, 1992), individually labeled images were remapped to their original geometry (Figure 2C). Within the original geometry, a voxel was defined as a junction voxel if it belonged to one element and any of its 26 adjacent neighbors belonged to a different element. This resulted in a two-voxel thick junction surface between adjacent elements. Junctions were stored in a sparse, numeric adjacency matrix, where the location of each nonzero entry specified a junction (edges) between two elements (nodes), building the basis of an unweighted network graph (Figure 2D). Nodes were defined as junction points between individual trabeculae and edges as individual trabeculae. By applying standard graph analysis algorithms such as the Boykov-Kolmogorov algorithm (Boykov and Kolmogorov, 2001), which computes the maximum flow by constructing two search trees associated with nodes between the source and target, connected elements were identified with respect to a specific loading case. Specifically, trabeculae connected to the proximal and distal surfaces were considered sources and sinks, respectively, creating a multiple sources-sinks maximum flow problem between the boundaries where the compressive force was applied. To simplify this, unbounded-capacity artificial super-nodes s and t were introduced, connecting all nodes on the proximal (collective sources) and distal (collective sink) specimen surfaces, respectively. A weighted bone volume fraction (BV/TV) was derived from the connected bone structure, forming a continuous volume that contributed to the connection between the boundaries. This weight-bearing volume followed the connectivity, layout, and boundary conditions of the trabecular network and the applied load.
[image: Figure 2]FIGURE 2 | A representative illustration indicating the strategy used for bone decomposition. (A) shows an enlarged view of bone morphology. (B) shows thinned and classified geometry with identified plate-like structures in shades of red and rod-like structures in shades of blue. (C) shows the re-transformed bone geometry with identified plate-like structures in shades of red and rod-like structures in shades of blue with lighter to darker shades denoting individual trabeculae. (D) shows the final plate and rod network graph with a possible load transfer path in yellow.
2.3 Mechanical assessment
To calculate specimen stiffness, μFE analysis was carried out. 3D geometries for linear μFE analysis were generated on a voxel-based approach. Each voxel in the μCT scan was converted to one hexahedral element. The resulting model consisted of approximately 500 million elements. Images were subjected to Gaussian filteration (σ = 1.2) to reduce noise and were binarised at a threshold of 800 mg HA/cm3 and assigned Young’s modulus and Poisson’s ratio values of 15 GPa and 0.3 respectively (Tawy et al., 2016). Different-sized metal plungers were virtually attached at the axial ends to apply force. The proximal surface of the bone was deformed by 1% by applying a pure compression force in the axial direction. Each model was solved using ParOSol (Flaig and Arbenz, 2011)running on eight cores on a local machine (i7-6900K LGA 2011, DDR4-3000 PC4-2,400, 16 GB × 8) in under 60 min. Von Mises Stress was calculated at the center of each element (Flaig and Arbenz, 2011). FE models were validated using non-destructive axial compression displacement-driven mechanical tests of up to 0.6% strain using an Instron load frame with plungers of different sizes in unconfined conditions (Linde et al., 1992). A self-adjustable platen with a spherical joint was built to ensure full engagement between the specimen and the plunger for uniform load distribution during compression (Fazzalari et al., 1998; Hernandez et al., 2014). The slope of the linear portion of the pre-yield region was used to estimate the apparent modulus of the trabecular bone specimens (García-Rodríguez et al., 2008). Compressive engineering stress σ and strain ε were calculated using the original plunger, specimen dimensions, and machine head displacement.
2.4 Statistical analysis
The Shapiro-Wilk test was used to evaluate data distribution. Receiver-operating characteristics were used to evaluate the relationship between von Mises stress and load-bearing elements identified by the PR Network model. True-positive (TPR) and false-positive (FPR) rates were calculated at all thresholds by comparing predictions by the PR network to predictions of the μFE model, followed by the calculation of the area under the curve (AUC). Pearson moment correlation coefficients were calculated to evaluate the capability of the connected bone volume identified by the PR network when weakly connected trabeculae were present due to side artifacts. The statistical significance of the correlation coefficient was assessed using a Student’s t-test. All statistical tests were performed with Matlab R2020a (The MathWorks, Inc., Natick, MA, United States). Data are presented as the mean (± standard deviation) unless otherwise reported, and p < 0.05 was considered significant.
3 RESULTS
For the three sample diameter-based groups, two different load cases were distinguished: first, compressive loading with a plunger of the same size as the specimen, and second, compressive loading with a plunger with a smaller diameter than that of the sample. Figure 3 illustrates the load transfer of both cases in (A) and (B), as well as (C) and (D), respectively, by using the PR Network in (A) and (D) and comparing it directly to voxel-based μFE models in (B) and (C). As seen for case (A), the trabecular network distributed the local load, exceeding the volume under the plunger, resulting in a convex loading pattern to reduce stress on individual elements. However, this distribution was not always uniform and highly depended on the layout of the trabecular network. Case (D) shows the same specimen after re-coring. This direct change within the system led to a loss in connectivity for edges located at the interface region, resulting in an hourglass shape. The area under the curve analysis derived from the ROC analysis suggested acceptable discrimination (AUC = 0.73) between the PR Network and mechanical signal (Figure 3E). This indicates that the PR Network and μFE models, while correlated, identify some distinct sets of load-bearing elements. Specifically, the PR Network identifies a continuous pathway of interconnected elements that transfer loads between the platens. In contrast, the μFE model identifies high stress elements that may not necessarily form an interconnected load-transferring network (Figure 3).
[image: Figure 3]FIGURE 3 | A representative image indicating the identification of load-bearing elements identified by maximum flow between the plungers. (A) shows load-bearing elements (purple) for a plunger smaller than the specimen. (B) shows μFE analysis of the same loading case, showing additional load-bearing elements in the PR Network that highlight the relevance of lower stress trabeculae. (C) shows μFE analysis for a plunger with the same size as the specimen. (D) shows load-bearing elements (purple) for this loading case, highlighting non-load-bearing elements at the specimen interface. (E) ROC curve showing the true-positive rate of identifying a load-bearing element using the PR Network against the false-positive rate at various Mises stress threshold settings derived from µFE.
For all different specimen geometries (Sp) and plunger combinations (Pl), the PR Network predicted apparent moduli by fitting a linear regression (R2 = 0.81, p < 0.05). In comparison, prediction using conventional bone volume fraction results in a lower accuracy (R2 = 0.72, p < 0.05), demonstrating the ability of the model to estimate compressive elastic modulus independent of specimen size or loading boundary condition (Figure 4). The μFE derived apparent Young’s modulus (EFE) was linearly related (R2 = 0.85, p < 0.05) to the experimentally measured apparent Young’s modulus (Emeas).
[image: Figure 4]FIGURE 4 | The PR Network estimates stiffness independent of specimen size based on the weighted bone volume fraction (BV/TV) identified by the model. (A) Combinations of specimen size Sp for small S, medium M, and large L samples and plunger size (Pl) for small (S), medium (M), and large (L) plungers used for axial BV/TV determined using conventional measurements (B) and the PR Network (C). Color codes indicate grouped combinations of specimen and plunger size.
4 DISCUSSION
We introduced the Plate and Rod (PR) Network, a novel network characterization to describe connectivity within the trabecular network of individually segmented plate- and rod-like elements and their inter-connected character. The PR Network approach provided a functionally representative bone volume evidenced by a more accurate assessment of compressive elastic modulus of excised specimen than traditional bone volume fraction methods. This is due to its ability to account for the interconnectivity of high-potential load-bearing elements along the main loading axis.
In contrast to previous approaches, the PR Network evaluates connectivity with respect to global and local boundary conditions. For instance, a previous study employed multi-regression models and local morphological plate and rod measures, including their connections (plate-plate, plate-rod, rod-rod) to predict the mechanical properties of trabecular bone (Liu et al., 2008). Other commonly used measures in micro-CT include connectivity density (Bouxsein et al., 2010). Unlike these previous methods that focused on local measures like trabecular morphology or connectivity density and improved predictions over just using BV/TV, our goal with the PR Network was to emphasize the significance of higher-order connections between these trabecular bone elements in determining mechanical competence. This interrelation has just become a subject of more recent studies and has shown to be useful for identifying biomarkers for clinical procedures (Mondal et al., 2019; Nguyen et al., 2019). By evaluating the connectivity with respect to global and local boundary conditions, the developed PR Network increases the influence of channels of high-potential elements, stretching from source to sink. This includes channels of high-volume elements ranging from proximal to the distal end along the vertical axis of the specimen. Therefore, the PR Network has the potential to provide a novel approach to characterize mechanical behavior and could aid in the assessment of bone strength.
The sensitivity of network topology to even small changes was demonstrated by intentionally introducing side artifacts. Alteration or damage to bone tissue at the edges of an excised trabecular specimen can profoundly impact its mechanical stability (Ün et al., 2006). However, this well-known “side artifact” also presents an opportunity to evaluate the accuracy of our computational modeling approach. To intentionally introduce side artifacts, we sequentially reduced specimen dimensions and increased the proportional damage at the interface. This enabled the assessment of the model’s ability to predict resultant changes in trabecular connectivity and mechanics. Although bone volume fraction is considered the primary predictor of elastic modulus in porous media like trabecular bone (Nazarian et al., 2008a; Oftadeh et al., 2015), subtle network alterations may significantly influence bone strength. Indeed, our results showed that small connectivity changes in bovine trabecular networks significantly affected mechanical competence. Nevertheless, the PR Network model still accurately estimated compressive elastic modulus independent of size or boundary conditions. These insights highlight the complex interdependence of trabecular connectivity and mechanics. The model demonstrated robust utility despite intentionally introduced artifacts, showcasing its potential for the development of more advanced computational models for trabecular bone.
The developed PR Network approach could be highly valuable for studying bone diseases like osteoporosis, in which deteriorating trabecular connectivity increases fracture risk. Specifically, this approach could identify which structural elements are most crucial for load transfer within the trabecular bone network. Mapping the connectivity in this way may enable the assessment of how progression and loss of key trabecular members elevate fracture risk. While bovine bone was used here, the model may be translatable to human applications using high-resolution CT imaging modalities like high-resolution peripheral quantitative computed tomography (HR-pQCT) (Manske et al., 2015). Bovine and human bone share similar structural properties like porosity, trabecular/cortical content, and mechanics (Fletcher et al., 2018). Further, plate and rod segmentation has been applied using HR-pQCT imaging of human bone at 61 μm resolution [37]. Combined with clinical imaging methods, the PR Network could enable the assessment of fracture risk and treatment efficacy in osteoporosis. However, the plate classification process may require further optimization as an additional step was introduced to convert narrow plates to rods (Stauber and Müller, 2006a). Future efforts should evaluate the sensitivity of the decomposition method. This study demonstrates the initial capabilities of this method, and with optimization for human application, the PR Network approach may provide novel views on osteoporosis mechanisms and guiding patient care.
Some limitations should be noted. The mechanical properties of bone change significantly depending on whether the specimens are tested in situ or ex situ (Carter and Hayes, 1977; Linde and Sørensen, 1993). However, replicating the neighboring tissue’s degree of restriction in vivo is challenging. Unrestricted test conditions were used to improve comparability with other studies. Further, local strain measurement has yielded better accuracy for validating the FE model. However, the FE model used in our study has been widely applied in previous bone research (Van Rietbergen et al., 1998; Bouxsein et al., 2010). Combining empirical evidence from mechanical testing with this extensively validated FE model provides adequate fidelity for the present investigation. To prevent buckling, all specimens were kept within the recommended height, cross-sectional area, and aspect ratio range of 1–2 (Wang et al., 2010). Consequently, no regional strain measurement was required. Regarding computational limitations, the FE model only considered the structure and did not include variations in the local material properties of the bone matrix. Also, we assumed a simplified linear elastic FE model and materials to derive local stress, which is only valid for small deformations. In addition, the geometry of the FE model may be sensitive to image segmentation using automatic thresholds, leading to thin structures, which may behave too stiff when bent. Further, it is essential to note that we only compared structural properties with the stiffness determined by the elastic modulus in this study. However, other mechanical properties, such as toughness, z-strength, or torsional bone failure, may be equally important (Nazarian et al., 2008b). Our motivation to investigate elastic modulus was based on findings from other studies (Fyhrie and Schaffler, 1994; Keller, 1994), which show that bone modulus correlates relatively well with bone strength and hardness. Finally, we presented correlations between BV/TV and elastic moduli by pooling data from all specimen groups. While our aim was to underscore the broad applicability of the proposed method, it is important to acknowledge that the analysis involved non-independent samples. The presence of potential autocorrelation effects should be considered, given the lack of complete independence among the samples.
In conclusion, PR Network models are a novel approach to describing connectivity within the trabecular network, incorporating load transfer mechanisms and mechanical boundary conditions within the morphological analysis, thus enabling the study of intrinsic material properties of trabecular bone. PR Network models may be an early predictor or provide further insights into osteo-degenerative diseases.
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Background: The treatment of unstable femoral neck fractures (FNFs) remains a challenge. In this study, a new cannulated screw for unstable FNFs was designed to provide a new approach for the clinical treatment of these injuries, and its biomechanical stability was analyzed using finite element analysis and mechanical tests.Methods: An unstable FNF model was established. An internal fixation model with parallel inverted triangular cannulated screws (CSs) and a configuration with two superior cannulated screws and one inferior new cannulated screw (NCS) were used. The biomechanical properties of the two fixation methods were compared and analyzed by using finite element analysis and mechanical tests.Results: The NCS model outperformed the CSs model in terms of strain and stress distribution in computer-simulated reconstruction of the inverted triangular cannulated screw fixation model for unstable FNFs. In the biomechanical test, the NCS group showed significantly smaller average femoral deformation (1.08 ± 0.15 mm vs. 1.50 ± 0.37 mm) and fracture line displacement (1.43 ± 0.30 mm vs. 2.01 ± 0.47 mm). In the NCS group, the mean stiffness was significantly higher than that in the CSs group (729.37 ± 82.20 N/mm vs. 544.83 ± 116.07 N/mm), and the mean compression distance was significantly lower than that in the CSs group (2.87 ± 0.30 mm vs. 4.04 ± 1.09 mm).Conclusion: The NCS combined with two ordinary cannulated screws in an inverted triangle structure to fix unstable FNFs can provide better biomechanical stability than CSs and exhibit a length- and angle-stable construct to prevent significant femoral neck shortening.Keywords: unstable femoral neck fracture, new cannulated screw, internal fixation, biomechanics, finite element analysis
1 INTRODUCTION
Femoral neck fractures are relatively common hip fractures, of which 3% are aged ≤50 years, mostly due to high-energy injuries (Robinson et al., 1995). For younger patients, internal fixation is still the best treatment (Duffin and Pilson, 2019), but this treatment is difficult to apply because of the high shear stress, poor stability, and postoperative complications such as fracture redisplacement, fracture nonunion, femoral neck shortening and ischaemic necrosis of the femoral head involved in Pauwels type III FNFs (Xu et al., 2019). Early anatomic reduction and effective internal fixation affect the treatment outcomes (Barnes et al., 1976).
Various methods of fixation have been used previously for these injuries, such as cannulated screws, dynamic hip screws, proximal locking plate fixation system (Mubark et al., 2021), femoral neck system (Mehraj et al., 2022), et al. Currently, a consensus regarding of the surgical implant for these injuries is still lacking, and considerable controversy remains in the literature and among surgeons (Merz et al., 2015; Slobogean et al., 2015). Three parallel cannulated screws represent a commonly used internal fixation device for challenging fractures (Swart et al., 2017). CSs have the advantages of small incision, less intraoperative bleeding, short operation time, reliable fixation and favorable fracture healing while maintaining the biological environment of the fracture site. However, the stability of the fracture site is poor, and screw withdrawal often occurs, leading to internal fixation failure (Parker, 2009; Yang et al., 2013). Therefore, some methods have been recommended to improve stability, such as changing the configuration and number of screws (Jiang et al., 2021a), using the off-axis screw technique (Jiang et al., 2021b), combining a medial femoral support plate (Wang et al., 2023), and utilizing a posterior fully threaded positioning screw (Shin et al., 2020), double-head cannulated screws (DhCSs) (Zhang et al., 2020). Dynamic hip screws (DHS) are another common fixation method. DHS has angular stability, and a plate fixed on the lateral cortex can provide reliable support for fractures with severe posterior comminution of the femoral neck, but there are corresponding shortcomings, such as high surgical trauma, poor antirotation ability, and high cost (Stoffel et al., 2017), Some scholars have demonstrated that three peripherally inverted triangle CSs within the femoral neck were biomechanically better than a more centrally fixed DHS construct with an anti-rotation screw in axial and torsional stability in the repair of unstable FNFs (Wright et al., 2020). Kemker et al. reported that a DHS with a derotation screw was biomechanically similar to an inverted triad of CSs in these injuries (Kemker et al., 2017). In recent years, the medial support of the femoral neck has received increasing attention in the treatment of femoral neck fractures (Liu et al., 2019). Wright et al. reported that posterior inferior comminution significantly affected torque to failure in unstably oriented FNFs (Wright et al., 2020).
Taking the above factors into consideration, we hypothesized that replacing the inferior cannulated screw with a newly designed cannulated screw may improve stability through the nut fixed on the lateral cortex, maintain the length of the femoral neck, and realize immediate static fracture compression intraoperatively, while allowing fracture compression in the superior region postoperatively. Therefore, we compared the biomechanical stability of the NCS with that of the CSs through finite element analysis and biomechanical experiments to provide a theoretical basis for the application of the NCS in clinical practice.
2 METHODS
2.1 Development of a new cannulated screw
Our new designed cannulated screw (Chinese utility model patent, No. ZL201720445692. X) consists of two parts: the proximal end with 7.3 mm half-threads which is the same as those ordinarily used in clinical practice, and the distal end of the screw is modified to have 5 mm diameter threads, and a matching nut with internal threads can be fixed with the distal end of the screw (Figure 1). The process of engaging the distal end of the screw with the nut enables static compression of the fracture end, avoiding repeated cutting of cancellous bone by the proximal threads during compression with ordinary screws. At the same time, the nut also has external threads on the outer side, which can be fixed on the lateral cortex, preventing significant femoral neck shortening and screw withdrawal. Different nut lengths were chosen to achieve different degrees of compression. The diameter of the external threads of the nut was 10 mm, which is smaller than that of the DHS and can be locked with the proximal lateral cortex to form a length- and angle-stable construct, and the whole device achieves an integrated frame fixation of the femoral head and the femur, which can obtain femoral head anti-rotation (Figure 2).
[image: Figure 1]FIGURE 1 | The new cannulated screw. (A) Anterior-Posterior (AP) view of the NCS. (B) Lateral view of the nut.
[image: Figure 2]FIGURE 2 | Schematic diagram of compression and fixation of the new cannulated screw. (A) The screw inserting, (B) The nut inserting, (C) Compression beginning, (D) The length- and angle-stable construct forming.
2.2 Finite element analysis
This study was approved by the Ethics Committees of Hai’an People’s Hospital and Affiliated Hai’an Hospital of Nantong University (reference number HKL2016042). A 33-year-old healthy young male volunteer signed an informed consent form, excluding chronic diseases, pelvic and lower extremity deformities, fractures and a surgical history. A 64-slice CT scanner (Siemens Company, Germany) was used to continuously scan the left lower extremity, and the 2D CT image data with a scanning layer of 0.8 mm were stored in.dicom format. The.dicom format file was imported into Mimics 15.0 medical image processing software (Materialise Company, Belgium) to create a 3D model of the full-length femur. The above model was imported into Geomagic Studio 12.0 (Raindrop Company, United States of America) in.stl format to complete the surface model, which was then imported into the ProEngineer 5.0 software (PTC, United States of America) to create a 3D solid model; the cannulated screw model was also established in ProEngineer 5.0 software. The cannulated screw model and femoral model were grouped as required for Boolean operation, and the assembly of each model was completed. The assembled model was imported into Hypermesh 12.0 software (Altair Company, United States of America), and each part of the model was created as a component. For the subsequent loading analysis, an osteotomy model was established with the distal femoral osteotomy plane 10 cm above the femoral condyle. The femoral neck was cut at an angle of 70° from the vertical line of the long axis of the femur to simulate a femoral neck fracture, with a fracture gap of 0.2 mm (Zhao et al., 2021). The femur model was analyzed and divided into four parts: the cortical bone, cancellous bone, femoral neck, and femoral head. After quick edit processing of each part, the body mesh was divided, and a tetrahedral Solid187 cell mesh was chosen. The numbers of nodes and elements of both fixation models are shown in Figure 3, and the elastic moduli of the bone and implants are listed in Table 1. Boundary constraints were applied to the model. Vertical forces of 600 N (simulating the standing of one leg), 1000 N, 1400 N (equivalent to 2 times the body weight of the patient) and 2100 N (equivalent to 3 times the body weight of the patient) were applied to the femoral head (Eberle et al., 2011; Pagnano et al., 2011; Kemker et al., 2017). The stability of the two internal fixation methods was analysed using Ansys13.0 software (ANSYS company, United States of America).
[image: Figure 3]FIGURE 3 | Number of nodes and elements for both fixation models. CSs model: 412942 nodes, 260183 elements. NCS model: 442846 nodes, 277052 elements.
TABLE 1 | Bone and internal fixation material properties.
[image: Table 1]2.3 Biomechanical testing
A study showed that the biomechanical properties of fourth-generation composite femurs under bending, axial and torsional loading were similar to those of cadaveric specimens, with less variability than that in cadaveric specimens (Elfar et al., 2014). Referring to the efficacy analysis of Stoffel et al., 2017 (Stoffel et al., 2017), we selected 10 Sawbone femurs (left, fourth generation, Pacific Research Laboratories, Washington, United States of America) to mimic a Pauwels type III femoral neck fracture. A vertically oriented osteotomy 70° from the horizontal plane was performed by the same orthopaedic surgeon, the specimens were then divided into two groups of five. In the CSs group, three partially threaded cannulated screws (Titanium alloy, 7.3 mm, Jiangsu Adiel Medical Technology Co., China) were used to fix the femoral head in parallel with the standard inverted triangle, while in the NCS group, two superior partially threaded cannulated screws (Titanium alloy, 7.3 mm, Jiangsu Adiel Medical Technology Co., China) and one inferior new cannulated screw (Titanium alloy, 7.3 mm, Jiangsu Adiel Medical Technology Co., China) were used to fix the femoral head in the same way.
Biomechanical testing was performed using a tensile-torsional biaxial universal mechanical testing machine (Instron E10000, Instron Corporation Norwood, MA, United States of America). The distal femur was placed in a custom-made jig supported by dental brace powder, and the femur was angled 11° from the force line (Cristofolini et al., 1996). The femoral head was placed directly in a special fixture on a mechanical testing machine. The distance between the upper and lower indenters was adjusted so that the femur was exactly in the vertical position and the femoral shaft was angled by 11° from the force line (Figure 4). A cyclic test was first performed with a load of 0–1000 N at a frequency of 2 Hz for 2000 cycles, and the change in the displacement of the fracture break and femur was measured at the end of the fatigue test. After the cyclic test, vertical compression was performed at a rate of 3 mm/min until the load reached 1400 N and 2100 N (approximately equal to 3 times the body weight of an adult weighing 70 kg) respectively (Kemker et al., 2017). The load-displacement curves were recorded, and the stiffness was calculated to compare the fixation effect between the two models.
[image: Figure 4]FIGURE 4 | During the biomechanical tests, the femur was exactly in the vertical position and the femoral shaft was angled by 11° from the force line.
2.4 Statistical treatment
Statistical analysis was performed using SPSS software (version 26.0; IBM, United States of America), and data were expressed as the mean and standard deviation of continuous variables, Femoral deformation, fracture line displacement, and stiffness of the two groups were compared using an independent sample t-test. Statistical significance was set at p < 0.05.
3 RESULTS
3.1 Deformation and von mises stress distribution of the two groups of internal fixation screws
The deformation nephograms of the two groups showed that the maximum deformation of the NCS group under vertical loads of 600 N, 1000 N, 1400N and 2100 N was slightly lower than that of the CSs group (Figures 5, 7), and that the peak stress of the NCS group under vertical loads of 600, 1,000, 1400N and 2100 N was significantly lower than that of the CSs group (Figures 6, 7). The peak stress of the two groups appeared in the middle of the inferior screw, which was close to the fracture line (Figure 7).
[image: Figure 5]FIGURE 5 | The maximum deformation of the two group under vertical loads of 600, 1,000, 1,400, and 2,100 N.
[image: Figure 6]FIGURE 6 | The peak stress of the two groups under vertical loads of 600, 1,000, 1,400 and 2,100 N.
[image: Figure 7]FIGURE 7 | The deformation and stress distribution on the two groups. (A1,A2,A3,A4): the NCS model; (B1,B2,B3,B4): the CSs model.
3.2 Biomechanical test results of both groups
The femoral head was loaded to 0–1000 N to complete the fatigue test and then loaded to 1400 N to complete the static compression test. The biomechanical test results for all specimens are shown in Tables 2, 3. The fatigue test results showed that the femur deformation in the NCS group was 1.08 mm, which was 28% lower than that in the CSs group (1.50 mm). The fracture line displacement in the NCS group was 1.43 mm, which was 28.9% lower than that in the CSs group (2.01). The stiffness of the femur mechanically represents its resistance to deformation. The static test results showed that the femur shortening of the NCS group was 2.87 mm, which was 29% lower than that of the CSs group (4.04 mm), and that the femur stiffness of the NCS group was 729.37 N, which was 33.9% higher than that of the CSs group (544.83 N).
TABLE 2 | Deformation on the femur model in two groups after fatigue testing.
[image: Table 2]TABLE 3 | The stiffness of the femoral models in two groups were compared by static compression test.
[image: Table 3]4 DISCUSSION
Pauwels type III FNFs are challenging to treat and are considered to be “unresolved fractures.” These fractures often occur in young patients because of high-energy injuries, and hip-preserving internal fixation remains the treatment of choice (Su et al., 2021). With the advantages of small incision, less blood loss, less trauma, and shorter hospital stay, cannulated screws remain a more widely used internal fixation method (Sağlam et al., 2014; Xia et al., 2021). Traditional cannulated screws are subject to dynamic pressures and cannot provide enough support for a femoral neck fracture. Under the strong vertical shear force produced by unstable femoral neck fracture, cannulated screws are particularly prone to redisplacement, resulting in complications, such as impaired fracture healing, shortening of the femoral neck deformity, and internal carotid femoral deformities. Zhao et al. demonstrated that the incidence of femoral neck shortening after parallel cannulated screw fixation of Pauwels type II FNFs was 30.33%, which might be related to posterior comminution and poor reduction quality (Zhao et al., 2021). Femoral neck shortening can affect the hip joint function (Zlowodzki et al., 2008). Therefore, the use of three traditional cannulated screws is not recommended for the treatment of unstable femoral neck fractures (Ye et al., 2015). Regarding the treatment of femoral neck fractures, an increasing number of researchers have focused on the integrity and strong support of the medial wall. Huang, et al. demonstrated that CSs combined with medial buttress plate showed less femoral neck shortening than CSs only, but with an additional approach for plating and more blood loss (Huang et al., 2022). Shin et al. used a posterior fully threaded positioning screw to improve fracture healing without further femoral neck shortening (Shin et al., 2020). Similarly, Zhang et al. reported that the use of DhCSs decreased femoral neck shortening (Zhang et al., 2020). Considering that unstable femoral neck fractures require sufficient tension to achieve reduction and stable medial support, we designed a new cannulated screw structure to be placed on the medial inferior side of the femoral neck, combining with two traditional cannulated screws to treat unstable femoral neck fractures. The new cannulated screw structure includes a screw and a nut. The internal thread of the nut was matched to the external thread of the screw tail. When the nut was inserted more in the lateral cortex, the screw tail was extracted more to produce a larger immediate compression than that of the CSs. Moreover, in the process of compression between fracture fragments, the proximal end of the screw and the femoral head were static, thus avoiding the cutting of cancellous bone by the external thread of the partially threaded screw when slightly more compression is needed, which may reduce the holding force of the screw and stiffness of the internal fixation. Furthermore, the screw could form a length- and angle-stable construct to prevent significant femoral neck shortening by locking with the proximal lateral cortex with the external thread of the nut. The diameter of the nut was larger than the distal end of a DhC, which provided greater support to the proximal lateral cortex than a CS and a DhC. Another common complication after cannulated screw fixation for FNFs is screw cut-out. Yueh Wu, et al. found that the incidence of screw cut out was 14.6%, which may be related to elderly patients (age >60 years) and osteoporosis in their study (Wu et al., 2019), so in our future clinical study, we should apply the NCS to young patients with strong bone quality, avoid drills or screws penetrating out of femoral head intraoperatively, and instruct the patients to delay the weight-bearing time postoperatively.
The finite element analysis results of this study showed that the maximum deformation of the NCS group was smaller than that of the CSs group, indicating that the fixation strength and biomechanical properties of the NCS were significantly better than those of the CSs. Additionally, the peak stress of the two groups appeared in the middle part of the inferior screw, close to the fracture line, indicating that the inverted triangle fixation of Pauwels type III FNFs can effectively avoid stress concentration, and it is not prone to failure due to excessive stress concentration in one screw, similar to the results of Merz et al., 2015 (Merz et al., 2015).
We further corroborated the stability of the newly developed cannulated screw using biomechanical experiments with the fourth-generation composite femur model, and the results showed that the femur deformation and fracture line displacement were significantly lower in the NCS group than in the CSs group, while the vertical stiffness was significantly higher than in the CSs group. This also confirmed that the fixation effect of the NCS group was significantly better than that of the CSs group, both in the fatigue test (vertical load 0–1000 N) and in the static test (final vertical load 2100 N, equivalent to 3 times the body weight). This may be related to the caudal nut of the new screw design, which is fixed to the femoral cortex to provide angular stability and maintain the length of the femoral neck, which can improve shear resistance and effectively prevent femoral neck shortening. Moreover, the two superior half-threaded screws still allow slight compression at the fracture site and benefit healing, consistent with the findings of Shin et al., 2020 (Shin et al., 2020).
In this study, the finite element experimental results were corroborated through further biomechanical experiments using a composite femur model, which fully demonstrated the reliability of the experimental results. However, this study has some limitations. First, we did not consider bone density and image gray values as a method of assigning material properties to the model according to related studies (Amirouche et al., 2016). Second, we selected a composite femur model and did not consider the bone distribution of the femoral neck, which was related to the choice of the length of the thread affecting the stress distribution in the femoral neck. Although the corresponding biomechanical properties are similar to those of human cadaveric specimens, there are still differences between them; however, the fracture model is more idealized and ignores the effects of periprosthetic muscles and ligaments on fracture stability. Third, the newly developed screw was not compared with other internal fixation methods, such as DhCSs and femoral neck system (FNS). For further clinical research, the design of the shape, diameter and thread pitches of the new screw caudal nut must be further optimized. Finally, owing to the limited laboratory conditions, only one vertical stress mode was set for mechanical loading. In the actual walking process, the stress mode will change significantly, and A-P bending tests will be carried out in a later experiment for further verification.
5 CONCLUSION
In this study, we designed a new type of cannulated screw to treat unstable femoral neck fractures. Biomechanical testing indicates that NCS with a length- and angle-stable construct for unstable femoral neck fractures can provide better biomechanical stability than CSs and prevent significant femoral neck shortening, providing a new idea for the treatment of young patients with unstable fractures of the femoral neck.
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Introduction: Osteoarthritis (OA) and rotator cuff tear (RCT) pathologies have distinct scapular morphologies that impact disease progression. Previous studies examined the correlation between scapular morphology and glenohumeral joint biomechanics through critical shoulder angle (CSA) variations. In abduction, higher CSAs, common in RCT patients, increase vertical shear force and rotator cuff activation, while lower CSAs, common in OA patients, are associated with higher compressive force. However, the impact of the complete patient-specific scapular morphology remains unexplored due to challenges in establishing personalized models.
Methods: CT data of 48 OA patients and 55 RCT patients were collected. An automated pipeline customized the AnyBody™ model with patient-specific scapular morphology and glenohumeral joint geometry. Biomechanical simulations calculated glenohumeral joint forces and instability ratios (shear-to-compressive forces). Moment arms and torques of rotator cuff and deltoid muscles were analyzed for each patient-specific geometry.
Results and discussion: This study confirms the increased instability ratio on the glenohumeral joint in RCT patients during abduction (mean maximum is 32.80% higher than that in OA), while OA patients exhibit a higher vertical instability ratio in flexion (mean maximum is 24.53% higher than that in RCT) due to the increased inferior vertical shear force. This study further shows lower total joint force in OA patients than that in RCT patients (mean maximum total force for the RCT group is 11.86% greater than that for the OA group), attributed to mechanically advantageous muscle moment arms. The findings highlight the significant impact of the glenohumeral joint center positioning on muscle moment arms and the total force generated. We propose that the RCT pathomechanism is related to force magnitude, while the OA pathomechanism is associated with the shear-to-compressive loading ratio. Overall, this research contributes to the understanding of the impact of the complete 3D scapular morphology of the individual on shoulder biomechanics.
Keywords: glenohumeral joint, osteoarthritis, rotator cuff tear, joint biomechanics, patient-specific simulations, musculoskeletal modeling
1 INTRODUCTION
Common degenerative pathologies of the glenohumeral joint include rotator cuff tears (RCTs), the most common source of shoulder disability (Cadogan et al., 2011; Yamaguchi et al., 2006), and osteoarthritis (OA) of the glenohumeral joint, which has been found in 5%–17% of patients presenting with joint pain (Ibounig et al., 2021). Although the causes of these diseases are undoubtedly multifactorial, previous studies have identified distinct scapular morphological metrics that differentiate the pathological groups. Two such metrics, defined on true anteroposterior (AP) radiographs, are the critical shoulder angle (CSA), which characterizes the relative position of the glenoid process and the acromion, and glenoid inclination (GI) (Moor et al., 2013). It has been shown that OA patients are more likely to have a CSA smaller than 30° (Moor et al., 2013), while RCT patients typically have a CSA greater than 35° and a more superiorly inclined glenoid (Moor et al., 2016; Nyffeler and Meyer, 2017). Studies have reported a positive association between the CSA and vertical shear on the glenohumeral joint and, hence, joint instability and rotator cuff recruitment (Moor et al., 2016; Villatte et al., 2020; Viehöfer et al., 2016). It has been suggested that this could lead to joint overloading and increased muscle degeneration, postulating a relationship to the development of the RCT pathology. Villatte et al. (2020) further showed that a reduced CSA increased the joint compressive force, which they suggested could contribute to the joint wear patterns of OA patients. Although these parameter studies demonstrated the effect of specific aspects of the scapula morphology on shoulder biomechanics, the full complex three-dimensional (3D) scapular morphology and the interdependence of specific morphological aspects in RCT and OA patients remain unstudied. Statistical shape modeling of the scapula has shown that within the principal modes of variation of the scapula, the morphology of the coracoid, acromion, and glenoid processes is not independent of one another (Jacxsens et al., 2020). Therefore, to provide further insight into the morphology–biomechanical relationships of RCT and OA patients, patient-specific models considering full scapula geometry are necessary. The computational study of patient glenohumeral biomechanics could provide an insight into different pathological groups; however, large-scale studies have never been performed, most likely due to the effort needed to set up patient-specific shoulder models.
To enable large-scale patient-specific analysis, we developed an automated pipeline to efficiently create tailored biomechanical models for large quantities of patient data based on computed tomography (CT) images. Using this pipeline, we present a study to investigate how the patient-specific geometry of the glenohumeral joint, particularly in patients with RCT and OA, influences the moment arms of the rotator cuff muscles and consequently affects the muscle activation and generated forces.
2 METHODS
2.1 Data collection
Following approval from the Cantonal Ethics Committee of Bern, Switzerland (KEK-N. 2016-01858), retrospective CT data (in a plane resolution of [0.42–0.99] mm in the sagittal and coronal planes and a slice thickness of [0.30–0.90] mm) on the affected shoulder of 48 primary OA patients (mean age: [image: image] years; 17 left and 31 right; 28 males and 20 females; clinically screened for an intact rotator cuff) and 55 posterosuperior RCT patients (mean age: [image: image] years; 15 left and 40 right; 28 males and 27 females) acquired during normal clinical routine between 2010 and 2018 at the Inselspital, University Hospital of Bern were collected for this study. The CSA, defined by Moor et al. (2013) as the angle between the line connecting the superior and inferior margins of the glenoid and a line connecting the inferior glenoid margin and the most lateral boarder of the acromion, was manually measured from each CT as a two-dimensional projection on the scapular plane [defined by Suter et al. (2015) between the center of the glenoid, the apex of the inferior scapular angle, and the point at the medial border intersecting with the scapular spine]. The scapula and humerus were manually segmented by clinical experts from each CT, resulting in three-dimensional surface meshes (JR and MJ, both fellowship-trained). Eleven landmarks representative of the scapular morphology were picked by the same experts on the resulting mesh (the most lateral point on the coracoid process, the most anterior–lateral point on the acromion process, the most posterior–lateral point on the acromion process, the angulus inferior and superior, and the most inferior, superior, lateral, and medial points from the glenoid rim) (Mimics 10.1, Materialise, Leuven, Belgium).
2.2 Patient-specific modeling pipeline
An automated patient-specific modeling pipeline was implemented for the AnyBody™ modeling environment [AnyBody™ Modeling System ver. 7.3.4, AnyBody Technology A/S, Aalborg, Denmark (Damsgaard et al., 2006)] for the incorporation of the patient-specific scapular morphology and glenohumeral joint geometry. The pipeline consisted of an automatic morphing of the AnyBody™ reference scapula to the patient-specific scapula, followed by a customization of the glenohumeral joint to reflect the patient-specific glenoid inclination and glenoid cavity shape and the patients’ humeral head diameter (Figure 1). All algorithms including those used for verification were developed using Python.
[image: Figure 1]FIGURE 1 | Data flow processing beginning from the patient’s CT image data. (A) Segmentation. (B) Registration of the AnyBody™ scapula to the patient scapula. (C) Sphere fit of the medial humeral head to approximate the radius of the glenohumeral joint. (D) Left: original circle fit to the glenoid rim from anterior and inferior glenoid points. Right: our definition, with the plane of the glenoid fit to nine points around the glenoid rim. Projected on this plane, a circle fit to the inferior five points defines the glenoid center. Using (C,D), the patient-adapted glenohumeral joint is defined. (E) Inverse kinematic modeling using the AnyBody™ modeling system: the muscle forces, moments, and torques, as well as the joint force result.
2.2.1 Generic musculoskeletal modeling
The AnyBody™ shoulder model is defined by the connections of the humerus, scapula, and clavicle, based on anthropometric data and modeling assumptions from the Dutch shoulder model (van der Helm, 1994; Van der Helm et al., 1992). The glenohumeral joint enables three rotational degrees of freedom (DOFs) but no translation. Spherical joints additionally link the clavicle to the sternum (sternoclavicular joint), and the acromion process with the clavicula (acromioclavicular joint). The distance between the coracoid process and the clavicula is constrained by a fixed distance representing the conoid ligament. Moreover, the scapula articulates with the rib cage using the generic shoulder rhythm of AnyBody™, which couples scapular motion to humeral elevation (de Groot and Brand, 2001). The shoulder joint is spanned by 16 muscles, separated into 118 discrete bundles, representing the entirety of the origin and insertion sites of each muscle. Some muscles, including the deltoid, have surfaces over which they are constrained to wrap (cylinder, spheres, or ellipsoids). The strength of each muscle is directly proportional to its physiological cross-sectional area and assumed to be independent of the muscle length during motion (Andersen et al., 2021). AnyBody™ uses an inverse dynamic approach to calculate the required muscle forces and resultant joint reaction forces for a given kinematic input. This overdetermined system, for which multiple muscles are responsible for generating force about a single DOF, is solved using a third-order polynomial cost function to determine the optimal recruitment based on the tradeoff between muscle synergy, muscle force distribution, and physiological muscle activation times (Andersen et al., 2021).
2.2.2 Scapular anatomy morphing
To morph the generic AnyBody™ model scapula to the patient’s bone morphology, a two-step algorithm for non-rigid registration was implemented (Figure 1B). First, an affine alignment using the iterative closest point (ICP) algorithm (Besl and McKay, 1992; Chen and Medioni, 1992) with coarse initialization of surface models using the principal axis and centroid of each surface was applied to the full scapular surface meshes (sampled at 5,000 points). Non-linear morphing was thereafter performed with large deformation diffeomorphic metric mapping (LDDMM) [deterministic atlas algorithm, Deformetrica (Durrleman et al., 2014)]. To account for high variations in the glenoid process geometry, four points on the glenoid (the most superior, anterior, inferior, and posterior aspects of the glenoid rim) were constrained during LDDMM optimization. During registration, AnyBody™ defines the muscle insertion points and muscle wrapping functions of the model based on specific points on the morphed bone mesh. Thus, through scapular morphing, the locations of the origins of the rotator cuff muscles, the deltoid, biceps brachialis, coracobrachialis, triceps, and teres major as well as the insertion sites of the trapezius, pectoralis minor, levator scapulae, serratus anterior, and rhomboideus muscles were automatically updated to the patient specific anatomy. The accuracy of the non-rigid registration was verified on all the registered scapulae (N = 103) as the error (the Hausdorff distance and the mean point-to-surface distance) compared to the original segmented patient scapulae. The accuracy was additionally verified at the 11 user-defined landmarks as the point-to-point distance. This initialization of the model based on the generic standing posture of the shoulder model was chosen over the static supine CT position of the scapula due to the substantial discrepancies in scapular alignment between the supine and standing positions (Matsumura et al., 2020).
2.2.3 Model scaling
The remaining model components, which include the humerus, the rest of the human skeleton, and the muscle length defined by the muscle insertion points (excluding the muscles listed above), muscle volumes, and wrapping surfaces, were uniformly scaled based on the height of the patient’s glenoid, [image: image], according to a correlation determined by Piponov et al. (2016) of an increase of 7.4 cm in the height per 1 mm of the glenoid height increase. The patient-specific scapula did not undergo any additional scaling. Additionally, they showed that the glenoid is, on average, 2.9 mm shorter in females than in males (Piponov et al., 2016). As the generic AnyBody™ model, [image: image], represents a male patient, 2.9 mm was subtracted from the glenoid height when scaling for female patients. The formula for the patient height in mm, [image: image], was thus (Eq. 1):
[image: image]
where [image: image] for females and [image: image] for males. Weight was scaled linearly based on the patient height.
2.2.4 Patient-adapted glenohumeral joint model
To account for high variation in the patient-specific glenoid process, the glenohumeral joint definition was adapted from the AnyBody™ Model Repository (Lund et al., 2022). In the generic model, the glenohumeral joint center is defined as the apex of a cone, with a base defined as a circle fit to the superior and anterior points of the glenoid cavity (Figure 1D, left). For stable motion, the total sum of the forces acting on the glenohumeral joint must be contained within this cone. This definition does not consider varying glenoid inclinations. Alternatively, we defined the joint center, [image: image], relative to the center of the glenoid cavity, [image: image], according to the following (Equation 2):
[image: image]
where [image: image] is the center of a circle fit to the inferior two-thirds of the glenoid (De Wilde et al., 2004), projected onto a plane with normal [image: image] fit to nine points distributed around the glenoid rim (Figure 1D). The humeral [image: image] was defined by using a best-fit sphere, approximated as the sphere minimizing the sum of the squared residuals of the surface of the anatomical head of the humerus. An additional 2 mm was added to account for the conservative uniform cartilage coverage [mean thickness of the humeral cartilage reported to be from 0.89 to 1.74 mm (Fox et al., 2008; Soslowsky et al., 1992; Zumstein et al., 2014), and mean cartilage thickness of the glenoid reported at approximately 2 mm (Zumstein et al., 2014; Loy et al., 2018) in healthy patient cohorts]. This adjustment in the glenohumeral joint position reorients the stability constraint cone to align with the patient-specific orientation of the glenoid process and scales the cone according to the glenoid rim and radius of the patient-specific humerus.
2.3 Biomechanical simulation
For each patient-specific model in AnyBody™, the total glenohumeral joint forces and the compression, vertical shear, and horizontal shear components were calculated in 12 increments, over a 0°–120° motion arc (10N weighted abduction in the frontal plane and weighted flexion in the sagittal plane). To compare the two patient groups, the forces of each patient were normalized by their body weight. Following the simulation, the results from the left-side scapulae were mirrored about the sagittal plane and compiled with the right-side results. For each patient group, the mean and standard deviation of the forces were calculated. The muscle torque, [image: image], of each of the rotator cuff muscles and of the deltoid was calculated from the muscle moment arm, [image: image], and force, [image: image], output from the model, using the formula [image: image] (Tipler and Mosca, 2015). Statistical significance was evaluated using statistical parametric mapping (SPM) (Penny et al., 2011) (two-tailed, two-sample t-test with an alpha value of 0.05 evaluated for each measurement point).
2.3.1 Instability ratio
The efficacy of concavity compression in stabilizing the glenohumeral joint has been assessed through the stability ratio, which measures the maximum translational force stabilized in a specific direction divided by the applied compressive force, particularly in cadaveric models (Halder et al., 2001; Lazarus et al., 1996). In biomechanical modeling, the vertical [image: image] and horizontal [image: image] instability ratios were employed to characterize the ratio of vertical and horizontal shears to the compression force relative to the motion arc (Moor et al., 2016; Gerber et al., 2014). For our model, the instability ratios were plotted radially, with the magnitude defined as [image: image] with the angle in the glenoid plane [image: image] superimposed on the radial passive stability at n = 8 points at 45 increments around the glenoid cavity. Passive stability, [image: image], was defined as the ratio of the glenoid radius, [image: image], to the humeral radius, rhumerus (Eq. 3):
[image: image]
where the radius of the glenoid [image: image] was defined relative to the center of the glenoid cavity ([image: image] (Figure 2).
[image: Figure 2]FIGURE 2 | (A) Passive stability [image: image] is defined at n = 8 points at 45° increments as the ratio between the glenoid radius [image: image] and the humeral radius [image: image] (constant for all 8 points): [image: image]. (B) Plot of the resulting passive stability polygon.
3 RESULTS
The mean measured CSA was [image: image] for the RCT patients and [image: image] for the OA patients. The mean GI was 81.42° ± 5.89° for the RCT patients and 86.13 ± 7.16 for the OA patients. Both the CSA and GI were significantly different between the two patient groups (p < 0.001 in both cases).
3.1 Bone registration accuracy
The mean and standard deviation of the point-to-surface distance and the Hausdorff distance for the non-rigid registration of the scapulae (N = 103) were [image: image] mm and [image: image]5 mm, respectively. The point-to-point accuracies of the 11 defined landmarks are given in Table 1.
TABLE 1 | Group mean and standard deviation (STD) of the Hausdorff distance, mean, and median point-to-surface distance.
[image: Table 1]3.2 Glenohumeral joint reaction forces
In abduction, the mean total force was significantly higher in the RCT group (p < 0.050 for 48°–120° of abduction), and the mean magnitude of the maximum total force vector for the RCT group (85.73 ± 5.90 %BW) was 8.56% greater than that for the OA group (78.39 ± 6.98 %BW) (Figure 3A). In flexion, the total force was significantly higher for the RCT group over the entire flexion arc (p < 0.050 for 0°–120° of flexion) with the mean maximum total force for the RCT group (101.84 ± 6.89 %BW) and 11.86% greater than that of the OA group (89.76 ± 12.21 %BW) (Figure 3B).
[image: Figure 3]FIGURE 3 | (A) Total force magnitude. (B) Vertical instability ratio (ratio of vertical shear to compressive forces). In both graphs, red indicates abduction of 0°–120° and blue indicates flexion of 0°–120°. The mean values from the osteoarthritis (OA) patients are represented by dotted lines. The mean values from the rotator cuff tear (RCT) patients are represented by full lines. The colored area represents the standard deviation. The statistical parametric mapping (SPM) bars indicate statistically significant differences between the RCT and OA groups from a two-tailed, two-sample t-test with an annotated [image: image] value, and [image: image]. Gray indicates statistical significance: p < 0.050.
The RCT patients consistently demonstrated a higher mean glenohumeral joint compression force (p < 0.050 between 25° and 120° of abduction and 56°–120° of flexion; Figure 4A). In abduction, the RCT patients demonstrated significantly higher shear force magnitudes in the superior direction (p < 0.050 for 24°–120° of abduction), whereas in flexion, the OA patients had significantly higher shear force magnitudes (p < 0.050 for 0°–88° of flexion) but in the inferior direction (Figure 4B). For both patient groups, in abduction, the vertical shear force increased in magnitude until 72°, followed by a symmetric decrease. In flexion, the vertical shear force profile showed a constant increase in the inferior vertical shear force after 10° motion for both patient groups. The horizontal shear in abduction was not significantly different between the two patient groups, and the force direction remained centered (Figure 4C, red). In flexion, however, in both groups, the horizontal shear force tended to be posterior and was higher in the magnitude in the RCT group (p < 0.050 for 36°–120° of flexion; Figure 4C, blue).
[image: Figure 4]FIGURE 4 | Glenohumeral joint reaction forces: (A) compression, (B) vertical shear, and (C) horizontal shear. Abduction is shown in red and flexion in blue. The mean RCT patient forces are shown as dark solid lines. The mean OA patient group is represented by light dotted lines. Colored areas show the standard deviation. The SPM bars below each graph indicate statistically significant differences between the RCT and OA groups from a two-tailed, two-sample t-test with an annotated [image: image] value, and [image: image]. Gray indicates statistical significance: p < 0.050.
3.3 Instability ratios
The vertical instability ratio (the ratio of vertical shear to compression force) in abduction was significantly higher in RCT patients than that in OA patients (p < 0.050 for 30°–100° of abduction; Figure 3B), with a maximum of 32.80% higher (23.44% at 60° of abduction) than for the OA group (17.65% at 48° of abduction). In flexion, the instability ratio increased continuously in both patient groups but was 24.53% higher (maximum) for the OA group (maximum of 72.98% at 120° of flexion) than that for the RCT group (maximum of 58.6% at 120° of flexion). The horizontal instability ratio (ratio of horizontal shear to compressive forces) was similar in both motion types for both patient groups.
The mean area of the passive-stability polygon of the OA group was 6.67% larger for the OA group than that for the RCT group (p = 0.008) (Figure 5, solid and dashed polygon contour). To illustrate the variance in the passive stability within pathological groups, we calculated the difference in the area of the polygons plus or minus one standard deviation from the mean (shaded polygons in Figure 5). The area from the OA patients was found to be 49.25% greater than that of the RCT patients. Over abduction (Figure 5A), there was a constant anterior shift in the orientation of the instability ratio over the motion arc in both groups. In abduction (Figure 5A; Section 2.3.1), the maximum magnitude of the instability ratio was 0.267 for the RCT patients and 0.241 for the OA patients at 36° of humeral abduction, resulting in a maximum shear-to-compression force ratio in a posterior–superior direction in the glenoid plane. For both patient groups, these values were well within the passive stability limit (Figure 5A). In flexion (Figure 5B), the instability ratio was oriented more inferiorly and posteriorly than that in abduction for both patient groups. The maximum mean magnitude of the instability ratio was 0.716 for the RCT patients and 0.825 for the OA patients at 120° of humeral flexion, resulting in a maximum shear-to-compression force ratio in a posterior–inferior direction in the glenoid plane. The steady increase in shear-to-compressive force magnitude over the whole flexion arc leads to a dynamic instability ratio exceeding the mean passive limit in both patient groups, particularly in the OA patient group, from 75° to 120°.
[image: Figure 5]FIGURE 5 | Passive glenohumeral stability limits compared to the dynamic instability ratios. (A) Abduction. (B) Flexion. Mean polygons representing the passive glenohumeral stability limit (see Section 2.3.1) for the OA (light) and RCT (dark) patient groups with standard deviation. Within each polygon, the radial plot of the horizontal instability ratio (horizontal shear over compression) and vertical instability ratio (vertical shear over compression) for both patient groups over 0°–120° of motion are shown. The starting point (0°) is shown in green, while the end point (120°) is shown in red.
3.4 Muscle torque and moment arm
In abduction, the moment arm of the subscapularis decreased steadily over the motion arc, switching to facilitate abduction at higher humeral abduction angles (Figures 6D, F, red, left). Over the agonistic portion of the motion arc, the moment arm of the RCT patients had a significant mechanical advantage over that of the OA patients (p < 0.050 for 0°–120° in superior muscle and for 0°–110° in inferior muscle). In humeral flexion, the superior subscapularis acted purely as an agonist, with an increasing moment arm at higher humeral flexion angles, with a similar result in both the OA and RCT groups (Figure 6D, blue, left). In both flexion and abduction, the inferior and superior infraspinatus muscle showed an increasingly agonistic moment arm (Figures 6C, E, left), with the OA group having a significantly longer moment arm than the RCT group (p < 0.050 for 0°–95° in abduction; for 0°–35° in flexion for the superior muscle part; and for 0°–120° in abduction for the inferior muscle part) with the exception of the inferior portion of the infraspinatus in flexion, which was similar in both patient groups. The moment arm of the deltoid, as the prime mover in abduction and flexion, is presented for the lateral and anterior portions of the muscle, as shown in Figures 6A, B, left. The OA group had longer moment arms than the RCT group (p < 0.050 for 75°–120° in abduction; for 0°–120° in flexion for the anterior deltoid; for 35°–120° in abduction; and 22°–120° in flexion for the lateral deltoid).
[image: Figure 6]FIGURE 6 | Moment arm (left) and torque (right). (A) Anterior deltoid. (B) ateral deltoid. (C) Superior infraspinatus. (D) Superior subscapularis. (E) Inferior infraspinatus. (F) Inferior subscapularis. Negative moment arms facilitate antagonistic motion from that muscle. Negative torque works against the primary movers. Abduction of 0°–120° is shown in red, and flexion of 0°–120° is shown in blue. RCT patients are shown as dark solid lines. OA patients are shown as light dotted lines. The SPM bars below each figure indicate statistically significant differences between the RCT and OA groups from a two-tailed, two-sample t-test with an annotated [image: image] value, and [image: image]. Gray indicates statistical significance: p < 0.050.
Generally, the maximum torque generated in the superior subscapularis and infraspinatus in flexion was higher than that generated in abduction, with 294% and 545% higher maximum torques for the RCT group and 348% and 359% higher maximum torques for the OA group in flexion compared to abduction, respectively (Figures 6C, D, right). In abduction, the superior subscapularis torque followed an inverse-sigmoid-shaped curve, with the muscle first contributing to humeral abduction, followed by a weak contrasting abduction torque (Figure 6D, right, red), with the RCT group showing a significantly higher torque than the OA group (p < 0.050 for 0°–72° of abduction). In flexion, the agonist torque of the superior subscapularis increased consistently over the entire flexion arc (Figure 6D, right, blue), with the RCT group also showing significantly higher torque than the OA group (p < 0.050 for 48°–120° of flexion).
4 DISCUSSION
Despite reported morphological differences between the RCT and OA patient groups, so far, analysis of individual patient morphologies and their effect on shoulder biomechanics has been limited by the challenging up-scaling of individual investigations to larger population sizes. Here, we present a pipeline for the automatic, patient-specific analysis of the glenohumeral joint, allowing for a large-scale comparison of the muscle and joint forces of different patient groups.
Consistent with the results of numerous prior studies, our findings underscore a significant difference in morphology between the OA and RCT patient groups, including a larger CSA and more superiorly oriented glenoid for the RCT patients than that for the OA patients (Moor et al., 2013; Daggett et al., 2015; Van Parys et al., 2021). Subsequently, we discuss the effect of these differences in morphology on the biomechanics of the glenohumeral joint.
In abduction, increased vertical shear forces acting on the glenohumeral joint of the RCT patient group compared to the OA patient group were observed (Figure 4B, red). This result was consistent with that obtained by Moor et al. (2016), who found higher vertical shear forces in abduction for more superiorly oriented glenoids. We also observed an increased vertical instability ratio in abduction for RCT patients compared to OA patients (Figure 3B, red). This is in agreement with the findings obtained by Viehöfer et al. (2016), who showed an increased vertical instability ratio in abduction for a scapula with a high CSA compared to a scapula with a normal CSA. In flexion, we showed that the comparative increase in inferior shear force compared to compression forces in OA patients resulted in a higher vertical instability ratio in the OA patients than that for the RCT patients (Figure 3B, blue).
In both flexion and abduction, increases in vertical shear-to-compression force ratio corresponded to higher activation of the rotator cuff. During abduction, a symmetric increase was observed in the instability ratio magnitude over the first 60°, followed by a decrease in the second half of the motion (Figure 5A), reflected by the increase in the agonist torque generated by the superior portions of the infraspinatus and subscapularis, followed by a decrease in the second half of the motion arc (Figure 6C, D, red, right). During flexion, the steady increase in the instability ratio magnitude (Figure 5B) on the glenohumeral joint was mirrored by a steady increase in the torque generated by the inferior rotator cuff muscles (apart from the inferior subscapularis; Figures 6C–E, blue, right). This is consistent with many studies showing that the rotator cuff generates stabilizing compressive forces, which work against destabilizing vertical shear forces (Moor et al., 2016; Viehöfer et al., 2016; Lippitt and Matsen, 1993; Wuelker et al., 1998; Bigliani et al., 1996). Comparing the two patient groups, RCT patients showed an increased compression force compared to the OA patient group in all movement types (Figure 4A). As a result, the magnitude of the total force vector was also consistently higher in the RCT patient group (Figure 3A). This is in contrast to the results obtained by Villatte et al. (2020), who found higher compression forces in a model with a low CSA than that in a model with a high CSA, when varying the lateral acromion extension. The positioning of the glenohumeral joint center significantly influences the moment arms of the rotator cuff and deltoid muscles, thereby affecting the equilibrium of forces surrounding the glenohumeral joint. One possible explanation for the disparity between our findings and those of Villatte et al. may lie in the restricted impact of varying a singular morphological parameter at the joint center as opposed to the broader range of variability observed when evaluating the comprehensive scapular morphology. As we defined it, the glenohumeral joint center was placed normal to a plane fit to the inferior glenoid rim. As OA patients tend to have more inferiorly inclined glenoids, the glenohumeral joint center was more medial and inferior to that of the RCT patients. The passive-stability polygon area and variance were greater in the OA patient group than those in the RCT patients, reflecting a greater morphological variation of the OA patients’ glenoid processes, with a tendency toward a broader structure, and less distance between the glenoid surface and the glenohumeral joint center. In our model, this shift in the relative position of the humeral head to the acromion provided the deltoid a more favorable moment arm (Figures 6A, B, left) (Nyffeler and Meyer, 2017) and resulted in a reduction in the total generated force. Clinically, the medialization of the glenohumeral joint in osteoarthritic shoulders is well documented, with the progression of joint-line medialization associated with pathological glenoid retroversion and progressive bony degeneration (Lehtinen et al., 2001; Walker et al., 2018). In contrast, in the extreme case of an anatomically reversed prosthesis, the geometry of a more medial glenohumeral joint center increases the length of the lateral deltoid moment arm and decreases the total joint reaction forces (Kontaxis and Johnson, 2009; Terrier et al., 2008).
With reduced force generated by the deltoid, a reduced compression and horizontal shear was observed in the OA patients in both abduction and flexion. However, in flexion, an increase in the vertical shear magnitude was observed (Figure 4B). In our model, the more inferior position of the glenohumeral joint center in OA patients had a favorable effect on the moment arms of the superior and inferior infraspinatus (in abduction and flexion) and superior subscapularis (in flexion) (Figures 6C–E, left). As noted by Ackland and Pandy (2009), the rotator cuff muscles do not uniquely provide compressive force; due to the lines of action of the muscles, both the subscapularis and infraspinatus have destabilizing potential, defined as a muscle that provides more shear than compressive force over a certain range of motion. The subscapularis and the infraspinatus can act as inferior destabilizers in abduction, while in flexion, the subscapularis is the largest potential inferior destabilizer (Ackland and Pandy, 2009; Ackland et al., 2008). We postulated that the ratio of the deltoid muscle compared to the inferior rotator cuff muscle plays a key role in dynamic glenohumeral force balance and, thus, disease progression. In OA patients, less total force, but also lower ratios of stabilizing compressive force to shear force, may potentially lead to bony degeneration due to destabilization. In addition, joint medialization may contribute to rotator cuff muscle shortening and degeneration, with increased joint medialization linked to the increased fatty infiltration of the rotator cuff (Donohue et al., 2018). In contrast, while the RCT patients demonstrate better compression and joint stabilization, they are at a higher risk of tears due to high force magnitudes.
A limitation of our CSA and GI measurements was the selection of manual landmarks by a single clinical expert for each scapula. While these measurements primarily aimed to confirm morphological differences between RCT and OA patient cohorts, there remains uncertainty in landmark positioning, affecting morphological measurements. Future improvements could involve averaging measurements from multiple users for enhanced accuracy, if more precise quantification of the metrics is required. In addition, Suter et al. (2015) conducted a comprehensive study on the impact of the radiographic projection on the CSA. They proposed a method to replicate a true anteroposterior projection of the scapula by adjusting the measurement plane based on glenoid retroversion. In our study, we projected the CSA onto the scapular plane without correcting for version. Suter et al. demonstrated that for retroversion <5°, the difference in the CSA is less than 2°. Our mean retroversion measured 4.4° ± 4.0° for the OA patient group and 2.1° ± 3.1° for the RCT patient group; however, for increased accuracy, the version needs to be considered.
The registration of the generic AnyBody™ scapula to the patient-specific scapula using LDDMM had mean sub-millimeter precision throughout the scapula geometry and showed good conformance at important clinical landmarks (see Table 1). Previous models showed that muscle moment arms are highly sensitive to the attachment point and position relative to the center of motion (Mulla et al., 2019). In our models, the scapular morphing inherently updated the muscle insertion points of the model to match the patient anatomy. Although the moment arms calculated with our models were within the range of values observed during cadaver studies by Ackland et al. (2008), in future work, their accuracy could be verified using measured tendon insertion sites from MRI.
One limitation of our model was the coupling of the glenoid inclination with the position of the glenohumeral joint center. As this has a large influence on the moment arms of the rotator cuff and deltoid (Mulla et al., 2019), we would recommend that the differences in glenohumeral joint position between RCT and OA patients be tested in future work in a model that considers the patient-specific glenohumeral joint center, humerus rotation, and patient posture, for example, obtained using dynamic biplane radiographic imaging. Furthermore, the models in this study used uniformly scaled muscle volumes based on the generic AnyBody™ model, which features muscle recruitment patterns modeled on healthy patients, a generic scapula rhythm to position the scapulothoracic joint (Mulla et al., 2019), and a neutral humerus position (Otis et al., 1994; Ackland et al., 2012), which all have an effect on the moment arms and, thus, the recruitment of the muscles in the model. In future models, it would be helpful to include patient-specific kinematic data (obtained, for example, from dynamic radiographic imaging), patient-specific electromyography (EMG) for muscle activation data, muscle volumetric data (from CT or MRI), and assessments of muscle quality, including fatty infiltration [from CT (Werthel et al., 2022), or MRI(Fuchs et al., 1999)]. Incorporating such data would significantly enhance our ability to comprehensively perform patient modeling. Specifically, the integration of more complex Hill-type muscle models within the biomechanical model would allow for the incorporation of parameters such as physiological cross-sectional area and optimal fiber length, where variations in muscle quality would have a notable impact (Miller et al., 2018). Nikooyan et al. (2010) and Kian et al. (2019) suggested that static optimization in models such as the AnyBody™ shoulder model possibly underestimates antagonistic muscles and, thus, their contribution to joint stability, which could also be addressed by incorporating subject-specific muscle recruitment. Finally, in this model, contact forces and humeral translations were not considered, potentially affecting the balance of forces around the glenoid. Ongoing work to implement humeral translation including ligamentous and cartilaginous stability constraints within the glenohumeral joint (Menze et al., 2023a; Menze et al., 2023b) will enable this to be considered in computational patient-specific modeling of the shoulder in the future.
5 CONCLUSION
This study highlights the importance of considering the complete 3D scapular morphology when studying shoulder biomechanics in specific patient groups. We demonstrated the critical influence of glenohumeral joint center positioning on the moment arms of the rotator cuff and deltoid muscles, with the OA patients having a more medial and inferior glenohumeral joint center than the RCT patients, leading to lower total glenohumeral forces but higher ratios of shear to compression forces. Using our adaptable and customizable pipeline for conducting large-scale, patient-specific biomechanical analyses of the glenohumeral joint, we are poised to make significant strides in elucidating the association between biomechanics and the progression of pathological conditions, paving the way for the development of targeted and personalized treatment strategies by leveraging an individual’s distinct biomechanical profile.
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Objective: The objective of the present study is to conduct a comparative analysis of the biomechanical advantages and disadvantages associated with a biplanar double support screw (BDSF) internal fixation device.Methods: Two distinct femoral neck fracture models, one with a 30° angle and the other with a 70° angle, were created using a verified and effective finite element model. Accordingly, a total of eight groups of finite element models were utilized, each implanted with different configurations of fixation devices, including distal screw 150° BDSF, distal screw 165° BDSF, 3 CLS arranged in an inverted triangle configuration, and 4 CLS arranged in a “α” configuration. Subsequently, the displacement and distribution of Von Mises stress (VMS) in the femur and internal fixation device were assessed in each fracture group under an axial load of 2100 N.Results: At Pauwels 30° Angle, the femur with a 150°-BDSF orientation exhibited a maximum displacement of 3.17 mm, while the femur with a 165°-BDSF orientation displayed a maximum displacement of 3.13 mm. When compared with the femoral neck fracture model characterized by a Pauwels Angle of 70°, the shear force observed in the 70° model was significantly higher than that in the 30° model. Conversely, the stability of the 30° model was significantly superior to that of the 70° model. Furthermore, in the 70° model, the BDSF group exhibited a maximum femur displacement that was lower than both the 3CCS (3.46 mm) and 4CCS (3.43 mm) thresholds.Conclusion: The biomechanical properties of the BDSF internal fixation device are superior to the other two hollow screw internal fixation devices. Correspondingly, superior biomechanical outcomes can be achieved through the implementation of distal screw insertion at an angle of 165°. Thus, the BDSF internal fixation technique can be considered as a viable closed reduction internal fixation technique for managing femoral neck fractures at varying Pauwels angles.Keywords: femoral neck fracture, Pauwels angles, BDSF, hollow screw, finite element
1 INTRODUCTION
Femoral neck fractures (FNFs) constitute ∼3.6% of total body fractures and ∼50% of fractures occurring in the hip (Luo et al., 2023). Correspondingly, the treatment of femoral neck fractures in the young adult population remains a challenge in the field of orthopedic medicine. The proliferation of medical technology and the swift progress of minimally invasive surgery have led to a gradual expansion in the range of available internal fixation techniques (Al-Ani et al., 2015). Currently, the internal fixation techniques commonly employed for femoral neck fractures include the use of cannulated lag screw (CLS), dynamic hipscrew (DHS), dynamic condylar screw (DCS), and dynamic hipscrew (DHS). Among these, the DCS, femoral neck system (FNS), proximal femoral locking plates (PFLP), cutaneous compression plate (CCP), percutaneous compression plate (PCCP), medial support plate, and intramedullary fixation system fixation, along with other internal fixation devices, exhibit superior anti-rotation and anti-shear properties compared to hollow compression screws (Schwartsmann et al., 2017). However, their use may result in increased trauma and compromise the blood supply to the femoral head. Despite the high rate of femoral head necrosis and revision following internal fixation for femoral neck fractures in young adults, internal fixation is remains the favored treatment option (Samsami et al., 2015). Currently, the predominant treatment for femoral neck fractures in young adults is the closed reduction CLS internal fixation technique (Augat et al., 2019). Although accurately identifying and addressing CLS during surgical procedures poses challenges, the precise location and quality of fixation of CLS significantly impact clinical outcomes (Guo et al., 2020). Currently, there is considerable interest in investigating the variation in fixation efficacy among different CLS internal fixation techniques (Xiong et al., 2019). In recent years, the utilization of intraoperative navigation assistance technology in orthopedic surgery has become prevalent, driven by the demands of precision medicine. This technology has gained popularity due to its notable attributes of safety, accuracy, and efficiency in orthopedic surgical procedures (Thakkar et al., 2017). Furthermore, the advent of surgical robots has effectively addressed the challenge of precise positioning of CLS during surgical procedures. However, there remains a dearth of biomechanical studies investigating the fixation efficacy of various internal fixation techniques for CLS.
Currently, the CLS internal fixation technique employing 3 inverted triangles and the "α" configuration of 4 screws (3 screws fixed by the inverted triangle combined with 1 horizontal screw) is frequently used in the treatment of femoral neck fractures. However, several issues such as screw loosening, screw breakage, and weak anti-rotation force after surgery, affect the overall efficacy of this procedure [(Enocson and Lapidus, 2012; Samsami et al., 2015)]. In this context, Orlin Filipov introduced a novel technique for internal fixation known as the biplanar double support screw (BDSF). Herein, three CLS are strategically positioned on two vertically inclined planes, effectively reducing the stress load experienced by the internal fixation device at the site of femoral fracture (Filipov, 2019). In addition, it improved the stability of the femoral head under load, while also reducing the overall displacement of both the femur and the internal fixation device (Filipov, 2019). However, the implantation angle of the distal screw (from the top to the third CLS) in the BDSF internal fixation technique significantly affects its clinical efficacy (Tianye et al., 2019a; Lin et al., 2021). In this context, studies on the biomechanical effects resulting from changes in the implantation angle of the distal screw in the BDSF internal fixation device have been very limited. Currently, three different hollow internal fixation techniques have been reported in clinical studies, which have demonstrated satisfactory clinical efficacy. However, there is a dearth of corresponding biomechanical comparative analysis in the literature. Thus, the objective of the present study was to conduct a comparative analysis of the biomechanical advantages and disadvantages of three different CLS internal fixation techniques used in the treatment of femoral neck fractures. In addition, this study aimed to compare the biomechanical impact of altering the distal screw implantation angle on the treatment of femoral neck fracture using the BDSF internal fixation device.
2 MATERIALS AND METHODS
2.1 Data scanning and modeling
Healthy male volunteers (48 years old), having a minimum height of 173 cm, and weighing ∼75 kg were selected for the current study. The volunteers understood the underlying objective of the experimental study and proceeded to affix their signature on an informed consent form. The present research protocol was conducted in strict adherence to the ethical guidelines established by our institution. The Siemens 128-slice spiral CT scanner was provided by the Second Affiliated Hospital of Xuzhou Medical University. Thin-slice CT scanning of the volunteer’s pelvis and lower limbs was performed with a voltage of 120 kV, a current of 150 mA, and a scan layer thickness of 0.625 mm. The femoral model was reconstructed using threshold segmentation, region growth, and three-dimensional reconstruction features in Mimics 21.0 software (Materialise, Belgium). Simultaneously, the cancellous bone model was established in 3-matic12.0 software (Materialise, Belgium). The surface solid model of the femur was created using Ge-omagic12.0 software (Raindrop, United States).
2.2 Establishment of femoral neck fracture model
The aforementioned models were imported into ProEngineer5.0 (PTC, the United States) software for smoothing, mesh generation, noise reduction, and surface adaptation to establish a three-dimensional solid model. Then, they were imported into SolidWorks 2017 software (Dassault Systèmes, France). Boolean operations were used to establish three-dimensional models of cortical and cancellous bones, creating femoral neck fracture models with Pauwels angles of 30° and 70° (Figure 1). Based on clinical procedures and engineering geometry data, four different fixation models were generated in Solidworks software: the distal screw 150° BDSF, distal screw 165° BDSF, inverted triangular, and “α”configuration CLS models (Figure 2).
[image: Figure 1]FIGURE 1 | (A, B) Fracture lines were Pauwels 30° and 70°, respectively. Establishing the model for the internal fixation device.
[image: Figure 2]FIGURE 2 | The four sets of finite element models are described as follows: (A–D) is the Pauwels 30° Angle femoral neck fracture model; E–H is the Pauwels70° Angle femoral neck fracture model. (A and E): Implanted BDSF internal fixation device with distal screw at 150° Angle; (B and F): The BDSF internal fixation device was implanted with the distal screw at a 165° Angle; (C and G): 3 CLS internal fixation devices in inverted triangle configuration; (D and H): 4 CLS internal fixation devices in “α” configuration.
Distal screw 150°BDSF Internal Fixation model (150°-BDSF):The three CLS were positioned along the lateral femoral wall, specifically below the greater trochanter of the femur. The proximal and middle two screws were positioned in a parallel manner to the femoral shaft at an angle of 135°, while the distal CLS screw was placed in close proximity to the femoral calaris at an angle of 150° relative to the femoral shaft. The distal end of the three CLS was observed to be approximately 5 mm distant from the articular surface (Figure 2).
Distal screw 165°BDSF Internal Fixation model (165°-BDSF):The three CLS were positioned along the lateral aspect of the femoral wall, specifically below the greater trochanter of the femur. The proximal and middle two screws were inserted in a parallel orientation to the femoral shaft at an angle of 135°, while the distal CLS screw was positioned near the femoral calaris at an angle of 165° relative to the femoral shaft. The distal end of the three CLS exhibited a spatial separation of approximately 5 mm from the adjacent articular surface (Figure 2).
Inverted Triangle Configuration 3-CLS Internal Fixation model (3CCS):The three CLS were arranged in a parallel configuration, forming an inverted triangle. Subsequently, the distal end of each CLS was positioned approximately 5 mm from the articular surface (Figure 2).
“α" Configuration 4 CLS Internal Fixation model (4CCS):The initial three CLS were arranged in a parallel configuration with an inverted orientation, while the final CLS was positioned slightly horizontally on the lateral femoral wall, specifically above the greater trochanter of the femur. The distal extremity of the four CLS was observed to be approximately 5 mm distant from the articular surface (Figure 2).
2.3 Material parameter settings and mesh generation
All experimental models were considered ideal continuous, uniform, isotropic linear elastic materials. According to previous studies (Taylor et al., 1996; Tianye et al., 2019b; Li et al., 2019), the material parameters for the finite element models in this study are presented in Table 1. The node and element counts for the four finite element models are shown in Table 2.
TABLE 1 | Material parameters of the finite element model.
[image: Table 1]TABLE 2 | The number of nodes and elements of the four finite element models.
[image: Table 2]2.4 Boundary conditions and loads
The force on the femur is complex. Under normal movement such as gait, the maximum load through the hip joint is 2.6–4.1 times the body weight. As step speed, step length, or body weight increase, the load on the hip joint also increases. The muscular forces acting on the femur are highly complex. Taylor et al. (Taylor et al., 1996) suggest that there are many uncertainties in modeling the femur with muscle loading, including the selection of muscle quantity, gravity, and the direction of muscle force loading, especially in dynamic simulations where accurate modeling is almost impossible. To simplify the analysis and highlight the fixation effects of the two groups of models, a vertical force of 2100N was applied to the femoral head to simulate human standing on two legs, one leg, and climbing stairs, according to literature references (Mei et al., 2014; Cui et al., 2020; Wang et al., 2020). Full constraints were applied to all nodes below the distal condyle of the femur.
2.5 Validity verification
To validate the effectiveness of the models, a complete femoral model was first established. Material properties were assigned following the methods described in the literature (Tsun et al., 2022; Papini et al., 2007). With the lower end of the model fully constrained and a vertical load of 2100 N applied to the femoral head, the model was analyzed using Ansys19.0 software (ANSYS, United States) and compared with the results reported in the literature (Tsun et al., 2022; Papini et al., 2007).
2.6 Evaluation metrics
Simulation calculations were performed in Ansys19.0 software, with the primary focus on comparing the maximum stress Von Mises distribution (VMS) and maximum deformation under a 2100N load condition between the two groups of models.
3 RESULTS
3.1 Validity verification results
Under pure compression of 2100 N, the compression stiffness of the complete model was 0.798 kN/mm, which is very close to the reported compressive stiffness of [(0.76 ± 0.26) kN/mm] from the literature (Tsun et al., 2022; Papini et al., 2007). The stress distribution in the femur gradually increased from the distal end to the proximal end, with the highest stress peak located at the femoral neck, consistent with the findings of Yan Shigui et al. (Zhan et al., 2020). Considering the individual differences among models, the models established in this experiment are considered valid.
3.2 Von mises stress (VMS) distribution and results of four CLS internal fixation devices and femur
Figure 3 Pauwels 30° Angle FNFs: The maximum value of VMS in the femur was recorded as 35.7 MPa at an angle of 150°-BDSF, 36.69 MPa at an angle of 165°-BDSF, 34.14 MPa under 3CCS loading conditions, and 33.86 MPa under 4CCS loading conditions. The maximum values of the peak VMS for the internal fixers, viz., the 150°-BDSF, 165°-BDSF, 3CCS, and 4CCS, were recorded as 254.43 MPa, 267.29 MPa, 371.24 MPa, and 369.99 MPa, respectively. Based on the displacement profile analysis of the Pauwels fracture at a temperature of 30° FNFs, it was observed that the maximum VMS in the femur was located in the cortical region below the fracture. Additionally, the VMS in the internal fixation device was found to be concentrated on the surface of the screw in close proximity to the fracture line (Figure 4).
[image: Figure 3]FIGURE 3 | Distribution trends of displacement and stress results for two fracture types fixed by four internal fixation devices. (A) Results of the femur displacement distribution of four internal fixation devices; (B) Results of the femur displacement distribution of four internal fixation devices; (C) Results of the femoral stress distribution in four internal fixation devices; (D) Results of the femoral stress distribution in four internal fixation devices.
[image: Figure 4]FIGURE 4 | Results of the femur displacement distribution of four internal fixation devices at Pauwels 30° Angle. (A and E): Implanted BDSF internal fixation device with distal screw at 150° Angle; (B and F): The BDSF internal fixation device was implanted with the distal screw at a 165° Angle; (C and G): 3 CLS internal fixation devices in inverted triangle configuration; (D and H): 4 CLS internal fixation devices in "α" configuration.
Pauwels 70° Angle FNFs: The peak VMS for the 150°-BDSF femur was measured to be 38.42 MPa, while for the 165°-BDSF femur it was found to be 37.16 MPa. The 3CCS femur exhibited a peak VMS of 40.24 MPa, whereas the 4CCS femur had a peak VMS of 39.03 MPa. In addition, the peak VMS values for the internal fixtures, viz., the 150°-BDSF, 165°-BDSF, 3CCS, and 4CCS, were recorded as 302.59 MPa, 310.24 MPa, 390.28 MPa, and 372.61 MPa, respectively. Based on the displacement profile analysis of the Pauwels fracture at a temperature of 70° FNFs, it was observed that the VMS in the femur were primarily localized in the cortical region below the fracture. Additionally, the VMS were found to be concentrated on the surface of the screw in close proximity to the fracture line (Figure 5).
[image: Figure 5]FIGURE 5 | Results of the femur displacement distribution of four internal fixation devices at Pauwels 70° Angle. (A and E) Implanted BDSF internal fixation device with distal screw at 150° Angle; (B and F) The BDSF internal fixation device was implanted with the distal screw at a 165° Angle; (C and G) 3 CLS internal fixation devices in inverted triangle configuration; (D and H) 4 CLS internal fixation devices in “α” configuration.
3.3 Displacement results and distribution of four CLS internal fixation devices and femur
(Figure 3) Pauwels 30° Angle FNFs: The femur with a 150°-BDSF exhibited a maximum displacement of 3.17 mm, while the femur with a 165°-BDSF had a maximum displacement of 3.13 mm. Similarly, the 3CCS femur and the 4CCS femur displayed maximum displacements of 3.22 mm and 3.20 mm, respectively. In addition, the internal fixtures, viz., the 150°-BDSF, 165°-BDSF, 3CCS, and 4CCS, exhibited maximum displacements of 2.96 mm, 2.94 mm, 3.12 mm, and 3.02 mm, respectively. Based on the displacement profile of the Pauwels fracture at 30°FNFs, it was observed that the highest displacement was observed above the femoral head. Additionally, the internal fixation device exhibited its maximum displacement at the uppermost part of the screw (Figure 6).
[image: Figure 6]FIGURE 6 | Results of the femoral stress distribution in four internal fixation devices at Pauwels 30° Angle. (A, E and I) Implanted BDSF internal fixation device with distal screw at 150° Angle; (B, F and J) The BDSF internal fixation device was implanted with the distal screw at a 165° Angle; (C, G and K) 3 CLS internal fixation devices in inverted triangle configuration; (D, H, L) 4 CLS internal fixation devices in “α” configuration.
Pauwels 70° Angle FNFs: The femur with a 150°-BDSF exhibited a maximum displacement of 3.40 mm, while the femur with a 165°-BDSF showed a maximum displacement of 3.30 mm. Similarly, the 3CCS femur had a maximum displacement of 3.46 mm, while the 4CCS femur had a maximum displacement of 3.43 mm. Additionally, the 150°-BDSF internal fixation exhibited a maximum displacement of 3.16 mm, while the 165°-BDSF internal fixation demonstrated a maximum displacement of 3.09 mm. Similarly, the 3CCS internal fixation displayed a maximum displacement of 3.19 mm, and the 4CCS internal fixation showcased a maximum displacement of 3.17 mm. Based on the displacement profile analysis of the Pauwels fracture at 70° FNFs, it was observed that the highest displacement was observed above the femoral head. Additionally, the internal fixation device exhibited its maximum displacement at the uppermost part of the screw (Figure 7).
[image: Figure 7]FIGURE 7 | Results of the femoral stress distribution in four internal fixation devices at Pauwels 70° Angle. (A, E and I) Implanted BDSF internal fixation device with distal screw at 150° Angle; (B, F and J) The BDSF internal fixation device was implanted with the distal screw at a 165° Angle; (C, G and K) 3 CLS internal fixation devices in inverted triangle configuration; (D, H, L) 4 CLS internal fixation devices in “α” configuration.
4 DISCUSSION
In recent years, the proliferation of computer technology has led to the widespread adoption of the finite element method as the predominant stress analysis technique in the field of biomechanics research. The application of mechanical simulation through finite element modeling enables the assessment of mechanical characteristics pertaining to fracture internal fixation devices. This approach offers a reliable basis for the discernment and selection of appropriate internal fixation techniques for femoral neck fractures. In young adults, femoral neck fractures typically exhibit a high degree of instability when subjected to vertical shear stress of high energy [(Flury et al., 2020; Cui et al., 2020)]. Moreover, the level of fracture perpendicularity directly correlates with the challenge of achieving adequate stability to withstand the vertical shear force exerted around the hip. The results of this study further confirm the existence of a favorable association between the Pauwels Angle and both the vertical shear force and the maximum displacement of the fracture surface in the two models of femoral neck fractures. Moreover, the VMS in the femur tend to concentrate in the cortical region below the fracture, while the VMS in the internal fixation device also exhibit a similar concentration. These observations suggest an increased likelihood of femoral refracture and internal fixation device fracture.
Herein, three CLS internal fixation devices were utilized in an inverted triangle configuration. The utilization of the three CLS aligned in parallel to the femoral calaris represents a prevalent technique for internally fixing femoral neck fractures in the young adult population. The percutaneous implantation of three CLS offers several advantages, including reduced trauma and shorter operation time. However, the use of an inverted triangle configuration CLS for the treatment of femoral neck fractures has been reported to result in postoperative complications in 20%–48% of cases [ (Filipov, 2011; Wang et al., 2020)]. The fixation of the CLS in alignment with the femoral calaris is suitable for Pauwels type I femoral neck fractures characterized by a small angle between the fracture line and the horizontal line. However, this fixation technique is not suitable for Pauwels type II and type III femoral neck fractures, which exhibit a large angle between the fracture line and the horizontal line. In such cases, using this technique is likely to result in postoperative fracture nonunion and failure of the internal fixation device [(Liporace et al., 2008; Marsh et al., 2007; Mei et al., 2014; Tsun et al., 2022)].
Several studies have indicated that the “α” configuration of four CLS internal fixation technology offers more advantages compared to three CLS internal fixation devices in an inverted triangle configuration [(Kauffman et al., 1999; Papini et al., 2007)]. This specific configuration is ideally suited for the compression fixation of fracture ends, as it demonstrates exceptional resistance to vertical shear forces. A comprehensive study conducted by Kauffman revealed that when dealing with comminuted femoral posterior neck fractures, the utilization of a 4-CLS fixation device significantly enhances stability when compared to the traditional 3-CLS internal fixation device (Zhan et al., 2020; Biraris et al., 2014). Additionally, the clinical effectiveness of the 4-CLS fixation device was superior to that of the inverted triangle configuration CLS. As observed, the findings of this study align with the conclusions drawn from prior research. Moreover, in Pauwels 30° Angle fracture model, no notable biomechanical distinctions between 3 CLS internal fixation devices arranged in an inverted triangle configuration and the use of 4 screw internal fixation devices arranged in a "α" configuration for the purpose of stabilizing femoral neck fractures were observed. However, when the fracture model Angle was adjusted to Pauwels 70°, it was observed that the vertical shear force of the fracture increased, leading to a decrease in stability. Furthermore, it was found that the “α” configuration 4-screw internal fixation device exhibited superior maximum displacement and VMS compared to the inverted triangle 3-CLS internal fixation device. Herein, it was observed that the stability of 4 CLS surpassed that of 3 CLS techniques. This superiority can be attributed to the fourth transverse CLS, which created a larger Angle with the fracture surface. This angle facilitated the application of pressure to the fracture end and contributed to the alleviation of a portion of the vertical shear force. However, in the case of Pauwels 30° Angle fracture, the orientation of the fracture line is more horizontally aligned compared to the 70° Angle fracture. As a result, the Angle between the fourth transverse CLS and the fracture line was smaller, leading to a decrease in the compression fixation effect and anti-shear ability. Consequently, the biomechanical advantages and disadvantages of the two internal fixation devices are not clearly discernible.
The BDSF technique is a newly emerged CLS internal fixation technique. Herein, 3 CLS are positioned on two vertically inclined planes. Specifically, the distal screw is placed on the anticlinal plane, while the middle screw and the proximal screw are situated on the ventral oblique plane. The distal screw serves as the primary supportive screw, anchoring the distal cortex of the femoral neck and the lateral cortex of the femoral shaft [(Al-Ani et al., 2015; Flury et al., 2020)]. Furthermore, it offers additional support to the posterior cortex of the femoral neck [(Al-Ani et al., 2015; Flury et al., 2020)]. Earlier studies have indicated that the use of BDSF, in comparison to conventional multi-parallel CLS internal fixation methods, can offer enhanced support for the posterior and lower cortex of the femoral neck [(Zhang et al., 2022; Filipov, 2011)]. This, in turn, leads to improved overall stability and resistance against shearing forces of the internal fixation device [(Zhang et al., 2022; Filipov, 2011)]. The findings of this study deviate slightly from those of previous studies. Herein, the Pauwels 30° Angle fracture model was utilized to examine the femoral neck fracture treated with the "α" configuration using a 4-screw internal fixation device. It was observed that this treatment approach resulted in reduced stress on the femoral head compared to the BDSF group. However, it was also found that the maximum displacement of the femur and the stress on the internal fixation device were significantly higher in the “α” configuration group compared to the BDSF group. The transition to Pauwels 70° Angle fracture type resulted in a notable increase in the overall VMS of the BDSF internal fixation device. However, even with this increase, the VMS remained considerably lower than that of the “α” configuration 4-screw internal fixation device. This reduction in VMS significantly mitigated the risk of CLS fracture. The BDSF group exhibited significantly smaller maximum displacement and VMS of the femur compared to the "α" configuration 4-screw internal fixation device. This resulted in improved overall stability of the femur and reduced VMS of the femoral head, thereby creating a favorable mechanical environment for the healing of femoral neck fractures. In the present study, it was observed that when the “α” configuration of four screws was chosen for the purpose of fixation, 3 CLS exhibited an approximate angle of 130°, while the fourth CLS was inserted horizontally at a distance of less than 7 mm. This particular arrangement has the potential to result in excessive stress concentration and subsequent failure of the internal fixation. In comparison to the “α” configuration 4-screw internal fixation device, the BDSF internal fixation device features a CLS head that is positioned approximately 20 mm away from the femoral head. This strategic placement serves to effectively mitigate stress concentration and minimize the likelihood of subtrochanteric fracture. Furthermore, the internal fixation device known as the BDSF is designed in the “F” configuration, which offers a dual plane that effectively stabilizes the fractured end by facilitating cross support between the CLS. It also efficiently transmits the vertical stress resulting from body weight to the lateral femoral cortex, thereby enhancing the femoral neck’s resistance to axial compression. Moreover, the distal screw has the potential to offer both transverse and medial support, thereby potentially decreasing the strain experienced by the lateral bone cortex.
Several studies have indicated that the optimal placement of the distal screw plays a crucial role in achieving successful internal fixation in BDSF. Thus, satisfactory clinical outcomes can be achieved by placing distal screws along the lower and posterior cortex of the femoral neck at an obtuse angle with the shaft axis [(Tianye et al., 2019a; Liporace et al., 2008)]. According to Kloen et al., it is also suggested that the utilization of low angle distal screw fixation can effectively maintain the sliding pressure mechanism at the fracture site, minimize shear stress at the fracture site, and enhance the stability and shear resistance of the internal fixation device [(Fisher et al., 2023; Marsh et al., 2007)]. The findings of this study indicate that the stability and shear resistance of the two groups of BDSF internal fixation devices were found to be superior when compared to the inverted triangle 3 CLS internal fixation devices and the “α” configuration 4 screws internal fixation devices. In our analysis, it was determined that within the framework of the Pauwels 30° fracture model, the implementation of distal screws at both 150° and 165° angles exhibits the potential to enhance fixation strength and augment stability against axial, rotational, and bending stresses. The biomechanical distinction between the two implantation angles becomes evident as the fracture angle approaches Pauwels 70°. Subsequently, the angle formed between the distal screw’s implantation angle of 165° and the shaft axis increases, resulting in enhanced resistance of the distal screw against femoral neck inversion collapse. This increased resistance can effectively prevent complications associated with the CLS incision technique, while also providing stronger support to the posterior cortical bone. The transfer of axial load to the bone cortex enhances the load-bearing capacity of the screw and contributes to the preservation of both the femur’s overall stability and the internal fixation device.
The results of this study comprehensively illustrate the advantages and disadvantages associated with the utilization of three distinct internal fixation devices in CLS procedures. Furthermore, the investigation delves into the mechanical disparities among BDSF groups, particularly those exhibiting varying angles of distal screw implantation. These findings offer valuable insights for surgeons in terms of selecting appropriate surgical methods and determining optimal screw implantation trajectories for orthopedic robots. However, several limitations are present in this study: 1) The implantation angles of the distal screw were limited to 150° and 165°, and a definitive range of implantation angles could not be established. The applicability of fracture types and internal fixation devices was restricted to a particular study population, and the findings do not provide evidence for the use of other fracture types and internal fixation devices. 2) The material parameters of the model were defined as isotropic elastic materials, in contrast to the anisotropic material properties exhibited by real human bones. The objective of this study was to construct a model that represents the general pattern, thus making the chosen methodology justifiable. 3) The load setting solely replicates the load-bearing capability of an individual leg during the typical ambulation of adults, without taking into account the distinct function of each muscle group.
5 CONCLUSION
In FNFs with Pauwels 30° Angle or Pauwels 70° Angle, the BDSF internal fixation device demonstrated superior biomechanical performance compared to the inverted triangle configuration with 3 screws and the “α” configuration with 4 CLS internal fixation devices. Furthermore, distal screw insertion at a 165° Angle was observed to yield superior biomechanical outcomes. Thus, the BDSF internal fixation technique is a dependable closed reduction internal fixation method for treating fractures at various Pauwels angles.
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Anatomical factors influencing temporomandibular joint clicking in young adults: temporomandibular joint structure disorder or lateral pterygoid muscle dysfunction?
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Objective: This study aimed to investigate the selected anatomical factors that can potentially influence temporomandibular joint (TMJ) clicking in young adults by assessing TMJ structures and lateral pterygoid muscle (LPM) function using magnetic resonance imaging (MRI).
Methods: The patients were divided into four groups: the healthy control group; the clicking on mouth opening group; the clicking on mouth closing group; and the clicking on mouth opening and closing group. Additionally, we used clinical palpation to evaluate the masticatory muscles' functional state and employed MRI using the OCOR-T1WI-FSE-CLOSED, OSAG-PDW-FSE-CLOSED, and OSAG-PDW-FSE-OPEN sequences to analyze the texture of the lateral pterygoid muscle (LPM).
Results: The proportion of any articular disc or condylar morphology class did not differ significantly between the TMJ clicking and HC groups. The articular disc position did not differ significantly between the TMJ clicking and HC groups. In the TMJ clicking group, the presence of masticatory muscle dysfunction differed significantly between the clicking and non-clicking sides. Moreover, the LPM accounted for the highest proportion among masticatory muscles with tenderness in all TMJ clicking subgroups (77.78%–100%). Therefore, in the TMJ clicking group, the LPM texture was less defined, more uniform in gray scale, and more similar to local texture (p < 0.0001).
Conclusion: The occurrence of TMJ clicking in young adults is unrelated to the TMJ structure but related to the function of masticatory muscles, particularly the LPM.
Keywords: temporomandibular joint clicking, joint structure, masticatory muscle function, lateral pterygoid muscle, texture analysis
1 INTRODUCTION
Temporomandibular disorders (TMDs) are common among young adults and middle-aged people (Manfredini, Piccotti, Ferronato and Guarda-Nardini, 2010; Gauer and Semidey, 2015; Ujin Yap, Cao, Zhang, Lei and Fu, 2021). The main clinical manifestations are maxillofacial pain, abnormal mandibular movements, and temporomandibular joint (TMJ) clicking (Gauer and Semidey, 2015; F; Liu and Steinkeler, 2013). To date, the etiology of TMDs is unknown (F. Liu and Steinkeler, 2013; Murphy, MacBarb, Wong and Athanasiou, 2013). At present, we know that many etiological factors may lead to the development of TMDs. Some scholars use biopsychosocial models to explain the multifactorial origin of TMDs. The biopsychosocial nature of TMDs has been confirmed by the Orofacial Pain: Prospective Evaluation and Risk Assessment (OPPERA) study and many other studies around the world (Sanders et al., 2013; Slade et al., 2016; Ostrom et al., 2017; Fillingim et al., 2018; Slade et al., 2020; Ao et al., 2024). The OPPERA study focuses on baseline measurements from six risk domains: 1) sociodemographic variables, 2) measures of experimental pain sensitivity, 3) measures of autonomic function, 4) measures of psychological functioning, 5) measures of general health status, and 6) clinical orofacial characteristics (Smith et al., 2011; Bair et al., 2013; Wieckiewicz et al., 2022). In recent years, most young patients with TMDs admitted to our clinic have complained of TMJ clicking, which may occur when opening or closing the mouth (Gazal, 2020). Without timely treatment, TMDs may progress to cause limited mouth opening and TMJ pain, leading to condylar bone destruction and osteoarthrosis, seriously affecting the quality of life of the patients (Poluha, De la Torre Canales, Bonjardim and Conti, 2022).
Anterior disk displacement has been implicated in the etiology of TMJ clicking (Altaweel, Elsayed, Baiomy, Abdelsadek and Hyder, 2019). TMJ clicking is the most common clinical symptom and sign of anterior disc displacement with reduction (ADDwR), with other symptoms including TMJ pain, lock jaw, and abnormal mouth opening (Altaweel et al., 2019; Shen, Chen, Xie, Zhang and Yang, 2019). However, some young adults with TMDs present with an articular disk position in the anterior superior part of the condylar roof, without clinical symptoms of TMDs, such as TMJ clicking (Luo, Yang, et al., 2022a). Nevertheless, most young patients with TMJ clicking are not diagnosed with ADDwR. A clinical examination of these patients reveals that tenderness is more common in the lateral pterygoid muscle (LPM) than in the other masticatory muscles (masseter, temporalis, and medial pterygoid muscles). However, to date, the relationship between masticatory muscle function and TMJ clicking has not been elucidated.
This study aimed to investigate the selected anatomical factors that can potentially influence TMJ clicking in young adults by assessing TMJ structures and LPM function using magnetic resonance imaging (MRI). To explore the etiology of TMJ clicking, we selected young adults with a recent onset of TMJ clicking who had a recent history of a TMD without clinical symptoms other than TMJ clicking (TMJ pain, difficulty in mouth opening, and jaw deviation). We assessed the TMJ structure and masticatory muscle function to analyze the etiology of TMJ clicking in young adults.
2 MATERIALS AND METHODS
The study protocol was approved by the Ethics Committee of the Affiliated Hospital of Qingdao University (approval no.: QYFYWZLL26847). All included patients signed an informed consent form after being explained the study protocol.
To ensure the reliability of the results of the study, clinical and MRI examinations of the patients were performed by three stomatologists with more than 15 years of clinical experience in the diagnosis and treatment of TMDs. In addition, MRI was performed for all patients by the same radiologist with 15 years of experience. The order of MRI scans was randomized for the patients at the time of interpretation. In the case of discrepancy, another interpretation was made, and the result with the highest frequency was selected for the final analysis. The intraclass correlation coefficient (ICC) was calculated to analyze the consistency of the results measured by the three stomatologists (Koo and Li, 2016).
2.1 Patient selection
The patients were divided into four groups (Figure 1): the healthy control (HC) group, the clicking on mouth opening (CMO) group, the clicking on mouth closing (CMC) group, and the clicking on mouth opening and closing (CMOC) group.
[image: Figure 1]FIGURE 1 | Process of patient selection and classification. (A) Allocation of patients in the healthy control (HC) group. (B) Allocation of patients in the clicking on mouth opening (CMO), clicking on mouth closing (CMC), and clicking on mouth opening and closing (CMOC) groups.
We selected 100 freshmen at the Qingdao University for the HC group (Figure 1A). The inclusion criteria were as follows: (1) no history of TMDs or TMJ injury and no symptoms or signs of TMDs, as ascertained by an experienced clinical specialist; (2) age, 18–24 years; (3) gender is not limited, and the women are not pregnant (Minervini et al., 2023b); (4) balanced occlusion, without any history of orthodontic treatment; (5) no history of rheumatism, rheumatoid arthritis, and bone or connective tissue diseases; (6) no history of prolonged jaw widening, such as from dental treatment or singing; (7) no contraindication to MRI, such as metal implants in vivo or claustrophobia; (8) no experience of taking pills/drugs that will affect the neuromuscular system and/or skeletal system; (9) no use of stimulants; and (10) no active malignancy, severe mental and neurological disorders, and people addicted to alcohol and/or drugs.
We selected 576 patients with TMDs who had visited the Department of Oral and Maxillofacial Surgery, Qingdao University, from January to December 2021 (Figure 1B). The patients experienced no clinical symptoms of TMDs other than TMJ clicking, such as TMJ pain or discomfort, limited mouth opening, or jaw deviation, indicating a recent onset of TMDs. The remaining inclusion criteria of TMJ clicking patients were the same as those in 2–10 of the HC group. To determine the presence of clicking, the stomatologists placed the fifth finger into the external auditory canal of the participant, with the stomatologist’s ear approximately 5 cm away from the TMJ, and asked the participant to open and close their mouth. Each stomatologist examined each participant thrice, yielding a total of nine examinations per participant. TMJ clicking was determined as positive in the presence of clicking sounds in more than two examinations. Finally, the patients were divided into the CMO, CMC, and CMOC groups.
2.2 MRI examination
MRI examination and analysis were performed using the Siemens MAGNETOM 3T Prisma scanner (Siemens, Erlangen, Germany), which uses 60-channel head coils instead of conventional surface coils to yield improved overall spatial information about the masticatory muscle and soft tissue structures. The participants were placed in the supine position, and their heads were scanned with the positioning line aligned with the external auditory canal. Oblique sagittal proton density-weighted fast spin echo images of the TMJ in the closed- and open-mouth positions (OSAG-PDW-FSE-CLOSED and OSAG-PDW-FSE-OPEN, respectively) and oblique coronal T1-weighted images in the closed-mouth position (OCOR-T1WI-FSE-CLOSED) were obtained.
The OSAG-PDW-FSE-CLOSED and OSAG-PDW-FSE-OPEN sequences were applied in the parallel acquisition technology with the following parameters: excitation time, 3 s; repetition time, 2,070 ms; echo time, 28 ms; field of view, 120 mm × 120 mm; matrix, 192 × 144; and planar resolution, 0.6 mm × 0.6 mm. Alternatively, the OCOR-T1WI-FSE sequence was applied in the parallel acquisition technology with the following parameters: number of excitations, three; repetition time, 550 ms; echo time, 6.8 ms; field of view, 120 × 120 mm; matrix, 192 × 144; and planar resolution, 0.6 mm × 0.6 mm. A total of 16 images were captured using each scanning sequence. Each image layer had a thickness of 2 mm, and the interval between the layers was 10%. Eight images each for the right and left TMJs were acquired, with each sequence consisting of 16 images. The slice thickness of each image was 2 mm, and the gap was 10%.
2.3 TMJ structure on MRI scans
Figures 2A,B show the TMJ structure. MRI scans with a motion artifact were excluded.
[image: Figure 2]FIGURE 2 | TMJ structure and measurement method. (A) View from the oblique sagittal plane; I: condylar process; II: glenoid fossa; a: anterior band; b: intermediate zone; c: posterior band; d: bilaminar zone; e: superior joint cavity; f: inferior joint cavity; ①: anterior temporal attachment; ②: anterior mandibular attachment; ③: posterior mandibular attachment; ④: posterior temporal attachment; ⑤: superior head of the LPM; ⑥: inferior head of the LPM. (B) View from the oblique coronal plane. I: condylar process; II: glenoid fossa; e: superior joint cavity; f: inferior joint cavity; g: articular disc; ⑦: medial disc ligament; ⑧: lateral disc ligament. (C) Use of the condylar apex method to measure the articular disc position (∠aOy). O: condylar apex. (D) The condylar length “L” (“y1–y2” is the vertical line passing through both sides of the condyle; “L” is the line connecting the intersection point of the two perpendicular lines and the condyle), medial displacement distance “Dm,” and lateral displacement distance “Dl” of the articular disk were measured in the oblique coronal plane (“b–c” is the tangent drawn at the intersection of both sides of the condyle; “d–e” is parallel to “c–d” and passes through both ends of the disk; and “Dm–Dl” is the distance between “e–c” and “d–f”). (E) Articular disc morphology; a: biconcave; b: thickening posterior; c: thickening anterior; d: biplanar; e: biconvex; f: folded. (F) Condylar morphology; a: round; b: flattened; c: beak-like. TMJ, temporomandibular joint; LPM, lateral pterygoid muscle.
The articular disk–condylar position relationship was determined (Luo, Yang, et al., 2022b). Using AutoCAD 2005 (accuracy, 0.01; Autodesk, San Rafael, CA, United States), the articular disk–condyle angle in the oblique sagittal plane was measured with the condylar apex method (Figure 2C). Centricity DICOM Viewer (precision, 0.01 mm; GE HealthCare, Chicago, United States) software was used to measure the medial and lateral displacements of the oblique coronal articular disk relative to the condyle (Figure 2D) (Eberhard, Giannakopoulos, Rohde and Schmitter, 2013).
The articular disk and condylar morphologies were determined in the oblique sagittal plane (Luo, Qiu, et al., 2022a). The articular disk morphology was divided into six categories: biconcave, thickening posterior, thickening anterior, biplanar, biconvex, and folded (Figure 2E). The condylar morphology was divided into three categories: round, flattened, and beak-like (Figure 2F).
2.4 Masticatory muscle function on MRI
Tenderness of the TMJ area and masticatory muscle: The sites examined included the temporomandibular joint area, the masseter muscle (MM), the temporalis muscle (TM), the medial pterygoid muscle (MPM), and the lateral pterygoid muscle (LPM). During the tenderness examination, the touch pressure diagnosis force was approximately 1 kg, and the duration was approximately 3 s. A numerical rating scale (NRS) was used to quantify the tenderness felt of the patients (Figure 3). The patients indicated the number corresponding to the pain intensity, and each stomatologist recorded the examination results and took the average of the three examination results as the basis for follow-up statistical analysis.
[image: Figure 3]FIGURE 3 | Numerical rating scale (NRS) is used to quantify the tenderness felt by the patients.
Furthermore, we used open-source ImageJ (1.51j8) (https://imagej.net/ij/index.html) software with the gray-level co-occurrence matrix plug-in version 0.4 to perform a texture analysis (TA) of the LPM using MRI with the OSAG-PDW-FSE-CLOSED and OSAG-PDW-FSE-OPEN sequences. This plug-in calculates textural features based in gray-level correlation matrices. The size of the step entered in pixels is 1, the selected direction of the step is 0 degrees, and the five TA parameters are selected: angular second moment (ASM), contrast, correlation, inverse difference moment (IDM), and entropy. The three stomatologists outlined the regions of interest with the freehand selection method, including as much of the LPM as possible and avoiding the surrounding structures. Then, they collected data on the five TA parameters (Figure 4) (Luo et al., 2023a). The radiologists obtained one measurement each, and the average value of the measurements was used for statistical analyses. TA can reveal subtle changes in tissues and muscles that cannot be visually observed and convert them into corresponding quantifiable parameters. Comparing these parameters among the groups could accurately reveal the characteristics of the LPM in each group. We measured five TA parameters: ASM, contrast, correlation, IDM, and entropy. These parameters represent different local gray levels in the image (Table 1).
[image: Figure 4]FIGURE 4 | TA parameters of the LPM obtained with the OSAG-PDW-FSE-CLOSED and OSAGPDW-FSE-OPEN MRI sequences. The first step was the selection of the region of interest of the LPM with the graph selection tool, avoiding the inclusion of peripheral blood vessels, nerves, and other structures. The LPM boundary is outlined with yellow in the three images. The second step was the selection of “plugins” for the TA. The selected conditions are shown. The corresponding results were calculated by checking the five TA parameters (angular second moment, contrast, correlation, inverse difference moment, and entropy). LPM, lateral pterygoid muscle; TA, texture analysis.
TABLE 1 | Meaning of five parameters of TA.
[image: Table 1]2.5 Consistency analysis of the results
Since the TA of the LPM is more complex than that of the other masticatory muscles, the results obtained by the three stomatologists were expected to show the greatest difference for the LPM. Because the results of the five TA parameters were obtained simultaneously in a single measurement, we could choose any parameter to calculate the ICC. The ICC of the ASM, among all TA parameters, in the open- and closed-mouth positions of patients in the HC group represented the consistency of results measured by the three stomatologists.
2.6 Statistical analysis
We performed all the statistical analyses using SPSS version 20.0 (IBM SPSS, Inc., Armonk, NY, United States) and GraphPad Prism 8.0.1 (Dotmatics, Boston, MA, United States). Data are expressed as maximum, minimum, mean, and standard deviation. Normally distributed data were compared using one-way analysis of variance (ANOVA) and t-test, and non-normally distributed data were compared using the Wilcoxon rank-sum and nonparametric tests. Categorical data were compared using the chi-squared test. Thus, the Wilcoxon rank-sum test was used for the TA parameters ASM, contrast, and correlation. Finally, we analyzed the IDM and entropy using one-way ANOVA and performed an overall statistical analysis using two-way ANOVA.
3 RESULTS
3.1 Demographic data
All the volunteers in the HC group underwent an MRI examination, seven of whom were excluded because of motion artifact. Patients with TMDs who had imaging errors actively cooperated for repeated MRI examinations until the clinical diagnosis could be obtained based on the MRI findings. Therefore, none of the patients with TMDs were excluded because of the motion artifact. Finally, a total of 249 patients were enrolled, i.e., 93 in the HC group, 86 in the CMO group, 42 in the CMC group, and 28 in the CMOC group (Figure 1). The age or sex ratio did not differ significantly among the groups (Table 2).
TABLE 2 | Demographics of study groups.
[image: Table 2]3.2 TMJ structure
Table 3 shows the articular disk position in the oblique sagittal plane of the patients in each group in the closed-mouth position. The articular disk position differed significantly between men and women in the HC group (p = 0.0463) but not in the other three groups. In addition, it did not differ significantly between the clicking and non-clicking sides of the patients in the CMO, CMC, or CMOC group (Table 3). Finally, it did not differ significantly in the oblique coronal plane between the clicking and HC groups (p > 0.05; Table 4).
TABLE 3 | Oblique sagittal disk position as measured by the condylar apex methods.
[image: Table 3]TABLE 4 | Oblique coronal disk position as measured.
[image: Table 4]The proportion of each articular disk morphology class was statistically similar among the four groups (Figure 5). Biconcave accounted for the largest proportion, followed by thickening posterior, thickening anterior, and biplanar. Likewise, the proportion of each condylar morphology class was statistically similar among the four groups (Figure 6). Round accounted for the largest proportion, followed by flattened and beak-like. The proportion of the previous articular disk (p = 0.0883) or condylar (p = 0.9086) morphology class did not differ significantly among the four groups. The proportion of the articular disk (p = 0.3150) or condylar (p = 0.9445) morphology class did not differ significantly among the CMO, CMC, and CMOC groups. In addition, the proportion of the articular disk or condylar morphology class did not differ in the CMO, CMC, and CMOC groups between the clicking and non-clicking sides (p > 0.1748).
[image: Figure 5]FIGURE 5 | Schematic diagram of the articular disk morphology with distribution rates. (A) (a) biconcave; (b) thickening posterior; (c) thickening anterior; and (d) biplanar. (B) Proportion of each articular disk morphology class.
[image: Figure 6]FIGURE 6 | Schematic diagram of the condylar morphology with distribution rates. (A) (a) round; (b) flattened; (c) beak-like. (B) Proportion of each condylar morphology class.
3.3 Masticatory muscle function
Table 5 shows the results of TMJ and masticatory muscle tenderness of the patients in each group. No TMJ area tenderness was observed in the HC group, and there was a significant difference in the NRS value of TMJ area tenderness in the clicking side and the non-clicking side of the CMO group and the CMC group (p < 0.0001). In addition, the mean NRS value of LPM tenderness in the HC group was 0.492, and the NRS value of LPM tenderness in the clicking side of the CMO group, CMC group, and CMOC group was about twice that of the NRS value on the non-clicking side, with statistically significant differences (p < 0.0001).
TABLE 5 | Tenderness of temporomandibular joint and masticatory muscle of study groups.
[image: Table 5]Table 6 and Table 7 show the results of the TA of the LPM obtained with the OSAG-PDW-FSE-CLOSED and OSAG-PDW-FSE-OPEN MRI sequences, respectively. The results of the TA parameters of the LPM obtained with each sequence differed significantly among all groups (p < 0.0001) and between the HC and clicking groups (p < 0.0001). On the clicking side in the open-mouth position, only entropy differed significantly among the CMO, CMC, and CMOC groups (p = 0.0496). On the clicking side in the closed-mouth position, the correlation, IDM, and entropy differed significantly among the CMO, CMC, and CMOC groups (p < 0.0045). In the closed-mouth position, the ASM differed significantly between the clicking and non-clicking sides of the patients in the CMO group (p = 0.0101). In the open-mouth position, the correlation differed significantly between the clicking and non-clicking sides of the patients in the CMO group (p < 0.0001). Combined with the results of the LPM TA of the above three MRI sequences, according to the meaning analysis of the parameters of TA, the local gray-level difference in the LPM MRI in young TMD patients with clicking symptoms is small, the correlation is strong, and the texture images are fuzzy and irregular. On the other hand, the texture of LPM on the clicking side of the patients was more uniform than that on the non-clicking side, and the correlation of the local gray scale was stronger.
TABLE 6 | Texture analysis results of lateral pterygoid muscle in OSAG-PDW-FSE-CLOSE magnetic resonance imaging sequence on clicking and non-clicking sides.
[image: Table 6]TABLE 7 | Texture analysis results of lateral pterygoid muscle in OSAG-PDW-FSE-OPEN magnetic resonance imaging sequences on clicking and non-clicking sides.
[image: Table 7]3.4 Consistency of the results
Table 8 lists the ICCs of ASM of the LPM obtained with the OSAG-PDW-FSE-CLOSED and OSAG-PDW-FSE-OPEN sequences. The ICCs of OSAG-PDW-FSE-CLOSED and OSAG-PDW-FSE-OPEN sequences indicated good reliability.
TABLE 8 | ICC calculation for ASM parameters of the HC group in the LPM TA of the two MRI sequences.
[image: Table 8]4 DISCUSSION
In this study, young adults aged 18–24 years were selected, and those in the CMO, CMC, and CMOC groups experienced only TMJ clicking, indicating the early stage of TMD. According to the current status of global research on the etiology of TMJ clicking, we assessed the TMJ structure and masticatory muscle function in this study (Reid and Greene, 2013; Liu, Lei, Han, Yap and Fu, 2017; Almashraqi, Ahmed, Mohamed and Halboub, 2018; Ohrbach and Michelotti, 2018).
Regarding the structural aspects of the TMJ, we investigated the morphological classes of the articular disk and condyle and the articular disk position. Changes in articular disk morphology occur in internal TMDs and cause TMJ dysfunction. Severe articular disk deformity is significantly associated with TMDs (Taşkaya-Yilmaz and Oğütcen-Toller, 2001; Okur, Ozkiris, Kapusuz, Karaçavus and Saydam, 2012). Hu et al. (Taşkaya-Yilmaz and Oğütcen-Toller, 2001; Hu, Yang and Xie, 2016), in a retrospective study, revealed that morphological changes in the articular disks in the ADDwR group were mainly posterior band enlargement or mild wrinkling, whereas those in the articular disks in the anterior disk displacement without reduction group showed deformity after the follow-up, such as severe wrinkling and shortening, with the double-concave and V-folded morphologies being more likely to shorten the articular disk and displace the anterior part. Among the six articular disk shapes (biconcave, thickening posterior, thickening anterior, biplanar, biconvex, and folded), four (biconcave, thickening posterior, thickening anterior, and biplanar) were found in asymptomatic patients (Luo, Qiu, et al., 2022b). In the present study, only these four articular disk shapes were found, with the proportions not differing significantly between the CMO, CMC, and CMOC and HC groups. In a previous study, the condylar morphology was divided into round, flattened, and beak-like shapes, with most asymptomatic volunteers showing a round condyle (Luo, Qiu, et al., 2022a). Since the condylar shape is closely related to condylar function, the condylar morphology in TMDs differs among patients (Katsavrias and Halazonetis, 2005). For example, flattened and inclined condyles are associated with a strong bite force and masticatory muscle pull (Koyama, Nishiyama and Hayashi, 2007; Alexiou, Stamatakis and Tsiklakis, 2009). In this study, although the proportion of any condylar morphology class did not differ significantly between the clicking (CMO, CMC, and CMOC groups) and HC groups, the proportions of flattened and beak-like morphology were relatively high. This may imply that TMJ clicking is a risk factor for osteoarthritis. The condylar apex method developed in a previous study was more accurate than the condylar midpoint method for articular disk position measurement (Luo, Yang, et al., 2022b). The present study showed no significant difference in the articular disk position between the patients with early-stage TMDs with only clicking symptoms and the asymptomatic volunteers. In addition, we used the method introduced by Eberhard et al. (2013) to measure the articular disk position in the oblique coronal plane and found no significant difference between patients with TMDs with only TMJ clicking and the asymptomatic volunteers. In general, the proportion of any articular disk or condylar morphology class or articular disk position did not differ significantly between the young adults with TMJ clicking and asymptomatic adults. Thus, the present study suggests that the articular disk or condylar morphology or the positional relationship between the articular disk and the condyle, which is closely related to the TMJ structure, does not change significantly in the early stage of the occurrence or development of TMDs.
In this study, we also preliminarily studied masticatory muscle function in patients with TMJ clicking based on the clinical finding of tenderness and MRI findings of the TA parameters of the LPM. The patients in the CMO, CMC, and CMOC groups showed partial positive palpation in the four groups of masticatory muscles. The LPM accounted for the highest proportion of masticatory muscles with tenderness. In particular, in the HC group, 10% of the patients experienced LPM tenderness. However, these patients may have developed TMDs without the onset of the symptoms of TMDs. Due to the anatomical relationship between the LPM and TMJ, the occurrence of TMJ clicking as the initial symptom of TMDs may be closely related to the LPM function. Therefore, in future studies, we aim to investigate the LPM function as an etiologic factor for the initial onset of TMDs. From the aforementioned examination of the masticatory muscles, accurate information about LPM dysfunction could not be obtained.
In recent years, with the rapid development of soft-tissue MRI-related research, TA parameters on MRI have increasingly been accepted (Herlidou, Rolland, Bansard, Le Rumeur and de Certaines, 1999; Harrison et al., 2010). In this study, we performed the TA of the LPM using MRI to avoid the visual differences among the researchers, obtain quantifiable parameters, and explore the functional information about the LPM. We found that the LPM texture in the closed- and open-mouth positions of the young patients with TMJ clicking differed significantly from that of the asymptomatic young adults. Combining the five TA parameters revealed that patients with TMJ clicking showed reduced texture complexity and regularity and more similar local textures in the LPM than asymptomatic young adults. Comparing the LPM texture between the clicking and non-clicking sides in each clicking group revealed that the LPM texture on the clicking side was less clear, more uniform in the gray scale, and more similar in local texture. The results of the TA of LPM shown by MRI may correspond to the function and inflammatory status of LPM. In the normal state of function, the texture of muscle tissue is clear, and the gray contrast in local areas is more obvious. However, in the inflammatory state, muscle tissue is infiltrated by inflammatory cells, along with local muscle tissue edema, which can reduce the texture complexity of the muscle tissue and render the texture unclear and the local gray scale more similar (Herlidou et al., 1999). In a previous study, the TA parameters of the LPM were correlated with the articular disk displacement in patients with TMD (Luo et al., 2023b). When patients with TMD experienced TMJ clicking, the LPM texture was blurred, and the local texture was more similar, which may be caused by the inflammation of the LPM. Since clicking is the most common initial symptom in TMD patients, we can analyze the inflammatory state in the initial stage of TMD patients through the texture characteristics of LPM combined with the results of this study. In addition, the prognosis of TMD patients after treatment can also be further studied by the TA of LPM. In the future, our research group will further elaborate the relationship between the texture changes in LPM and the analysis mechanism related to inflammation through cellular and molecular experiments.
In addition, this paper has some limitations: 1) the sample size of the research object is small; 2) the inclusion criteria and exclusion criteria of the research objects are not set strictly enough, and they are not well-considered, so it takes a long time to pay a return visit to the research objects in the later stage; and 3) this article does not conduct the research report in full accordance with the STROBE Statement.
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Background and objective: Our group has developed a novel artificial cervical joint complex (ACJC) as a motion preservation instrument for cervical corpectomy procedures. Through finite element analysis (FEA), this study aims to assess this prosthesis’s mobility and stability in the context of physiological reconstruction of the cervical spine.Materials and methods: A finite element (FE)model of the subaxial cervical spine (C3-C7) was established and validated. ACJC arthroplasty, anterior cervical corpectomy and fusion (ACCF), and two-level cervical disc arthroplasty (CDA) were performed at C4-C6. Range of motion (ROM), intervertebral disc pressure (IDP), facet joint stress (FJS), and maximum von Mises stress on the prosthesis and vertebrae during loading were compared.Results: Compared to the intact model, the ROM in all three surgical groups demonstrated a decline, with the ACCF group exhibiting the most significant mobility loss, and the highest compensatory motion in adjacent segments. ACJC and artificial cervical disc prosthesis (ACDP) well-preserved cervical mobility. In the ACCF model, IDP and FJS in adjacent segments increased notably, whereas the index segments experienced the most significant FJS elevation in the CDA model. The ROM, IDP, and FJS in both index and adjacent segments of the ACJC model were intermediate between the other two. Stress distribution of ACCF instruments and ACJC prosthesis during the loading process was more dispersed, resulting in less impact on the adjacent vertebrae than in the CDA model.Conclusion: The biomechanical properties of the novel ACJC were comparable to the ACCF in constructing postoperative stability and equally preserved physiological mobility of the cervical spine as CDA without much impact on adjacent segments and facet joints. Thus, the novel ACJC effectively balanced postoperative stability with cervical motion preservation.Keywords: artificial cervical joint complex, anterior cervical corpectomy and fusion, cervical disc arthroplasty, biomechanical, finite element analysis
1 INTRODUCTION
Cervical spondylotic myelopathy (CSM) is a degenerative disease caused by progressive spinal canal narrowing and chronic compression of the spinal cord (McCormick et al., 2020). This results in sensorimotor disturbances such as numbness of the limbs, muscle weakness, and unsteady gait, severely compromising the patient’s quality of life. When spinal cord compression occurs at the vertebral body level, including disc herniation extending over the disc level, severe osteophytes, and ossification of the posterior longitudinal ligament (OPLL), anterior cervical corpectomy and fusion (ACCF) is the conventional surgical choice, as it provides ample surgical exposure and allows for thorough decompression at the vertebral body level (Chen et al., 2016; Pescatori et al., 2020; Li et al., 2021). However, the fusion alters the kinematics of the cervical spine, leading to increased intradiscal pressure and excessive wear of the facet joints, ultimately progressing to adjacent segment degeneration (ASD) (Hua et al., 2020a; Rudisill et al., 2022; Toci et al., 2022). It has been reported that approximately 25%–92% of patients will exhibit radiographic changes at adjacent segments 10 years after the cervical fusion procedure, and 9%–17% of them eventually develop symptomatic disease that requires additional surgical intervention (Cho and Riew, 2013).
Artificial cervical disc prosthesis (ACDP) is the most developed, extensively applied, and well-researched motion preservation device (Latka et al., 2019), aiming to reduce the incidence of ASD by maintaining the natural kinematics of the cervical spine (Kim et al., 2023). However, cervical disc arthroplasty (CDA) is not a suitable substitute for ACCF due to different indications. Furthermore, this procedure potentially causes an abnormal excessive postoperative motion, which can compromise the stability of the cervical spine and may lead to heterotopic ossification (HO), posing a risk of a decrease in range of motion (ROM) at the index level (Wang et al., 2021). Approximately 32.5% of the post-CDA patients experienced HO, and 11.0% developed ROM-limited HO, which may eventually progress to secondary fusion (Hui et al., 2020). This outcome directly contradicted the primary purpose of ACDP, which aims to preserve the segmental motion.
To address the immobility issue associated with ACCF and the instability problem that comes with CDA, we have developed a novel artificial cervical joint complex (ACJC) grounded in the principle of spinal physiological reconstruction. The present study examines the biomechanical properties of three distinct types of anterior cervical surgeries above via finite element analysis (FEA) to evaluate whether the ACJC can balance postoperative stability with cervical motion preservation.
2 METHODS AND MATERIALS
2.1 Establishment of C3–C7 finite element models
The subaxial cervical spine (C3-C7) finite element (FE) model was constructed based on the computed tomography (CT) scanning images (LightSpeed 128-slice spiral CT, GE Healthcare, United States, 0.625-mm scanning slice thickness) of a consented volunteer (gender: male, age: 30, height: 170 cm, weight: 60 kg), without a history of cervical disorders, which was approved by the Medical Ethics Committee of Xijing Hospital (SN: KY20202040-F-1, 2020-10-29). The CT images were imported into Mimics 21.0 (Materialise Technologies, Leuven, Belgium) for conversion into a detailed C3-C7 facet model. Then, the geometric model underwent optimization in Geomagic Studio 2014 (Geomagic Inc., NC, United States), resulting in a refined non-uniform rational B-spline (NURBS) surface representation. Subsequently, the FE model was comprehensively prepared in Hypermesh 11.0 (Altair Engineering Corp., MI, United States), including the assignment of material properties, mesh generation, application of load and boundary conditions, and definition of component interactions. Finally, FEA was executed using MSC. Patran/Nastran 2012 (NASA Company, United States), ensuring a rigorous biomechanical simulation of the subaxial cervical spine.
The geometric model of the subaxial cervical spine comprised the vertebral bodies (cancellous and cortical bone), cartilaginous endplates, intervertebral discs (nucleus pulposus and annulus fibrosus), facet joints, and ligaments (including the anterior and posterior longitudinal ligaments (ALL and PLL), ligamentum flavum (LF), capsular ligament (CL), supraspinous ligament (SSL), and interspinous ligament (ISL)). The cortical bone and endplate thickness were defined as 0.5 mm. The composition ratio of nucleus pulposus (40%) to annulus fibrosus (60%), while the fiber layers were crisscross distributed and angled at a degree of 25° to the endplate (Lee et al., 2011; Hua et al., 2020b; Manickam et al., 2021). The interface of facet joints was simulated as surface-to-surface contact with a friction coefficient of zero, in alignment with previous studies (Yuchi et al., 2019; Cai et al., 2020), and the contact interfaces of the other cervical components were assigned to be completely bonded. The ligaments were considered unidirectionally tensioned one-dimensional non-linear spring materials, using 1D Spring elements to ensure the realistic transmission of forces during the FE simulation (Manickam et al., 2021; Sun et al., 2021). The mesh convergence test was performed to obtain an accurate FE model. The intact C3-C7 model contained 87,969 nodes and 275,980 elements, with an average mesh size of 0.15 mm (ranging from 0.05 mm to 0.5 mm). The aspect ratio of mesh elements was within 1:3, and the change rate of the maximal von Mises stress was within 5% (Dai et al., 2022), with no distorted meshes observed, met the convergence requirements.
According to the published literature (Lee et al., 2011; Yuchi et al., 2019; Hua et al., 2020b; Sun et al., 2021), the detailed material properties of the subaxial cervical spine components are described in Table 1.
TABLE 1 | Material properties of subaxial cervical model components and surgery instruments.
[image: Table 1]2.2 FE model validation
To verify the structural integrity, material parameterization, and boundary condition constraints of the intact model, the present investigation secured all nodal points on the caudal surface of C7 and loaded axial compressive force upon the cranial surface of C3 (50 N, 1.0 N m), to mimic and assess the subaxial cervical spine’s biomechanical responses and kinematic competencies. The resultant ROM data for each segment under different loading directions were then cross-referenced with the findings from extant in vitro study (Panjabi et al., 2001; Liu et al., 2016) and the simulation research conducted under analogous conditions to affirm the validity of the FE model (Wu et al., 2019; Sun et al., 2020).
2.3 Design of ACJC prosthesis
Based on our preliminary research (Wu et al., 2012; Tan et al., 2015), the present study has developed an innovative ACJC prosthesis as a motion-preservation device that may be an alternative to ACCF surgery.
The ACJC prosthesis comprises two endplate components and an intermediate vertebral body component. These components are connected via upper and lower ball-and-socket joints. The endplate and vertebral body components are fabricated from titanium alloy (Ti6Al4V), the joint balls are constructed from cobalt-chromium-molybdenum (Co–Cr–Mo) alloy, and the socket parts are made of ultra-high molecular weight polyethylene (UHMWPE). Both endplate components are designed in an “L” shape, consisting of an anterior plate and a base. The anterior plate of the upper endplate component forms an angle less than 90° with its base, whereas the lower endplate forms an angle greater than 90° to conform to the anatomical shape of the human cervical vertebral body. The superior and inferior surfaces of the vertebral body component are inclined anteriorly to posteriorly in the sagittal plane, fitting the natural anterior-posterior slope of the human cervical spine. Two cavities are formed in the vertebral body component for installing the UHMWPE sockets. The joint ball is attached to the base of the endplate component and forms an internal joint with the socket capable of flexion, lateral bending, and axial rotation while completely restricting the translation in all directions. Although the translation is completely limited at a single joint, the complex kinematics of the cervical spine can be replicated through the coupled motion of the superior and inferior joints.
In the novel ACJC prosthesis, we have incorporated a new design of external joints, also a ball-and-socket joint structure, formed by the convex surfaces of the upper and lower endplate components and the concave surfaces of the vertebral body component. These external joints are in concert with the internal joints to participate in the prosthesis’s motion. It can limit the range of motion of the internal joint to 7° in various directions to avoid excessive motion and minimize the impact and wear between components. Additionally, the surface of the novel prosthesis that interfaces with the bone features a porous titanium structure with bone-like trabeculae. The porous titanium structure adopts a dodecahedral grid micro-pore type reported in the literature for its excellent osteogenic effects, with pore sizes ranging from 0.4 to 0.6 mm, grid wire diameters from 0.2 to 0.3 mm, porosity between 60% and 70%, and grid thickness at 1 mm (Huang et al., 2022; Bandyopadhyay et al., 2023). Both improvements above are intended to enhance the stability of the index segments while preserving the mobility inherent to the prosthesis.
The ACJC prosthesis is fixed to the superior and inferior vertebral bodies following subtotal corpectomy via vertebral screws. Primary stability is achieved through the endplate teeth’s anti-pullout configuration and the screw fixation. Meanwhile, osteointegration is facilitated by new bone ingrowth into the prosthesis’s porous structure, establishing a robust titanium-bone interface that ensures enduring stability for the index segment (Figure 1).
[image: Figure 1]FIGURE 1 | (A) The structure of the novel ACJC prosthesis: (a) the “L” shape endplate component; (b) the anti-pullout endplate teeth; (c) the UHMWPE joint socket; (d) the vertebral body component; (e) the porous titanium structure; (f) the external joint; (g) the Co–Cr–Mo alloy joint ball; (h) vertebral screws. (B) Three-dimensional geometric model; (C) the implanted view.
2.4 Establishment of three types of anterior cervical surgery models
All three surgical models were established in the validated C3-C7 model (Figure 2A).
[image: Figure 2]FIGURE 2 | Three-dimensional finite element models of Intact subaxial cervical spine (C3-C7) and three anterior cervical surgery were established. (A) Front and lateral view of intact C3-C7 model; (B) The artificial cervical joint complex (ACJC) prosthesis; (C) ACJC implanted after C5 corpectomy; (D) Prestige-LP prostheses; (E) Two-level CDA at the C4-C6 level. (F) The titanium mesh cage (TMC) with plate and screws; (G) Anterior cervical corpectomy and fusion (ACCF) at the C4-C6 level.
The ACCF and ACJC arthroplasty were performed, respectively, following subtotal corpectomy at the C5 level. In the ACCF model (Figures 2F, G), a conventional titanium mesh cage (TMC) (Weigao, Shandong, China) packed with autogenous bone grafts was inserted into the post-corpectomy space, and the C4-C6 segments were secured by plate and screws (Weigao, Shandong, China). The ACJC arthroplasty technique (Figures 2B, C) parallels that of ACCF. The body component of ACJC was situated within the post-corpectomy cavity, and the superior and inferior endplate components were then affixed to the C4 and C6 vertebral bodies, respectively, using screws (Weigao, Shandong, China). In the two-level CDA model, the Prestige-LP prostheses (Medtronic Inc., MN, United States) were inserted into the post-discectomy spaces at C4-5 and C5-6 levels (Figures 2D, E). The intervertebral disc, ALL, and PLL at the index segments were removed. Following endplate removal, the contact area between the prostheses and the vertebral bodies was maximized. The vertebral screws were modeled as cylindrical shape, and the interfaces of prosthesis-screws and vertebra-screws were subjected to tie constraint and with no relative motion, considered complete fusion, according to reported literature (Hua et al., 2020a; Guo et al., 2021). The Co–Cr–Mo alloy-UHMWPE surface in the ACJC model and the Ti-Ti surface in the Prestige-LP model were set as a surface-to-surface contact with a coefficient of friction of 0.1 (Bhattacharya et al., 2011; Choi et al., 2021).
The ACCF surgical model included 48,174 nodes and 209,273 elements, the two-level CDA surgical model included 90,517 nodes and 368,813 elements, and the ACJC arthroplasty model included 77,618 nodes and 268,691 elements.
2.5 Loading and boundary condition
A pure axial load of 50 N with a pure moment of 1 N m was applied to the nodes connected to the upper endplate of C3 to simulate various postures (flexion-extension, lateral bending, and axial rotation) according to previous studies (Chen et al., 2020; Manickam et al., 2021). Fully constrained boundary conditions in all directions were applied to the inferior endplate of C7 during the flexion-extension, lateral bending, and axial rotation simulation (Figure 3).
[image: Figure 3]FIGURE 3 | Loading and boundary conditions of the C3–C7 cervical model.
2.6 Data analysis
To verify the ability of motion preservation, each segmental ROM and total C3-7 ROM of three surgical models were analyzed under the directions of flexion (FL), extension (EX), left bending (LB), right bending (RB), left axial rotation (LAR), and right axial rotation (RAR), compared with the intact cervical model. The intervertebral disc pressure (IDP), facet joint stress (FJS), and maximum von Mises stress in the cervical vertebrae and the instruments were quantified and analyzed via FE simulation to evaluate the stability of three surgical constructs.
3 RESULTS
3.1 FE model validation
To affirm its validity, the intact model of the C3-C7 cervical spine was compared with prior biomechanical and FEA studies [19–22]. The segmental ROM for flexion, extension, lateral bending, and axial rotation indicates high consistency. Thus, the present subaxial cervical spine FE model was considered valid and practicable. A detailed comparison is presented in Figure 4.
[image: Figure 4]FIGURE 4 | Validation of the intact cervical model. (a) Values of lateral bending and axial rotation summate both right and left motion. (b) Values of lateral bending and axial rotation are unilateral.
3.2 Range of motion (ROM)
The comparison of the overall ROM across the three surgical constructs and the intact model under six different loading directions is illustrated in Figure 5. The ROM of the C3-C7 segments exhibited a reduction across all surgical models compared to the intact model. The ACCF model demonstrated the most significant reduction in overall mobility, showing reductions ranging from 29.7% to 38.3% compared to the intact model, with the most pronounced decreases occurring during flexion-extension and axial rotation. The CDA model maintained most of the overall motion of the subaxial cervical spine, with a tiny decline of 2.3%–7.1%, closely mirroring the intact model’s mobility. The ACJC model exhibited a small increase in ROM loss compared to the CDA model, yet it was notably less than that observed in the ACCF model. The segmental ROM of C3–C4 and C6–C7 augmented significantly across all loading directions following ACCF surgery, while such an increment was not pronounced in the ACJC and CDA interventions.
[image: Figure 5]FIGURE 5 | Comparison of segmental ROM between intact model and different surgical models under loading directions of FL, EX, LB, RB, LAR, and RAR (FL, flexion; EX, extension; LB, left bending; RB, right bending; LAR, left axial rotation; RAR, right axial rotation).
3.3 Intervertebral disc pressure (IDP)
Figure 6 illustrates the variations in IDP at the C3-C4 and C6-C7 levels under different motion states, that all surgical constructs surpassed the intact model in IDP values at adjacent segments. The ACCF model demonstrated a notable increment in IDP at C3-C4 and C6-C7 compared to the intact model, particularly marked during lateral bending at the C3-C4 level and axial rotations at the C6-C7 level. The ACJC and CDA models imposed less impact on the C3-C4 disc, with IDP increases approximately between 8.8% and 19.3% for ACJC and 11.3%–33.0% for CDA, with the latter presenting a slightly higher increment in C3-C4 disc stress. A similar pattern of IDP changes was noted at the C6-C7 level in both ACJC and CDA models.
[image: Figure 6]FIGURE 6 | Comparison of intervertebral disc pressure and its increment between intact model and different surgical models under loading directions of FL, EX, LB, RB, LAR, and RAR (FL, flexion; EX, extension; LB, left bending; RB, right bending; LAR, left axial rotation; RAR, right axial rotation).
3.4 Facet joint stress (FJS)
Simulated analyses of each segment’s facet joint stress (FJS) were conducted separately. Overall, the index segments in the CDA model displayed the highest FJS increment, while ACCF showed the lowest. In contrast, increased FJS was observed in the adjacent segments in ACCF and ACJC models. Notably, in the CDA model, the FJS in C4-C5 and C5-C6 levels experienced significant elevations, with increases relative to the intact model ranging from 25.3% to 63.7% and 18.5%–58.2%, respectively, especially during flexion and extension. The ACJC and ACCF models exhibited FJS reductions in C4-C5 and C5-C6 levels compared to the intact model, with the most considerable decrease during flexion and extension. At the C3-C4 and C6-C7 levels, FJS rose across all surgical models to various extents. The ACCF model showed the most pronounced increase during flexion, with the FJS at C3-C4 and C6-C7 ascending by 45.2% and 27%, respectively, compared to the intact model. The ACJC model also manifested an FJS increase, particularly in flexion, with a rise of 32.9% and 21.3% in the stress of the upper and lower adjacent segments, respectively. Relatively minor FJS increments were observed at the C3-C4 and C6-C7 levels. The specifics are detailed in Figure 7.
[image: Figure 7]FIGURE 7 | Comparison of FJS and its increment between intact model and different surgical models under loading directions of FL, EX, LB, RB, LAR, and RAR (FL, flexion; EX, extension; LB, left bending; RB, right bending; LAR, left axial rotation; RAR, right axial rotation).
3.5 Maximum von Mises stress on the cervical vertebrae and instruments
The maximum vertebral von Mises stress and its distribution in different models are illustrated in Figure 8. In the six motion states, all ACJC prosthesis, ACDP, and TCM-plate-screws system influenced adjacent vertebral stress. In the CDA model, the C5 vertebra showed the highest stress increase during flexion-extension and lateral bending, ranging from 43.1 MPa to 57.8 MPa. The ACCF model exhibited the slightest variation in vertebrae von Mises stress of 11.0 MPa–26.8 MPa, primarily concentrated around the screw-contact regions in C4 and C6 vertebrae. The ACJC prosthesis prompted a stress rise in the C4 and C6 vertebrae during lateral bending, whereas it was less marked during flexion-extension and axial rotation. The AJCJ model showed a medium von Mises stress variation on adjacent vertebrae compared to the ACCF and CDA models.
[image: Figure 8]FIGURE 8 | Comparison of the maximum von Mises stress and the stress distribution of vertebrae between intact and different surgical models under loading directions of FL, EX, LB, RB, LAR and RAR (FL, flexion; EX, extension; LB, left bending; RB, right bending; LAR, left axial rotation; RAR, right axial rotation), the arrow points to the area of maximum stress.
Figure 9 present the maximum von Mises stress values and their distribution in each instrument model. The ACJC prosthesis and ACDP experienced maximal stress during extension, predominantly localized at the joint interfaces, measuring 160.9 MPa and 172.7 MPa, respectively. The stress in the TCM-plate-screws system was comparatively lower across all motion states and mainly distributed at the root of the screws.
[image: Figure 9]FIGURE 9 | Comparison of the maximum von Mises stress and the stress distribution between different instruments models under loading directions of FL, EX, LB, RB, LAR, and RAR (FL, flexion; EX, extension; LB, left bending; RB, right bending; LAR, left axial rotation; RAR, right axial rotation), the arrow points to the area of maximum stress.
4 DISCUSSION
Anterior cervical fusion surgery stands as the primary management of cervical disorders due to the directly relieving spinal cord compression, restoring intervertebral height, correcting cervical kyphotic deformity, and reconstructing spinal stability (Davies et al., 2017). However, adjacent segment degeneration (ASD) post-fusion procedure emerges as a significant clinical challenge (Cho and Riew, 2013; Rudisill et al., 2022; Toci et al., 2022). Various studies corroborate that cervical disc arthroplasty (CDA), compared to anterior cervical discectomy and fusion (ACDF), significantly reduces the incidence of postoperative ASD (Findlay et al., 2018; Kim et al., 2023; Lee et al., 2023). Yet, no motion-preservation device has been approved for clinical use in treating cervical spondylotic myelopathy (CSM) with vertebral-body-level spinal cord compression. Our group has developed various artificial cervical joint complex (ACJC) prostheses as an alternative to cervical corpectomy and fusion (ACCF) in the context of motion preservation (Wu et al., 2012; Tan et al., 2015). The prior in vitro biomechanical assessments indicate that ACJC possesses effective motion preservation capabilities and a small impact on adjacent segments. Dong et al. (2015), Dong et al. (2016) also engineered different types of ACJC prostheses that were distinct from our prostheses in prosthesis material selection, the design of the joint structure, and the bone-prosthesis interface yet share similar biomechanical characteristics via in vitro researches. Still, stability reconstruction remained a challenge for ACJC, and few biomechanical studies comprehensively analyzed the differences between ACJC, ACCF arthroplasty, and CDA regarding postoperative segment stability. The current study further refined the ACJC prosthesis guided by the principle of physiological reconstruction and investigated whether the innovative ACJC achieves a biomechanical balance between mobility and stability following cervical corpectomy by comparing it with ACCF and two-level CDA procedures through finite element analysis (FEA).
FEA is an effective computational tool for biomechanical studies that employs data simulation to evaluate and predict the biomechanical behavior of various clinical scenarios and orthopedic instruments. It is widely utilized in the research and development of innovative spinal instrumentation. In the current study, the subaxial cervical spine (C3-C7) was selected as the subject to construct the intact model according to published FEA literature (Cai et al., 2020; Srinivasan et al., 2021; Huang et al., 2023). The anterior cervical surgical models were established at C4-C6 levels not only because the central position of the C5 vertebra within the lower cervical spine facilitates the biomechanical simulation and analysis but also because the C4-C5 and C5-C6 are most frequently implicated in disc degeneration and herniation (Jiang et al., 2011). Model validation is an essential process before the FEA to confirm its effectivity and feasibility. The current standard for validation involves cross-referencing the ROM values with existing in vitro studies and FEA research (Ke et al., 2021; Li et al., 2021). The obtained ROM values of the current intact FE model were aligned with the data obtained from previous cadaveric studies (Panjabi et al., 2001; Liu et al., 2016) and FE models (Wu et al., 2019; Sun et al., 2020). This alignment suggests that the present FE model was well-established and ready for subsequent biomechanical analysis.
4.1 Range of motion (ROM)
The etiology of ASD remains controversial, yet the prevailing view attributes it to alterations in spinal kinematics following fusion (Wu et al., 2018; Huang et al., 2023). Lower postoperative ROM is generally associated with greater enhanced stability and diminished potential for implant loosening. However, it is critical to recognize that rigid fixation may induce compensatory load increases and hasten degeneration in the adjacent segments (Galivanche et al., 2020; Ji et al., 2020). Results of the present study indicated that postoperative ROM decreases following three different anterior surgeries, with the ACCF displaying the most significant ROM loss compared to the intact model, yet CDA maintaining the ROM close to the intact model, aligning with findings reported in vitro experiments and FEA (Nunley et al., 2018; Patwardhan and Havey, 2020; Roch et al., 2020). The greatest ROM loss was observed in ACCF of up to 38.3% flexion reduction and over 30% reductions in extension and axial rotation. This led to significant compensatory motion at the C3-C4 and C6-C7 segments during flexion-extension and rotation, as illustrated in Figure 5. The ACJC arthroplasty and CDA exhibited similar ROM variation patterns. There was no notable increasing activity at the C3-C4 and C6-C7 segments, suggesting a relatively small impact on adjacent segments of the ACJC prosthesis that fulfilled its purpose as motion-preservation devices. Although ACJC arthroplasty did not match the mobility at C4-5 and C5-6 levels in the two-level CDA model, the redesign prosthesis was engineered to augment the stability by incorporating a semi-constrained internal joint and a novel external joint structure. Hence, a comparatively lower motion-preservation capability than ACDP was expected.
4.2 Maximal von Mises stress on adjacent intervertebral disc
Non-physiological activities after fusion procedures commonly lead to abnormal variations in intervertebral disc pressure (IDP) at the adjacent segments, as previously reported in cadaveric and FEA studies (Chang et al., 2007a; Park et al., 2014; Welke et al., 2016; Purushothaman et al., 2020). The cadaveric investigation by Park et al. (2014) showed a significant increase of pressure at the center of the superior adjacent disc and the anterior part of the inferior adjacent disc during flexion and axial rotation after two-level cervical fusion surgery, while the IDP remained unchanged following two-level CDA procedure. Likewise, in vitro biomechanical research by Welke et al. (2016) demonstrated a notable increase in kinematics and pressures at adjacent segments in fusion models, whereas no such changes were observed in CDA models. Through FEA, Purushothaman et al. (2020) found that fusion surgery significantly increased adjacent IDP during flexion, extension, and axial rotation, correlating with the notable increased ROM in adjacent segments. In the current study, IDP was evaluated within the intact model and ACJC, ACCF, and two-level CDA models, resulting in analogous findings. Variations in IDP under different loading directions are illustrated in Figure 6. Compared to the intact model, the most notable increase in IDP at C3-C4 was observed in the ACCF model during LB and RB loading with increments ranging from 98.9% to 125.5%, while significant IDP increases at C6-C7 were observed during LAR and RAR loading ranging from 79.6% to 93.2%. The ACJC and CDA models exhibited significantly lower impacts on adjacent segment discs under different loading directions than the fusion model. During axial rotation loading, both motion-preservation devices demonstrated a relative increase in IDP, potentially attributable to the decreased stability of adjacent segments caused by the excessive rotational flexibility of prostheses, in which the impact on the lower adjacent segment was greater than on the upper one, aligning with results from previous in vitro study (Park et al., 2014).
4.3 Maximal von Mises stress on facet joints
Abnormal hypermobility of facet joints at adjacent segments has been recognized as a factor contributing to ASD. Studies indicate that facet joint stress (FJS) of the non-fused segments significantly increases following fusion surgery, often accompanied by abnormal increases in ROM (Chang et al., 2007a; Li et al., 2015; Liang et al., 2022). Similar findings were observed in the present study, as illustrated in Figure 7. In the CDA model, minimal variations in FJS at adjacent segments were observed compared to the intact model, consistent with the negligible compensatory ROM at the C3-C4 and C6-C7 levels. However, the ACCF model showed a marked increase in FJS in the non-fused segments under various loading directions, with the most significant increase noted during flexion. This increase may be attributed to the restriction of flexion at the fused segments by the anterior plate. The ACJC model also showed an FJS increase at C3-C4 and C6-C7 levels during flexion-extension but significantly less than that observed in the fusion model. It was noted that the impact on adjacent segments varied with the different loading directions. Specifically, during axial rotation, the ACJC prosthesis processed the least influence on adjacent segments FJS but a greater impact on the adjacent intervertebral discs while showing the opposite effect in flexion and extension, potentially due to its endplate design and unrestricted rotational mobility. Overall, attributed to its preservation of index segment mobility, ACJC exerts a significantly lower impact on adjacent segments’ stability than fusion surgery, which could effectively reduce the incidence of ASD.
However, enhanced postoperative mobility may not always be beneficial. The cervical degeneration and the removal of critical structures such as ligaments and intervertebral discs during surgery can significantly compromise the stability of index segments (Choi et al., 2021). Rigid fixation provided by ACCF is aimed to offset these adverse effects. The Prestige-LP prosthesis used in the current study is an FDA-approved artificial cervical disc featuring an open two-piece, semi-constrained design with metal-on-metal articulation (Traynelis, 2005). Previous biomechanical investigations suggested that its semi-constrained mobility (0–10° of flexion-extension and lateral bending, up to 2 mm of anterior-posterior translation) significantly increases facet joint stress at the operative levels (Chang et al., 2007b; Choi et al., 2020). It has been presumed that such mobility may alter compressive and shear stress within the index segments, coupled with other factors such as mismatched prosthesis height, improper prosthesis placement, and excessive endplate damage, may contribute to the development of the occurrence of heterotopic ossification post-CDA (Ganbat et al., 2014; Qi et al., 2014; Shen et al., 2021). This can result in a reduction of postoperative cervical ROM, which contradicts the objectives of motion-preservation devices. Therefore, CDA is contraindicated for patients with spinal instability and facet joint disorder in current clinical practice. One of the purposes of developing the ACJC prosthesis was to address postoperative segmental instability after motion preservation surgeries. Results from the present FE simulation demonstrate that the ACJC arthroplasty significantly reduced FJS at the index levels compared with CDA. Although no excessive activity in the index segments was observed in the CDA model, there was a notable FJS augmentation in the surgical levels during flexion and extension, which may be attributed to the resection of ligaments and the excessive translation of the Prestige-LP. It is noteworthy that physiological activities of the cervical spine do include moderate translational movement. Although the novel ACJC was specifically designed to fully restrict translation at individual joints, the integrated motion between the superior and inferior joints can replicate complex cervical physiological movements. The FE models revealed that this coupled motion provides greater stability than the direct translation of the Prestige-LP. Additionally, the cervical anterior column reconstruction with the vertebral component of ACJC also contributed to enhanced postoperative stability at the index levels.
4.4 Maximum von Mises stress on the cervical vertebrae and instruments
Given the stability concern, the present FE study also examined the stress responses within the constructs of ACJC, ACDP, and TMC-plate-screw systems. The findings revealed that across a variety of loading scenarios, the maximum von Mises stress of C3-C7 vertebrae ranged approximately from 10.3 MPa to 57.8 MPa and remained well within the yield stress of human cortical bone (188.51 MPa) (Albert et al., 2021). As for the three implants, the observed maximum von Mises stress was approximately between 32.6 MPa and 172.7 MPa, significantly below the yield stress of the Ti6Al4V alloy (870 MPa) (Bundy et al., 1983). Consequently, no instances of vertebral fractures or structural damage to the implants were observed during the loading tests. During the simulations, the maximum von Mises stress of the cervical vertebrae was observed in the CDA model during lateral bending, as shown in Figure 8. Stress concentration was primarily noted at C5 and C6, the lower adjacent segments to the ACDP implant. This stress concentration might be attributed to the rigid metal-on-metal structure of the Prestige-LP, which may contribute to the postoperative subsidence of the prosthesis (Choi et al., 2020). Moreover, the primary stresses on the ACDP implant were noted at the articulating surfaces, suggesting the potential generation of wear debris during disc movement, which may lead to subsequent aseptic inflammation and instrumental failure eventually. In the ACCF surgical model, stress concentration was predominantly noted at the screw-plate interfaces, a factor potentially contributing to postoperative complications such as implant loosening, fractures, and fusion failure. However, the mechanical stress transmission to adjacent vertebral bodies was minimal in the ACCF model, consistent with findings reported in the literature (Fogel et al., 2003; Li et al., 2021; Oda et al., 2022). The ACJC prosthesis demonstrated von Mises stress values comparable to the ACDP’s. However, acting like a TMC, the vertebral component effectively dissipated stress and exerted significantly less impact on the adjacent vertebrae than ACDP, theoretically reducing the risk of implant collapse. However, the stress within the ACJC prosthesis was primarily concentrated at the interface between the CoCrMo joint ball and the UHMWPE socket, which could be the potential failure point of ACJC. The fatigue resistance at this critical juncture warrants further research for definitive validation.
5 LIMITATION
Taken together, the present FEA results of IDP, FJS, and the stress distribution in both implants and cervical vertebrae at index and adjacent segments in the ACJC model collectively indicated maintenance of stability post ACJC arthroplasty. However, certain limitations of the current study were noticed. Firstly, while the employed FE model has been validated, it was developed using geometric data from the cervical spine of a single healthy individual, in which the vertebrae shape may impact the simulation. Secondly, this FE model did not account for the influence of the paravertebral musculature and the variations of bone material properties in different the cervical segments (Al-Barghouthi et al., 2020; Garay et al., 2022), and the intervertebral disc has been modeled as an elastic material instead of the poroelastic medium (Volz et al., 2022), introducing the potential for an oversimplification that may not accurately simulate the stress distribution. Future FE studies should refine the simulation of cervical structures to mirror clinical reality more accurately. Thirdly, CDA surgery is not indicated for patients requiring cervical subtotal corpectomy. To facilitate comparison with the ACJC and ACCF on postoperative mobility and stability, the present FE model was established based on CT data from a healthy individual, which did not account for the potential impacts of cervical degeneration on outcomes. Additionally, to establish a full fusion model and simplify the calculations, the vertebral screws were modeled in a cylindrical shape with no threads, leading to the neglect of the potential impact of threads on cancellous bone, which was inconsistent with the clinically realistic and potentially affecting the results of the simulations. Also, as with other FE studies, the current results were generated from a simplified biomechanical analysis that may not comprehensively and accurately reflect the characteristics of the cervical spine, requiring further validation through cadaveric studies.
6 CONCLUSION
Biomechanical findings of FEA indicated that, theoretically, the ACJC addressed the issue of the rigidity associated with ACCF and the instability with CDA and effectively balanced postoperative stability with cervical motion preservation. This novel joint-structured cervical prosthesis presents a feasible alternative to ACCF as a physiological spinal reconstruction device.
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Introduction: For severe degenerative lumbar spinal stenosis (DLSS), the conventional percutaneous endoscopic translaminar decompression (PEID) has some limitations. The modified PEID, Cross-Overtop decompression, ensures sufficient decompression without excessive damage to the facet joints and posterior complex integrity.
Objectives: To evaluate the biomechanical properties of Cross-Overtop and provide practical case validation for final decision-making in severe DLSS treatment.
Methods: A finite element (FE) model of L4-L5 (M0) was established, and the validity was verified against prior studies. Endo-ULBD (M1), Endo-LOVE (M2), and Cross-Overtop (M3) models were derived from M0 using the experimental protocol. L4-L5 segments in each model were evaluated for the range of motion (ROM) and disc Von Mises stress extremum. The real clinical Cross-Overtop model was constructed based on clinical CT images, disregarding paraspinal muscle influence. Subsequent validation using actual FE analysis results enhances the credibility of the preceding virtual FE analysis.
Results: Compared with M0, ROM in surgical models were less than 10°, and the growth rate of ROM ranged from 0.10% to 11.56%, while those of disc stress ranged from 0% to 15.75%. Compared with preoperative, the growth rate of ROM and disc stress were 2.66%–11.38% and 1.38%–9.51%, respectively. The ROM values in both virtual and actual models were less than 10°, verifying the affected segment stability after Cross-Overtop decompression.
Conclusion: Cross-Overtop, designed for fully expanding the central canal and contralateral recess, maximizing the integrity of the facet joints and posterior complex, does no significant effect on the affected segmental biomechanics and can be recommended as an effective endoscopic treatment for severe DLSS.
Keywords: lumbar spinal stenosis, endoscopic decompression, surgery, biomechanics, finite element analysis
1 INTRODUCTION
Degenerative lumbar spinal stenosis (DLSS) is a prevalent debilitating condition among the elderly population, characterized by narrowing of the spinal canal and compression of the spinal cord and nerve roots, leading to symptoms such as lower back pain, numbness, tingling, weakness, particularly evident during standing or walking, and may be accompanied by intermittent claudication. It is typically caused by factors such as disc herniation, facet joint hypertrophy, ligamentum flavum thickening, and congenital bony spinal canal stenosis. When conservative treatment fails to provide relief, decompressive surgery to enlarge the spinal canal is often necessary (Yang et al., 2022). Open laminectomy decompression surgery can effectively decompress the canal but may cause significant damage to the posterior ligament complex and fail to maintain postoperative segmental stability, necessitating interbody fusion (Ouyang et al., 2023). However, the adjunctive internal fixation has drawbacks such as implant loosening, fusion cage subsidence, prolonged surgical time, and significant trauma, making it challenging for patients to tolerate (Hou et al., 2023). Advances in optical technology and surgical instruments have led to the expanding use of endoscopic spine surgery, offering improved clinical outcomes. Minimally invasive spine surgery (MISS) can effectively widen the spinal canal, alleviate neurological symptoms, reduce the risk of perioperative complications, sustain segmental biomechanical stability, and yield favorable surgical and rehabilitation outcomes (Zhang et al., 2021). Currently, both the two widely used coaxial endoscopy and unilateral biportal endoscopy (UBE) have their own advantages with good clinical efficacy. Compared to coaxial technique, UBE has demonstrated more flexible operations but requires larger incision and soft tissue injury (Yang et al., 2024). In addition, the latest concept of enhanced recovery after surgery (ERAS) has popularized MISS techniques for treating LSS, sparking professional interest in endoscopic spinal surgery (Kerolus et al., 2021).
Percutaneous endoscopic translaminar decompression (PEID), including classic operations such as unilateral laminotomy bilateral decompression (ULBD) and translaminar laminotomy decompression (Endo-LOVE), represents a prevailing and mature posterior technique in MISS treatment for DLSS(Algarni et al., 2023; Jiang et al., 2023; Li et al., 2023). However, Endo-ULBD and Endo-LOVE may encounter limitations when dealing with severe and intricate DLSS, i.e., the cauda equina convergence and epidural fat loss caused by the combination of small joint hyperplasia cohesion, ligamentum flavum hypertrophy and intervertebral foramen stenosis (Lee et al., 2010b; Lee et al., 2011; Park et al., 2013). Clinical experience indicates several imitations of Endo-ULBD, including insufficient intraoperative decompression of the central canal, contralateral recess issues, and certain endoscopic ‘blind areas’ in the contralateral field of view (Choi et al., 2016; Hua et al., 2020a; Hua et al., 2020b; Wu et al., 2021). Similarly, Endo-LOVE operations may exhibit inadequate central canal decompression for severe central canal stenosis, despite their effectiveness in addressing lateral canal and recess stenosis (Jiang et al., 2023). Figure 1, for example, illustrates that both Endo-ULBD and Endo-LOVE operations may not achieve optimal decompression clinically.
[image: Figure 1]FIGURE 1 | The diagram illustrates radiological and endoscopic images depicting inadequate decompression in the clinical application of the described techniques. In (A), after bilateral Endo-LOVE surgery, though CT scans show sufficient osseous decompression, MRI images reveal suboptimal dural sac expansion at the sagittal region of the central lumbar canal, leading to unsatisfactory symptom relief clinically. (B) shows arrows indicating inadequate decompression of the contralateral lateral recess post-Endo-ULBD, failing to achieve satisfactory relief. (C) involves a repeated endoscopic observation on the opposite side of Endo-ULBD, with the upper image showing insufficient decompression of the contralateral recess and the lower image depicting central area inadequately decompressed.
In light of these challenges, we introduced the modified endoscopically spinal canal decompression technique, named Cross-Overtop, involving bilateral crossed over-top trans-interlaminar laminotomy to enlarge the intersection of the narrow central canal and lateral recesses. The innovative Cross-Overtop operation essentially draws on the experiences of Endo-ULBD and Endo-LOVE operations and has the similarly basic surgical procedure, but mainly aims to enlarge the central spinal canal maximally while preserving the facet joints and posterior complex integrity as much as possible.
Based on Endo-LOVE and Endo-ULBD evaluation using the finite element (FE) lumbar spine model, we simulated the Cross-Overtop decompression range and performed the biomechanical analysis by overlapping and optimizing the first two surgical procedures. Furthermore, our research group applied the Cross-Overtop technique to severe DLSS clinical treatment in treating neuro-compressive symptoms. With the basic laminotomy and innovative overtop “undercutting” procedure in operation, Cross-Overtop decompresses the spine canal while preserving the midline structures and has shown to be clinically effective in treating central DLSS. In any case, surgical removal of the numerous ligamentum flavum and bony structures in Cross-Overtop may result in both positive and negative effects, such as spinal canal enlargement and possible segmental instability. Cross-Overtop focuses mainly on central canal decompression, so extensive resection of the posterior ligamentum flavum should be one of the critical factors for the lumbar biomechanical stability analysis. Although the posterior complex integrity, such as spinous process, interspinous and supraspinous ligaments, are well preserved in PEID operations, the possible excessive flexion of the lumbar spine following extensive ligamentum flavum resection in Cross-Overtop should be of great concern. Until now, no systematic FE analysis and biomechanical study of Cross-Overtop operation has been conducted, either theoretically or practically.
The innovation of this study is to explore the feasibility and rationality of Cross-Overtop decompression surgery from a biomechanical perspective and to provide a theoretical and practical basis for DLSS surgery decisions. Besides, the mutual verification of theory and practice is a brand-new research idea that will enrich and confirm the FE analysis in spine surgeries. The subsequent sections will provide a comprehensive description, including the experimental design, the establishment of finite element (FE) models based on virtual simulations and real clinical cases, the collection and statistical analysis of biomechanical assessment indicators, a detailed discussion of results, and the conclusive findings.
2 MATERIALS AND METHODS
2.1 Design
An analysis of biomechanical compressive and tension strength was analyzed by the FE method, with observed indicators including segmental stability, range of motion (ROM), and disc stress. The study was structured into three steps. Initially, a theoretical FE model was constructed based on CT images of the ordinary human body. Subsequently, virtual simulation PEID surgeries, including Endo-ULBD, Endo-LOVE, and Cross-Overtop, were performed in the virtual FE model. The results of Endo-ULBD and Endo-LOVE confirmed operational specifications and test accuracy compared to literature reports, providing a foundation for the original Cross-Overtop decompression technique. Besides, we can make a horizontal comparison among the three PEID operations. Finally, actual lumbar FE models were developed based on the real clinical cases, which were used to simulate Cross-Overtop operation, and the analyzed results further confirmed the previous virtual research derivation. The designed three-step process involving multiple validations bolstered the credibility of biomechanical evaluation for the Cross-Overtop operation. Figure 2 shows the flowchart of the study design, and the FE analysis process is presented in Figure 3.
[image: Figure 2]FIGURE 2 | Flowchart illustrating the study design for the biomechanical evaluation of Cross-Overtop. The three-step validation, incorporating theory, practical application, and classical operations, enhances the credibility and reliability of the biomechanical analysis.
[image: Figure 3]FIGURE 3 | The diagram illustrates the three-dimensional FE analysis process. (A,B) depict the coronal and sagittal profiles of the lumbar spine, respectively. (C) demonstrates the construction of the mask to derive the preliminary bone structure. (D) exhibits the generation of a patch boundary structure comprising contour and boundary lines. (E) illustrates the generation of the NURBS surface fitting on the lumbar spine. (F) presents the developed superior endplate of the disc, along with the annulus fibrosus and nucleus pulposus. (G) displays the complete theoretical (virtual) model, showcasing the smooth surface of the disc and vertebral body. (H) reveals the full practical (actual) model, featuring the degenerative disc and hyperplastic vertebral body. (I) demonstrates the application of 500N pre-compressive loads on the superior surface of the L4 vertebra. (J) depicts segmental range of motion (ROM) tests conducted at the central top node of the L4 vertebra, applying 10 KN pure torque to simulate flexion, extension, left/right lateral bending, and axial rotation of the index segment.
2.2 General information
Six patients diagnosed with DLSS undergone Cross-Overtop operation were recruited with the approval of the Ethics Committee (No. HZKY-PG-2021-14), and all patients signed an informed consent form as required. The virtual FE volunteer was an adult male without a lumbar disease history, and the patients participating in the clinical research suffered from severe DLSS. Successive lumbar spine scans were performed along the cross-section by Siemens dual-source spiral CT (Siemens AG, Munich, Germany). The CT images were divided into 473 layers and saved in DICOM format with a slice thickness of 0.625 mm. Cross-Overtop decompression has been progressively applied in clinical practice to improve low back pain, and neurologic deficits resulting from DLSS.
2.3 Software and equipment
Siemens 256-row helical CT (Siemens AG, Germany), Nicolet Viking Quest EMG/evoked (Natus, United States), Materialise Mimics 21 (Materialise NV, Belgium), Geomagic Wrap 2021 (3D Systems, United States), SolidWorks 2021 (Dassault Systèmes, French), ANSYS Workbench 17.0 (Ansys, United States) were used in the study.
2.4 Lumbar spine modeling with FE
Initially, CT image data of the L4-L5 segment was imported into Mimics for lumbar spine model creation using CT-based bone thresholding. Appropriate thresholding generated a lumbar spine mask by excluding soft tissue, followed by cavity filling and mask smoothing to reconstruct the initial L4-L5 3D model in STL format (Li et al., 2022b). Geomagic Studio was used for mesh optimization, encompassing feature removal, noise reduction, and other preprocessing steps to optimize the model structure (Ye et al., 2022). After employing “Grid Doctor” for validation and refinement, thin bone tissue was removed, and the “migration of the whole” technique established cancellous bone. Precise surface adjustments were performed, including manual contour editing, surface construction, and NURBS fitting.
Four lumbar vertebrae models were imported into SolidWorks and assembled using a fixed origin. The cancellous bone was meticulously positioned within the cortical bone, and any overlapping parts were meticulously removed to achieve the final assembly. Subsequently, the nucleus pulposus, annulus fibrosus, facet cartilage, and vertebral endplates were meticulously constructed through sketch drawing, stretching, and equidistant surface operations. Care was taken to ensure a nearly one-to-one correspondence between the nucleus pulposus and the annulus fibrosus within the intervertebral disc (Cao et al., 2020), and upon confirming interference corrections, a standard skeletal model was finalized.
The Ansys software facilitated model importation for component material parameterization, including elastic modulus and Poisson’s ratio, adhering to spinal structure material properties. The abnormal contact state was removed, and the correct connection quantity and relationship were confirmed, the facet joint was then regarded as contact friction with the coefficient set at 0.1, while the contact type of other parts was set as binding (Guo et al., 2020). In the connection option, the ligaments were simulated using Spring elements and represented by different stiffness values. The model finely meshed with the spring stiffness settings. Finally, the static structure was set with the fixed support, with the force and torque being loaded. The ligaments were adjusted after the various properties had been set. The geometry was then meshed in Ansys with specific parameters: 2.0 mm for cortical bone, 2.0 mm for cancellous bone, 1.0 mm for articular cartilage, 0.5 mm for upper and lower endplates, and 1.5 mm for both annulus fibrosus and nucleus pulposus. Once all properties were configured, the standard structure model M0 was generated. Table 1 shows the material parameters of the model components according to the material properties of the spinal structures based on the literature (Cao et al., 2020; Kahaer et al., 2023).
TABLE 1 | Material parameters of lumbar FE model.
[image: Table 1]2.5 Force loading and motion simulation in lumbar spine model
The inferior surface of the L5 vertebra was immobilized during the simulation (Tan et al., 2021). 500N pre-compressive loads, equivalent to two-thirds of the body weight (75 kg), were applied on the superior surface of the L4 vertebra (Du et al., 2021). The segmental ROM tests were performed at the central top node of the L4 vertebra, exerting 10 KN pure torque to simulate flexion, extension, left-right lateral bending, and axial rotation of the index segment (Li et al., 2022a). The force and torque loading are presented in Figure 3 (part I and K). The ROM values were measured six times at different mark points, which were marked at the upper surface of L4 vertebrae to track the trajectory movement of models. The intervertebral disc maximum von Mises stresses were generated automatically via Ansys system software without manual measurement.
2.6 Clinical operation of Endo-ULBD, Endo-LOVE, cross-overtop, and establishment of simulation FE models
In the process of Endo-ULBD operation, the interlaminar plane of the surgical segment was located, and the borderline between the laminar margins and yellow ligament was determined. Initially, the interlaminar space was enlarged and part of the proliferative articular process was removed for the ipsilateral spinal canal and lateral recess decompression. Subsequently, the working cannula was tilted from the spinous process root to the contralateral spinal canal. For the contralateral canal decompression, the working area can reach the medial wall of the contralateral pedicle and the margin of the articular process, which facilitates the enlargement of the central spinal canal and the lateral lysis of the nerve roots (Kim et al., 2020).
For bilateral Endo-LOVE decompression, the lateral angle of interlaminar space was first identified. After partial lamina and articular process removal, the endoscopic working cannula was positioned to establish channels. Following initial lamina fenestration, the working channel head was placed between the intervertebral disc and ligament flavum for ventral-side dural sac and nerve root decompression. Then, the lateral recess was opened with the partial removal of the facet joint (Jiang et al., 2023). Ipsilateral Endo-LOVE completion was followed by contralateral decompression. Although the bilateral Endo-LOVE facilitated near-maximal completion of lumbar spinal canal decompression, the central canal decompression was generally insufficient.
Cross-overtop integrated and refined the advantages of Endo-ULBD and Endo-LOVE to achieve a smaller range of facet removal and fuller spinal canal enlargement. Central and contralateral canal enlargement was performed by removing and penetrating the spinous process root in Cross-Overtop operation. Decompression spanned the dorsal central canal to the contralateral facet joint, repeated on the opposite side. The final Cross-Overtop operation was completed bilaterally, effectively eliminating the contralateral endoscopic blind area, ultimately expanding the spinal canal without undue sacrifice of the facet joints, and preserving the posterior complex integrity. Figure 4 illustrates the different PEID surgeries and the overlapping procedure to produce Cross-Overtop during FE analysis. In the virtual FE model, the regularity and decompression range of the Cross-Overtop simulation were ensured by overlapping and optimizing Endo-LOVE and Endo-ULBD procedures.
[image: Figure 4]FIGURE 4 | The diagram shows various PEID surgeries and the concurrent procedure for generating Cross-Overtop during FE analysis. During bilateral Endo-LOVE, the lamina fenestration and partial removal of facet joints are performed bilaterally. Although Endo-LOVE facilitated near-maximal completion of lumbar spinal canal decompression, the central canal was not sufficiently decompressed generally. For Endo-ULBD, the interlaminar space was enlarged, and sometimes, the excessive articular process should be removed ipsilaterally to achieve the overtop decompression. In the virtual FE model, the regularity and decompression range of the Cross-Overtop simulation are ensured by overlapping and optimizing Endo-LOVE and Endo-ULBD procedures. Through basic laminotomy and the overtop “undercutting” procedure, Cross-Overtop achieves maximum lumbar canal decompression while preserving the complex posterior integrity.
During the study, the above Endo-ULBD, Endo-LOVE, and Cross-Overtop operation simulations were performed in the virtual FE model. Based on the standard model M0, we obtained the Endo-ULBD model M1 by applying the convex stretching and segmenting of the sketch to excise part of the L4 spinous process root and using the endoscopic trephine saw to complete the multi-layer stereoscopic decompression. In Endo-LOVE model M2, the laminotomy and recess enlargement were performed side by side for the bilateral lumbar spinal canal decompression. In contrast, in Cross-Overtop model M3, we performed a limited overlapping of the Endo-ULBD and Endo-LOVE procedure with the bilateral crossed trans-interlaminar laminotomy for the intersection enlargement of the narrow central canal and lateral recesses. Figure 5 illustrates the decompression range of Cross-Overtop from various angles in the FE models developed from CT images. The depiction showcases the maximal enlargement of the central spinal canal while endeavoring to preserve the facet joints and maintain the integrity of the complex posterior structures.
[image: Figure 5]FIGURE 5 | The diagram illustrates the decompression range of Cross-Overtop from various angles in FE models constructed from CT images. (A,C) (sagittal view) depict the partially resected root of the spinous process, while (B,E) (coronal view) illustrate laminotomy range extending upward to the laminar attachment of the ligamentum flava and downward to the lateral recess. In (D,F) (oblique sagittal view), the surface of the facet joint remains intact. (G) demonstrates the clinical application of the COTD. The blue boxes represent adequate decompression range in the sagittal view, while the red boxes indicate sufficient decompression in the coronal view. Blue triangles depict the postoperative dilation of the dural sac, and red triangles show ample preservation of facet joints. Cross-Overtop aims to maximize enlargement of the central spinal canal while preserving facet joints and posterior complex integrity to the greatest extent possible.
In a clinical setting, six patients with DLSS were enrolled following the Cross-Overtop operation. The practical data were extracted and modeled using the same steps as outlined in the earlier virtual modeling phase. Figure 6 illustrates the modeling of the actual scenario, presenting representative CT images and the corresponding Finite Element (FE) model established based on clinical cases. In the actual lumbar FE models, a 500N preload and 10 KN pure coupling torque were applied to the L4-L5 segment. Six physiological activity states were stimulated and regulated, covering flexion, extension, left-right bending, and rotation. The segmental ROM and disc stress were recorded and subjected to statistical analysis (Li et al., 2020).
[image: Figure 6]FIGURE 6 | The diagram illustrates images of representative CT scans and the corresponding FE model establishment based on real clinical cases. (A1, A2) present the axial CT and FE images of DLSS, respectively. (B1, B2) display the axial plane, (C1, C2) show the coronal plane, and (D1, D2) provide the sagittal plane after Cross-Overtop, with well-preserved facet joints.
2.7 Statistical analysis
We assessed ROM and disc stress under varied motion conditions. The ROM value was calculated as the mean and standard deviation of multiple measurements. The growth rate of ROM and disc stress were calculated as (postoperative mean value—preoperative mean value)/preoperative mean value x 100%. Because the FE models based on different CT images are not directly comparable even in the same case, the ROM and disc stress values cannot be compared statistically. Based on the literature, the growth rate of the observed parameters of less than 20% and the ROM values below 10° are regarded as the stable biomechanical state compared with M0 (Rao et al., 2002; Leone et al., 2007).
3 RESULTS
3.1 Virtual model validation
The comparison between the parameters resulted from the established intact FE lumbar model, and the previous research (Shim et al., 2008; Kim et al., 2009; Rustenburg et al., 2019) revealed that the ROM of the M0 model was consistent with other scholars’ research results, indicating the FE model validity in this study. Table 2 presents overall alignment with prior values, ensuring the objectivity and subsequent experimental accuracy. The present study values are consistent with Shim’s research and have a constant tendency with Rustenburg’s and Kim’s analysis. Figure 7 demonstrates that M0 aligns well with the previous experimental data, validating its ability to predict credible biomechanical responses in the spine.
TABLE 2 | Validation of M0 by ROM comparisons between the present and previous research (°).
[image: Table 2][image: Figure 7]FIGURE 7 | The diagram illustrates the ROM values across various studies. To validate the appropriateness of the proposed method, the virtual FE model was compared to previous experimental data. The ROM results are depicted in Figure 1, demonstrating a good fit between the model and experimental data. Consequently, M0 can reliably predict actual biomechanical responses in the spine.
3.2 Measurement and analysis of ROM and disc stress in virtual models
Under the six motion conditions of flexion, extension, left/right bending, and left/right rotation at the L4-L5 segment in the virtual models (M0, M1, M2, M3), the ROM and Von Mises stress of the disc were measured and analyzed respectively. The values in the four models and the growth rate compared with M0 are presented in Table 3. All the ROM values were less than 10°. The growth rate of ROM ranged from 0.10% to 11.56%, while those of disc stress ranged from 0% to 15.75%. Figure 8 presents the values and the growth rate of ROM and disc stress in the virtual FE model. All the observed parameters in the three surgical groups were within the stable range. The study’s segmental stability of Endo-ULBD and Endo-LOVE indicated the normalized simulated operation in the FE analysis. Additionally, Cross-Overtop was proved safe and reliable by the stability test at the affected segment. Figure 9 displays the equivalent disc stress clouds under six conditions. All three surgical models presented uniform disc stress distribution without sudden intensification or abnormal bulge in the diagram.
TABLE 3 | ROM (degree), disc stress (MPa), and growth rate (%) of the observed biomechanical parameters among Endo-ULBD, Endo-LOVE, and Cross-Overtop in the virtual lumbar FE model.
[image: Table 3][image: Figure 8]FIGURE 8 | Histogram shows the values and growth rate of ROM and disc stress. All the parameters in the three surgical groups are within the stable range, as reported in the literature. The study’s segmental stability of Endo-ULBD and Endo-LOVE indicates the normalized simulated operation in the FE analysis. Also, Cross-Overtop is proven safe and reliable by the segmental stability test.
[image: Figure 9]FIGURE 9 | Diagram of equivalent disc stress cloud under six conditions, including flexion (FL), extension (EX), left bending (LB), right bending (RB), left rotation (LR), and right rotation (RR). Compared with M0, all three models present a uniform distribution of disc stress with no abnormal bulge in the cloud. M0 (standard model), M1 (Endo-ULBD model), M2 (Endo-LOVE model), M3 (Cross-Overtop model).
3.3 Measurement and analysis of ROM and disc stress in the actual model before and after cross-overtop
The ROM, disc stress, and related growth rate under the actual Cross-Overtop FE model are shown in Figure 10. All the ROM values are less than 10°. Compared with the preoperative values, the growth rate of ROM and disc stress range from 2.66% to 11.38%, and 1.38%–9.51%, respectively. The results in the actual FE analysis, which presented a high consistency with those in the previous virtual study, verified the stability of the affected segment after the Cross-Overtop operation. Table 4 shows the detailed values of the observed parameters at the L4-L5 segment in the actual Cross-Overtop model.
[image: Figure 10]FIGURE 10 | The histogram and line chart depict the ROM, disc stress, and related growth rates in the actual Cross-Overtop FE model. The ROM values are less than 10°, and the growth rates of ROM and disc stress are below 20%. Cross-Overtop does not have a noticeable effect on the affected segmental biomechanics.
TABLE 4 | ROM (degree) and disc stress (MPa) of pre- and post-operation in actual Cross-Overtop FE mode (%).
[image: Table 4]4 DISCUSSION
Decompression laminectomy leads to the destabilization of the affected lumbar segment due to the removal of posterior anatomical integrity. Resecting the facet capsule, posterior bony, and ligamentous elements of the lumbar spine reduces the segmental stability and may increase the deformation and loads at the index level (Spina et al., 2021). Open laminectomy combined with instrumented fusion was considered as the “criterion standard” treatment for DLSS. However, open spine surgery has several adverse effects, such as iatrogenic spinal instability, adjacent segmental degeneration, and secondary chronic low back pain (Overdevest et al., 2015; Spina et al., 2021). Mono- or bilateral laminotomy may be suggested for the expected relief of neurologic symptoms without apparent influence on the segmental stability, but conventional laminotomy has some decompressive deficiencies, especially for the severe and central lumbar stenosis due to the limitation of open surgery.
With the development of modern imaging technologies and the optimization of surgical instruments, endoscopic MISS techniques have been significantly improved for the treatment of degenerative spinal diseases. In recent decades, MISS has been widely accepted with various innovative methods. A proper method of sufficient decompression while rationally protecting the bony and ligamentous lumbar structures can be beneficial to prevent the possible secondary operation or internal fixation fusion in the future. Although literature reports have shown the satisfactory clinical effect of PEID surgery in treating DLSS, there are also numerous concerns and potential complications.
The classical LOVE surgery involves laminotomy combined with ligamentum flavum-disc space decompression and discectomy, with the full endoscopic operation referred to as lumbar laminotomy decompression or Endo-LOVE (Jiang et al., 2023; Zhang et al., 2023) Laminotomy, considered more delicate and associated with less iatrogenic instability compared to conventional laminectomy for LSS treatment, aims to retain at least 50% of the facet bilaterally and sufficient pars during facet-sparing laminotomy to preserve segmental stability (Lee et al., 2010a). Literature suggests that bilateral LOVE operations maintain similar segmental stability to unilateral procedures and are more accessible for surgeons compared to ULBD (Ho et al., 2015). However, both bilateral LOVE and Endo-LOVE operations may exhibit inadequate central canal decompression for severe central canal stenosis, despite their effectiveness in addressing lateral canal and recess stenosis (Jiang et al., 2023).
Endo-ULBD, a bilateral decompression protocol for endoscopic spinal treatment of LSS, stands out as a cutting-edge and highly sophisticated technique with excellent clinical efficacy. Nevertheless, clinical experience indicates several limitations of Endo-ULBD in treating severe and complex DLSS, such as insufficient intraoperative decompression of the central canal and contralateral recess, certain endoscopic “blind areas” in the contralateral field of view, and excessive facet joint resection leading to iatrogenic non-ischemic spondylolisthesis, among other factors. Additionally, when ULBD is performed ipsilaterally, the removal of excessive sagittal articular processes is more straightforward, especially when maximizing the enlargement of the spinal canal in severe DLSS(Kim et al., 2020).
Generally, Endo-ULBD initiates with ipsilateral laminotomy decompression, followed by contralateral canal decompression through a spinous process root breakthrough. While most contralateral facet joints can be preserved, central canal and lateral recess decompression might prove insufficient. In early cases, Choi et al. (Choi et al., 2016) reported that MRIs revealed that the ligamentum flavum after Endo-ULBD had not been adequately removed at several proximal and contralateral sites. In these patients, acute neurologic symptoms were resolved, but the affected lower leg fatigue remained. Occasional excessive facet joint resection is needed for lateral recess decompression, risking iatrogenic instability. Hua et al. (Hua et al., 2020a; Hua et al., 2020b) cautioned that adequate decompression without destabilizing joints might be a technical challenge for Endo-ULBD in cases with narrow interlaminar spaces, posterior marginal osteoproliferation of the vertebral body, and ossification of the posterior longitudinal ligaments. According to Wu et al., 2021, incomplete decompression was the main challenge in Endo-ULBD because of the limited surgical visibility, blind spots, and inadequate bony decompression. Endo-LOVE also faces similar challenges. The central canal decompression operation is prone to be blocked by the sagittal facet joints, which are needed to excise excessively. In many cases, the Endo-LOVE operation is just an idealized imagination. Endo-LOVE mainly focuses on the ipsilateral canal decompression. The lateral canal and recess can be enlarged ideally, but the complete resection of the facet joint is required. Sufficient decompression without violating the stability of the facet joints is technically tricky. Excessive facetectomy is inevitable for complete lateral recess decompression and foraminotomy in Endo-LOVE, which may ultimately exacerbate the postoperative instability. While facet hyperplasia and lateral recess stenosis support Endo-LOVE, severe central canal stenosis cases may experience inadequate decompression, leading to chronic neurogenic discomfort after acute symptom relief (Jiang et al., 2023).
To tackle these challenges, our proposed Cross-Overtop technique innovatively leverages the strengths of both Endo-ULBD and Endo-LOVE. The primary focus is on maximizing central canal enlargement while concurrently preserving facet joints and maintaining the integrity of the posterior complex. In practice, Cross-Overtop integrates and adapts Endo-ULBD and Endo-LOVE, using bilateral crossed trans-interlaminar laminotomy to enlarge the narrow central canal intersection. It targets complex DLSS cases characterized by the central spinal canal and bilateral recess stenosis, involving multiple factors like ligamentum flavum hypertrophy, intervertebral disc herniation, articular process hyperplasia, and nerve roots cohesion, or even mild spondylolisthesis. Among the DLSS pathological changes, posterior-center ligamentum flavum hypertrophy and articular process hyperplasia are commonly the main factors to be treated (Abbas et al., 2020). Thus, the hypertrophic ligamentum flavum resection is crucial for Cross-Overtop operation. Ligamentum flavum is most stout at the lumbar spine, extending from the lower and inner edges of the superior lamina to the upper and outer edges of the inferior lamina, participating in the composition of posterior and posterolateral walls surrounding the spinal canal, preventing excessive spinal flexion (Iwanaga et al., 2020). For Cross-Overtop, primary emphasis is placed on central spinal canal decompression, with a crucial observation being the anterior flexion constraint of the ligamentum flavum, as indicated by FE analysis. Extensive resection of ligamentum flavum and spinous process root may influence the posterior complex integrity, which is critical for stabilizing the lumbar motion segments, but the impact on biomechanics is unknown (Kwon et al., 2022). On the premise of the segmental stability verified in the study, Cross-Overtop has the advantages of avoiding redundant cauda equina nerve impaction and compensating for insufficient central canal decompression during Endo-ULBD and Endo-LOVE. It ensures complete central spinal canal enlargement without excessive facet joint damage, preserving posterior complex integrity and providing effective contralateral recess decompression while maintaining weight-bearing bony structures. The iatrogenic instability caused by excessive resection of the inferior articular process during ipsilateral decompression in conventional PEID can be effectively avoided. However, Cross-Overtop is more challenging to master technically and requires a longer learning curve. For example, ligamentum flavum hypertrophy might be necessary for coaxial endoscopic Cross-Overtop decompression, which minimizes the risk of dural sac damage during overtop operation. Whether Cross-Overtop or other PEID techniques, the primary DLSS treatment aim remains to relieve neurologic symptoms and enhance patient quality of life via dural sac and nerve root decompression. Adequate decompression yields better outcomes with spinal stability and normalized stress. Despite being a modified technique, systematic biomechanical research on Cross-Overtop is lacking.
FE analysis is one of the most important methods for biomechanical evaluation in spine surgery (Jia et al., 2020). It accurately captures the intricate biomechanics of the spine, enabling observation of column ROM and stress distribution across various structures. This study employed 3D FE models from CT images to evaluate operational effectiveness by comparing lumbar ROM and disc stress biomechanical properties. We developed an FE model based on normal body L4-L5 spinal CT images with varied parameters to simulate Endo-ULBD and Endo-LOVE, yielding theoretical data for virtual simulation. Previous biomechanical literature has shown no significant change in spinal stability after bilateral laminectomy (Rao et al., 2002; Tai et al., 2008). In the present study, Endo-LOVE, a bilateral laminectomy technique, showed consistent stability trends with the literature, affirming spinal stability post-surgery and validating the model. Meanwhile, Endo-ULBD exhibited comparable trends, suggesting its stability as well. This shows agreement with the Endo-ULBD surgery (Kim et al., 2020), which preserves the spinous process, contralateral lamina, and most of the posterior column in the clinic, which can further confirm the normative operation in the FE model. Because Endo-ULBD, Endo-LOVE, and Cross-Overtop all belong to the bilateral translaminar decompression procedures and have many anatomical operation similarities, we can overlap the former two mature operations within a specific range to ensure the regularity of the Cross-Overtop operation simulation in virtual FE model. Furthermore, the analyzed results made horizontal comparisons among the three endoscopic methods feasible. Hence, theoretical segmental stability and discal steady state post Cross-Overtop decompression are credible.
Validation has been a major problem in FE modeling of the spine. The predictive model needs to be modified with in vivo or in vitro measurements for further optimization. In neuromuscular FE analysis, where the complex system plays an important role in maintaining the physiological function, the practical application is indeed a difficult task (Esrafilian et al., 2022). We will conduct in-depth research in the future, such as resection of spinous processes and interspinous ligaments related to the laminectomy in open surgery, to broaden the scope of biomechanical study and demonstrate a higher value. In this study, several distinguishing characteristics of the repeated validation yield more convincing results. Firstly, the intact FE lumbar model and its parameters were used to validate virtual M0’s accuracy, laying the foundation for subsequent investigations. Furthermore, segmental properties of Endo-ULBD and Endo-LOVE were tested in the virtual FE model, bolstering PEID operational normality verification and Cross-Overtop’s regularization. Finally, the virtual finite element simulation serves as the theoretical foundation for clinical application. Conversely, real clinical cases offer more objective information to validate the aforementioned theoretical framework. The design of the operational scheme was rooted in virtual simulation theory, and its feasibility was subsequently demonstrated through actual clinical practice. ROM and disc stress were analyzed again in the actual FE models extracted from the real clinical data to compare with the theoretical results obtained from the virtual simulation data. The combination of theory and practice highlights the innovation and clinical value of the research, as well as the unexpected findings. Finally, both the virtual simulation and actual verification have their own merits, and the differences between the two FE models help to further reveal the truth of reality. In the research, the FE simulation model was built based on the ideal state with the normalized given parameters, whereas the practical FE real models were constructed according to the statistically calculated values. The spine position and local construction can be adjusted accordingly for the standard evaluation in the virtual FE analysis, while the real mean and standard deviation were used to decrease individual differences and systematic errors in the actual FE analysis. The comparative difference analysis makes sense in the related FE studies. For example, the stress increase of the intervertebral disc in the actual FE model was less than that in the virtual one, and this can be explained by the more stable lumbar segment in practically older and degenerative cases rather than that in theoretically younger and ordinary samples. This indicates that the disc at the surgical segment may actually be different from what virtual FE analysis predicted, and DLSS patients are less likely to experience accelerated disc degeneration after Cross-Overtop decompression in practice.
5 CONCLUSION
Cross-Overtop, as the modified endoscopic PEID technique, may, like the Endo-LOVE and ULBD techniques, potentially increase postoperative segmental mobility and disc stress, as validated within its stable range through FE modeling. A combined theoretical and practical analysis suggests that Cross-Overtop is unlikely to lead to severe adverse events such as intervertebral disc protrusion or lumbar segmental instability. Moreover, due to its simultaneous comprehensive expansion of the central vertebral canal volume and access to the contralateral foraminal region while maximizing the preservation of facet joints and posterior complex integrity, it can be recommended as an effective endoscopic treatment for severe DLSS.
6 LIMITATIONS OF THE STUDY
The essence of finite element analysis is numerical calculation discretization, which yields the same results under equal conditions. Therefore, the research data derived from lumbar spine model only needs to be compared with the ROM of the human lumbar spine in previous literature studies, without the requirement of statistical analysis again. However, it is challenging to approximate the actual human condition because of individual patient differences. Additionally, this is a preliminary analysis of the clinical Cross-Overtop operation cases. The in-depth FE biomechanical evaluation of large samples must be carried out in the multi-center study.
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Background: The integrity of the lateral wall in femoral intertrochanteric fractures significantly impacts fracture stability and internal fixation. In this study, we compared the outcomes of treating intertrochanteric fractures with lateral wall involvement using the ortho-bridge system (OBS) combined with proximal femoral nail antirotation (PFNA) versus simple PFNA from a biomechanical perspective.Methods: Finite-element models of femoral intertrochanteric fractures with lateral wall involvement were subjected to fixation with OBS combined with PFNA and simple PFNA. Von Mises stress measurements and corresponding displacement assessments for each component of the model, including the proximal femur and lateral wall, were used to evaluate the biomechanical effects of OBS fixation on bone and intramedullary nail stability.Results: Using PFNA alone to fix intertrochanteric fractures with lateral wall involvement resulted in von Mises stress levels on the lateral wall exceeding safe stress tolerances for bone growth. OBS fixation significantly reduced stress on the lateral wall of the femur and minimized the stress on each part of the intramedullary nail, reducing the overall displacement.Conclusion: In cases of intertrochanteric fractures with lateral wall involvement, PFNA fixation alone may compromise the biomechanical integrity of the lateral femoral wall, increasing the risk of postoperative complications. The addition of OBS to PFNA significantly reduces stress on the lateral femoral wall. Consequently, OBS should be considered for lateral wall fixation when managing intertrochanteric fractures combined with lateral wall fractures.Keywords: lateral wall fractures, intertrochanteric fractures, ortho-bridge system (OBS), proximal femoral nail antirotation (PFNA), finite-element analysis, bone biomechanics
1 INTRODUCTION
With the rapid increase in the global elderly population and life expectancy, the number of hip fractures in this population is also increasing (Lindskog and Baumgaertner, 2004; Chang et al., 2020). In elderly individuals, hip fractures encompass both femoral neck fractures and femoral intertrochanteric fractures, with intertrochanteric fractures representing approximately 40% of all hip fractures (Adeyemi and Delhougne, 2019). Surgical intervention is the first line of treatment and includes extramedullary fixation, intramedullary fixation, and joint replacement. Extramedullary dynamic hip screw (DHS) fixation is the preferred option for stable intertrochanteric fractures. However, owing to the severe complications associated with DHS, it is not the preferred choice for unstable intertrochanteric fractures (Ecker et al., 1975; Haidukewych, 2009). In such cases, intramedullary nailing is necessary. Studies have reported favorable outcomes for intramedullary nail fixation (Tawari et al., 2015). Nevertheless, complications may arise after intramedullary fixation, including intramedullary nail fractures, screw blade withdrawal, and non-union. These complications are often linked to suboptimal fracture reduction, screw blade positioning, and inadequate screw blade length. They are closely related to the stability and integrity of the lateral intertrochanteric wall (Bohl et al., 2014; Yu et al., 2016).
Professor Gotfried first proposed the importance of the lateral wall in the prognosis of femoral intertrochanteric fractures in 2004, defining the lateral femoral wall as the proximal extension of the femoral shaft or the lateral femoral cortex distal to the vastus ridge (Gotfried, 2004). The intact lateral wall provides biomechanical and lateral support for the proximal femur, thus improving stability, whereas lateral wall fractures can lead to uncontrollable excessive fracture collapse and varus (Gotfried, 2004; Gupta et al., 2010). In 2018, the Orthopaedic Trauma Association improved the classification system for femoral intertrochanteric fractures by adding lateral intertrochanteric wall fractures (Meinberg et al., 2018). The integrity of the lateral wall is considered the main prognostic factor for hip intertrochanteric fractures (Hsu et al., 2013; Hsu et al., 2015; Gao et al., 2018). At present, intramedullary nail fixation is the preferred choice for patients with primary or iatrogenic lateral wall fractures. Nevertheless, intramedullary nail fixation alone may not adequately address the complete reconstruction of the fractured lateral wall. Enhanced fixation through devices such as ring ligation, additional screws, or plates is needed to reconstruct the fractured lateral wall (Mohamed et al., 2020). However, the internal fixation devices for lateral wall fracture reconstruction have not reached a unified standard.
The ortho-bridge system (OBS) (Wang et al., 2014)—an original internal fixation system developed by China Tianjin Weiman Biomaterials Co., Ltd.—finds extensive clinical use in China for fracture fixation of the upper and lower extremities and pelvis fracture fixation. It consists of connecting rods, locking screws, and fixation blocks (Figure 1). Following the application of the bridge internal fixation system, combined with proximal femoral nail antirotation (PFNA) fixation for femoral intertrochanteric fractures accompanied by lateral wall fractures, we conducted a finite-element analysis to investigate the biomechanical changes of the lateral wall of the femur, proximal femur and intramedullary nail when OBS is used versus no OBS, as well as the mechanical advantages of OBS. These findings serve as a basis for future clinical applications.
[image: Figure 1]FIGURE 1 | Basic unit components of the OBS. (01) Locking screws, (02) connecting rod, (03) locking nut, (04) ordinary screws, (05) distal shaped piece of the femur, (06) double-rod double-hole fixing block, (07) double-rod single-hole fixing block, (08) single-rod double-hole fixing block, (09) single-rod and single-hole fixing block, and (10) end block fixing block.
2 MATERIALS AND METHODS
2.1 Finite-element model establishment
The geometry of the femur model in this study was based on a computed tomography (CT) scan of a 68-year-old male volunteer who weighed 60 kg and had no femoral diseases. The femur’s CT scan data were imported into Mimics 19.0 software (Materialise, Belgium) to generate coronal and sagittal images of the proximal femur. Subsequently, a three-dimensional (3D) model of the proximal femur was reconstructed in IGS format (Figure 2). The cortical and cancellous bones of the femur were processed in the point, polygon, and shape stages using Geomagic Studio v2013 software (3D Systems, Rock Hill, SC, United States) to form the model of the cortical and cancellous bones of the femur. These bones were imported into the 3D model for assembly (Figure 3). The processed model, along with the required intertrochanteric and lateral wall fracture models, was imported into ANSYS Workbench19.0 software and constructed using its SLICE function (Figure 4). Creo 2.0 (Parametric Technology Corporation, United States) was used to load the PFNA and OBS into a 3D model in different manners (Figure 5).
[image: Figure 2]FIGURE 2 | Femoral CT scan and 3D model image.
[image: Figure 3]FIGURE 3 | Geomagic precise fit surface model and 3D assembly diagram.
[image: Figure 4]FIGURE 4 | Anterior and posterior models of intertrochanteric and lateral wall fractures of the femur.
[image: Figure 5]FIGURE 5 | (A, B) OBS+PFNA fixed femoral intertrochanteric fracture combined with lateral wall fracture model and (C, D) PFNA only fixed fracture model.
In this study, all materials were assumed to have homogeneous isotropic elastic modulus distributions (Henschel et al., 2016). According to the CT images, the apparent densities of the cancellous and cortical bones of volunteers measured in Mimics were 397.75 and 1,518.10 kg/m3, respectively. According to the constitutive equation (Zheng et al., 2022) between the apparent density and elastic modulus, the elastic moduli of the cancellous and cortical bones were 1,389.700 and 10,551.347 MPa, respectively. Frictional contact described the contact interactions among bone fragments, implant components, and bones and implants. The friction coefficient between the cancellous and cortical bones was set to “bonded,” whereas that between the fracture surfaces was set to 0.46 (Li et al., 2019a). No friction existed between the intramedullary nail and the screw head. The contact areas between the implant and femur as well as the bridge internal fixation system were both set to “bonded.” All implant materials were made of titanium alloys. The characteristics of the femur and implant materials used in the model were summarized in Table 1 (Cun et al., 2020; Ding et al., 2021a; Ding et al., 2021b; Li et al., 2021).
TABLE 1 | Material properties.
[image: Table 1]2.2 Boundary and loading conditions
The distal femoral surface node was set to zero degrees of freedom, and a load was applied to the femoral head and greater trochanter to simulate a normal walking state. The load on the head of the femur was 10° to the vertical axis in the coronal plane and 9° (Li et al., 2019b) to the vertical axis in the sagittal plane, and a joint reaction force of 2,469.6 N (4.2 times body weight) was applied to the femoral head. A 1117.2 N abductor load (1.9 times the body weight) was applied at the greater trochanter (Fan et al., 2022).
ANSYS Workbench19.0 software was used for finite-element analysis, and this software was used to analyze the research results and to measure the von Mises stress and the corresponding displacement of the inner plant, proximal femur, and lateral wall of the model. The effects of OBS fixation on the biomechanics of the proximal femur and stability of the intramedullary nail were evaluated by comparing the measured data.
3 RESULTS
3.1 Von Mises stress in proximal femur and lateral wall bone
Figure 6 shows the von Mises stress of the proximal femur fixed using OBS-assisted PFNA with a lateral wall fracture and simple PFNA fixation. The maximum stress of the proximal femoral bone of the double internal fixation model was 158.37 MPa, whereas that of the single internal fixation model was 203.05 MPa, which was 28.21% higher. The maximum stress of the double internal fixation model was concentrated in the bone area between the trochanters. The maximum stress in the single internal fixation model was concentrated at the opening of the screw blade. Figure 7 shows the stresses on the lateral walls of the two models. The maximum von Mises stress of the lateral wall bone in the double internal fixation model was 59.091 MPa, and the maximum stress of the lateral wall bone in the single internal fixation model was 86.819 MPa, corresponding to an increase of 46.92%.
[image: Figure 6]FIGURE 6 | Distribution of von Mises stress in the proximal femur bone (MPa): (A) OBS+PFNA fixed model; (B) PFNA fixed model.
[image: Figure 7]FIGURE 7 | Stress distribution of the lateral wall skeleton (MPa): (A) OBS+PFNA fixed model; (B) PFNA fixed model.
3.2 Von Mises stress of components of intramedullary nail system and OBS system
Figure 8 shows the von Mises stress on each part of the intramedullary nail in both models. The maximum stress on the main nail of the double internal fixation model was 364.21 MPa, and that of the single internal fixation model was 481.45 MPa, corresponding to an increase of 32.19%. The maximum stress of the spiral blade of the double internal fixation model was 192.75 MPa, and that of the single internal fixation model was 331.39 MPa, corresponding to an increase of 71.93%. The maximum stress of the distal screw in the double internal fixation model was 38.347 MPa, and that in the single internal fixation model was 42.663 MPa; the increase was not significant. Figure 9 shows the von Mises stress of the OBS system. The maximum stress of the OBS system as a whole was 340.23 MPa. Stress was concentrated in the proximal femoral screw and connecting rod. Table 2 presents the von Mises maximum stress of the model as a whole, each part of the implant, and the bone.
[image: Figure 8]FIGURE 8 | Distribution of von Mises stress in various components of intramedullary nails (MPa): OBS+PFNA fixation model [(A1) main nail, (A2) spiral blade, (A3) distal locking nail]; PFNA fixed model [(B1) main nail, (B2) spiral blade, (B3) distal locking nail).
[image: Figure 9]FIGURE 9 | Von Mises stress distribution of the OBS (MPa).
TABLE 2 | Von Mises maximum stresses of the overall model, various components of the internal plant, and bones.
[image: Table 2]3.3 Model displacement
Figure 10 shows the displacement of the entire fixation and each internal fixation in the two models. The maximum displacement of the double internal fixation model was 3.5091 mm, and that of the single internal fixation model was 4.3027 mm, corresponding to an increase of 22.6%. The maximum displacement of the main intramedullary nail of the double internal fixation model was 1.7874 mm and that of the single intramedullary nail was 1.8178 mm; the increase was not significant. The maximum displacements of the screw blade of the double internal fixation model, screw blade of the single internal fixation model, distal screw of the double internal fixation model, and distal screw of the single internal fixation model were 3.019, 3.604, 0.58416, and 0.59114 mm, respectively. No significant increase was observed, and the overall displacement of the OBS was 2.813 mm. Figure 11 shows the displacement of the lateral wall bone. The maximum displacement of the lateral wall bone of the double internal fixation model was 1.8426 mm, and that of the single internal fixation model was 1.8726 mm. No significant differences were observed.
[image: Figure 10]FIGURE 10 | (Continued).
[image: Figure 11]FIGURE 11 | Distribution of bone displacement on the lateral wall of the model (mm): (A) OBS+PFNA fixed model; (B) PFNA fixed model.
4 DISCUSSION
Treatment of femoral intertrochanteric fractures combined with lateral wall fractures is a difficult challenge for orthopaedic surgeons. Currently, there is no unified clinical standard on whether and how to fix the lateral wall. In this study, we tried to repair the lateral wall with OBS in order to increase the stability of intramedullary nail.
There are related clinical reports on the treatment of lateral wall fracture with steel wire or steel plate, Kulkarni SG et al. reported that fixing the lateral wall with steel wire can provide better stability and reduce complications such as fracture collapse (Kulkarni et al., 2017). Gupta RK et al. reported that the lateral wall fixation of 46 patients was performed using the trochanteric stabilising plate (TSP), and most of them recovered well. They believe that TSP ensures a better abductor function due to stability provided to the greater trochanter. However, there may be persistent pain in the hip region because of impingement of the proximal part of the trochanteric stabilising plate (Gupta et al., 2010). But there is no biomechanical report at present. Huang et al. reported the biomechanical analysis of the treatment of subtrochanteric fracture of femur with steel wire (Huang et al., 2021). Although the steel wire increased the local stress, it improved the stability of the medial femur. Encircling steel wire can also increase the stability of lateral wall, but whether to increase local stress during treatment needs biomechanical verification, and the biomechanical and clinical comparative study of internal fixators is needed to further improve the treatment of lateral wall reconstruction.
The instability of intertrochanteric fractures is often associated with the incomplete lateral wall of the femur. In such cases, intramedullary nail treatment becomes the preferred choice. Consequently, in this study, we employed PFNA fixation for the models. Significant variations in von Mises stresses on the lateral wall were observed between the two models. The maximum stress of the lateral wall of the double-fixation model was lower than 60 MPa, whereas that of the single-fixation model was 86.819 MPa. According to Wolff’s law and the study of Frost (Frost, 1994; Frost, 2004), bone tissue is absorbed when the strain is less than 50–100 microstrain and the stress is lower than 1–2 MPa. When the strain of the bone exceeds 1,000–1,500 microstrain and the stress is higher than approximately 20 MPa, the bone tissue grows. However, when the strain of the bone exceeds approximately 3,000 microstrain and the stress is higher than approximately 60 MPa, the bone tissue is damaged. Therefore, the use of OBS can effectively reduce the stress on the lateral wall and ensure that the bone tissue grows safely without stress shielding of the implant, whereas the von Mises stress of the lateral wall of the femur cannot grow well when the lateral wall of the femur is moved. Anatomically, the lateral wall is the lateral femoral cortex of the distal femoral crest, which provides lateral support (Varshney et al., 2022). Single-fixation refers to the loss of integrity of the lateral wall of the femur. When proximal femoral antirotation intramedullary nail-Asia (PFNA-II) is used, some scholars believe that the integrity of the lateral wall may not be important, because the metal lateral wall of the nail replaces the lateral cortex in osteoporosis (Boopalan et al., 2012; Abram et al., 2013). Studies by Shi et al. (2021) have shown that even when PFNA-II is used, the imaging and functional results of patients with lateral wall fractures are worse than those of individuals with intact lateral walls. Additionally, lateral wall fractures increase the risk of postoperative complications and reoperation (Palm et al., 2007). Gupta et al. considered that the strength of the lever arm and abductor muscle can be maintained when the lateral wall is reconstructed (Gupta et al., 2010); therefore, When conditions permit, the lateral wall of the femur should be fixed for fractures of the lateral intertrochanteric wall, whether it is a preoperative fracture or an intraoperative or postoperative intertrochanteric fracture, as reported by Gotfried (2004). In this study, the maximum von Mises stress of the proximal femur exceeded 60 MPa. However, Figure 6 shows that the distribution of the maximum stress was not near the fracture line, and the stress near the fracture line remains below 60 MPa, which does not hinder the normal healing of bones. Our findings suggest that the OBS device can effectively stabilize lateral wall fractures of the femur, thereby mitigating biomechanical deficiencies and lowering the risk of postoperative complications.
OBS affected the biomechanics of the intramedullary nail system and proximal femur bone in the model. In this study, the maximum von Mises stress was observed on the main nail of the single-fixation model. When the lateral wall of the femur was fixed with the OBS device, the maximum von Mises stress of the main intramedullary nail, the maximum von Mises stress of the screw blade, and the maximum stress of the proximal femur bone decreased significantly. Previous studies have shown that implants share part of the load borne by bone (Ridzwan et al., 2007). In the present study, we found that the implant can share not only the stress of the bone but also the load of each part of the intramedullary nail with internal fixation. As shown in Figures 7–9, no stress concentration was observed in the proximal femur. Part of the lateral wall of the femur belongs to the trabecular tension area of the proximal femur, and the force is tension (Stiehl et al., 2007; Nawathe et al., 2014). Internal fixation design must resist tension. Scholars (Ding et al., 2022) have developed the triangular support intramedullary nail to fix the intertrochanteric fracture of the femur, which proposes the triangular fixation theory of the proximal femur to better resist the tension in the femur. Internal plants placed in tension zones to resist the transverse tension of the femur, reduce the shear force, and reduce the stress on the intramedullary nail—particularly the shear force of the screw blade. This biomechanical feature can reduce the likelihood of postoperative internal fixation failure.
Currently the standard of peritrochanteric fracture treatment is stable fixation, which allows early full weightbearing mobilization of the patient (Macheras et al., 2012), However, most clinical patients may not be able to walk with full weight in the early postoperative period. The peak hip joint contact force during walking is 3.5–5 times of body weight, and studies conducted after hip prosthesis placement have shown that the peak hip joint contact force during the gait cycle is about 300% of body weight, but the maximum contact force reaches 409% of body weight in patients with gait disorders, and the hip joint peak force is higher when walking up and down stairs. In the case of unreasonable daily activities, such as accidental tripping, it can reach 900% (Bergmann et al., 2001). Therefore, patients must avoid unsafe activities in the early postoperative period. Based on previous studies, 4.2 times of body weight was applied to the femoral head (Fan et al., 2022). The peak joint reaction force during walking was selected for measurement to obtain the data at this limit state. In the follow-up study, it is possible to consider the actual weight of the patient and conduct a more detailed stratified load study, which may enhance the accuracy and comprehensiveness of the study.
In contrast to steel wires and plates, OBS can also be placed in a suitable position through shaping, but in OBS, the screw position is not completely fixed because the position of the connecting rod and fixing block is not fixed, and the screw is fixed according to the position of the fixing block, allowing us to place the nail flexible The position distribution of the screws is shown in the OBS model (Figure 5). Three screws are located in the front and back of the femur, and two screws are located at the proximal end, relative to the spatial distribution of the connecting rod and intramedullary nail; therefore, the lateral wall is fixed in multiple planes, and the length of screw placement exceeds that of the steel plate, even double-layer cortical fixation, and fixation is more reliable than single cortical fixation (Lenz et al., 2012; Lenz et al., 2016). We have combined OBS with PNFA in clinic, but there may be differences between the finite element analysis and the actual clinical use, and the analysis results need to be verified by clinical use in the future.
This study has several limitations. First, the femur and the implants exhibit anisotropic behavior. To reduce the complexity of the analysis, the materials were simplified as homogeneous, isotropic, and elastic materials. Second, our model exclusively conducts static analyses and does not encompass dynamic assessments. Consequently, future investigations should incorporate various forms of dynamic loading. Intertrochanteric fracture of femur mostly occurs in elderly women, so there may be some deviation in the research. In this study, we exclusively compared the biomechanical properties of OBS in conjunction with PFNA and simple PFNA fixation for intertrochanteric fractures with lateral wall involvement. To gain a more comprehensive understanding of lateral wall fixation options for the femur, including steel plate and steel wire fixation, further research is warranted. Additionally, we did not delve into the selection of subdivided internal fixation methods based on the classification of lateral femoral wall fractures in this study. Subsequent research efforts should explore the nuances of different types of lateral femoral wall fractures and the corresponding choice of internal fixation techniques.
5 CONCLUSION
We conducted a biomechanical comparison between OBS combined with PFNA and PFNA alone for treating femoral intertrochanteric and lateral wall fractures. OBS was found to effectively reduce stress on the lateral wall of the femur, promoting the safe growth of bone tissue without internal stress shielding. Moreover, it significantly reduced the maximum stress of the intramedullary nail and minimized the overall displacement of the model. The personalized design allows multiple-plane fixation of the femoral lateral wall. According to the findings of our study, we recommend the utilization of OBS fixing the lateral wall of the femur in cases of intertrochanteric fractures combined with lateral wall fractures. This approach promises to enhance the biomechanical stability of the fixation, potentially leading to improved clinical outcomes. Further clinical studies are encouraged to validate these biomechanical results and provide valuable insights into the practical implications of this fixation technique.
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Introduction: Surgical correction is a common treatment for severe scoliosis. Due to the significant spinal deformation that occurs with this condition, spinal cord injuries during corrective surgery can occur, sometimes leading to paralysis.
Methods: Such events are associated with biomechanical changes in the spinal cord during surgery, however, their underlying mechanisms are not well understood. Six patient-specific cases of scoliosis either with or without spinal complications were examined. Finite element analyses (FEA) were performed to assess the dynamic changes and stress distribution of spinal cords after surgical correction. The FEA method is a numerical technique that simplifies problem solving by replacing complex problem solving with simplified numerical computations.
Results: In four patients with poor prognosis, there was a concentration of stress in the spinal cord. The predicted spinal cord injury areas in this study were consistent with the clinical manifestations of the patients. In two patients with good prognosis, the stress distribution in the spinal cord models was uniform, and they showed no abnormal clinical manifestations postoperatively.
Discussion: This study identified a potential biomechanical mechanism of spinal cord injury caused by surgical correction of scoliosis. Numerical prediction of postoperative spinal cord stress distribution might improve surgical planning and avoid complications.
Keywords: scoliosis, surgery, spinal cord, poor prognosis, finite element model
1 INTRODUCTION
The normal spine curves inwardly in the cervical region, outwardly in the thoracic region and inwardly again in the lumbar region. Scoliosis, a complex deformity of the trunk, typically manifests as a three-dimensional malformation of the spine (Cheng et al., 2015). This malformation is reflected in deviations from the median line on the coronal plane, and abnormal kyphotic curve on the sagittal plane (Wang et al., 2017; YE et al., 2017; Liu et al., 2019). A patient with severe scoliosis may experience heart and lung problems (Janicki and Alman, 2007) and in severe cases, restricted movement or complete paralysis of the lower limbs may occur (Clark and Bracci, 2019). Patients with severe scoliosis often require surgical implantation of pedicle screws, hooks, and rods to attempt to restore the spine to its natural position through force and displacement (Maruyama and Takeshita, 2008; Mundis and Akbarnia, 2010). However, such surgeries are invasive, difficult and can cause permanent spinal cord damage that may result in reduced mobility of the extremities or paraplegia (Weiss and Goodall, 2008; Halsey et al., 2020). A 2-year follow-up study by Bartley et al., on 2,220 patients undergoing spinal correction surgery reported a complication rate of 4.1%, with neurological injuries accounting for 0.5%, and device-related complications for 0.4% (Bartley et al., 2017).
During scoliosis correction surgery, evoked potentials are used to measure electrical activity within the spinal cord (Sakaki et al., 2012). Somatosensory evoked potential (SSEP) and motor evoked potentials (MEPs) are frequently utilized to monitor spinal cord health during surgery (MacDonald, 2006; Cruccu et al., 2008). SSEP measures bioelectric responses within specific pathways of the body’s afferent sensory system upon stimulation (Eisen, 1982). A decreased SSEP signal can indicate spinal cord damage. MEPs are electrical signals recorded from the muscles upon stimulation of the motor cortex. However, descending efferent spinal cord motor activity cannot be directly measured with MEPs(Frost, 2015) and it may take time for spinal cord injury to manifest after scoliosis correction surgery (Diaz and Lockhart, 1987). Nerve trauma can lead to prolonged SEP latency, and if the latency exceeds 10% or the amplitude of the electrical potential decreases by more than 50%, it is necessary to interrupt the surgery to assess the risk factors for spinal cord injury (Hilgart et al., 2023).
The recent development and application of numerical computing technology has a significant impact on the prediction of surgical operations. The finite element (FE) simulation permits the assessment of biomechanical changes that occur during certain medical procedures as well as the physiological responses that occur as a result (Kaku et al., 2004). The stress in the spinal cord during orthopedic surgery cannot be accurately predicted, so there may be a risk of spinal cord injury. Use of FE methods during surgery (Greaves et al., 2008; Henao et al., 2016) can help minimize the drawbacks of inadequate experimental samples, low repeatability, and high cost and permits acquisition of precise stress distribution data within the spinal cord. Kim et al. (Kim et al., 2009) investigated the effects of scoliosis on nerve roots using an FE model of computed tomography (CT) images of a healthy subject, in which they simulated scoliosis by moving the spine; however, their model was based on a healthy people, they did not take into account the specificities of various patients. FE mechanical modeling in the assessment of spinal cord damage were also employed by Shervin et al. (Jannesar et al., 2021). Despite numerous studies, the biomechanics of spinal cord injury during scoliosis correction surgery remain uncertain. Further, there is a need for a clinical tool to assess spinal cord biomechanics during corrective scoliosis surgery, predict the possible location of spinal cord damage, and assist surgeons in making a plan to minimize risk of injury.
Here, we created three-dimensional FE models specifically matched to the spinal cords of study patients in order to examine spinal cord stress distribution during scoliosis correction surgery. These findings may help clinicians better predict the spinal segments where neurological complications could occur during surgery.
2 MATERIALS AND METHODS
2.1 Patients
This study included six scoliosis patients undergoing corrective spinal surgery for scoliosis. All participants provided signed informed permission forms and the study was approved by the Institutional Review Board of the Peking University Third Hospital (S2021442). Patients received CT and magnetic resonance imaging (MRI) scans before and after surgery.
Pre-surgery CT and MRI scans were performed 2 days before scoliosis correction surgery and post-surgery scans were performed within 4 days of the procedure. Post-surgery scans showed that no screws invaded the spinal canal to cause further spinal cord compression. MRIs showed no hematoma or other abnormalities in the spinal cord. Among patients a to d, those with poor prognoses include patient a, who experienced complete loss of light touch and acupuncture sensation below the T8 level, leading to clinical diagnosis of paraplegia at the T8-T9 level. Patient b had decreased or absent acupuncture sensation at and below bilateral T6 levels, patient c exhibited weakened lower limb mobility, and patient d suffered thoracic spinal cord damage resulting in incomplete loss of lower limb function during surgery. Conversely, patients e and f had a positive prognosis.
2.2 Creating the spinal cord models of scoliosis
Spinal cords were modeled using cross-sections of patient MRI images (GE Medical Systems, USA). Scan parameters are as follows: voltage 120 kV, kilovolt peak 120kvp, and slice thickness 5 mm. Three-dimensional patient-specific models were produced by medical image processing software (Mimics 19.0; Materials, Leuven). Patients’ DICOM CT images were imported into Mimics, and a spinal model was extracted through application of bone threshold segmentation, regional growth, and manual editing. After importing DICOM images from MRI scans into Mimics, 3D spinal cord models were created utilizing manual editing and threshold processing. The models were rough compared to actual spinal cords, which were relatively smooth, so reverse engineering software was utilized to optimize construction using denoising and smoothing techniques in Geomagic Wrap (Geomagic Wrap 2021, 3D Systems, United States). Smoothed-out representations of the spinal cord models are shown in Figure 1.
[image: Figure 1]FIGURE 1 | The spinal cord models of the patients. (A-D patients with poor prognosis, E, F patients with good prognosis. The red model represents the preoperative spinal cord morphology, while the white model illustrates the postoperative spinal cord morphology.)
2.3 Mesh generation and material property assignment
Spinal cord models were discretized using tetrahedral grids. Patient a has a spinal cord FE model length of 188 mm, corresponding to the region between the second thoracic vertebra and the first lumbar vertebra. The discrete model has 1,499 nodes. Patient b’s model length is 241 mm, covering the segment from the first thoracic vertebra to the first lumbar vertebra, with 2,922 nodes. Patient c’s model length is 287 mm, covering from the first to the 12th thoracic vertebra, with 2,312 nodes. Patient d corresponds to a 168 mm spinal cord model covering the first to the 11th thoracic vertebra, with 1,680 nodes. Patient e’s model length is 241 mm, covering the segment from the first thoracic vertebra to the first lumbar vertebra, with 2,566 nodes. Patient f corresponds to a 245 mm spinal cord model covering the first to the 11th thoracic vertebra, with 3,529 nodes. All models were regarded as a homogeneous isotropic substance with Young’s modulus of 0.26 MPa and a Poisson’s ratio of 0.49 (Bassi et al., 2009; Xue et al., 2021; Sim et al., 2022).
2.4 Boundary conditions
Due to the different imaging principles and application ranges of CT and MRI, MRI can effectively show soft tissues such as the spinal cord’s morphology, while CT provides better imaging of bones. The CT and MRI data of each patient in this study were acquired at different times with different equipment performance and technical parameters. The spinal cord and spine models of the same patient before and after surgery are in different coordinate systems. To ensure the accuracy of the simulation, registration is required. The vertebrae have high hardness, and spinal correction surgery causes minimal changes in their morphology. Therefore, in this study, the vertebrae are used as the registration standard to confirm the correct position of the spinal cord in the vertebral foramen.
For the accurate registration of the spinal cord, this study outlined the spinal model’s contour in the patient’s MRI images and marks it along with the spinal cord model. Six files (preoperative spinal cord model, postoperative spinal cord model, preoperative spine model, postoperative spine model, preoperative spine contour, postoperative spine contour) were imported into 3-matic. Using the postoperative spinal cord coordinate system as the reference coordinate system, registration was performed with the first lumbar vertebra (L1) as the reference vertebra. The postoperative spinal cord model and spine contour were bound, and the postoperative spine model was moved so that the L1 of the postoperative spine model coincides with the L1 of the spine contour. Based on the anatomical features of the spinal cord and spine, segmentation checks were performed to confirm that the preoperative spinal cord model was in the correct position in the corresponding vertebral foramen of the spine model. The postoperative spinal cord model was then moved to the corresponding position in the vertebral foramen of the spine model using the same method. To achieve an accurate comparison between preoperative and postoperative imaging data, the preoperative spinal cord model and preoperative spine model were co-registered, synchronously moving them so that the L1 of the preoperative spine model coincides with the L1 of the postoperative spine model, establishing the spatial relationship between the spinal cord models before and after surgery. The registered spinal cord model was saved as a new stl (registered) model for further step.
The preoperative and postoperative spinal cord models were loaded into Mimics software, and the centerline generation tool was used to analyze the images, extracting the central axis of the spinal cord model. To more accurately quantify the morphological response of the spinal cord in corrective surgery, an interpolation algorithm was used to optimize the central line by sampling the coordinates at 0.5 mm intervals along the central line, obtaining a series of uniformly distributed coordinate points. Based on each coordinate point on the central line of the spinal cord, this study analyzed and extracted valuable information in three-dimensional space for each point. Initially, the study located each central point and extracted three-dimensional cross-sections of the spinal cord in the direction perpendicular to the segment of the central line where the point was located. These cross-sections reflected the morphology of the spinal cord at different positions. The study further quantitatively analyzed the spinal cord cross-sections, extracting area information and normal vectors for each cross-section to ensure the accurate reproduction of the position and three-dimensional morphology of each spinal cord cross-section.
Due to significant morphological differences in the spinal cord before and after surgery, accurately aligning the coordinate systems of the spinal cord prior to and following surgery constituted a core challenge of this study. A novel three-dimensional circular pipe modeling method, grounded in spinal cord morphology restoration, was proposed herein. For each spinal cord model, a virtual circular pipe model was constructed in three-dimensional space, leveraging the central line coordinates and normal vectors, thereby simulating the three-dimensional morphology of the spinal cord in space. The preoperative spinal cord pipe for patient e is depicted in the illustration provided. For each three-dimensional circular conduit mirroring the spinal cord, a set of data points was sampled along the circumference of each cross-sectional circle at 0.5-mm intervals in a predetermined direction (Figure 2A). These sampled data points collectively and precisely replicated the circular profile of the cross-section. In order to further acquire a sequence of coordinates within the conduit, a radial decremental calculation was executed at 0.5-mm intervals, progressively narrowing the circumference of the three-dimensional conduit to extract interior coordinate points, thus giving rise to a comprehensive set of digitized circular sequence coordinate data. At this juncture, the coordinate sequence of the preoperative spinal cord conduit model for every patient corresponded one-to-one with the postoperative spinal cord conduit model’s coordinate sequence in terms of physiological structure.
[image: Figure 2]FIGURE 2 | Boundary Conditions. (A) The preoperative spinal cord tube of patient, (B) Displacement of the spinal cord nodes.
In this study, to procure boundary conditions, attaining meticulous matching and linkage between the coordinates of each node in the preoperative spinal cord finite element model (FEM) and the respective three-dimensional conduit coordinate sequence, previously stored and embodying the genuine anatomical locales of the spinal cord, was essential. An algorithm was devised to achieve this objective, harmonizing the preoperative spinal cord FEM coordinate sequence with the antecedently stored conduit coordinate sequence data via geometric mapping, mathematical interpolation, iterative optimizations, among other computations. This guaranteed that the node coordinate ensemble within the spinal cord FEM conformed to the corresponding surface or intrinsic data coordinates of the spinal cord conduit, instituting a one-to-one correlation and designating the earmarked spinal cord conduit coordinates.
Building upon this foundation, the aim was to systematically identify and correlate the pre-labeled preoperative spinal cord conduit coordinates with the postoperative spinal cord conduit coordinates. Through precise algorithmic matching, a comparative analysis was conducted between the two independent sets of coordinate data (the pre-labeled preoperative spinal cord conduit coordinates and the postoperative spinal cord conduit coordinates), extracting the postoperative spinal cord conduit coordinates corresponding to the pre-labeled preoperative spinal cord conduit coordinates, and then calculating the relative displacement of each node in the three coordinate axes. This algorithm successfully facilitated the continuous quantitative analysis of the patient’s spinal cord morphology from preoperative to postoperative states, providing the boundary conditions for dynamic FEA of the spinal cord in this study. The diagram illustrated the boundary conditions of the malformed region of patient e’s spinal cord, including the displacement in the x, y, and z directions for each node.
2.5 Finite element analysis
FEA is indeed a powerful numerical technique that simplifies problem solving by breaking down complex problems into manageable components. In the context of spinal cord research, FEA and the construction of three-dimensional FEMs play a crucial role in understanding the biomechanical changes that occur during the surgical process. Developing high-precision spinal cord models is essential for accurately capturing the stress and strain experienced by the spinal cord during surgery. In this study, the displacement changes of the spinal cord model before and after surgery are simulated to model spinal cord motion during scoliosis correction surgery. The Abaqus CAE FE solver (Abaqus CAE 2020; USA) is used to solve the mechanical components of the FEM. Based on the von Mises theory, the von Mises equivalent stress is selected as the analysis metric for computing results. In complex stress states, materials exhibit plasticity when the shape change at a point in the material exceeds the limit of the energy change compared to uniaxial yield. The preoperative spinal cord discrete model node displacements (Figure 2B) are input into the Abaqus CAE software’s load module, and the job is submitted for calculation to obtain the stress on the spinal cord during surgery. The results of the FE calculations are analyzed by selecting the maximum stress value and stress distribution within the region of interest.
2.6 Model validation
To confirm the insensitivity of the results to the spatial resolution of the mesh, a mesh independence analysis was conducted. Given that the boundary conditions of this study were based on the node displacements of the discrete model, model validation in this study was conducted based on the number of nodes. In addition to the basic discretization, a more refined mesh with 8,770 nodes (Model-A) and 17,812 nodes (Model-B) was studied, representing a refinement of 5 times and 10 times compared to the baseline model. To compare the results of these three models, the morphological changes of the spinal cord during spinal deformity correction surgery were used as boundary conditions to compare the stress distribution characteristics of the three models. The stress distribution features of Model-A and Model-B were found to be similar to those of the baseline model, with stress concentration occurring in the T8-T9 segment, as shown in Figure 3. The maximum difference in the maximum equivalent stress between the three FEMs was within 10%. Therefore, in our study, it was considered that discretizing the spinal cord into 2,312 nodes was sufficient.
[image: Figure 3]FIGURE 3 | Model validation. Stress distribution in spinal cord models with different mesh sizes.
3 RESULTS
Since the spine and spinal cord segments do not correspond directly, vertebral segments were used by physicians to determine the location of spinal cord injury. As a result, relabeled spinal cord segments were used for stress-strain analysis in this study.
3.1 Displacement of the spinal cord
In this study, biomechanical changes of the spinal cord during surgery performed to repair deformities resulting from scoliosis were simulated by FE modeling. Changes in displacement of patients’ spinal cords during scoliosis corrections are shown in Figure 4. The maximum spinal cord displacement in the dynamic simulation was highly correlated with the maximum spinal cord displacement mirrored in medical imaging data (as per Table1, p < 0.05), validating this study’s capability to reproduce spinal cord morphological alterations during corrective interventions. The sites of maximum displacement for the spinal cord models pertaining to patients a through f were respectively identified at T2, T1, T1, T1, L1, and T1.
[image: Figure 4]FIGURE 4 | Displacement distribution of the patients. (A-D patients with poor prognosis, E, F patients with good prognosis.)
TABLE 1 | Maximum spinal cord displacement (mm) in medical images and dynamic simulations.
[image: Table 1]3.2 Stress distribution of the spinal cord
Patient c exhibited a maximum stress value reaching up to 0.921 MPa, hinting that heightened stress levels could be a factor contributing to spinal cord injury. Patients a, with 0.271 MPa, b, with 0.275 MPa, and d, with 0.255 MPa, demonstrated significantly lower peaks of maximum stress in contrast to patients e, at 0.617 MPa, and f, at 0.622 MPa. This variance suggested that the biomechanical mechanisms driving spinal cord injury were not adequately captured by considering maximum stress parameters alone. Hence, this investigation proceeded to undertake a more thorough examination of the internal stress distribution characteristics within the spinal cords of the patients, seeking to explain the biomechanics of spinal cord injury based on these stress distribution features.
Patient a showed stress concentration in the spinal cord at the T8-T9 segments (Figure 5), consistent with the observed area of neurological dysfunction in clinical practice. CT and MRI screening confirmed appropriate placement of pedicle screws without direct spinal cord compression or structural abnormalities at the laminectomy site. There was a clinical diagnosis of paraplegia at the T8-T9 segments. This conclusion aligns with the biomechanical simulation analysis of the spinal cord dynamics conducted in this study.
[image: Figure 5]FIGURE 5 | Von-Mise distribution of the patients. (A-D patients with poor prognosis, E, F patients with good prognosis.)
In analyzing the morphological changes in the spinal cord model simulation of patient b during surgery, it was found that there was stress concentration in the spinal cord model at the T6-T9 segments (Figure 5), consistent with the area of nerve injury observed clinically. Clinical diagnosis confirmed incomplete thoracic spinal cord injury as a complication following spinal correction surgery, with the injury range matching the symptoms and aligning with the predicted injury area (T6-T9 segments) in the spinal cord model. During the spinal correction process, there were local nerve structure damage and resulting in loss of sensory and motor function in both lower limbs.
The biomechanical analysis results of patient c in this study showed significant stress concentration in the T8-T9 spinal cord segments (Figure 5), consistent with postoperative clinical manifestations. Clinical evaluation confirmed weakened postoperative mobility of both lower limbs, in line with the biomechanical analysis results of the spinal cord model in this study.
Analysis of the spinal cord mechanical model of patient d in this study revealed significant stress concentration in the spinal cord at the T2-T3 segments (Figure 5), matching the observed distribution area of neurological dysfunction in clinical practice. Clinical assessment diagnosed thoracic spinal cord injury and incomplete loss of lower limb function during surgery, consistent with the biomechanical analysis results of the spinal cord model in this study.
Similarly, this study conducted dynamic simulations of personalized spinal cord models for two patients (e and f) undergoing spinal corrective surgery, to simulate the morphological changes of the spinal cord during the procedure. The simulation results, as shown in the figure, indicated uniform distribution of internal stresses within each spinal cord model, without significant stress concentration areas. Each patient underwent varying degrees of bone resection and internal fixation with pedicle screw fixation in different regions during the surgery, while maintaining a balanced biomechanical environment of the spinal cord throughout the procedure. In postoperative clinical assessments, two patients showed good prognosis with normal sensory and motor functions in the upper and lower limbs, as well as good joint mobility, consistent with the results predicted by the spinal cord simulations in this study.
4 DISCUSSION
Previous FE studies involving scoliosis typically investigated biomechanics of the vertebral body; however, spinal surgery close to the spinal cord carries the risk of permanent damage. One of the most worrisome albeit uncommon side effects of scoliosis correction surgery is paraplegia, a loss of movement and sensation in the legs and lower body. During surgery, the spinal cord injury damage can be observed using electrophysiological techniques like SSEP and MEP; however, there may be a delay in onset of symptoms and detection of injury (MacDonald, 2006; Cruccu et al., 2008). The FE simulation model simulates the stress and strain of the spinal cord during scoliosis correction surgery, which is beneficial to the clinical understanding of spinal cord injury during such procedures. In addition, there remains a need for clinical tools that can be used to evaluate biomechanical changes of the spinal cord during surgery, predict locations where spinal cord injury might occur during surgery, and assist surgeons in pre-operative planning to reduce the risk of potentially permanent damage. Additionally, the specificity of the patients was taken into account, every patient had his own FEM, which can assist surgeons in preoperative surgical planning for different patients. The feasibility of the methodology used here was verified by comparisons with patient prognosis given by clinician and our findings are expected to direct and assess scoliosis surgery in the future.
Biomechanical analysis was carried out on each spinal cord section for all patients to further determine the segment of the spinal cord injured during surgery. The six patients were divided into two groups (poor prognosis group: a to d; good prognosis group: e, f), and three-dimensional spinal cord models were established for each group, with dynamic boundaries extracted for FE calculations, followed by detailed analysis of the results. The study revealed a high correlation between the maximum displacement in the simulated spinal cord models and the maximum displacement reflected in medical images, successfully replicating the morphological changes of the spinal cord during surgery.
Patient a’s spinal cord model exhibited stress concentration in the T8-T9 segment, corresponding to the clinical diagnosis of complete loss of light touch and pinprick sensation from the T8 level downwards, resulting in paraplegia at the T8-T9 segment, consistent with the dynamic simulation results of this study. Patient b’s spinal cord model showed stress concentration in the T6-T9 segment, consistent with the clinical diagnosis of sensory loss segment (T6 segment). Patient c’s spinal cord model indicated stress concentration in the T8-T9 segment, corresponding to postoperative clinical manifestations of reduced lower limb movement, consistent with the dynamic simulation results. For patient d, the spinal cord mechanical model revealed stress concentration in the T2-T3 segment, and the clinical diagnosis by doctor’s post-surgery indicated thoracic spinal cord injury, in line with the simulation results of this study.Similarly, dynamic simulations of the spinal cord for the two patients in the good prognosis group showed uniform distribution of internal stresses without stress concentration areas. The spinal cord model predictions in this study were highly consistent with clinical diagnostic results, successfully reproducing the morphological changes and stress distribution characteristics of the patients’ spinal cords during spinal corrective procedures using the developed dynamic boundary calculation method.
Maximum stress has been strongly correlated with spinal cord injury (Jannesar et al., 2021), which may explain the poor prognosis of these patients. Patients A and B had good prognoses, which aligned with our observation of no stress concentration in our simulation results. A high-precision spinal cord model is very important to reflect the stress and strain conditions of the spinal cord during surgery. However, due to the influence of implants, there may be significant artifacts in postoperative MRI scans (Garg et al., 2005; Koch et al., 2010). The cases included in this paper excluded the influence of artifacts, and postoperative spinal cord models more consistent with clinical reality were obtained.
This study has some limitations. In particular, while our FE models can accurately predict the damage of spinal segments of Patient C (with paraplegia) and Patient D (with reduced lower limb mobility), their utility is limited. Although the results of the FE methods were consistent with surgical records, the material properties of the spinal cords were not specific to any one patient, which was from the cadaver experiments. Manuel et al. studied the development of spinal cord mapping in human bodies and their findings may help address this issue, they created a probabilistic map and anatomical template of the human cervical thoracic spinal cord (Taso et al., 2014). In addition, the complexity of spinal cord tissue was not fully taken into account in this study. For example, white matter and gray matter have different pressure thresholds and ideally should be distinguished (Maikos et al., 2008). Previous studies have shown that blood vessel density in gray matter of the spinal cord is larger, capillaries are thinner, and that gray matter is more sensitive to injury (Hassler, 1966; Turnbull et al., 1966; Halder et al., 2018). In addition, the meninges and cerebrospinal fluid, which support and protect the spinal cord, can impact the FE modeling results and should be considered (Fradet, 2013; Jannesar et al., 2016). However, simulations involving CSF will involve calculation of fluid and solid coupling, which may increase computation time.
During surgery, spine deformity was reduced by force exerted by the implant, leading to stretching of the spinal cord. Specifically, compression between the implants led to stretching movement of the most deformed vertebrae in the sagittal plane (Owen et al., 1988; Jarzem et al., 1992). According to clinical studies, vertebral stretch has a greater impact on nerves than other manipulations (Shapiro et al., 2001; Bagchi et al., 2002); however, the magnitude and steps of spinal force and displacement applied during scoliosis correction surgery were not recorded here and this aspect was not studied. Nonetheless, these findings aid our understanding of the stress and strain conditions of the spinal cord during scoliosis correction surgery, which is valuable for scoliosis correction surgery planning and minimization of spinal cord damage. However, The feasibility of the method used in this study was validated by comparing it with patient outcomes given by clinicians, and our findings are expected to guide and evaluate future scoliosis surgery.
5 CONCLUSION
Patient-specific spinal cord models were established to analyze biomechanical changes including stress and strain on the spinal cords during scoliosis correction surgery in order to aid our understanding of spinal cord injury, predict the location of damage during surgery, and assist surgeons in making surgical plans to avoid injury and improve patient outcomes.
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Background: All available methods for reconstruction after proximal humerus tumor resection have disadvantages, and the optimal reconstruction method remains uncertain. This study aimed to design a novel 3D-printed glenohumeral fusion prosthesis and verify its feasibility and safety using biomechanical methods.Methods: We verified the feasibility and safety of the 3D-printed glenohumeral fusion prosthesis by finite element analysis and biomechanical experimentation. In the finite element analysis, three reconstruction methods were used, and displacement and von Mises stress were observed; on this basis, in the biomechanical experiment, models constructed with sawbones were classified into two groups. The force‒displacement curve of the 3D-printed prosthesis was evaluated.Results: In terms of displacement, the finite element analysis showed greater overall stability for the novel prosthesis than traditional glenohumeral joint arthrodesis. There was no obvious stress concentration in the internal part of the 3D-printed glenohumeral fusion prosthesis; the stable structure bore most of the stress, and the force was well distributed. Adding lateral plate fixation improved the stability and mechanical properties of the prosthesis. Furthermore, the biomechanical results showed that without lateral plate fixation, the total displacement of the prosthesis doubled; adding lateral plate fixation could reduce and disperse strain on the glenoid.Conclusion: The design of the 3D-printed glenohumeral fusion prosthesis was rational, and its stability and mechanical properties were better than those of traditional glenohumeral joint arthrodesis. Biomechanical verification demonstrated the feasibility and safety of this prosthesis, indicating its potential for proximal humerus bone defect reconstruction after tumor resection.Keywords: proximal humerus tumor, proximal humerus bone defect, glenohumeral fusion, 3D-printed glenohumeral fusion prosthesis, biomechanics
1 INTRODUCTION
The shoulder girdle is the third most common site of bone tumors, and the proximal humerus is the most commonly affected component (Wittig et al., 2001). Methods for reconstruction after the resection of malignant proximal humerus tumors include autologous bone grafting, osteoarticular allografting, the application of allograft-prosthesis composites, artificial prosthesis placement, and arthrodesis with an intercalary allograft and a vascularized fibular graft (Abdeen et al., 2009; Teunis et al., 2014; Sirveaux, 2019). The above existing reconstruction methods can be divided into two types, namely, glenohumeral fusion reconstruction and glenohumeral nonfusion reconstruction. Achieving stability in the shoulder is difficult with glenohumeral nonfusion reconstruction (Liu et al., 2014; Tang et al., 2015; Yang et al., 2021), which also makes it difficult to achieve good shoulder function due to defects of the deltoid or axillary nerve (Wang et al., 2011; Wang et al., 2015; Yang et al., 2021). However, glenohumeral fusion reconstruction restores stability of the shoulder joint, and a stable and painless shoulder joint is an essential prerequisite for upper limb function. In addition, after glenohumeral fusion reconstruction, the motion of the scapula can partially compensate for the motion of the glenohumeral joint, restoring the range of motion of the shoulder joint to a certain extent and qualifying the approach as an excellent reconstruction technique. The traditional method for glenohumeral fusion reconstruction is arthrodesis with allografts and vascularized fibular grafts. There are many drawbacks to this method, including a long operation time, great trauma, a long time required for fusion between the allograft and host bone, rejection reactions, bone resorption, and bone nonunion, which may lead to additional related complications and ultimately reconstruction failure (Fuchs et al., 2005; Wang et al., 2011; Bilgin, 2012; Wieser et al., 2013; Padiolleau et al., 2014; Mimata et al., 2015). The so-called glenohumeral fusion prosthesis made by traditional techniques relies on only a few screws to achieve stability in the initial stage of reconstruction, but this approach does not allow long-term biological stability to be achieved through integration at the interface between the bone and prosthesis (O’Connor et al., 1996). As a result, the failure rate of these traditional prostheses is very high in the long term (O’Connor et al., 1996). Facing the drawbacks of the above two methods of glenohumeral fusion reconstruction, we applied 3D printing technology for arthrodesis of the glenohumeral joint, which will hopefully solve this clinical problem.
We designed a novel 3D-printed glenohumeral fusion prosthesis, verified its feasibility and safety, and explored the potential improvement in biomechanical stability through a lateral plate fixation with it by finite element analysis and biomechanical experiments, providing mechanical evidence for its clinical application.
2 MATERIALS AND METHODS
2.1 Design of the 3D-printed glenohumeral fusion prosthesis
The design of the novel prosthesis mimics the technical characteristics of traditional glenohumeral joint arthrodesis (O’Connor et al., 1996; Wang et al., 2011). To achieve the purpose of fusion, design details were established for “initial stability (mechanical fusion)” and “long-term stability (biological fusion)” (Figures 1C, F). The prosthesis consists of three parts, including the main part of the prosthesis (Figure 1A, shown in the red box), the intramedullary stem (Figure 1B, shown in the blue box), and the fixation plate (Figure 1C, shown in the orange box).
[image: Figure 1]FIGURE 1 | Design of the 3D-printed glenohumeral fusion prosthesis and model construction, and element division method and loading modes in the finite element analysis. (A,B) Design details of the 3D-printed glenohumeral fusion prosthesis. (C) Biomimetic bones (sawbones) of the shoulder joint were used to construct biomechanical experimental models for simulating proximal humerus bone defect reconstruction after proximal humerus tumor resection with the 3D-printed glenohumeral fusion prosthesis. (D–F) Three reconstruction models were created, all of which simulated the reconstruction of the bone defect after a 15-cm osteotomy in the proximal humerus. (D) Model 1 represented traditional glenohumeral arthrodesis with an intercalary allograft and a vascularized fibular graft. (E) Model 2 represented the 3D-printed glenohumeral fusion prosthesis. (F) Model 3 represented the 3D-printed glenohumeral fusion prosthesis with a metal plate fixed on the spine of the scapula. (G) The contact was set, and the grid was divided freely with solid 187 as the solid unit and 3 mm as the unit size. (H,I) The scapula was bound and fixed, and two loading modes were applied to the distal end of the humerus. (H) The first loading mode consisted of an axial load of 700 N along the humeral axis, which was equivalent to the pressure on the glenohumeral joint during arm elevation (Model 1 is taken as an example to illustrate two loading modes). (I) The loading mode consisted of a vertical downward load of 42.532 N, which was equivalent to the weight of the upper limb.
The initial stability of the 3D-printed glenohumeral fusion prosthesis is provided by screws inserted into the neck of the scapula, a metal plate fixed on the spine of the scapula, and the frustum of a cone structure embedded in the scapular neck. Long-term stability is provided by bone ingrowth from the osteotomy interface of the glenoid cavity to the contact interface of the 3D-printed porous structure of the prosthesis (as indicated by the red arrows in Figures 1A, B). That is, the surface of the frustum of a cone structure embedded in the scapular neck and the interface between the prosthesis and osteotomy in the glenoid cavity are made into a 3- to 5-mm-thick, porous structure (trabecular bone structure) by 3D printing technology so that the bone can quickly grow into the interface and achieve biological fusion. The 3D-printed glenohumeral fusion prosthesis was fabricated by Arcam Q10 PLUS (Arcam Inc., Germany) using high-energy electron beam melting (EBM) technology. The printing material was titanium alloy (Ti-6Al-4V). The porosity of the porous structure was 60%–85%, and the pore size was 300 µm-800 µm, which had been proven to achieve good integration of the implant and bone interface (Wang et al., 2016). Porous structures of titanium alloys made by 3D printing technology have been proven to have properties precisely supporting bone fusion (Ji et al., 2020).
The position of shoulder fusion is generally at 20° of abduction, 30° of forward flexion, and 40° of internal rotation after reconstruction (Wang et al., 2011).
2.2 Finite element analysis verification
Computed tomography (CT) (united-imaging CT960+, United Imaging Healthcare Co. Ltd., China) was used to scan the shoulder joint and upper limb of a healthy adult male at a slice thickness of 1 mm. The functions of CT were set to 320 rows and 640 layers, and the scanning parameters were set to standard tube voltage 70–140 KV, tube current 10–833 ma, and the MAC algorithm was used for images reconstruction. The images obtained were used for 3D model reconstruction. The use of the personal imaging data was approved by the hospital’s ethics committee and agreed to by the volunteer. The scanning data were imported into the three-dimensional (3D) reconstruction software Mimics (Materialise NV, Leuven, Belgium) in DICOM format. After mask processing, the data were exported in STL format. The STL files were subsequently transferred to Geomagic Design software (Research Triangle Park, Durham, NC, United States) for reconstruction by reverse engineering techniques. SolidWorks software (Waltham, MA, United States) was used for 3D solid modeling.
Three reconstruction models were created, all of which simulated reconstruction of the bone defect after a 15-cm osteotomy in the proximal humerus. Model 1 represented traditional glenohumeral arthrodesis with an intercalary allograft and a vascularized fibular graft (Figure 1D). Model 2 represented the 3D-printed glenohumeral fusion prosthesis (Figure 1E), and Model 3 represented the 3D-printed glenohumeral fusion prosthesis with a metal plate fixed on the spine of the scapula (lateral plate fixation) (Figure 1F).
The assembled solid model was imported into ANSYS Workbench (Ansys, Inc., Canonsburg, PA, United States), where Boolean operations were carried out. The material of the prosthesis and metal plate were set to titanium alloy (Ti-6Al-4 V), and the material properties are shown in Supplementary Table S1 (Yang et al., 2013).
The friction setting was established between individual components according to the actual situation. Contact binding was created between the screws, metal plate and the prosthesis, and the fretting was ignored. Friction contact was used on the interface between bone and prosthesis, the friction coefficient was 0.3 (Ji et al., 2010). The mesh convergence test was carried out for the mesh size, and the calculation analysis was carried out for the five dimensional finite element models with mesh sizes of 2, 3, 4, 5, and 6 mm. Compared with the maximum equivalent stress of shoulder prosthesis, when the mesh size was 2 mm and 3 mm, the maximum stress value was less than 2%, which met the requirement of 5% reported in the literature. Considering the time efficiency of calculation, 3 mm was chosen as the final mesh size in this study. The grid was divided freely, with solid 187 as the solid unit and 3 mm as the unit size (Zhou et al., 2020) (Figure 1G). Model 1 consisted of 1,26,780 elements and 2,05,042 nodes. Model 2 consisted of 1,42,213 elements and 2,17,636 nodes. Model 3 consisted of 1,52,693 elements and 2,38,627 nodes. The scapula was bound and fixed, and two loading modes were applied to the distal end of the humerus. The first loading mode consisted of an axial load of 700 N along the humeral axis, which was equivalent to the pressure on the glenohumeral joint during arm elevation (Yang et al., 2013) (Figure 1H, Model 1 is taken as an example to illustrate two loading modes). The loading mode consisted of a vertical downward load of 42.532 N (Codsi and Iannotti, 2008), which was equivalent to the weight of the upper limb (Anglin et al., 2000) (Figure 1I). The displacements and von Mises stresses of the three models were observed.
2.3 Biomechanical experiment verification
The results of finite element analysis proved that the 3D-printed glenohumeral fusion prosthesis exhibited better mechanical properties than traditional glenohumeral arthrodesis. On the premise that the fusion prosthesis was superior to the traditional method, the finite element analysis also showed that adding metal plate fixation could better stabilize the fusion prosthesis and improve its mechanical properties. To further prove the second conclusion of the finite element analysis, we designed a biomechanical experiment to verify whether the novel fusion prosthesis actually required additional lateral plate fixation.
Biomimetic bones (sawbones) of the shoulder joint were used to construct biomechanical experimental models for simulating proximal humerus bone defect reconstruction after proximal humerus tumor resection with the 3D-printed glenohumeral fusion prosthesis (Figure 1C). Biomimetic bones (sawbones) were produced by the Shanghai Innuo Industrial Co. Ltd. (Shanghai, China) based on the CT data of the shoulder and upper arm used in the finite element analysis as described above.
The preparation process of the models was as follows. A grinding drill was used to create a groove in the center of the glenoid of the biomimetic scapula that just accommodated the frustum of a cone structure of the prosthesis, so that it had a certain pullout friction after embedding and was close to the bone surface exactly. The position of the prosthesis was adjusted so that the prosthesis was at 20° of abduction, 30° of forward flexion, and 40° of internal rotation after reconstruction. The orthopedic electric drill with a 3.5 mm drill bit was used to drill through the screw hole of the main part of the prosthesis. Four screws were screwed into the hole to fix it to the glenoid. Along with the lateral nail path of the main part of the prosthesis, the reconstruction metal plate was placed in the middle of the scapular spine as an appropriate position and then screwed into the screw to fix the prosthesis on the scapular spine.
The models were classified into two groups: the first group included models reconstructed using the 3D-printed glenohumeral fusion prosthesis with a lateral metal plate fixed on the spine of the scapula (with-plate group) (Figures 5A, C); the other group included models reconstructed using the 3D-printed glenohumeral fusion prosthesis only (without-plate group) (Figures 5B, D). There were 6 samples in each group. A uniaxial pressure test was performed using a pressure tester (Electronic universal pressure testing machine, Shenzhen Sansheng Technology Co., Ltd., Shenzhen, China). Vertical downward pressure was applied to the prosthetic along the axis of the humerus. The loading rate was set at 0.05 mm/s, and the maximum pressure of the load was 700 N (as in the first loading mode in the finite element analysis). Moreover, the force–displacement curve of the 3D-printed glenohumeral fusion prosthesis was evaluated using a noncontact full-field dynamic strain measurement system (VIC-3D system, Correlated Solutions, Irmo, SC, United States) (system accuracy, ± 0.1 μm) (Zhou et al., 2020).
3 RESULTS
3.1 Results of the finite element analysis
3.1.1 Displacement under different loading modes
Under the two different loading modes, the displacements of the three models were compared. The results showed the smallest displacement for Model 3 among the three models (Figure 2; Table 1). In terms of displacement, the overall stability of the novel fusion prosthesis was greater than that of traditional glenohumeral joint arthrodesis.
[image: Figure 2]FIGURE 2 | Displacement diagrams of three reconstruction models under the two different loads in the finite element analysis. (A–C) Displacement diagrams of three reconstruction models under the vertical downward load. (D–F) Displacement diagrams of three reconstruction models under the axial load.
TABLE 1 | Displacements of the three models under different loadings in the finite element analysis.
[image: Table 1]3.1.2 Von mises stress of the three models
To further compare the mechanical properties of the three reconstruction methods, we investigated the von Mises stress of each component (Table 2). The results showed that there were stress concentration points in Model 1 under the axial load (Figures 3A–D). Under the two different loading modes, the stress in the metal plate in Model 3 was much lower than that in Model 1, and the stress was dispersed (Figures 3E, F). Under the axial load, the maximum stress in the metal plate in Model 1 was approximately 1.5 times that in Model 3 (66.429 N vs. 26.96 N), and the stress in the metal plate in Model 3 was dispersed into multiple parts. Under the vertical downward load, the maximum stress in the metal plate in Model 1 was more than three times that in Model 3 (58.234 N vs. 16.9 N). The stress distribution in all parts of Model 3 was relatively rational, and there were no points of stress concentration (Figures 3G–L). Therefore, the design of the novel fusion prosthesis was rational. There were no obvious points of stress concentration in the internal part, the stable structure (metal plate or screws) bore most of the stress, and the force was well distributed.
TABLE 2 | Von Mises stress of the three models under different loadings in the finite element analysis.
[image: Table 2][image: Figure 3]FIGURE 3 | The stress of each component in the three reconstruction models under the axial load in the finite element analysis. (A–D) The stress of fibula, metal plate, bone, and screws (through the glenoid articular surface) in model 1; (E,F) Stress of metal plate in Model 3 and Model 1; (G–L) Stress of metal plate, prosthesis main body, the frustum of a cone, screws (through the glenoid articular surface), bone, and prosthesis stem in Model 3. (The frustum of a cone is a part of the prosthesis’s main body. The frustum of a cone and the prosthesis’s main body is an integrated structure. For the sake of observation, the frustum of a cone is shown separately.)
The results above showed that the novel fusion prosthesis exhibited better mechanical properties than traditional glenohumeral joint arthrodesis. Furthermore, we compared the forces of each component of the novel prosthesis under the two different loads with and without metal plates and screws fixed on the scapula. The results showed that the stress in each part was lower in Model 3 than in Model 2 under the two different loads (Figure 4). Therefore, adding metal plate fixation could better stabilize the fusion prosthesis and improve its mechanical properties.
[image: Figure 4]FIGURE 4 | The stress of each component of the new prosthesis under the axial load with and without metal plates and screws fixed on the scapula in the finite element analysis. (A,B) The stress of prosthesis main body in Model 2 and Model 3. (C,D) Stress of screws in Model 2 and Model 3. (E,F) Stress of bone in Model 2 and Model 3. (G,H) Stress of the frustum of a cone in Model 2 and Model 3. (I,J) Stress of prosthetic stem in Model 2 and Model 3.
3.2 Results of the biomechanical experiment
3.2.1 Displacement
When the axial downward pressure was 700 N, the difference in the average total displacement between the with-plate group and the without-plate group was 1.1491 mm, which was statistically significant (P = 0.012) (Table 3). Figure 5E, F show the total displacement of the 3D-printed glenohumeral fusion prosthesis relative to the scapula (Supplementary Figure S1 shows the displacement on three axes.). Without lateral plate fixation, the total displacement of the prosthesis doubled.
TABLE 3 | Comparison of total displacement and maximum principal strain between the with-plate group and the without-plate group at axial downward pressure of 700 N in the biomechanical experiment verificationa
[image: Table 3][image: Figure 5]FIGURE 5 | Two reconstruction models in the biomechanical experiment verification, and the total displacement of the prosthesis and the maximum principal strain of the glenoid cavity at an axial downward pressure of 700 N in the biomechanical experiment. (A,C) The reconstruction model using the 3D-printed glenohumeral fusion prosthesis with a lateral metal plate fixed on the spine of the scapula (with-plate group); (B,D) The reconstruction model using the 3D-printed glenohumeral fusion prosthesis only (without-plate group). (E) The total displacement of the prosthesis in the with-plate group. (F) The total displacement of the prosthesis in the without-plate group. (G) The maximum principal strain of the glenoid cavity in the with-plate group. (H) The maximum principal strain of the glenoid cavity in the without-plate group.
Studies have shown that micromotion of less than 150 μm is a necessary condition for bone growth and biological fusion, which prolongs the efficacy of implants (Pilliar et al., 1986; Engh et al., 1992; Jasty et al., 1997; Kienapfel et al., 1999). We used a total displacement of 150 μm as the critical value to observe the loading pressure on the prosthesis. For the 6 samples in the with-plate group, the total displacement was greater than 150 μm after the force was greater than 150 N (15 kg). For the 6 samples in the without-plate group, the total displacement was greater than 150 μm after the force was greater than 50 N (5 kg).
3.2.2 Maximum principal strain
Under an axial downward pressure of 700 N, the maximum principal strain in the without-plate group was obviously greater, and the difference in the average maximum principal strain between the two groups was statistically significant (P = 0.047) (Table 3). However, the difference was not only numerical; analysis of the strain distribution also showed that the strain distribution in the glenoid in the with-plate group was relatively uniform and dispersed, while that in the without-plate group was relatively chaotic and locally concentrated (Figure 5G, H). Therefore, adding lateral plate fixation could reduce and disperse the strain on the glenoid.
4 DISCUSSION
Each of the available methods for reconstruction after the resection of proximal humerus bone tumors has disadvantages, and the optimal reconstruction method is still uncertain. Although autologous bone graft reconstruction provides a good rate of bone fusion, the method still has some disadvantages in cases of large bone defects, such as limited sources of available autologous bone and insufficient strength of bone grafts, which may result in fractures (Li et al., 2012; Kubo et al., 2016; Barbier et al., 2017; Shammas et al., 2017; Stevenson et al., 2018). Allografts are used in several reconstruction methods, including osteoarticular allografting, the application of allograft-prosthesis composites, and arthrodesis with an intercalary allograft and vascularized fibular graft. Although allografts are ideal materials for bone reconstruction, they may lead to biological and biomechanical complications, such as delayed union or nonunion of the graft, bone resorption, fracture, cartilage degeneration, and joint instability after reconstruction (Teunis et al., 2014; Nota et al., 2018; El Beaino et al., 2019; Yao et al., 2020). Artificial prosthesis placement includes the placement of anatomical proximal humerus prostheses and reverse humerus prostheses. The combination of anatomical proximal humerus prostheses with the scapular glenoid and soft tissue makes it difficult to ensure the stability of the joint by reinforcement with mesh patches and anchors, which may cause shoulder dislocation or subluxation and shoulder instability, especially in patients treated with extraarticular tumor resection (Van De Sande et al., 2011; Liu et al., 2014; Teunis et al., 2014; Tang et al., 2015; Yang et al., 2021). A reverse humerus prosthesis may result in postoperative shoulder joint dysfunction due to failure to preserve the deltoid or axillary nerve; only when the deltoid or axillary nerve is intact can a reverse humerus prosthesis exhibit relatively good clinical efficacy (Arne. et al., 2014; Guven et al., 2016; Lazerges et al., 2017). After Malawer type IB resection of the proximal humerus, arthrodesis with an allograft and vascularized fibular graft is recommended for reconstruction in younger, more active patients (O’Connor et al., 1996; Wang et al., 2011; Bilgin, 2012; Mimata et al., 2015). However, the drawbacks of this method include the long operation time, extreme trauma, long time required for fusion between the allograft and host bone, rejection reactions, bone resorption, and bone nonunion, which may lead to additional related complications and ultimately cause reconstruction failure (Fuchs et al., 2005; Wang et al., 2011; Bilgin, 2012; Wieser et al., 2013; Padiolleau et al., 2014; Mimata et al., 2015). Therefore, the clinical application of this surgical method has gradually decreased. The so-called glenohumeral fusion prosthesis (O’Connor et al., 1996) made by traditional techniques relies on only a few screws to achieve stability in the initial stage of reconstruction but cannot provide long-term biological stability via integration between the bone and prosthesis. As a result, in the long term, the failure rate of these prostheses is very high.
To avoid the disadvantages of the above glenohumeral nonfusion reconstruction methods and the traditional so-called glenohumeral joint fusion reconstruction method, we innovatively designed a novel 3D-printed glenohumeral fusion prosthesis, which provides an important reference for reconstruction after malignant proximal humerus tumor resection. The design concept of the glenohumeral fusion prosthesis is that after shoulder joint fusion is achieved through the prosthesis, the range of motion of the shoulder joint can be partially compensated for by movement of the scapula. In addition, according to the theoretical basis of traditional glenohumeral joint arthrodesis, the glenohumeral joint fusion prosthesis based on this technology could stabilize the shoulder joint, which is an important prerequisite for the shoulder joint painless and weight-bearing functions after surgery. In this research, we demonstrated the feasibility and safety of the 3D-printed glenohumeral fusion prosthesis through finite element analysis and biomechanical assessments in preclinical experiments, which laid a solid foundation for clinical research of the prosthesis.
Biazzo et al. combined their single-institution experience and literature to describe scapular reconstruction after resection of bone tumors. After total or partial scapulectomy there are 3 options for reconstruction: humeral suspension (flail shoulder), total endoprosthesis, and massive bone allograft (Biazzo et al., 2018). Salunke et al.’s single-center retrospective cohort found that the reconstruction with polypropylene mesh had better functional outcomes and emotional acceptance as compared to the non-reconstructive group in patients with total scapular resection surgery. In addition, the findings of the systematic review suggest that patients treated by reconstruction with polypropylene mesh and the non-reconstructive group as compared to scapular prosthesis had limited shoulder movements (Salunke et al., 2024). In theory, patients who involve the removal of part of the scapula (glenoid) are also suitable for reconstruction with this novel prosthesis this study reported. Soltanmohammadi et al. performed the structural analysis of hollow versus solid-bearing shoulder implants of proximal humeri with different bone qualities. The result showed that the hollow stems maintained adequate strength and using even thinner walls may further reduce stress shielding (Soltanmohammadi et al., 2022). Therefore, we can improve the biomechanical environment of implants through structural design.
The finite element analysis results indicated that the mechanical properties of the novel glenohumeral fusion prosthesis were better than those of traditional glenohumeral joint arthrodesis. Model 1 (traditional glenohumeral joint arthrodesis) had points of stress concentration, which might be prone to rupture. Some clinical studies have reported the rupture of metal plates (Wieser et al., 2013), and other studies have even used double metal plates for reconstruction as a result (Bilgin, 2012). The stress in each part of Model 3 was lower than that in Model 2 under the two different loads, indicating that adding plate fixation could stabilize the glenohumeral fusion prosthesis and improve its mechanical properties. The stress was distributed in all parts of Model 3, which indicated that the design of the glenohumeral fusion prosthesis was rational. There were no points of obvious stress concentration in the internal part, the stable structure (metal plate or screws) bore most of the stress, and the force was well distributed. It should be noted that the design of the frustum of the cone in the novel prosthesis could greatly resist the vertical shear stress of the articular surface. Together with the screws inserted into the neck of the scapula through the body of the prosthesis, the components maximized the initial stability and provided a mechanical environment with less fretting for bone ingrowth. According to the results of finite element analysis, it could be seen that there is no stress concentration in the bone around the prosthesis, and the stress is relatively uniform (Figures 3K, 4F). Moreover, in the mechanical experiments, analysis of the strain distribution showed that the strain distribution in the glenoid in the with-plate group was relatively uniform and dispersed (Figures 5G, H). Therefore, the stress-shielding effect of the prosthesis on the surrounding bone is relatively small.
Based on the finite element analysis, the biomechanical experiment simulated the clinical application scenario and allowed rehearsal of the surgical reconstruction and installation steps, which showed the strong feasibility of the novel prosthesis. The biomechanical experiment confirmed the excellent initial stability of the glenohumeral fusion prosthesis and confirmed that the addition of a lateral plate further inhibited fretting, reduced the maximum principal strain, and dispersed the strain on the glenoid side, thereby creating a stable environment for bone ingrowth (Pilliar et al., 1986; Engh et al., 1992; Jasty et al., 1997; Kienapfel et al., 1999). Our biomechanical experiment showed that the micromotion of the construct was less than 150 μm, which is a necessary condition for bone ingrowth and biological fusion and allows implants to remain effective for a long time.
The limitations of this study are as follows: First, in the mechanical analysis, only two kinds of forces on the upper limb were simulated; Second, the biomechanical study provides preclinical evidence for the feasibility and safety of the novel prosthesis, but further clinical studies are needed to verify its clinical efficacy.
5 CONCLUSION
The design of the 3D-printed glenohumeral fusion prosthesis was rational, and its stability and mechanical properties were better than those of traditional glenohumeral joint arthrodesis. Biomechanical verification demonstrated the feasibility and safety of this prosthesis, indicating its potential for proximal humerus bone defect reconstruction after proximal humerus tumor resection.
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Proximal humerus fractures (PHFs) are common in the elderly and usually involve defects in the medial column.The current standard for medial column reconstruction is a lateral locking plate (LLP) in combination with either an intramedullary fibula support or an autogenous fibula graft. However, autogenous fibula graft can lead to additional trauma for patients and allogeneic fibular graft can increase patients’ economic burden and pose risks of infection and disease transmission. The primary objective of this study was to introduce and assess a novel “Sandwich” fixation technique and compare its biomechanical properties to the traditional fixation methods for PHFs. In this study, we established finite element models of two different internal fixation methods: LLP-intramedullary reconstruction plate with bone cement (LLP-IRPBC) and LLP-intramedullary fibula segment (LLP-IFS). The biomechanical properties of the two fixation methods were evaluated by applying axial, adduction, abduction, torsional loads and screw extraction tests to the models. These FEA results were subsequently validated through a series of biomechanical experiments. Under various loading conditions such as axial, adduction, abduction, and rotation, the LLP-IRPBC group consistently demonstrated higher structural stiffness and less displacement compared to the LLP-IFS group, regardless of whether the bone was in a normal (Nor) or osteoporotic (Ost) state. Under axial, abduction and torsional loads, the maximum stress on LLPs of LLP-IRPBC group was lower than that of LLP-IFS group, while under adduction load, the maximum stress on LLPs of LLP-IRPBC group was higher than that of LLP-IFS group under Ost condition, and almost the same under Nor condition. The screw-pulling force in the LLP-IRPBC group was 1.85 times greater than that of the LLP-IFS group in Nor conditions and 1.36 times greater in Ost conditions. Importantly, the results of the biomechanical experiments closely mirrored those obtained through FEA, confirming the accuracy and reliability of FEA. The novel “Sandwich” fixation technique appears to offer stable medial support and rotational stability while significantly enhancing the strength of the fixation screws. This innovative approach represents a promising strategy for clinical treatment of PHFs.
Keywords: proximal humerus fracture, intramedullary support, screw extraction, finite element analysis, biomechanical experiment
1 INTRODUCTION
Proximal humerus fractures (PHFs) are the common type of injury, accounting for approximately 4%–9% of all adult fractures (Badman and Mighell, 2008). The incidence of these fractures tends to increase with age, owing to reduced bone mineral density among the elderly (Sun et al., 2020). Typically, low-energy falls, particularly in older individuals, are the primary mechanisms leading to PHFs (Bergdahl et al., 2016). Nondisplaced or minimally displaced PHFs are generally managed conservatively, while displaced and unstable PHFs require open reduction and internal fixation (Laux et al., 2017). Among the surgical options for displaced PHFs, locking plates are the most commonly employed (Bergmann et al., 2011). However, these locking plates are typically positioned on the lateral aspect of the humerus, often neglecting the mechanical stability of the medial column. In cases where the medial bone is comminuted or osteoporotic (Ost), postoperative complications such as varus collapse, screw cutout, internal fixation failure, and osteonecrosis can occur at rates as high as 39% (Robinson et al., 2003; Boesmueller et al., 2016).
Numerous studies have established that effective reconstruction of the medial column can significantly reduce the incidence of PHF complications (Zhu et al., 2014; Chen et al., 2015; He et al., 2015; Jabran et al., 2018). The prevailing method for medial column reconstruction in clinical practice involves the use of allogeneic or autologous fibular strut marrow support (Chen et al., 2018; Cui et al., 2019; Lee et al., 2019; Wang et al., 2019). However, the availability of allogeneic fibula is somewhat limited, which places an increased financial burden on patients. Additionally, the use of autogenous fibula segments can lead to additional trauma for patients (Mease et al., 2021). Therefore, this study proposes a “Sandwich” method for treating PHFs, which involves the application of double plates (a lateral locking plate and a medial medullary plate) in combination with bone cement.
The primary objective of this study was to compare the biomechanical characteristics of “Sandwich” fixation with the traditional fixation of using a locking plate combined with intramedullary fibular segment transplantation, and to evaluate the practicability of “sandwich” fixation in the reconstruction of the medial column of PHFs by finite element analysis (FEA) and biomechanical experiments. Ultimately, this research endeavors to provide a theoretical foundation for the selection of appropriate internal fixation methods in clinical practice.
2 METHODS
Computed tomography scans of the right humerus was selected from a healthy 30-year-old female volunteer with no history of injury or pathological disease, such as scapulohumeral periarthritis, bone disease, or bone tumor. We established finite element models of LLP-IRPBC and LLP-IFS, and applied axial, adduction, abduction, torsional loads and screw extraction tests to the models to evaluate the biomechanical properties of the two fixation methods. Subsequently, 20 right prosthetic humeri were randomly divided into 2 groups for in vitro biomechanical experiments to verify the finite element analysis results. The research was approved by the ethics committee of The Second Hospital of Jilin University (No. 2023-211), and all procedures were conducted in accordance with relevant guidelines and regulations. Written informed consent was obtained from the volunteer prior to participation in the study.
2.1 Finite element modeling
Computed tomography scans of the right humerus in DICOM format were imported into Mimics 21.0 software (Materialise, Leuven, Belgium) to create a 3D model of the humerus. The Hounsfield Unit (HU) value, representing the bone density threshold value, was utilized to differentiate cortical and cancellous bone. Cancellous bone was defined by an HU value of 150–450, while cortical bone was defined by an HU value of 450–3000 (Chen et al., 2020). The model was then exported in stereolithography format to Geomagic Warp 2014 (3D Systems, North Carolina, United States). Nails and redundant features of the model were removed, and the model was smoothed. Accurate surface modules were used to identify model contours, edit any distorted or unreasonable contours, and add additional contours to facilitate surface patch generation. After successful surface patch generation, the surface was fitted and exported in STEP format.
To generate STP-format models, 1:1 scans of the lateral locking plate (LLP, 90 mm in length, 22 mm in width, Zimmer, Indiana, United States) and the reconstructed plate (65 mm in length, 10 mm in width, Zimmer, Indiana, United States) were conducted in advance. These models were then assembled with the humerus model using Solidworks 2017 (Dassault Systèmes, Massachusetts, United States). The model was standardized by performing medial wedge osteotomy, according to previous studies, creating a 10-mm fracture gap with complete lateral contact (Zettl et al., 2011). Implants were placed according to the manufacturer’s guidelines. In the LLP-IFS (lateral locking plate-intramedullary fibula segment) group, the LLP and fibular strut were implanted into the model, with a hollow cylinder used to simulate the fibular strut. The hollow cylinder had a length of 85 mm, an outer radius of 5 mm, and an inner radius of 2 mm (He et al., 2017). In the LLP-intramedullary reconstruction plate with bone cement (LLP-IRPBC) group, the reconstruction plate and LLP were inserted into the model, and a short screw was placed into the third nail hole of the reconstruction plate. The 7th and 8th screws on the LLP passed through the reconstruction plate simultaneously. A solid cylinder, representing bone cement (27 mm in length, 7 mm radius, wherein the size was measured after the following conditions were met), was inserted between the LLP and the reconstruction plate through the fracture space, connecting the two plates and encasing the 5th, 6th, and 7th screws, as well as the screws on the reconstruction plate, creating a stable “Sandwich” structure (Figure 1).
[image: Figure 1]FIGURE 1 | Two-part fracture model of proximal humerus with an unstable medial column. Two types of fixation configurations, LLP-IFS = lateral locking plate-intramedullary fibula segment; LLP-IRPBC (“Sandwich” fixation) = lateral locking plate-intramedullary reconstruction plate with bone cement.
This study utilized hexahedral meshing for simple components such as screws, bone cement, and fibula segments to save computation time and ensure result accuracy, while tetrahedral meshing was applied to more complex structures such as the humerus, locking plates, reconstructed plates, and screw thread for more accurate stress and strain calculations. The sensitivity analysis conducted in this study focused on mesh density, confirming that mesh density does not significantly impact the calculated results. After meshing and sensitivity analysis, the LLP-IFS model consisted of 238842 elements and 383894 nodes, while the LLP-IRPBC model comprised 245355 elements and 392323 nodes.
2.2 Finite element analysis
FEA was conducted using Ansys Workbench 17.0 (ANSYS, Inc., Pittsburgh, United States). All models and implants were assumed to be isotropic, homogeneous, and linear elastic, and they simulated bone stock in both normal (Nor) bone and Ost bone. The elastic modulus for cortical bone, Ost cortical bone, cancellous bone, Ost cancellous bone, and implant were set at 13400 MPa, 2000 MPa, 8844 MPa, 660 MPa, and 114000 MPa, respectively, with a Poisson’s ratio of 0.3 (He et al., 2015). Bone cement had an elastic modulus of 2270 MPa and a Poisson’s ratio of 0.46 (Zheng et al., 2020). Contact behavior between plate/locking screws, locking screws/bone, and locking screws/bone cement interface was defined as bonded. All contact elements were defined as deformable elements. The distal end of the PHF model was mechanically constrained with 6 degrees of freedom. Axial, adduction, abduction, and torsion forces were applied to the model (Figure 2). Axial loads of 500 N were applied to the proximal humeral head in both coronal and sagittal planes, vertically oriented. To simulate adduction and abduction forces, the model’s angle was adjusted by 20° in either adduction or abduction based on axial circumstances. To simulate rotation, a 3.5-Nm torque was applied around the humeral head at the proximal end of the humeral axis. Fixation device stability was evaluated by observing displacement and angle changes of the osteotomy gap under axial, adduction, abduction, and rotational loads. Four points on the proximal fracture gap—medial (a), anterior (b), lateral (c), and posterior (d)—were selected for measuring displacement (Figure 3A). To evaluate stress distribution and force conditions, the von Mises stress distribution and maximum stress on the implant were determined.
[image: Figure 2]FIGURE 2 | The distal shaft of the humerus was fixed. Axial, adductive, abductive, and torsional forces were applied to the head of the humerus.
[image: Figure 3]FIGURE 3 | (A) Four points on the proximal fracture gap medial (a), anterior (b), lateral (c), and posterior (d); (B) Screw numbers on the lateral locking plate; (C)Position distribution and numbering of the strain gauge.
2.3 Screws extraction experiments
In this study, we focused on screw No. 7 (screw numbers are indicated in Figure 3B) to conduct a nail extraction experiment assessing screw stability with different fixation methods. We simplified the model and added threads to the screws with a screw length of 25 mm and a pitch of 1.75 mm. All contact types were set according to Coulomb’s friction law, with friction coefficients of 0.3 for screw/bone and screw/bone cement interactions (Kayabasi and Ekici, 2007). The maximum strengths of Nor cortical bone, Nor cancellous bone, Ost cortical bone, Ost cancellous bone, and bone cement were set at 150 MPa, 13 MPa, 85 MPa, 10 MPa, and 33.6 MPa, respectively (McCalden et al., 1993; Anglin et al., 1999; Hart et al., 2017; Khellafi et al., 2019). The maximum strength of the screw was 3000 MPa, as determined by a tensile test (f = F/A). The outer surface of the bone material was constrained in translational degrees of freedom in three directions. Contact was established at the screw connection, between the screw, the bone, and the bone cement. After meshing and sensitivity analysis, both sets of pull-out models consisted of 217,700 elements and 438,090 nodes. The load was applied to the screw head, and large deformation settings were enabled during the calculations to determine the pull-out force required for screw extraction.
2.4 Experimental specimens and preparation
Synbone prosthetic humeri (No. 5010, SYNBONE-AG, Switzerland) were employed in this study. A total of 20 right prosthetic humeri were randomly allocated into two groups, each consisting of 10 prosthetic humeri: the LLP-IFS group and the LLP-IRPBC group. Subsequently, an experienced surgeon performed a transverse osteotomy using an oscillating saw. The osteotomy procedure was consistent with the FEA methods described above. The placement of implants followed the manufacturer’s guidelines. The locking plate was positioned 8 mm distal to the greater tuberosity, and 3.5-mm screws were inserted until they were 5–8 mm from the joint surface, guided by fluoroscopy. In the LLP-IFS model, LLP and a fibular strut were implanted, creating the LLP-IFS model. In the LLP-IRPBC group, a custom-molded reconstruction plate was inserted into the medullary cavity after placing a short screw into the third nail hole. The fracture was reduced, and then the locking plate and screws were positioned according to the manufacturer’s guidelines. The 7th and 8th screws on the LLP plate were passed through the reconstruction plate simultaneously using fluoroscopy. Bone fenestration was conducted above and below the fracture line, and bone cement (PALACOS R + G, Heraeus Medical GmbH, Germany) was placed between the two plates. This allowed the bone cement to connect the two plates and encircle the 5th, 6th, and 7th screws as well as the screws on the reconstruction plate concurrently. Finally, the loose bone fragments were restored.
The distal part of the humerus was then sectioned approximately 22 cm from the humeral head apex, and the distal end was securely fixed using dental plaster (Type-II, self-curing, Xinshiji, Shanghai, China). To measure the maximum stress on the LLP under three loading modes—axial, adduction, and abduction—we applied strain gauges (120-2AA-D-D300, Guangce Electronics Co., Ltd., Hunan, China) to the steel plate’s surface. The distribution of strain gauge positions is depicted in Figure 3C. The strain gauge leads were connected to a strainmeter by wires and cables, with external temperature compensation.
2.5 Biomechanical testing
All compression tests were conducted using an MTS model 55,100 material testing machine (Material Testing Systems, MTS Systems Corp, Eden Prairie, MN, United States; Figure 4). The distal ends of the specimens were fixed and oriented vertically in the coronal and sagittal planes, with the specimens sequentially positioned at three angles (0° axial, −20° adduction, and + 20° abduction). The compression load was applied to the humerus head at a speed of 2 mm/min using a load sensor, with each specimen undergoing five cycles between 50 N and 500 N. Relative displacement between the broken fragments was measured using a laser displacement transducer (HG-C1100, range 35 mm, resolution 0.07 mm, Lingguang Technology, Anhui, China), and axial stiffness was calculated based on the slope of the linear region of the load-displacement curve. The strain value at each measuring point under a 500 N load was measured using a strainmeter, and stress values were calculated based on δ = ε × Ε. Before testing, the specimens were preloaded with 100 N to eliminate rheological effects such as bone relaxation and creep (Kim et al., 2001).
[image: Figure 4]FIGURE 4 | The distal part of the specimens were fixed and placed in three positions (0° axial, −20° adduction, +20° abduction), and the compression load was applied to the humerus head at a speed of 2 mm/min (A–C); The humerus head and distal ends were fixed with blunt screws and connected to the torsion tester using custom clamps, and the torque forces were applied to the humeral head at 0.1°/s until the torque reached 3.5 Nm (D); The humerus was fixed, and the tensile force was applied vertically to the nut at a speed of 2 mm/min until the screw was completely removed (E).
In torsional tests, the humerus head and distal ends were secured with blunt screws and connected to the torsion tester (NWS-1000, China Machinery Testing Equipment Co., Ltd., Changchun, China) using custom clamps. Torque forces were applied to the humeral head at a rate of 0.1°/s until a torque of 3.5 Nm was reached. Each specimen underwent five cycles, with torsional stiffness calculated based on the slope of the linear region of the torsion-torsion angle curve.
For the screw extraction experiments, we used the MTS model 55100 material testing machine, with the humerus and screw respectively fixed onto a custom mold with adjustable angles. The humerus was immobilized, and tensile force was applied vertically to the nut at a rate of 2 mm/min until the screw was completely removed. The maximum force required for complete extraction of screws No. 5, 6, and 7 (through the fibula in the LLP-IFS group and the cement in the LLP-IRPBC group) was recorded for the two groups of specimens.
2.6 Statistical analysis
All data were subjected to statistical analysis using SPSS 20.0 (SPSS Inc., Chicago, IL, United States) software. The Kolmogorov-Smirnov test was employed to assess data normality, and a t-test was used to compare data between the two groups. A significance level of p < 0.05 was considered statistically significant.
3 RESULTS
3.1 Construct stiffness
Axial, adduction, abduction, and torsion forces were applied to the LLP-IFS group and LLP-IRPBC group under both Nor and Ost conditions, the structural stiffness of LLP-IFS group under Nor conditions was 527.50N/mm, 47.81N/mm, 36.65N/mm and 3.25Nm/deg, while that of LLP-IRPBC group was 533.62N/mm, 48.12N/mm, 38.50N/mm and 3.58Nm/deg, and the structural stiffness of LLP-IFS group under Ost conditions was 340.76N/mm, 31.12N/mm, 23.83N/mm and 2.06Nm/deg, while that of LLP-IRPBC group was 350.30N/mm, 31.54N/mm, 25.23N/mm, and 2.37Nm/deg. For the four loads, the LLP-IRPBC group exhibited higher structural stiffness compared to the LLP-IFS group under both Nor and Ost conditions, as shown in Figures 5A,B.
[image: Figure 5]FIGURE 5 | Results of structural stiffness. (A) Axial force, adduction force, abduction force; (B) Rotational force.
3.2 Relative fracture displacement
Figures 6, 7 illustrates the displacement cloud diagram and the results of amplitude of distance.
[image: Figure 6]FIGURE 6 | The displacement cloud diagram.
[image: Figure 7]FIGURE 7 | Relative displacement of fracture gap. (A) Axial load; (B) Adduction load; (C) Abduction load; (D) Rotation load.
Under axial load, the displacements of a, b, c and d of LLP-IFS group (Nor/Ost) were 0.69 mm/1.06 mm, 0.65 mm/1.00 mm, 0.64 mm/0.98 mm, 0.64 mm/0.99 mm, while those of LLP-IRPBC group were 0.67 mm/1.02 mm, 0.63 mm/0.96 mm, 0.62 mm/0.96 mm and 0.63 mm/0.96 mm, respectively, as depicted in Figure 7A.
Under adduction load, the displacements of a, b, c and d of LLP-IFS group (Nor/Ost) were 8.37 mm/12.86 mm, 8.21 mm/12.61 mm, 8.17 mm/12.55 mm, 8.24 mm/12.62 mm, while those of LLP-IRPBC group were 8.31 mm/12.69 mm, 8.15 mm/12.45 mm, 8.12 mm/12.38 mm and 8.15 mm/12.45 mm, respectively, as portrayed in Figure 7B.
Under abduction load, the displacements of a, b, c and d of LLP-IFS group (Nor/Ost) were 10.78 mm/16.57 mm, 10.53 mm/16.20 mm, 10.46 mm/16.09 mm, 10.57 mm/16.19 mm, while those of LLP-IRPBC group were 10.27 mm/15.56 mm, 10.04 mm/15.32 mm, 9.98 mm/15.23 mm and 10.03 mm/15.31 mm, respectively, as illustrated in Figure 7C.
Under rotational load, the displacements of a, b, c and d of LLP-IFS group (Nor/Ost) were 0.31 mm/0.48 mm, 0.23 mm/0.36 mm, 0.22 mm/0.34 mm, 0.17 mm/0.26 mm, while those of LLP-IRPBC group were 0.26 mm/0.39 mm, 0.19 mm/0.30 mm, 0.21 mm/0.32 mm, and 0.16 mm/0.25 mm, respectively, as evidenced in Figure 7D.
Under the above loading conditions, regardless of whether it was in Ost or Nor conditions, the displacements at points a, b, c, and d in the LLP-IRPBC group were consistently smaller than those in the LLP-IFS group, and the fracture amplitude of distance were the largest under abductive loads.
3.3 Von Mises stress distribution and maximum stress on implants
The von Mises stress distribution and maximum stress of the implant are detailed in Figures 8A,B. Under axial, adduction, abduction, and torsional loads, the maximum stresses on LLPs in the LLP-IFS group (Nor/Ost) were 50.94Mpa/66.32 Mpa, 68.56 Mpa/83.61 Mpa, 123.50 Mpa/145.44 Mpa, 36.51 Mpa/47.31 Mpa, while those of LLP-IRPBC group (Nor/Ost) were 48.12 Mpa/56.54 Mpa, 68.53 Mpa/91.39 Mpa, 114.16 Mpa/130.41 Mpa, 25.96 Mpa/33.42 Mpa.
[image: Figure 8]FIGURE 8 | (A) Von Mises stress distribution of the lateral locking plate (LLP)-intramedullary fibula segment (IFS) and LLP-intramedullary reconstruction plate with bone cement (IRPBC) under Nor and Ost conditions. (B). Maximum von Mises stress on the lateral locking plates.
Both the LLP-IRPBC and LLP-IFS groups effectively dispersed stress through the additional implants/grafts of the locking plate. The von Mises stress distribution illustrates that both methods follow a double-column conduction mechanical pathway. In the LLP-IRPBC group, stresses concentrated around the cemented column-screw junction, primarily dispersed by intramedullary implants, with a notable stress concentration at the screw-implant junction. Von Mises stress remained similar under both Nor and Ost conditions.
3.4 Screws extraction experiments
Under Nor conditions, the force required for complete screw pull-out was 7700 N in the LLP-IRPBC group and 4150 N in the LLP-IFS group. The extraction force in the LLP-IRPBC group was approximately 1.85 times higher than that in the LLP-IFS group. Under Ost conditions, the pull-out force for the LLP-IRPBC group and LLP-IFS group were 3750 N and 2750 N, respectively. The LLP-IRPBC Ost group’s pull-out force was 1.36 times that of the LLP-IFS group. Stress distribution results and details are presented in Figure 9 and Table 1.
[image: Figure 9]FIGURE 9 | Maximum von Mises stress distribution during screw extraction.
TABLE 1 | The screw pull-out force of two groups.
[image: Table 1]3.5 Biomechanical results
Biomechanical tests corroborated the structural stiffness results observed in FEA. The structural stiffness of the LLP-IRPBC group was significantly higher than that of the LLP-IFS group under axial, abduction, and torsional loads (Table 2). However, there was no statistically significant difference between the two groups under adduction loads. Maximum stress on the LLPs was consistently observed at position IV for both groups under all three loading modes, with the LLP-IRPBC group showing lower stress values, although the difference was not statistically significant (p > 0.05; Figure 10).
TABLE 2 | Mean stiffness with standard deviations of all testing modes.
[image: Table 2][image: Figure 10]FIGURE 10 | Von Mises stress distribution of the lateral locking plate. (A) Axial load; (B) Adduction load; (C) Abduction load.
To prevent damage to the customized mold, based on the aforementioned FEA results, the LLP-IRPBC group ceased loading the screw when the extraction force exceeded 9900 N. Consequently, as displayed in Table 3, the pull-out force for screw No. 5 in the LLP-IRPBC group was over 2.16 times that of the LLP-IFS group, while screw No. 6 exceeded 1.64 times, and screw No. 7 was more than 2.45 times higher.
TABLE 3 | The mean screw pull-out force with standard deviations of two groups.
[image: Table 3]3.6 Comparison of biomechanical experimental with finite element analysis results
The in vitro biomechanical experiment results were compared with the finite element analysis results for both groups under normal bone conditions, as shown in Tables 4, 5. When comparing the pulling force of screws, the average pulling force of screws No. 5, 6, and 7 was taken in vitro. The in vitro biomechanical experiment results and the finite element analysis results, with deviations less than 20%.
TABLE 4 | Comparison of biomechanical experimental results with finite element analysis of LLP-IFS model.
[image: Table 4]TABLE 5 | Comparison of biomechanical experimental results with finite element analysis of LLP-IRPBC model.
[image: Table 5]4 DISCUSSION
Currently, open reduction and plate internal fixation represent the most commonly employed surgical approach for PHFs. However, this approach is still associated with a high incidence of postoperative complications such as varus deformity and screw removal (Südkamp et al., 2009; Sproul et al., 2011; Laux et al., 2017). Medial support reconstruction in the proximal humerus is crucial to reduce the occurrence of these complications. The intra- and extramedullary assembly fixation is better able to prevent the varus collapse for elderly proximal humeral fractures (Zhu et al., 2023a). Allogeneic or autologous fibular bone marrow grafting has emerged as a well-established and widely used method for medial column reconstruction (Gardner et al., 2008; Chen et al., 2015; Panchal et al., 2016). Nevertheless, the availability of autologous fibular struts is limited and may entail donor site complications, whereas allogeneic fibular struts can increase patients’ economic burden and pose risks of infection and disease transmission. Therefore, this study introduces a novel surgical fixation technique known as “Sandwich” fixation. It utilizes FEA and biomechanical experiments with artificial biomimetic bones to compare and analyze the biomechanical characteristics of “Sandwich” fixation and the traditional locking plate combined with fibular strut grafting. The aim is to explore the potential value of “Sandwich” fixation in medial column reconstruction for PHFs, thereby providing a theoretical foundation for clinical internal fixation selection.
By comparing with the results of Zhu et al. (2023b) and Chang et al. (2023), the reliability and high fidelity of the finite element model in this study are confirmed. The results from FEA and biomechanical studies indicate that the LLP-IRPBC group exhibits greater structural stiffness compared to the LLP-IFS group. Fracture displacement results closely correlate with structural stiffness. The LLP-IRPBC group displays smaller displacements at points a, b, c, and d under all loading conditions when compared to the LLP-IFS group. Both fixation methods offer direct two-column support and rotational stability, with LLP-IFS transmitting force through the fibula segment and LLP-IRPBC using a reconstructed steel plate. The latter provides more robust internal support due to the significantly higher stiffness of the plate compared to the fibula. The reconstructed plate forms a stable “sandwich” structure when tightly integrated with the locking plate using bone cement and screws, thereby enhancing LLP-IRPBC’s rotational stability. Overall, LLP-IRPBC provides superior structural stability, thereby promoting fracture healing and early recovery.
The inclusion of additional implants or reconstruction plates within the medullary cavity can effectively reduce the risk of implant failure by distributing stress. Our data reveals that, under axial, abduction, torsional loads, the maximum stress in the LLP-IRPBC group was exhibited lower than that in the LLP-IFS group under both Ost and Nor conditions, this difference may be attributed to the additional bone cement pathways in the LLP-IRPBC group. Interestingly, under adduction loads, the LLP-IRPBC group exhibited higher maximum stress than the LLP-IFS group in Ost conditions and the same maximun stress in Nor conditions, likely due to the gradual alignment of force direction with the screw orientation, effectively transferring the load and stress to the locking plate via the screws. Biomechanical experiment results are consistent with the findings from FEA, the maximum stresses on the LLPs almost occur at the bone defect sites, which are the most susceptible areas for failure after internal fixation. Notably, the stress under abduction load increases significantly, but it remains well below the material yield stress (800 MPa).
Annually, worldwide, over 1 million screw failures occur due to loose or displaced screws (Brown et al., 2013), often necessitating costly surgical interventions and subjecting patients to secondary trauma. To overcome these challenges, the use of bone cement to reinforce screws is often considered. Numerous in vitro biomechanical studies have demonstrated that bone cement-reinforced screws can enhance the initial stability of proximal humeral plates (Jabran et al., 2018; Biermann et al., 2019). An in vivo biomechanical study conducted by Larsson et al. (2012) revealed that calcium phosphate bone cement significantly increased screw extraction strength. A finite element study shows that bone cement enhanced screw can effectively reduce the stress of cancellous bone around the screw and enhance the initial stability after fracture operation (Wang et al., 2023). Our data indicate that the fixation strength of screws in the LLP-IRPBC group was significantly higher than that in the LLP-IFS group, with consistent findings in biomechanical experiments. This suggests that the use of bone cement in the LLP-IRPBC group substantially augments the screw’s tensile strength, thereby improving the stability of the fixed structure. This effect is particularly beneficial for older individuals with compromised bone quality, where the connection between screws and Ost bone may exhibit weaker holding force.
The results of biomechanical experiments were compared with those obtained from finite element analysis, these deviations were within a 20% margin. This variance primarily stemmed from the different sources of research subjects for each method: the biomechanical model utilized artificial bionic bone, while the finite element model was based on a human humerus CT image, leading to differences in material properties. Additionally, in vitro biomechanical experiments are influenced by environmental factors, operational standards, and the accuracy of measuring instruments. Despite these differences, the overall trends of the two studies were consistent, achieving similar conclusions under identical loading conditions. This consistency validates the effectiveness and reliability of both the finite element and biomechanical models, supporting their use in further research.
Our study presents several limitations. Firstly, the model was developed using a 30-year-old female volunteer, and osteoporosis was simulated solely by modifying the tissue’s elastic modulus. Secondly, this study was based on a skeletal system model, without accounting for the influence of muscles and ligaments. Thirdly, our analysis focused solely on two-part fractures of the proximal humerus and did not consider three-part and four-part fractures. Fourthly, synthetic bone was employed instead of cadaveric bone in the biomechanical experiments to reduce inter-specimen variations. Fifthly, our analysis concentrated on early postoperative structural stability and did not address long-term outcomes. Despite these limitations, “Sandwich” fixation represents an innovative procedure with promising biomechanical properties, which could have valuable implications for clinical decision-making.
5 CONCLUSION
Compared with allogeneic or autologous fibular bone marrow grafting by FEA and biomechanical experiments, “Sandwich” fixation offers several advantages: 1) It provides robust biomechanical stability while ensuring sturdy medial support. 2) “Sandwich” fixation significantly enhances screw fixation strength and effectively prevents screw failure. 3) With the growing adoption of centralized procurement for high-value medical consumables in China, plate costs have significantly reduced, lightening the economic burden of “Sandwich” fixation compared to allogeneic or autologous fibular bone marrow grafting. 4) There are no associated risks of infection or disease transmission. 5) The bone graft within the space between the intramedullary steel plate and the medial cortex contributes to the reconstruction of the humeral head’s normal shape after the fracture has healed.
Proximal humerus fracture in the elderly has always been a difficult point in orthopedic trauma treatment, and no expert consensus has been reached at present. This new approach offers a promising strategy for clinical treatment, and we are eager to build on our findings with further research aimed at solving this problem.
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Introduction: Polyetheretherketone (PEEK) lumbar fusion rods have been successfully used in short-segment posterior instrumentation to prevent adjacent segment degeneration. However, limited studies have reported their application in lumbar long-segment instrumentation. This study aimed to compare the biomechanical performances of PEEK rods and titanium rods in lumbar long-segment instrumentation using finite element (FE) models, with the expectation of providing clinical guidance.Methods: A lumbar FE model (A) and four lumbar fixation FE models (BI, CI, BII, CII) of the L1–S1 vertebral body were developed using CT image segmentation (A: intact model; BI: intact model with L2–S1 PEEK rod internal fixation; CI: intact model with L2–S1 titanium rod internal fixation; BII: intact model with L3–S1 PEEK rod internal fixation; CII: intact model with L3–S1 titanium rod internal fixation). A 150-N preload was applied to the top surface of L1, similar to the intact model. The stresses on the lumbar intervertebral disc, facet joint, pedicle screws, and rods were calculated to evaluate the biomechanical effect of the different fixation procedures in lumbar long-segment instrumented surgery.Results: Under the four physiological motion states, the average stresses on the adjacent segment intervertebral disc and facet joint in all fixation models were greater than those in the intact model. Furthermore, the average stresses on the adjacent segment intervertebral disc and facet joint were greater in models CI and CII than in models BI and BII, respectively. The average stresses on the pedicle screws and rods were decreased in models BI and BII compared with models CI and CII under the four physiological motion states, respectively.Discussion: The PEEK rod internal fixation system may have better biomechanical properties than the titanium rod internal fixation system in delaying adjacent segment degeneration, improving the lumbar function of postoperative patients, and reducing the risk of screw loosening and breakage in lumbar long-segment instrumentation.Keywords: lumbar degenerative disease, posterior lumbar instrumentation, PEEK, dynamic stabilization, adjacent segment degeneration, finite element analysis
1 INTRODUCTION
Posterior lumbar fusion and internal fixation is a classic surgical method for treatment of lumbar degenerative diseases (Li et al., 2013; Du et al., 2020; Pei et al., 2023; Zhang et al., 2023). Titanium alloy rods have been widely used in lumbar fusion internal fixation systems because of their close biomechanical properties to bone, excellent biocompatibility, and provision of sufficient strength under physiological loads (Kurtz and Devine, 2007; Wedemeyer et al., 2007; Ponnappan et al., 2009). However, the titanium alloys used in screw-rod fixation systems have a much higher elastic modulus than bone tissue (110 GPa vs. 0.1–20 GPa), and this can lead to stress concentration in posterior lumbar screw-rod fixation systems and stress shielding of intervertebral bone grafts, thereby increasing the risk of long-term complications such as pseudarthrosis, adjacent segment degeneration (ASD), and screw loosening or breakage (De Iure et al., 2012; Wu et al., 2020; Fan et al., 2021).
In recent years, the latest advancements in posterior spinal fixation have focused on the concept of dynamic stabilization (Khoueir et al., 2007; Greiner-Perth et al., 2016). Dynamic stabilization, which is often used as a non-fusion fixation alternative, is theoretically superior to traditional stiff fixation and can minimize ASD. When applied to fusion methods, enhanced dynamic stabilization provides additional load sharing to the anterior column and reduces stress at the bone-screw interface. However, decreased stability of internal fixation is an inherent risk factor for pseudarthrosis. The ideal fixation system would maximize the fusion rate by providing sufficient stability without excessive rigidity to minimize stress on the adjacent segment.
Polyetheretherketone (PEEK) is a fully biocompatible biomaterial that is increasingly being used for spinal implants. Its elastic modulus (3.6 GPa) is much lower than that of titanium alloys and closer to that of bone, and thus PEEK can better balance the load distribution between the anterior and posterior columns (Kurtz and Devine, 2007; Ponnappan et al., 2009; Ma and Tang, 2014; Li et al., 2018; Laubach et al., 2022; Wu et al., 2023). In previous studies, PEEK rods were successfully used for short-segment lumbar internal fixation with good clinical outcomes (Zhao et al., 2022; Li et al., 2023a). However, limited studies have reported their application in long-segment lumbar internal fixation. The present study aimed to compare the biomechanical performances of PEEK rods and titanium rods in lumbar long-segment instrumentation surgery using finite element (FE) models, with the expectation of providing clinical guidance.
2 MATERIALS AND METHODS
2.1 Development of an FE model of the intact lumbar-sacral spine
To establish an FE model of the intact lumbar-sacral spine, 0.5-mm thick CT images of the L1–S1 vertebral body in a healthy male subject were obtained from Peking University First Hospital. Mimics 11 (Materialise, Belgium), a medical image processing software program, was used to reconstruct the surface geometries of the vertebrae and sacrum. The models were then exported to Geomagics Studio 13.0 (Raindrop Geomagics, United States) and converted to WRP files. The separate vertebrae and sacrum models were integrated with origin alignment in SolidWorks 2020 (Dassault Systems, France) and the intervertebral discs and posterior elements were created based on the reconstructed vertebrae. The thicknesses of the cortical bones and endplates were set at 2 mm and 0.5 mm, respectively. The material properties of the FE model were derived from previous studies (Ambati et al., 2015; Zhang et al., 2022; Li et al., 2023b) and are detailed in Table 1. The final FE model of the lumbar-sacral spine was composed of L1–L5, sacrum, coccyx, and five intervertebral discs (Figure 1).
TABLE 1 | Material properties of finite element models.
[image: Table 1][image: Figure 1]FIGURE 1 | Development of an FE model. (A) The vertebral body after dividing the grid. (B,C) The Annulus fibrosus and its combination relationship in the whole model. (D) Model of pedicle screw. (E) Assembly relationship of pedicle screw, rods, facet joints and vertebrae. (F) Assembly relationship of pedicle screws in the overall model.
2.2 Development of FE models of the implanted lumbar-sacral spine
To simulate implantation and fixation, four FE models were established by modifying the intact model based on posterior spinal surgery. Briefly, we modeled implantation of internal fixation at L2–S1 and L3–S1 using rod fixation systems over the length of five segments and four segments, respectively. We then assigned the materials in each section as whole PEEK or whole titanium, generating the four implanted FE models. The titanium pedicle screws had a diameter of 6.5 mm. The PEEK rods and titanium rods had a diameter of 5.5 mm. All of the implants were meshed as three-dimensional solid elements.
As shown in Figure 2, the FE models of the implanted lumbar-sacral spine were established for the study. Model A was the intact model, model BI was the intact model with L2–S1 PEEK rod internal fixation, model CI was the intact model with L2–S1 titanium rod internal fixation, model BII was the intact model with L3–S1 PEEK rod internal fixation, and model CII intact model with L3–S1 titanium rod internal fixation. The surgical operation was simulated in the models with internal fixation, and comparative analysis of the mechanical properties was performed. The models provided a realistic reproduction of the surgical operation and enabled analysis of the mechanical properties.
[image: Figure 2]FIGURE 2 | The FE models of the implanted lumbar-sacral spine constructed for the present study. Model I: intact model with L2–S1 internal fixation; Model II: intact model with L3–S1 internal fixation.
2.3 FE analysis of the implanted lumbar-sacral spine
The interactions between the pedicle screws and vertebrae and between the pedicle screws and rods were defined as bonded. The facet joints were assigned no separation with two adjacent vertebrae. All faces of the sacrum and coccyx were fixed in all directions. A 150-N preload and a 10-Nm moment were applied to the top surface of L1 to validate the loading conditions in the intact model, based on a previous in vitro study (Yamamoto et al., 1989). For the implanted models, a displacement-controlled FE analysis was used and the loads were applied in two steps. First, a 150-N preload was applied to the top surface of L1, similar to the intact model. Second, to determine the equivalent moment, an iterative process of moment increasing from 10 Nm was used and the approximated moment was applied to the top surface of L1, reaching the same range of motion (ROM) as the intact model. The accuracy of the ROM was 0.01 degrees. The two-step load procedure was based on several works in accordance with a hybrid testing protocol (Zhong et al., 2009; Zhang et al., 2022).
2.4 Data analyses
The stresses on the lumbar intervertebral disc and facet joint were used to evaluate the biomechanical effects on these areas after the different internal fixation procedures (titanium or PEEK rods) under the conditions of flexion, extension, lateral bending, and axial rotation, which are related to the risk of ASD. The stresses on the screws and rods were calculated to evaluate the risk of instrument failure.
3 RESULTS
In this study, an L1–S1 vertebral body model was reconstructed and implanted with internal fixation systems for FE analysis. The biomechanical properties under four physiological motion states were evaluated.
3.1 Verification of model validity
To validate the L1–S1 intact lumbar spine FE model, the ROM was calculated for model A and compared with the ROMs in previous in vitro studies and FE studies under the same loads (Yamamoto et al., 1989; Chen et al., 2001; Guo and Yin, 2019; Demir et al., 2020). As shown in Figure 3, excellent agreement was noted between the experimental results and the calculated results. The ROM in model A was concluded to be in good agreement with the results of the other studies, thus confirming the validity of the experimental FE model.
[image: Figure 3]FIGURE 3 | Comparison of the ROM in intact model A with other ROMs in previous studies.
3.2 Stresses on the intervertebral discs
The average stresses on the L1–L2 and L2–L3 intervertebral discs in the five models are shown in Figure 4. Compared with model A, the average stresses on the L1–L2 intervertebral disc in model BI and model CI and the average stresses on the L2–L3 intervertebral disc in model BII and model CII were increased under the four physiological motion states. In addition, the average stress on the L1–L2 intervertebral disc in model CI was greater than that in model BI under the four physiological motion states; similarly, the average stress on the L2–L3 intervertebral disc in model CII was greater than that in model BII under the four physiological motion states. The average stress on the L1–L2 intervertebral disc was increased by an average of 167.0% for model BI and 283.8% for model CI compared with model A under the four physiological motion states. The average stress on the L2–L3 intervertebral disc was increased by an average of 95.1% for model BII and 135.6% for model CII compared with model A under the four physiological motion states. These findings may be used to solve the problem of disc degeneration on the adjacent segment in patients after lumbar long-segment instrumented surgery.
[image: Figure 4]FIGURE 4 | Average von Mises stresses on the intervertebral discs in the five models under the four physiological motion states. (A) Average von Mises stresses on the L1–L2 intervertebral disc in models A, BI, and CI under the four physiological motion states. (B) Average von Mises stresses on the L2–L3 intervertebral disc in models A, BII, and CII under the four physiological motion states.
3.3 Stresses on the facet joints
The average stresses on the L1–L2 and L2–L3 facet joints in the five models are shown in Figure 5. Compared with model A, the average stresses on the L1–L2 facet joint in model BI and model CI and the L2–L3 facet joint in model BII and model CII were increased under the four physiological motion states. In addition, the average stress on the L1–L2 facet joint in model CI was greater than that in model BI under the four physiological motion states; similarly, the average stress on the L2–L3 facet joint in model CII was greater than that in model BII under the four physiological motion states. The average stress on the L1–L2 facet joint was increased by an average of 162.8% for model BI and 269.5% for model CI compared with model A under the four physiological motion states. The average stress on the L2–L3 facet joint was increased by an average of 86.7% for model BII and 121.9% for model CII compared with model A under the four physiological motion states. These findings may be used to solve the problem of facet joint degeneration on the adjacent segment in patients after lumbar long-segment instrumented surgery.
[image: Figure 5]FIGURE 5 | Average von Mises stresses on the facet joints in the five models under the four physiological motion states. (A) Average von Mises stresses on the L1–L2 facet joint in models A, BI, and CI under the four physiological motion states. (B) Average von Mises stresses on the L2–L3 facet joint in models A, BII, and CII under the four physiological motion states.
3.4 Stresses on the screws and rods
The average stresses on the screws and rods in the four implanted models with the internal fixation systems are shown in Figures 6, 7, respectively. The average stresses on the screws and rods in models CI and CII were greater than those in models BI and BII under the four physiological motion states, respectively. Compared with model BI, the average stresses on the screws and rods in model CI were increased by an average of 150.0% and 940.8% under the four physiological motion states, respectively. Compared with model BII, the average stresses on the screws and rods in model CII were increased by an average of 129.3% and 903.6% under the four physiological motion states, respectively. These findings may be used to solve the problem of internal fixation system failure and screw-rod fracture in patients after lumbar long-segment instrumented surgery. Additionally, the comparison of the nephogram of von Mises stress on the intervertebral discs, facet joints, pedicle screws, and rods in flexion and extension condition on different models are shown in Figures 8–11, respectively.
[image: Figure 6]FIGURE 6 | Average von Mises Stress on the pedicle screws in models BI, BII, CI, and CII under the four physiological motion states. (A) Average von Mises stresses on the pedicle screws in models BI and CI under the four physiological motion states. (B) Average von Mises stresses on the pedicle screws in models BII and CII under the four physiological motion states.
[image: Figure 7]FIGURE 7 | Average von Mises stresses on the rods in models BI, BII, CI, and CII under the four physiological motion states. (A) Average von Mises stresses on the rods in models BI and CI under the four physiological motion states. (B) Average von Mises stresses on the rods in models BII and CII under the four physiological motion states.
[image: Figure 8]FIGURE 8 | Nephogram of von Mises stress (MPa) on the L1/2 intervertebral discs, L1/2 facet joints, pedicle screws, and rods in flexion condition on Models A, BI, and CI.
[image: Figure 9]FIGURE 9 | Nephogram of von Mises stress (MPa) on the L1/2 intervertebral discs, L1/2 facet joints, pedicle screws, and rods in extension condition on Models A, BI, and CI.
[image: Figure 10]FIGURE 10 | Nephogram of von Mises stress (MPa) on the L2/3 intervertebral discs, L2/3 facet joints, pedicle screws, and rods in flexion condition on Models A, BII, and CII.
[image: Figure 11]FIGURE 11 | Nephogram of von Mises stress (MPa) on the L2/3 intervertebral discs, L2/3 facet joints, pedicle screws, and rods in extension condition on Models A, BII, and CII.
4 DISCUSSION
Currently, titanium pedicle screw rods (rigid fixation) and PEEK cages have been widely used in posterior lumbar fusion surgery to stabilize the surgical segment and restore the spinal column sequence (Li et al., 2020; Laubach et al., 2022). However, the complications caused by rigid fixation, such as ASD, pseudarthrosis, screw loosening, loss of motion, and back pain, significantly reduce the quality of life of patients, and thus the concept of semi-rigid fixation has been applied in recent years (Khoueir et al., 2007; Greiner-Perth et al., 2016; Nikkhoo et al., 2021). The core point for semi-rigid fixation is that the low-strength material still limits the ROM of the fixed segment, but tends to also reduce the overall structural stiffness of the system, leading to more even distribution of the spinal load between the anterior and posterior columns and preventing various complications caused by the unbalanced load distribution associated with rigid fixation. A less rigid stabilization system can also theoretically preserve part of the rotational motion at the instrumented level and unload any extra stress exposure on adjacent levels (Maragkos et al., 2020; Nikkhoo et al., 2021).
As a representative component for semi-rigid fixation systems, PEEK rods have been highly anticipated by scholars and gradually introduced into posterior spinal fusion since 2007 (Huang et al., 2016). Although previous studies showed that PEEK rods had better load distribution performance than titanium rods and were successfully used for short-segment lumbar internal fixation with good clinical outcomes, doctors remain very cautious about their clinical application in long-segment lumbar internal fixation. One important reason for this is that the biomechanical performance of PEEK rods has not been comprehensively evaluated in long-segment lumbar internal fixation. Moreover, it is difficult to evaluate the biomechanical effects of lumbar fixation in clinical studies. Therefore, the present study was conducted to compare the biomechanical performances of PEEK rods and titanium rods in lumbar long-segment instrumentation surgery using FE models, with the expectation of providing clinical guidance. As the spinal fixation construct is the most essential component of lumbar fusion surgery, this study aimed to investigate the fixation itself. Thus, posterolateral fixation was utilized when simulating the postoperative models with titanium rods and PEEK rods, and bone graft fusion between the transverse processes was neglected, as a common simplification in the literature (Jahng et al., 2013; Jin et al., 2013).
ASD is a common complication after lumbar fusion surgery, because the decrease in ROM of the fixed segment requires compensation by the adjacent segment, and the internal fixation changes the normal mechanical transmission process in the spine. In a previous FE study, Jin et al. (Jin et al., 2013) demonstrated that PEEK rods significantly decreased the stresses on the intervertebral disc and facet joint in the upper adjacent segment compared with titanium rod internal fixation in short-segment lumbar internal fixation surgery. In the present study, the average stresses on the intervertebral disc and facet joint in the upper adjacent segment in all internal fixation models were greater than those in the intact model under all four physiological motion states. Meanwhile, the average stresses on the intervertebral disc and facet joint on the upper adjacent segment in the titanium rod models (CI and CII) were greater than those in the PEEK rod models (BI and BII) under the four physiological motion states, respectively, showing that the use of PEEK rods in lumbar long-segment instrumentation surgery confers the advantage of reduced ASD. However, it is not sufficient to solely evaluate ASD based on the stresses on the intervertebral disc and facet joint in lumbar long-segment instrumentation surgery, and other factors such as intervertebral disc height and sagittal balance should also be taken into account.
The stability of pedicle screw rod internal fixation systems has always been a concern of spine surgeons. In the present study, use of PEEK rods led to lower screw stress than use of titanium rods, leading to a lower risk of screw breakage with PEEK rods in lumbar long-segment instrumentation surgery. This effect may also be attributed to the reduced stress shielding with PEEK rods, which would reduce the load through the posterior hardware. A related study found that PEEK rods have the potential biomechanical advantages of better anterior column load sharing and reduced stress at the bone-to-screw interface (Ponnappan et al., 2009), consistent with the findings in the present study.
A recent study tested the biomechanical properties of PEEK rods and titanium rods in vitro using human lumbar spine specimens, and the results indicated that there were no significant differences in the stability provided by PEEK rods and titanium rods under any of the loading modes examined (Yeager et al., 2015). In addition to limiting abnormal segmental motion, maintenance of good anterior and posterior column load distribution in the spine is essential to alleviate various complications. While titanium rods are uniquely suited to provide postoperative stability, they also dramatically alter the physiological loading characteristics of the spine (Ponnappan et al., 2009; Yeager et al., 2015). A titanium pedicle screw rod system was shown to transmit approximately 67% of the axial compressive load during posterior lumbar internal fixation surgery, whereas the posterior column in the natural upright position carries only approximately 20% of the load (Cunningham and Polly, 2002; Ahn et al., 2008). An FE study revealed that PEEK rods carry at least 6% less load than titanium rods (Gornet et al., 2011). In the present study, the results demonstrated the average stresses on the rods were increased in the titanium rod models (CI and CII) under the four physiological motion states compared with the PEEK rod models (BI and BII), respectively. It is speculated that the advantage of the load distribution performance of PEEK rods is mainly due to the reduction in stress concentration in the posterior pedicle screw rod system. However, the stress data indicated that although the stresses on PEEK rods were lower than those on titanium rods, the yield stress was significantly lower on PEEK rods (100 MPa) than on titanium rods (750 MPa), resulting a higher ratio of stress on the rod to yield stress on the rod material for the PEEK rods. Consequently, the PEEK rod system may face a higher risk of rod breakage. In summary, just as there are two sides to a coin, PEEK rods have both advantages and disadvantages. Therefore, further studies are warranted to validate the clinical outcomes for use of PEEK rods in lumbar long-segment instrumentation surgery in clinical practice.
The present experimental study inevitably has some limitations. First, the geometry of the human lumbar spine varies from individual to individual, but the FE model built in this study was based on a single patient. Therefore, additional samples are needed for future validation. Second, the theoretical numerical model based on the FE method simplifies the highly complex spinal system to a large extent, and factors such as the fibbers in the discs, muscle, and cyclic load are not considered. Third, due to the limitations of the available experimental data, only the intact model was validated, and the surgical models were developed using the intact model. In general, the biomechanical data obtained in the present study should be viewed as comparative data between different surgical cases due to the limitations of the model itself.
5 CONCLUSION
The PEEK rod internal fixation system may have better biomechanical properties than the titanium rod internal fixation system in delaying ASD, improving lumbar function in postoperative patients, and reducing the risk of screw loosening and breakage in lumbar long-segment instrumentation. Further studies are warranted to comprehensively validate the clinical outcomes for use of PEEK rods in lumbar long-segment instrumentation surgery in clinical practice.
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Intertrochanteric femur fracture is a common type of osteoporotic fracture in elderly patients, and postoperative femoral head varus following proximal femoral nail anti-rotation (PFNA) fixation is a crucial factor contributing to the deterioration of clinical outcomes. The cross-angle between the implant and bone might influence fixation stability. Although there is a wide range of adjustment in the direction of anti-rotation blades within the femoral neck, the impact of this direct variation on the risk of femoral head varus and its biomechanical mechanisms remain unexplored. In this study, we conducted a retrospective analysis of clinical data from 69 patients with PFNA fixation in our institution. We judge the direction of blade on the femoral neck in on the immediate postoperative lateral X-rays or intraoperative C-arm fluoroscopy, investigating its influence on the early postoperative risk of femoral head varus. p < 0.05 indicates significant results in both correlation and regression analyses. Simultaneously, a three-dimensional finite element model was constructed based on the Syn-Bone standard proximal femur outline, exploring the biomechanical mechanisms of the femoral neck-anti-rotation blade direction variation on the risk of this complication. The results indicated that ventral direction insertion of the anti-rotation blade is an independent risk factor for increased femoral head varus. Complementary biomechanical studies further confirmed that ventral angulation leads to loss of fixation stability and a decrease in fixation failure strength. Therefore, based on this study, it is recommended to avoid ventral directional insertion of the anti-rotation blade in PFNA operation or to adjust it in order to reduce the risk of femoral head varus biomechanically, especially in unstable fractures. This adjustment will help enhance clinical outcomes for patients.
Keywords: proximal femoral nail anti-rotation, intertrochanteric fracture, femoral head varus, clinical review, biomechanical simulations
BACKGROUND
Intertrochanteric fracture is a typical osteoporotic fracture in the elderly, and its incidence risk is gradually increasing with the aging population in China (Johnell and Kanis, 2005; Lane, 2006). Due to its high mortality rate, it is referred to as the “last fracture in life,” leading to a significant economic and social burden (Weil et al., 2012; Randelli et al., 2023). Internal fixation surgery is an effective means of treating intertrochanteric fractures of the femur (Haidukewych, 2010; Ricci, 2023). Over the past few decades, various types of internal fixation have been applied in the treatment of intertrochanteric fractures, achieving certain therapeutic effects. Among them, the Proximal Femoral Nail Antirotation (PFNA), with its simple operating procedure and good fixation stability, has become the most widely used internal fixation method in the surgical treatment of this condition (Li et al., 2019; Nie et al., 2022). However, postoperative varus collapse of the femoral head and cutout of the implant remain significant factors contributing to deteriorated clinical outcomes for PFNA fixed patients.
Studies indicate that the loss of fixation stability and stress concentration at the bone-screw interface are important factors leading to postoperative femoral head varus and fixation failure (Nikoloski et al., 2013; Nie et al., 2022). The potential risk factors can be categorized into two classes: patients’ demographic factors and surgical related factors. Regarding patient-related factors, the progression of osteoporosis and the presence of unstable fracture types are identified as causes of postoperative femoral head varus (Blake and Fogelman, 2007; Armas and Recker, 2012). As for surgical operation factors, nail length, tip-apex distance (TAD), and the relative position of the anti-rotation blade in the neutral position have also been proven to contribute to the increased risk of the complication (Rubio-Avila et al., 2013; Coviello et al., 2024).
The orientation of the internal fixation device in relation to bony structures can have an impact on the stability of fixation by altering the postoperative biomechanical environment, which in turn may affect immediate postoperative stability (Amirouche et al., 2016; Fletcher et al., 2019). Theoretically, the anti-rotation blade should be aligned parallel to the axis of the femoral neck. However, the direction of blade insertion is highly adjustable. Despite this, there is a lack of published studies identifying the biomechanical significance of changes in blade insertion direction on fixation stability. Based on above theoretical and practical foundations, we hypothesize that changes in blade insertion direction can affect femoral head varus biomechanically. This study aims to comprehensively investigate this issue through clinical and biomechanical research, with the goal of providing insights for optimizing PFNA technique and improving patient outcomes following fixation. To our knowledge, this is the first study to address this topic.
MATERIAL AND METHODS
Clinical data review
Collection of patient medical records
This study was conducted with the approval of our hospital’s ethics committee. As this is a retrospective analysis, patient informed consent was waived. Clinical data of patients who underwent PFNA fixation surgery for intertrochanteric fractures from January 2019 to January 2021, at our hospital were retrospectively collected for analysis. Using the hospital’s medical records system, baseline information of patients (gender, age, BMI) was retrospectively recorded. Dual-energy X-ray scan-derived T-values were documented to assess patient bone density (BMD). Exclusion criteria for patients were as follows: 1. Patients with subtrochanteric fractures (i.e., AO-3.1 A3-type fractures); 2. Patients who died during the follow-up period; 3. Lost to follow-up patients; 4. Patients with pathological fractures due to tumors or rheumatoid inflammation; 5. Patients treated conservatively; 6. Patients who remained bedridden for an extended period after surgery due to other underlying diseases, with no weight-bearing on the lower limbs. Clinical data from 69 patients (28 Male, 41 Female), with average age = 73.87 ± 14.58 years were collected in this study. BMD of these patients ranged from −1.1 to −4,1. The incidence rate of osteoporosis (i.e., T ≤ 2.5) was 63.77% (44/69).
Measurement of radiological indicators
All radiological measurements were independently conducted by an orthopedic physician with extensive experience in interpreting orthopedic imaging. The anti-rotation blade tip-apex distance (TAD) was measured on immediate postoperative X-ray radiographs (Nikoloski et al., 2013; Rubio-Avila et al., 2013). The neck-shaft angle of the affected limb was measured on anteroposterior radiographs at both immediate postoperative and 6-month follow-up visits, with the difference in neck-shaft angles calculated as the amount of femoral head varus (Nikoloski et al., 2013; Nie et al., 2022). The ventral and dorsal directional insertion of anti-rotation blade has been judged on immediate postoperative (or intraoperative C-arm fluoroscopy) lateral radiographs (Born et al., 2011; Chang et al., 2020). The ventral direction was defined as 1, and that of the dorsal direction was 2, separately (Figure 1).
[image: Figure 1]FIGURE 1 | Patient inclusion and exclusion protocol, and the measurement of TAD, femoral head varus, and blade directions. Compared to the quantitative definition of blade insertion angle, the confounidng effect of imaging angles on the dichotomous blade insertion directions definition was limited.
Statistical Analysis
Statistical Analysis have been performed in the SPSS 26.0 in this study. One week after completing the radiological data measurements, a randomly selected imaging specialist with extensive experience in orthopedic imaging and the aforementioned orthopedic physician re-evaluated the imaging data for 20 patients to assess inter-rater reliability (Li J. et al., 2022; Li J. C. et al., 2022). For binary variables (fracture stability), Kappa coefficients were utilized to assess their consistency (Weishaupt et al., 1999; Pfirrmann et al., 2001). For continuous variables, Intraclass Correlation Coefficients (ICC) were used to measure their consistency. Normality tests were conducted for all continuous variables (Li J. et al., 2022; Li et al., 2023). Descriptive statistics were presented in the form of mean ± standard deviation for variables conforming to a normal distribution. For non-normally distributed continuous variables, descriptive statistics were presented using the four-category (25%, 50%, 75%) method.
For binary variables (gender, fracture stability), proportions were used for description. In correlation analysis, each variable was correlated with the amount of femoral head varus collapse. PEARSON correlation coefficients were used for normally distributed continuous variables, while SPEARMAN correlation coefficients were used for binary data and non-normally distributed variables (Hsieh et al., 2019; Chang et al., 2021). A significance level of p < 0.05 indicated a significant correlation between two variables. Linear regression analysis was employed to explore potential independent risk factors for femoral head varus collapse. In univariate regression, each variable was individually included, and indicators with p < 0.1 were incorporated into multivariate regression. In multivariate regression, variables with p < 0.05 were considered independent risk factors leading to femoral head varus (Li et al., 2023; Xi et al., 2023).
Mechanical analysis
Reconstruction of intertrochanteric fracture model
The SYN-BONE femoral outline model was selected for model reconstruction. The SYN-BONE model was scanned using a 128-slice spiral CT with a scan thickness set at 0.55 mm. After scanning, the model’s outer contour was constructed in 3D-CAD software using a forward drafting method to eliminate interference from irregular surfaces on the analysis results. For the modeling of the intertrochanteric fracture model, following the methodology of similar studies, an A2.3-type unstable intertrochanteric fracture model was constructed. The specific modeling method involved creating the fracture by intersecting three fracture lines (Chen et al., 2013; Mao et al., 2023). The first fracture line was positioned 10 mm below the greater trochanter, forming a 20 angle with the long axis of the femoral shaft. The second fracture line was set tangent to the upper edge of the lesser trochanter, and the third fracture line connected the intersection of the first and second lines with the vertex of the greater trochanter (Li et al., 2019; Nie et al., 2022). The bone within the cut range was removed to complete the reconstruction of the fracture model (Liang et al., 2018; Hamidi et al., 2021).
Construction of PFNA fixation model
In the PFNA fixation model, the entry point of the main nail was positioned at the center of the femoral shaft. The anti-rotation blade was set parallel to the long axis of the femoral neck in both the sagittal and coronal planes, and it was positioned at the midline of the long axis of the femoral neck (Lewis et al., 2021; Luque Pérez et al., 2022). This model was designated as the original control group model, and all subsequent models were adjusted based on this original model (Model. 1). To construct different femoral neck-anti-rotation blade intersection angle models, adjustments were made to the anti-rotation blade angle as follows: Model. 2: Anti-rotation blade counterclockwise rotation, close to the posterior cortical bone; Model. 3: Anti-rotation blade counterclockwise rotation, blade angle set to the midpoint between Model 1 and the original control group model; Model. 4: Anti-rotation blade clockwise rotation, close to the anterior cortical bone; Model. 5: Anti-rotation blade clockwise rotation, blade angle set to the midpoint between Model 4 and the original control group model. Schematic for the model construction strategy has been presented in the Figure 2.
[image: Figure 2]FIGURE 2 | Model construction strategies of PFNA fixation with different ventral and dorsal blade insertion.
Boundary and loading conditions
Numerical simulations for this study were carried out using “Ansys Workbench 2020 R2 Academic”. The lower surface of the proximal femur model was completely constrained in all degrees of freedom, while the load was applied to the upper surface of the femoral head. The loading direction was 10° abduction in the coronal plane and 9° extension in the sagittal plane (Li et al., 2019; Nie et al., 2022). Tetrahedral meshes of varying sizes were comprehensively applied to complete the meshing. Mesh refinement was performed in regions of high stress and large deformation to improve mesh convergence and prevent analysis errors caused by mesh distortion.
The friction coefficient at the bone-implant interface was defined as 0.2, with a firm contact defined between the implants (Li J. C. et al., 2022; Yang et al., 2024). The load was incrementally increased from 0N, with steps of 300N, up to 2100N. Throughout this process, the peak displacement of the femoral head was recorded (Li et al., 2019; Nie et al., 2022). The displacement at the final loading step and the load when the femoral head displacement reached 10 mm were collected and defined as failure load (Li et al., 2019; Nie et al., 2022). According to similar studies, these two parameters can effectively assess the fixation stability of PFNA operation and predict potential risk of fixation failure (Li et al., 2019; Nie et al., 2022).
RESULTS
Clinical review and the judgement of independent risk factors for femoral head varus in PFNA fixed patients
Excellent intra- and inter-observer measurement of imaging-based parameters was assessed through the computation of ICC and Kappa values (Table 1). The correlation analysis revealed a significant correlation between increased TAD (p = 0.006), ventral directional insertion of the anti-rotation blade (p = 0.000), decreased T-values (p = 0.036), and increased femoral head varus collapse. Furthermore, multivariate linear regression analysis confirmed that poor BMD (p = 0.046) and ventral directional blade insertion (p = 0.000) were independent risk factors for an increased risk of femoral head varus collapse. Other factors did not show a significant correlation with an increased femoral head varus collapse and were not identified as independent risk factors (Figure 3; Tables 2, 3).
TABLE 1 | ICC and Kappa values of inter- and intraobserver reliability when measuring imaging based parameters.
[image: Table 1][image: Figure 3]FIGURE 3 | Typical cases for blade ventral directional insertion and severe femoral head varus, and blade dorsal directional insertion and slight femoral head varus. Based on the regression analysis, compared to the dorsal directional blade insertion, ventral direction blade insertion can trigger higher incidence of femoral head varus progression.
TABLE 2 | Correlation coefficients between femoral head varus and variates.
[image: Table 2]TABLE 3 | Linear regression analysis of severe femoral head varus.
[image: Table 3]Fixation strength computation
The biomechanical study revealed that the maximum displacement of the femoral head in Models 4 and 5 was significantly higher than in the other three models, and the failure load was obviously lower than in the other three groups. Compared to the model 1 (PFNA fixed model whose anti-rotation blade was parallel to the femoral neck in the lateral radiography), the maximum femoral head displacement value of the model whose anti-rotation blade clockwise rotation, close to the anterior cortical bone; increased by more than 20%, and that of the failure load decreased by 17.32%. In the model 5 (the model whose blade clockwise rotation, blade angle set to the midpoint between Model 4 and the model 1), the femoral head displacement value increased by nearly 5%, and that of the failure load also decreased by nearly 5%. Moreover, differences in computed parameters between the model 1 and models whose blade anticlockwise rotation (i.e., model 2 and model 3) was nearly 1%. Therefore, consistent with the clinical findings, the biomechanical analysis demonstrated that the counterclockwise rotation of the anti-rotation blade towards the ventral side increased the potential biomechanical risks of femoral head fixation failure and varus collapse (Figure 4; Table 4).
[image: Figure 4]FIGURE 4 | Boundary and loading conditions for models computation, and computational results in different models. Compared to the dorsal directional blade insertion, ventral blade insertion can trigger poor fixation stability. This can explain the clinically observed phenomenon.
TABLE 4 | Computational result of the numerical simulation.
[image: Table 4]DISCUSSION
PFNA fixation is one of the most widely used procedures for treating intertrochanteric fractures of the femur and has shown significant clinical efficacy in the majority of patients. However, postoperative femoral head varus collapse remains a crucial factor leading to worsened clinical outcomes (Frei et al., 2012; Nikoloski et al., 2013). Given that the loss of fixation stability is a biomechanical mechanism behind femoral head varus collapse, and variations in the direction between the implant and bone may contribute to changes in stability (Demir and Camuşcuz, 2012; Alkaly and Bader, 2016). We proposed and validated the hypothesis that “changes in the blade insertion direction may affect the potential risk of femoral head varus collapse after fixation”.
In this study, during the clinical review, we observed that the counterclockwise rotation of the anti-rotation blade towards the ventral side posed a potential risk factor for increasing the likelihood of femoral head varus collapse. In our complementary biomechanical study, we noted poorer fixation stability in the PFNA model with ventrally rotated anti-rotation blades. The consistent findings between the clinical and biomechanical studies confirm that intraoperative maneuvers leading to a loss of fixation stability may elevate the risk of femoral head varus collapse. While there is a potential limitation in terms of quantitative validation of numerical models in this study, it is important to note that our comprehensive biomechanical research, which includes both clinical review and biomechanical simulations, mutually supports and verifies our results. As such, while there may be a lack of precise quantitative results as part of our qualitative analysis, it does not diminish the reliability or validity of the conclusions drawn from this study.
Meanwhile, from the biomechanical perspective, we opted for a modeling strategy focused on unstable intertrochanteric femur fractures. This choice was made because analyzing stability in a fracture type prone to femoral head varus and fixation failure holds greater clinical significance (Haidukewych, 2010; Chang et al., 2020; Ricci, 2023). Consistent with previous research, the clinical section of our study also affirmed that unstable fractures independently contribute to the exacerbation of femoral head varus (Hsueh et al., 2010; Knobe et al., 2013; Rinehart et al., 2021). However, this experimental design is not without its limitations. Specifically, based on the conclusions of our study, surgeons should strive to minimize ventral angulation when inserting anti-rotation blades. In the case of unstable intertrochanteric femur fractures, timely adjustments of ventrally angled anti-rotation blades during surgery are crucial to reduce the risk of femoral head varus and enhance stability.
Although the larger TAD value was not proved to be an independent risk factor for larger femoral head varus in the multi-variable regression analysis, significantly correlation can still be observed between these parameters. Given that the significance of larger TAD on the deterioration of fixation stability have been repeatedly validated by the same type studies, we believe the critical positive result of TAD in the multi-variable regression analysis was root in the limited sample size, and which should be further validated in our future studies. Moreover, while this study has arrived at relatively reliable conclusions through consistent comparisons between clinical research and biomechanical experiments, we acknowledge certain methodological shortcomings, or at least, areas for improvement. Firstly, the angle formed between the femoral neck and the anti-rotation blade is based on intraoperative fluoroscopy or immediate postoperative lateral X-ray examinations. Although this approach offers a convenient and precise measurement of the relative angle between the blade and the femoral neck, the shooting angle still potentially affects the measurement results. In future work, we intend to enhance accuracy by incorporating postoperative immediate CT scans to further refine angle measurements (Choi et al., 2016; Gausden et al., 2017).
Besides, as a case comparative study, patient series in the current study was enrolled from the retrospective review. And given that CT scan was not routinely performed in these patients, we can not get enough patient samples with CT imaging data. In contrast, DXA was routinely examined in these patients. Therefore, T-score was selected to judge patients BMD in this study. This may lead to the analysis results being influenced by pathological bone formation anomalies, causing distortions in the analysis. Recent research has attempted to precisely evaluate proximal femoral bone density through hounsfield unit (HU) measurements of the contralateral femoral neck in preoperative dual hip joint CT scans. This measurement approach might assist in eliminating interference caused by two-dimensional images and pathological bone formation in DXA examinations, offering a more accurate assessment of changes in patient bone density. Therefore, appropriately increasing CT scans during the patient follow-up period may help mitigate the shortcomings of two-dimensional plain film examinations, further substantiating the conclusions drawn in this study.
Theoretically, a quantitative definition of blade insertion angle can more accurately reflect the current main research topic. However, in this study, only dichotomous blade insertion directions (i.e., ventral and dorsal blade insertion directions) have been assessed for the following reasons. The measurement of the angle between the femoral neck and the anti-rotation blade may be influenced by changes in imaging angles. Therefore, to eliminate or at least reduce the confounding effect caused by this factor, we utilized a dichotomous definition of blade direction in the imaging data measurement instead of a quantitative one. The repeatability of the measurement results has been re-validated by computing intra- and inter-observer Kappa values. Thus, although this limitation still exists, any resulting confounding effects can be effectively overcome. Furthermore, precise control over angle during the blade insertion process is difficult to achieve compared to selecting ventral or dorsal blade trajectories. We believe that this study provides a feasible operational strategy for PFNA fixation procedures. Therefore, this limitation does not diminish the clinical significance of our current study. In addition, we plan to perform CT scans in our future perspective studies to re-validate our current research conclusions.
Finally, only the unstable fracture type was selected for this study. We believe that the current numerical model construction strategy can help to avoid potential risks of obtaining false negative results caused by stable fracture types. The necessity of making such adjustments for patients with stable intertrochanteric femur fractures remains undocumented in current research. Therefore, subsequent studies should include a separate analysis of patients with stable fractures and construct relevant biomechanical models to elucidate this issue. This will ultimately help to avoid unnecessary prolongation of surgical experiments, increased fluoroscopy sessions, and higher blood loss when adjusting the blade insertion direction.
CONCLUSION
Through a comprehensive research consisting of clinical review and numerical mechanical simulations, this study has demonstrated that ventral directional blade insertion can exacerbate femoral head varus in PFNA fixed patients by deteriorating the local biomechanical environment. As a result, the conclusion of this study suggests that ventral direction of blade insertion should be avoided in PFNA fixation, particularly in unstable fractures, to improve clinical outcomes for patients. Despite the limitations mentioned above, this study still offers an innovative perspective for PFNA optimization. Furthermore, our future studies will continue to investigate surgical optimization by conducting comprehensive clinical reviews and biomechanical numerical simulations in patient series with more complete imaging data.
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Background: Cervical spinal fusion surgeries require accurate placement of the pedicle screws. Any misplacement/misalignment of these screws may lead to injuries to the spinal cord, arteries and other organs. Template guides have emerged as accurate and cost-effective tools for the safe and rapid insertions of pedicle screws.Questions/Purposes: Novel patient-specific single- and multi-level non-covering templates for cervical pedicle screw insertions were designed, 3D-printed, and evaluated.Methods: CT scans of two patients were acquired to reconstruct their 3D spine model. Two sets of single-level (C3-C7) and multi-level (C4-C6) templates were designed and 3D-printed. Pedicle screws were inserted into the 3D-printed vertebrae by free-hand and guided techniques. For single-level templates, a total of 40 screws (2 patients × 5 vertebrae × 2 methods × 2 screws) and for multi-level templates 24 screws (2 patients × 3 vertebrae × 2 methods × 2 screws) were inserted by an experienced surgeon. Postoperative CT images were acquired to measure the errors of the entry point, 3D angle, as well as axial and sagittal plane angles of the inserted screws as compared to the initial pre-surgery designs. Accuracy of free-hand and guided screw insertions, as well as those of the single- and multi-level guides, were also compared using paired t-tests.Results: Despite the minimal removal of soft tissues, the 3D-printed templates had acceptable stability on the vertebrae during drillings and their utilization led to statistically significant reductions in all error variables. The mean error of entry point decreased from 3.02 mm (free-hand) to 0.29 mm (guided) using the single-level templates and from 5.7 mm to 0.76 mm using the multi-level templates. The percentage reduction in mean of other error variables for, respectively, single- and multi-level templates were as follows: axial plane angle: 72% and 87%, sagittal plane angle: 56% and 78%, and 3D angle: 67% and 83%. The error variables for the multi-level templates generally exceeded those of the single-level templates. The use of single- and multi-level templates also considerably reduced the duration of pedicle screw placements.Conclusion: The novel single- and multi-level non-covering templates are valuable tools for the accurate placement of cervical pedicle screws.Keywords: cervical spine, fusion surgery, template guides, pedicle screws, drilling, 3D-printing
1 INTRODUCTION
Cervical spinal fusion, the procedure of fixing two or more vertebrae together, is a highly prevalent intricate surgical technique performed for the treatment of various spinal pathologies, including disc herniation (Lei et al., 2023), tumors (Goodwin et al., 2022), spinal instability (Pijpker et al., 2021), scoliosis (Cao et al., 2022), and trauma (Zuckerman et al., 2021). By the year 2040, the rate of cervical spine fusion surgeries is expected to increase by 14% reaching 209,000 operations per year in the United States alone (Neifert et al., 2020). This increasing trend can be attributed to multiple factors, such as aging (Halperin et al., 2024), trauma (Kapetanakis et al., 2024), sustained awkward postures (Alkosha et al., 2023), as well as overweight and obesity (Khan, 2023). A key factor behind the success of this surgery lies in the accurate placement of the screws inside the vertebral pedicles. Any misplacement/misalignment of these screws may lead to bone loss/weakening and substantial injuries to the spinal cord, arteries and other organs (Badiee et al., 2020). Designing an accurate and safe procedure for the placement of pedicle screws is, therefore, essential for ensuring adequate stability and pull-out force of the screws, as well as minimizing tissue injury during the operation (Bianco et al., 2017; Khatri et al., 2019).
Various approaches have thus far been suggested to optimize screw placements during the spinal fusion surgery, including fluoroscopy guided (Yanni et al., 2021), robotic-assisted (Davidar et al., 2024), 3D navigation (Chan et al., 2022; Bindels et al., 2024), and 3D-printed template guides. In order to evaluate these techniques, it is essential to consider several factors, such as the accuracy of pedicle screw insertion, reduced incidence of injury, and duration of the surgical procedure (Goldberg et al., 2022). The free-hand method has a low insertion accuracy, thus elevating the surgical risk particularly for the cervical pedicles with small cross-sectional areas (Modi et al., 2008; Parker et al., 2011). Accurate, fluoroscopy guided systems require multiple X-ray imaging during the surgery (Kochanski et al., 2019), thereby imposing considerable exposure risks to both patients and operating room staffs (Rampersaud et al., 2000). Similarly, robotic-assisted techniques produce acceptable accuracy, although their adaption is costly and limited to equipped healthcare facilities (Fatima et al., 2021). 3D navigation systems are also costly and require time-consuming registration procedures, which prolongs surgical duration and recovery (Liebmann et al., 2024). Therefore, 3D-printed template guides have emerged as accurate, cost-effective and available tools for the safe and rapid insertions of pedicle screws during spinal fusion procedures (Azimi et al., 2021).
Three main types of surgical template guides have been developed, including covering (Zhen-Shan et al., 2024), non-covering (Ma et al., 2023) and multi-level (Zhang et al., 2024) templates. An ideal surgical template should allow for the minimal removal of soft tissues, while maintaining maximal stability on the vertebrae throughout the drilling procedure. Covering templates are designed to conform to the vertebral surface, hence requiring the removal of all soft tissue from the bone (Garg et al., 2019; Pijpker et al., 2021). These templates have appropriate stability on their underlying vertebrae and provide great accuracy (Ribera-Navarro et al., 2021). Multi-level templates, on the other hand, offer some advantages in terms of reducing the complexity of use for fractured vertebrae, thereby decreasing surgical duration and ensuring adequate stability during the operation (Merc et al., 2013; Liu et al., 2017). However, these templates may cause screw misalignments due to changes between the position of the vertebrae observed in the pre-surgery CT images and their actual position during the surgery (Azimifar et al., 2017). Non-covering templates, through meticulous and optimal design, can achieve appropriate stability while minimizing contact with the vertebral bone, thus minimizing the need for soft tissue removal (Ashouri-Sanjani et al., 2021).
In continuation of our previous work on thoracic spine surgical templates (Ashouri-Sanjani et al., 2021), the objective of the present study is to design, fabricate, and evaluate patient- and vertebral-specific single- and multi-level non-covering templates for cervical pedicle screw insertions. The novel non-covering design aims to reduce duration of surgery, prioritize stability of the templates on the vertebrae, allow easy and accurate vertebral registration, and provide minimal invasiveness through reduced contact surface areas with the underlying bone. Toward this goal, CT scans of two patients were acquired and their 3D spine models were reconstructed. Two sets of single-level (C3-C7) and multi-level (C4-C6) templates were designed and 3D-printed. Pedicle screws were inserted into the 3D-printed vertebrae by two different techniques: free-hand and guided. For single-level templates, a total of 40 screws (2 patients × 5 vertebrae × 2 methods × 2 screws) and for multi-level templates 24 screws (2 patients × 3 vertebrae × 2 methods × 2 screws) were inserted by an experienced surgeon. Subsequently, CT images were acquired to measure the error of the entry point, 3D angle, as well as axial and sagittal plane angles of the inserted screws, as compared to the initial pre-surgery designs. Finally, accuracy of guided and free-hand screw insertions, as well as those of the single- and multi-level guides, were compared using paired t-tests. The success rate of the screw insertions was further assessed using the Gertzbein-Robbins classification (Gertzbein and Robbins, 1990). It is hypothesized that the employment of these novel surgical templates decreases the surgical duration and increases the accuracy of pedicle screw insertions.
2 METHODS
The steps taken to design, fabricate, and test the cervical spine surgical templates are summarized in Figure 1 and detailed in the following sections.
[image: Figure 1]FIGURE 1 | Flowchart of steps taken to design, fabricate, and test the cervical spine surgical templates.
2.1 Medical imaging
Two patients (a 37-year-old female and a 55-year-old male) underwent cervical spine CT scans using SIEMENS SOMATOM. In alignment with previous studies (Bundoc et al., 2017; Bundoc et al., 2023), the first two vertebrae of the cervical spine, C1 and C2, were excluded from this study due to their distinct geometry and surgical fusion approach as compared to other vertebrae. The CT images, with a slice thickness of 0.7 mm, were saved in a Digital Imaging and Communications in Medicine (DICOM) format, comprising a matrix of 511 × 511 pixels (pixel size for the first patient: 0.324 mm, second patient: 0.566 mm). A total of 455 CT images were acquired for these patients.
2.2 Image processing
An open-source software platform for medical images was employed to identify the boundaries of the vertebrae and perform 3D-model reconstruction. The Hounsfield unit threshold was set to 226-3071. To establish the 3D vertebral model, sections corresponding to the jaw, mastoid, and skull were removed from the CT images, retaining only the portions corresponding to the cervical spine (Figures 2A–C). Image noise reduction and gradient filters were applied to enhance the quality of the CT images. Subsequently, the vertebral boundaries were meticulously selected manually on a pixel-by-pixel basis. Following the creation of the 3D model, efforts were made to mitigate sharp corners and discontinuities. This involved the implementation of smoothing and surface refinement procedures on the vertebral model (Figures 2D, E).
[image: Figure 2]FIGURE 2 | Top: segmented cervical vertebrae in the (A) sagittal plane, (B) frontal plane and (C) transverse plane. Bottom: (D) primary 3D reconstructed vertebra with no surface refinement, (E) smoothed 3D reconstructed model of the vertebrae, and (F) designed path for pedicle screw insertions.
2.3 Screw insertion parameters
To identify the optimal trajectory of screws inside the vertebral pedicles, the minimum pedicle screw area needed to be determined. This involved the establishment of an imaginary plane intersecting with the pedicle (Figure 3, step 1). Subsequently, the maximal circle encapsulated within the minimum pedicle area was delineated (Figure 3, step 2), with the screw diameter set at 1–2 mm smaller than the diameter of this circumscribed circle (Figure 3, step 3). The trajectory and insertion point of the pedicle screw were next determined by extruding the pedicle screw profile, situated on the minimum cross-section plane of the pedicle in the normal direction (Figure 3, step 4). To optimize the bone-screw contact strength, the length of the screw was constrained not to exceed 90% of the vertebral body length (Dai et al., 2015). The identified optimal trajectory, represented as a cylinder (Figure 3, step 4), was then used as the gold standard path of the screw to evaluate postoperative insertion errors. Finally, the position of the cylinder relative to the vertebra was reassessed to ensure that the screw had no deviations, and the designed pathways were subjected to a throughout re-evaluation in collaboration with an experienced surgeon.
[image: Figure 3]FIGURE 3 | Flowchart of steps taken to find diameter and optimal trajectory of pedicle screws.
2.4 Design of single-level templates
The ease of registration on the vertebrae, high stability, and minimal contact surface represent the key characteristics of a suitable template. Facilitating easy vertebral template registration enables the surgeon to swiftly locate the template within the surgical site. Template instability during placement can lead to severe consequences, such as bleeding and injuries to vital organs. To ensure accurate template positioning, it is imperative to completely remove all soft tissues at the bone-template contact interface, ensuring the correct trajectory of the pedicle screw, while also providing sufficient stability. A minimal contact surface also reduces the time and energy required for detaching the soft tissues from the vertebrae and expediting the recovery time of patients. Templates, at their contact points, should feature a concave surface against the vertebrae, hence providing both stability and accuracy during pedicle screw insertions.
In this study, the designed single-level template incorporated two contact surfaces at the screw insertion points into the vertebrae and one on the spinous process (Figures 4A, B). The spinous process was selected for its ease of identification by surgeons and thin, soft tissue covering. Following the refinement and surface smoothing of the reconstructed 3D model, the final geometry of the vertebrae was compared to the initial geometry to identify the areas which underwent the most significant changes. The results confirmed the accurate modeling of the spinous process, which remained largely unchanged during the refinement process. The spinous process was chosen as the third template contact point to ensure minimal alterations in the 3D-model during the surface refinement process. The third contact surface was designed as a sphere, featuring a concave surface in contact with the spinous process and serving as a convenient handle for the surgeon to push the template onto the vertebra. The radius of this sphere varied from 5 to 8 mm, depending on the vertebral size, to adequately cover the spinous process. The inner diameter of the template holes was designed to be equal to the screw diameter, while the outer diameter was 3 mm larger than the screw diameter. A total of 10 single-level templates were designed for the cervical vertebrae (C3 to C7) for both patients.
[image: Figure 4]FIGURE 4 | (A) single-level template, (B) single-level template located on vertebra, (C) multi-level template, (D) multi -level template located on vertebra, and (E) 3D-printed templates and vertebrae ready for the fusion surgery simulations.
2.5 Design of multi-level templates
Multi-level templates are usually employed for the placement of screws in fractured vertebrae, where a direct template placement on the vertebra is difficult (Figures 4C, D). These templates utilize adjacent (upper and lower) vertebrae as the contact surfaces for screw placements. The effective use of these templates requires a fixed position of the adjacent vertebrae during both pre-surgery CT imaging and actual surgery (Azimifar et al., 2017). While the application of these templates on the thoracic and lumbar spines may pose some challenges due to stomach fullness and breathing, they are suitable for cervical surgeries due to their stable fixations. For multi-level templates, instead of using the spinous process of the corresponding vertebra as the contact surface, the spinous processes of the adjacent vertebrae are used as the third and fourth contact points, in addition to two insertion points on the pedicles. In this study, multi-level templates were designed for drilling the C4, C5 and C6 vertebrae for both patients thus resulting in a total of 6 templates.
2.6 3D-printing fabrication
Stereolithography (STL) files of the designed templates were extracted and underwent 3D-printing, utilizing the Fused Deposition Manufacturing (FDM) method (Figure 4E). The templates, crafted from black polylactic acid (PLA) with a thickness of 100 μm, were 3D-printed with a 100% filling rate using the Samin S3030V2 3D-printer. To assess accuracy of the pedicle screw placements between free-hand and template techniques, the vertebrae were also printed in two series.
2.7 Surgical simulation
For single-level and multi-level templates, respectively, one vertebra and three successive vertebrae were securely fixed within a holder. Pedicle screws (Osveh Asia Medical Instruments), with a 4.5 mm diameter and lengths of 25 and 30 mm, were expertly inserted by an experienced surgeon using two methods: free-hand and guided (Figure 5A). A total of 64 screws (32 screws for each patient) were inserted into the printed vertebrae (16 screws were placed by the free-hand technique and 16 by the surgical templates). For the guided placements, 10 screws were inserted using single-level templates, while 6 screws were placed using multi-level templates for each patient. To evaluate the performance of the templates in reducing surgical time, the total time of template registration on the vertebrae, as well as the time required for drilling in both single- and multi-level templates were recorded.
[image: Figure 5]FIGURE 5 | (A) Screws placed in vertebra and (B) reconstructed 3D-model of vertebra and screws for error evaluations.
2.8 Accuracy evaluation
Post-surgery CT images (slice thickness of 0.1 mm) were acquired for all inserted screws. A 3D model was generated using an open-source medical image processing software (Figure 5B). The model was utilized to quantify the screw entry point error, 3D angle error, and angle error in both the sagittal and axial planes by comparison between the postoperative models and planned preoperative trajectories (Figure 2F). Statistical tests were employed to assess the improvement in the accuracy of screw placement using surgical templates. A comparison between the means of the two groups (single- and multi-level templates versus their own free-hand methods as well as between single- and multi-level templates themselves) was performed using paired t-tests for all the reported errors: entry point, 3D angle, and angle in both the sagittal and axial planes. The normality of error data was verified using the Shapiro-Wilk test at a significance level of 0.05. Gertzbein-Robbins classification (Gertzbein and Robbins, 1990) was also employed to examine the level of deviation in the placed screws.
3 RESULTS
A total of 10 single- and 6 multi-level templates were meticulously developed and manufactured for screw insertions for two patients, resulting in the placement of 32 bilateral pedicle screws. Moreover, 32 screws were inserted via the conventional free-hand technique for benchmarking. Despite the relatively small bone-template contact surfaces, which mitigated the necessity for extensive soft tissue removal, the novel templates exhibited secure fixations on the vertebrae without any laxity. The concave-convex contact points, specifically the sphere encompassing the spinous process, enhanced the stability of the templates. In single-level templates, only one vertebra was fixed in the clamp, while in multi-level templates three successive vertebrae were placed together (Figure 4E). Insertion errors via the free-hand technique were reported separately for the single- and multi-level templates.
The Shapiro-Wilk tests confirmed the normality of the data. In all cases, the utilization of templates, when compared to the free-hand technique, yielded statistically significant reduction in the root mean square error (RMSE) and mean ± standard deviation of all the error variables, including entry point, axial plane angle, sagittal plane angle, and 3D angle for the pedicle screws (Tables 1, 2; Figure 6). While the mean values, standard deviation, and RMSE for entry point and angle in the sagittal plane error variables were smaller when using single-level templates as compared to multi-level templates (Tables 1, 2; Figure 6), the percentage of improvement relative to the free-hand technique was greater with multi-level templates in most error variable (Figure 7; Table 1).
TABLE 1 | RMSE and mean [image: image] standard deviation measurements of angles and entry point for single- and multi-level guided versus free-hand.
[image: Table 1]TABLE 2 | Paired t-test results to compare the errors between guided and free-hand techniques as well as between single-level and multi-level guides (* means significance of difference between the mean values).
[image: Table 2][image: Figure 6]FIGURE 6 | Radar plots of error variables for multi- (left) and single-level (right) templates versus the free-hand technique: Errors of (A,E) entry point, (B,F) angle in the axial plane, (C,G) angle in the sagittal plane and (D,H) 3D angle.
[image: Figure 7]FIGURE 7 | Box-plots of error variables for multi- (left) and single-level (right) templates versus the free-hand technique: Errors of (A,E) entry point, (B,F) angle in the axial plane, (C,G) angle in the sagittal plane and (D,H) 3D angle.
Gertzbein-Robbins criterion indicated the absence of Grade III screws when using templates (Figure 8). Moreover, only 3 Grade II screws were observed when using template guides, i.e., 2 for single-level and 1 for multi-level templates (Figure 8). In contrast, the free-hand technique resulted in only 1 screw without any deviation. Finally, the required drilling time for each vertebra during the surgical simulation process indicated an average reduction of 69% and 73% in the drilling time for single- and multi-level templates, respectively (Table 3).
[image: Figure 8]FIGURE 8 | Comparison of multi- (A) and single-level (B) templates versus the free-hand technique according to Gertzbein-Robbins criteria.
TABLE 3 | Duration of pedicle screw insertion using single- and multi-level templates versus the free-hand techniques.
[image: Table 3]4 DISCUSSION
This study aimed to design, fabricate, and evaluate patient- and vertebral-specific single- and multi-level templates for cervical pedicle screw insertions. A total of 20 screws (10 screws per patient) and 12 screws (6 screws per patient) were, respectively, inserted using single- and multi-level templates. Additionally, 32 screws (16 screws per patient) were placed using the free-hand technique. The templates were designed based on 3D models of vertebrae reconstructed from CT images of the patients. Postoperative CT scans were also acquired to evaluate four quantitative error variables, alongside the qualitative evaluations, using the Gertzbein-Robbins criteria. Despite the minimal removal of soft tissues and contact surface, the findings revealed that the 3D-printed templates had acceptable stability and that their utilization led to a statistically significant reduction in all quantitative and qualitative errors. Moreover, while using the template guides required their placement on the vertebrae, the overall procedure time of the simulated surgery was shorter in the guided approach as compared to the free-hand approach.
The mean error of entry point using the single-level templates decreased from 3.02 mm (free-hand) to 0.29 mm; a reduction smaller than those reported by Wang et al. (0.8 mm) (Wang et al., 2018) and Sugawara et al. (0.7 mm) (Sugawara et al., 2017). Furthermore, the mean error of entry point using the multi-level templates decreased from 5.7 mm (free-hand) to 0.76 mm. The percentage reduction in mean of error variables for single- and multi-level templates, respectively, were as follows: entry point: 91% and 87%, axial plane angle: 72% and 87%, sagittal plane angle: 56% and 78%, and 3D angle: 67% and 83% (Table 1). Additionally, the utilization of single- and multi-level templates led to a reduction in the standard deviation across all error variables (Table 1; Figures 6, 7). The data points representing error variables associated with the 3D-printed templates were positioned closer, as compared to those of the free-hand approach, to the center of the plot (Figure 6). The utilization of the 3D-printed templates not only decreased error values but concentrated and made them more reproducible thereby mitigating the influence of surgeon experience on surgical outcomes.
According to the Gertzbein-Robbins classification, the percentage of acceptable inserted screws (i.e., Grade 0 and I), for free-hand technique was 25% (one vertebra fixed in the clamp), whereas it reached 90% when utilizing single-level templates (Figure 8). Additionally, the acceptability percentage for the free-hand technique was 0% (with three successive vertebrae fixed in the clamp), whereas it increased to 92% with the use of the multi-level templates. The measured error variables for the single-level and multi-level templates were generally insignificantly different except for the entry point in which the multi-level templates had significantly larger errors (Table 2). In cervical spine fusion surgery, the pedicle entry point is just below the facet joint and, if needed, the lower edge of the facet can be removed (Lau et al., 2017). However, this procedure was not included in the surgical simulation, serving as a rationale for limited reduction in the error of the entry point with the application of the multi-level templates compared to single-level templates. The mean of all error variables for the free-hand technique with one vertebra fixed in the clamp was lower compared to the case with three successive vertebrae fixed in the clamp (Table 1). Consequently, the percentage reduction in the mean error variable and RMSE for the multi-level templates was greater than those of the single-level templates, except for the error of entry point. For instance, although the mean error of the angle in the sagittal plane was lower for single-level templates as compared to multi-level templates (3.52 versus 4.46 degrees), the percentage improvement compared to the free-hand technique was higher for multi-level templates (56% versus 78%,) (Table 1). In cervical spinal surgeries, because of the small pedicle sizes and potential severe postoperative complications, the screws should be placed with the greatest possible accuracy. Therefore, based on our results, when surgery conditions allow, the use of single-level templates is recommended.
Notwithstanding the improvements in screw insertions by the templates, our study had some limitations. First, while only 64 screws were inserted in this study, the number of screws was sufficient to allow meaningful statistical analyses. Notably, several other studies with similar objectives used fewer or comparable number of screws: 57 screws (Wu et al., 2018), 48 screws (Sugawara et al., 2017), 8 screws (Kashyap et al., 2018), 48 screws (Deng et al., 2016), 74 screws (Guo et al., 2017), 48 screws (Kaneyama et al., 2014), 50 screws (Bundoc et al., 2017), 68 screws (Wang et al., 2019), 64 screws (Tian et al., 2019), and 68 screws (Pu et al., 2018). Second, the assessment of template stability and its locking mechanisms on the vertebrae was assessed qualitatively. This is a limitation shared with other investigations (Berry et al., 2005; Ma et al., 2012; Cecchinato et al., 2019; Ashouri-Sanjani et al., 2021; Ribera-Navarro et al., 2021), and should be addressed in future work. Third, the generalizability of the obtained results to actual surgeries might be carried out cautiously. Nevertheless, note that real surgeries impose conditions for the free-hand techniques that are as challenging as those encountered when using 3D-printed templates. It might therefore be argued that the utilization of these templates enhances the accuracy of pedicle screw placements and reduces the duration of placement in real surgical scenarios. Forth, the process involved in designing and fabricating the templates was time-consuming. In cases where rapid design of these templates is imperative, traditional methods are inadequate, necessitating an automated and systematic design approach for each patient and vertebra. Fifth, all pedicle screws were placed by a single surgeon and thus the potential impact of different surgeon experiences on the insertion accuracy was not assessed. Finally, the lack of diverse anatomies and pathological conditions; clinical trials used to assess postoperative complications associated with the use of template guides; quantitative assessment of stability of the templates, as well as neglecting soft tissue coverage over the 3D-printed vertebrae were further limitations of this study. Using template guides improved the accuracy of pedicle screw placement, thus decreasing the risk of screw loosening, as confirmed through pull-out tests in previous studies (Costa et al., 2013; Li et al., 2015). It is, therefore, expected that using template guides would also reduce the risk of revision surgeries, as well as potential complications, such as nerve and vein injuries. Nevertheless, applying template guides during fusion surgeries requires the removal of soft tissues from the underlying bone (vertebra), a procedure that may have adverse effects and postoperative complications despite the inherent thin soft tissue coverage of the cervical spine and our template design for the minimal contact area with the underlying vertebrae.
In conclusion, the surgical simulations conducted in this study demonstrated that both single- and multi-level templates reduced the duration of pedicle screw placement, RMSE, mean, and standard deviation of all error variables as compared to the free-hand technique. Considering the Gertzbein-Robbins classification, the number of grade 0 and I placements increased when the templates were implemented. These findings suggest that the novel templates hold promise for improving spinal fusion surgical outcomes. Our study had, however, some limitations such as the lack of diverse anatomies and pathological conditions; clinical trials to assess postoperative complications associated with the use of template guides; quantitative assessment of stability of the templates; as well as neglecting soft tissue coverage over the 3D-printed vertebrae. Future studies should incorporate the use of these templates, and for wider adoption, efforts should be directed towards automating the design process based on patient- and vertebra-specific basis.
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Osteoarthritis (OA) is a common chronic disease largely driven by mechanical factors, causing significant health and economic burdens worldwide. Early detection is challenging, making animal models a key tool for studying its onset and mechanically-relevant pathogenesis. This review evaluate current use of preclinical in vivo models and progressive measurement techniques for analysing biomechanical factors in the specific context of the clinical OA phenotypes. It categorizes preclinical in vivo models into naturally occurring, genetically modified, chemically-induced, surgically-induced, and non-invasive types, linking each to clinical phenotypes like chronic pain, inflammation, and mechanical overload. Specifically, we discriminate between mechanical and biological factors, give a new explanation of the mechanical overload OA phenotype and propose that it should be further subcategorized into two subtypes, post-traumatic and chronic overloading OA. This review then summarises the representative models and tools in biomechanical studies of OA. We highlight and identify how to develop a mechanical model without inflammatory sequelae and how to induce OA without significant experimental trauma and so enable the detection of changes indicative of early-stage OA in the absence of such sequelae. We propose that the most popular post-traumatic OA biomechanical models are not representative of all types of mechanical overloading OA and, in particular, identify a deficiency of current rodent models to represent the chronic overloading OA phenotype without requiring intraarticular surgery. We therefore pinpoint well standardized and reproducible chronic overloading models that are being developed to enable the study of early OA changes in non-trauma related, slowly-progressive OA. In particular, non-invasive models (repetitive small compression loading model and exercise model) and an extra-articular surgical model (osteotomy) are attractive ways to present the chronic natural course of primary OA. Use of these models and quantitative mechanical behaviour tools such as gait analysis and non-invasive imaging techniques show great promise in understanding the mechanical aspects of the onset and progression of OA in the context of chronic knee joint overloading. Further development of these models and the advanced characterisation tools will enable better replication of the human chronic overloading OA phenotype and thus facilitate mechanically-driven clinical questions to be answered.
Keywords: osteoarthritis, preclinical models of osteoarthritis, biomechanical factors, biomechanically induced models, biomechanical measurement techniques
1 INTRODUCTION
Osteoarthritis (OA) is a highly prevalent chronic disease that affects the joints and contributes significantly to a loss of physical function (Kloppenburg and Berenbaum, 2020). It is characterised by pain, sometimes linked to cartilage disintegration, bone remodelling and inflammation of the synovium. In the United Kingdom, the incidence of any type of OA in 2017 was 10.7%, with a 1-year consistent frequency of 6.8/103 adults (≥20 years) and 40.5/103 adults (≥45 years) (Swain et al., 2020; Allen et al., 2022). Pain associated disability as a result of OA represents a significant burden (22% of total ill health burden) in societal and personal costs (Versus Arthritis, 2019; Wolf et al., 2019). Internationally, hip and knee OA is the 11th highest cause of disability (GBD, 2017 Disease and Injury Incidence and Prevalence Collaborators, 2018). Knee OA (KOA) is the most prevalent type of OA and is increasing in incidence as obesity and life span increase (Wallace et al., 2017; Hunter and Bierma-Zeinstra, 2019). The latest musculoskeletal calculator (published in 2019) estimated that in 2012 18.2% of the English population over 45 years old had clinically diagnosed KOA, 1/3 of which was severe (Versus Arthritis, 2019).
KOA is historically categorised into two main types, primary OA- also known as idiopathic OA- which is characterised by natural cartilage degeneration during ageing as a result of unidentified reasons, and secondary OA which occurs as a result of known medical conditions or risk factors (Altman et al., 1986). However, with extensive research over the past 2 decades dedicated to understanding risk factors and aetiologies, primary OA has been further divided into genetic, aging and hormonal (estrogen-deficiency) subsets (Herrero-Beaumont et al., 2009). Secondary OA is classified into subsets like metabolic disorders, anatomical abnormalities, traumatic injury and inflammation (Arden and Nevitt, 2006).
Beyond these classic subsets centred on aetiological risk, recent studies propose use of clinical phenotype and endotype concepts to categorize this heterogeneous disease (Deveza and Loeser, 2018; Deveza et al., 2019; Mobasheri et al., 2019); a clinical phenotype refers to observable characteristics of an individual resulting from the interplay between genotype and environment (Mobasheri et al., 2019). Dell’Isola et al classified knee OA into six clinical phenotypes based on a qualitative meta-analysis of existing data from 24 studies: 1) long-lasting pain; 2) upregulation of inflammatory markers; 3) metabolic disorder (estrogen imbalance, dyslipidemia, diabetes, and obesity); 4) changes in bone and cartilage homeostasis; 5) altered joint mechanics (medial meniscus overload or varus malalignment) (Figure 1B); and 6) minor joint disease (slight clinical symptoms with chronic progression) (DellIsola et al., 2016). The complexity is confounded by these phenotypes not necessarily being discrete, with multiple phenotypes potentially co-existing (Bierma-Zeinstra and van Middelkoop, 2017). As a result, reaching a consensus on diagnosing each specific subgroup is challenging due to phenotype overlaps, meaning no specific biomarkers or tests can be uniquely applied. OA endotypes (or mechanistic phenotypes) are defined by distinct pathobiological molecular mechanisms and signaling pathways, making them identifiable by specific biomarkers (Anderson, 2008). This distinction is valuable for targeted anti-cytokine therapy. Inflammation, metabolism, cell senescence, and bone and cartilage endotypes are considered constituent molecular endotypes of each phenotype (Mobasheri et al., 2019).
[image: Figure 1]FIGURE 1 | Biomechanical factors leading to osteoarthritis (OA). (A) represents the healthy knee. (B) femoral and tibial malalignment with resulting varus or valgus angulation and medial or lateral joint overload, (C) quadriceps muscular weakness leading to muscle imbalance and local joint overload, (D) meniscus injury leading to increased contact stress, (E) ligament injury leading to changes in the overall knee mechanics. All of these will eventually contribute to increasing the mechanical stress on the healthy knee and induce joint structural changes, including cartilage loss, joint narrowing, osteophyte formation, and subchondral microfractures resulting in, (F) arthritic knee.
KOA (Figure 1A) is insidious and is defined as the degeneration of the articular cartilage in the weight-bearing region, with structural changes of the surrounding bone, and joint inflammation, irrespective of the presence of clinical symptoms (Kraus et al., 2015; Lespasio et al., 2017) (Figure 1F). This joint degeneration is affected by a combination of mechanical and biological effects (Sandell and Aigner, 2001). Epidemiologically, OA risk factors can be categorised into individual-centred (or systemic) factors such as age, sex, race, genetic background, metabolic disorder, endocrine, diet, bone density, and joint-related factors such as different shapes of the articulating surfaces, muscle weakness, occupation/sports, and injury and joint overloading (Vina and Kwoh, 2018). Biomechanical factors are the predominant theme associated with these joint-related factors, and this is the focus of much recent KOA research (Glyn-Jones et al., 2015; van Tunen et al., 2016). There is also increasing evidence that OA onset is mechanically driven and the onset is strongly correlated with altered mechanical properties of subchondral bone (Day et al., 2001; Hayami et al., 2006).
Biomechanical factors play an important role in understanding the pathogenic mechanism of all forms of KOA and in helping to address clinical questions. For example, it is reported that frontal plane knee malalignment has the strongest relation with KOA development (Palazzo et al., 2016). The natural knee alignment is around 1° varus (Cooke et al., 2007) and the ideal realignment angle ranges from 1° to 13° valgus (Dugdale et al., 1992; Cooke et al., 2007; Tsukada and Wakui, 2017; Sethi et al., 2020). However, these data are all derived from retrospective studies, which are population-based and laboratory experiments to confirm these findings are lacking. Moreover, despite OA (Figure 1) being a progressive disease, symptomatic OA is usually only diagnosed in patients with clinical symptoms and imaging evidence at an advanced stage (Hayami et al., 2006), which is likely irreversible. Therefore, it is imperative to devote research efforts to detect biomechanical mechanisms at the initial and early stages of OA. This is key not only for studying disease aetiology, but would also represent a big step towards developing preventative treatment and in diagnosing pre-radiographic OA.
Experiments to investigate these biomechanical factors are difficult in human studies as the mechanical intervention and direct outcomes are hard to perform and observe independently (Wendler and Wehling, 2010), and the available human tissue diagnosed as OA is not in the early stage (Hayami et al., 2006). Ex vivo joint models cannot truly mimic musculoskeletal mechanics and the arthritic environment. Thus, in vivo experimental animal models are important in studying the onset and early stages of this disease, particularly when investigating biomechanical aspects (Kuyinu et al., 2016). The two main goals of using OA in vivo models are: 1) to understand the pathophysiology of the disease, especially in the early stages, and 2) to test the safety and efficacy of different therapeutics developed before entering into clinical trials (Kuyinu et al., 2016). Recent advances in measurement techniques for in vivo animal studies have enabled and improved the analysis of OA and reduced animal usage (Teeple et al., 2013). In the light of recent work on in vivo animal models and methodological advances on biomechanical aspects of KOA, the purpose herein is to conduct a narrative review on the use of preclinical in vivo models, and advanced measurement techniques focusing specifically on biomechanical aspects in the context of the identified human clinical sub-division of OA.
2 BIOMECHANICAL FACTORS IN OA
Biomechanical factors are defined herein as joint-related, OA-linked, features based on epidemiological statistics. These are subdivided into either those anatomical relationships influencing the joint, or those that are the consequence of functional joint usage (Glyn-Jones et al., 2015; van Tunen et al., 2016). The following section presents current evidence on biomechanical-related risk factors associated with OA.
Anatomical factors include those derived from individual joint morphology and limb alignment (Glyn-Jones et al., 2015), where these can be variations in the shape of the tibia, femur, or patella. The anatomy is the product of genetics and adaptation to use, and the reasons for the adaptive changes are not fully known, but are likely to align with Wolff’s law, which describes how bone tissue can be remodelled in response to prevailing mechanical environment (Chen et al., 2010). These morphological variations can, therefore, be created by habitual joint loading experiences, but will also then induce corresponding shifts in joint loading and so may initiate or accelerate OA (Neogi et al., 2013). The morphological variation can predict the onset of OA, a year earlier than visible radiographic changes (Neogi et al., 2013). Extensive variation, recognized as knee malalignment (i.e., varus or valgus alignment) is also a strong risk factor in OA onset and progression (Tanamas et al., 2009). It is defined as a shift from the collinear mechanical alignment of hip, knee and ankle to either a medialised (varus) or lateralised (valgus) loading distribution (Sharma et al., 2001). The alignment changes can be a result of localised morphological deviation. In the varus knee, the mechanical axis (from mid femoral head to mid ankle) will pass medial to the centre of the knee. This induces an adduction moment that increases the force on the medial tibiofemoral compartment; the opposite happens in the valgus knee (Tetsworth and Paley, 1994). This loading imbalance contributes to OA progression (Sharma et al., 2001), with a 1° varus deviation out of the natural physiological range of alignment, disproportionally increasing the medial load by 5% (Schipplein and Andriacchi, 1991; Halder et al., 2012), As such, varus and valgus malalignment (Figure 1B) is a known independent risk factor in the progression of medial and lateral OA (Tanamas et al., 2009). Of these, varus alignment is more common in the knee OA population and is significantly linked with OA development (Brouwer et al., 2007).
Functional factors that are a consequence of challenging joint usage include previous knee injury, poor muscle function, reduced proprioceptive acuity, activities (occupational activity and sports activity), and joint laxity (Bennell et al., 2012; Richmond et al., 2013; Glyn-Jones et al., 2015; van Tunen et al., 2016). Knee injury mainly includes knee ligament ruptures, sprains or meniscal tears (Thomas et al., 2017), which carry a high risk of post-traumatic OA (PTOA) onset compared to uninjured individuals (Thomas et al., 2017). There is some evidence of the high OA incidence in athletes being mainly due to joint injury (Bennell et al., 2012). Meniscal and anterior cruciate ligament (ACL) injuries each account for one-quarter of all knee injuries (Thomas et al., 2017). Ligament injuries can cause changes in joint mechanics, including translation and shear, leading to overload (Figure 1E) (Kernozek et al., 2013). Simply, meniscal tears decrease the contact area between cartilaginous surfaces thus increasing contact stresses during load transfer (Figure 1D) (Masouros et al., 2008). Muscle weakness (Figure 1C), including athrogenic muscle inhibition, was previously thought to be a secondary factor that results from progression of OA damage, but recent population-based evidence shows that muscle dysfunction can be a primary risk of OA initiation, preceding knee pain and muscle atrophy (Slemenda et al., 1997). Quadriceps weakness specifically is a better predictor of joint pain and joint space narrowing than radiographic evidence (Palmieri-Smith et al., 2010).
Impaired knee proprioception refers to a deteriorated accuracy in position and motion sense, caused by impaired articular mechanoreceptors (Knoop et al., 2011). Reduced proprioceptive accuracy has been found in OA patients and this causes a decrease in knee stabilization and joint movement coordination, both of which are directly related to mechanics, and has a significant association with knee pain (Knoop et al., 2011; van Tunen et al., 2018). These factors are linked, as the loss of muscle strength can be attributed to afferent sensory dysfunction (i.e., impaired proprioception) and the subsequent reduction in efferent neuron stimulation (Slemenda et al., 1997). Although there is currently no robust evidence that dysfunctional proprioception causes OA onset, it has been proposed as a putative OA risk factor (Roos et al., 2011). Activities (e.g., physical, occupational and sporting) are controversial factors for knee OA, as cartilage homeostasis is known to rely upon moderate loading but could change to catabolic metabolism in high intensity and long duration, abnormal mechanics (Griffin and Guilak, 2005). Heavy occupational lifting, frequent deep knee flexion (squatting, kneeling) and sports activity (at elite level) with significant impact, twisting, turning and running have a demonstrated higher OA risk (Richmond et al., 2013). In contrast, there is no evidence that physical activity (moderate sports) and recreational sports activity, without suffering injury, increase the risk of OA (Bennell et al., 2012; Richmond et al., 2013). Some large studies have found that ice hockey and soccer players, wrestlers and weightlifters have a much higher incidence of OA than endurance sport athletes (Kujala et al., 1994; Tveit et al., 2012). This aligns with the notion that there is a biomechanical tolerance level in weight-bearing joints; this level is not currently known (Thelin et al., 2006). However, there could simply be a higher incidence of injury in those sports in which higher biomechanical loads are engendered.
Joint laxity–loss of stability with deficiencies in the primary soft-tissue stabilisers such as the cruciate ligaments, secondary stabilisers such as the capsule, or in alignment–is another biomechanical-related OA risk factor (van Tunen et al., 2016). Evidence has shown that patients with medial knee OA always have laxity, usually in the varus-valgus direction (van Tunen et al., 2018). All of these factors are related to biomechanics (loading, motion) and in general, alterations in these factors will change knee joint loading (van Tunen et al., 2016). Acute or long-term overuse changes in loading will subsequently induce the structural, biological and mechanical level changes and present as clinical symptoms.
Although biomechanical risks can be independent, direct-causative factors in some cases of knee OA, all OA phenotypes have a mechanical component, and all risk factors can induce shifts in mechanical stress in chondrocyte pericellular matrix (Brandt et al., 2009; Zhao et al., 2020). For example, obesity is an important OA risk factor; not only because the systemic inflammation arising from adipokines can promote local joint inflammation (Berenbaum et al., 2013; Robinson et al., 2016), but because obesity can also interact with confounding biomechanical factors, evidenced by less frequent cyclic physiologic joint loading (lowering risk) and altered gait and increased peak knee force (which both increase risk) (Aaboe et al., 2011; Issa and Griffin, 2012). At the molecular and cellular level, cartilage degradation is generally affected by biological and mechanical stimuli (Sandell and Aigner, 2001) and many risk factors induce OA by combined inflammation and stress-induced mechanotransduction signaling pathways in chondrocytes (Guilak, 2011). Recent advances in our grasp of chondrocyte mechano-signaling make the mechanism by which biomechanical factors may contribute to OA clearer. It is now evident that the pericellular matrix of the cartilage chondrocyte transmits the physiological mechanical stimulus (including abnormal stress, compression, fluid pressure) to cell surface mechanoreceptors (ion channels, integrins) which convert these outside physical signals to intracellular signals, to regulate a series of downstream pathways (Guilak, 2011; Gilbert and Blain, 2018; Zhao et al., 2020). This suggests that this biomechanical stress may be critical in the initiation and progression of OA, independently of the influence of inflammation. Therefore, although there is tantalising information, there is still no consensus in the understanding of the biomechanical factors underlying OA initiation and progression (Guilak, 2011; Saxby and Lloyd, 2017; Hunt et al., 2020). Some experts propose that any efforts to subdivide OA should largely consider the abnormal mechanical stress loading on the joint, and advise subclassifying OA based on mechanical abnormalities (Radin et al., 1991; Deveza et al., 2019). This highlights the need to accurately define the various mechanical factors, and the abnormal mechanical stress, contributing to the different phenotypes of OA. To identify these factors and to address this fundamental gap of mechanical stress mechanism, preclinical models should be developed that are clinically representative of biomechanically induced OA (McCoy, 2015; Kuyinu et al., 2016; Serra and Soler, 2019).
3 CLASSIFYING PRECLINICAL IN VIVO MODELS OF OA
As OA is a multifactorial disease driven by genetic, biological, and biomechanical factors (Glyn-Jones et al., 2015), there are several different in vivo models that provide a means to study its various distinct features. Each model replicates a unique OA aetiology and pathogenesis that reflects the specific mechanism of interest as well as the target uses for drug treatment (Cope et al., 2019). Generally, small mammals (nearly always rodents), including mice, rats, rabbits and guinea pigs, are considered for primary basic research (Serra and Soler, 2019), such as the study of OA pathology/pathophysiology, and assessing the effectiveness of different therapeutics (Kuyinu et al., 2016). Larger animals (dog, horse, goat, cattle) develop the disease more slowly, are more expensive, less reproducible and harder to handle (Serra and Soler, 2019), yet can be more relevant to disease heterogeneity and the anatomy, dimensions and biomechanics of human joints (Lampropoulou-Adamidou et al., 2014; Meeson et al., 2019b). Therefore, they are more widely used in translational preclinical studies, where the clinical progression of the disease and treatment are being considered.
These in vivo OA models are characteristically classified as: spontaneous, which include naturally occurring for uncertain/unknown reasons and genetically modified models, and induced models which can be provoked by chemical or surgical intervention (Table 1). Recently, some non-invasive induced models have been developed as alternatives to surgical models (Christiansen et al., 2015; Poulet, 2016). These OA models are typically categorised in terms of classical primary and secondary OA types. Spontaneous models characterise to a certain extent the natural progression of human primary OA with or without genetic modification. Accordingly, induced models are developed as a result of replicating specific known risk factors of secondary OA and these models are usually surgically induced, and sometimes less appropriately chemically induced (Vincent et al., 2012; McCoy, 2015). The induced methods can stimulate acute inflammation and/or alter the joint mechanics (Serra and Soler, 2019).
TABLE 1 | Preclinical in vivo OA models.
[image: Table 1]The Dunkin Hartley guinea pig is the most used spontaneous model to develop naturally occurring, age-related OA. This has a high incidence and occurs at a reasonably young age compared to humans (Jimenez et al., 1997). It has similar histopathology to the human disease and the histological changes can normally be observed at 3 months of age (Kraus et al., 2010). The Str/ort mouse, derived from selective breeding with susceptibility to OA, is a well-recognized spontaneous OA model where >85% of all male mice have very mild OA lesions in the medial tibial plateau from 10 weeks of age (Mason et al., 2001; Staines et al., 2017a). Similarly, OA can arise spontaneously in rabbits, where natural disease can be found in >50% by the sixth year of age (Arzi et al., 2012). Spontaneous dog OA has also been proposed as a model, as OA can have high prevalence (>20%) over 1-year of age, and dogs have more human-like anatomy and OA heterogeneity than rodents (Meeson et al., 2019a). Genetically modified models, mainly in mice, are designed to knock down, knockout, knock-in or mutate specific genes to breed strains with modified OA susceptibility (Little and Hunter, 2013).
The induced methods aim to generate joint destabilization and increase joint contact force, and/or create an intra-articular inflammation, and so consequently alter cell metabolism and induce an OA lesion (Teeple et al., 2013). Chemically induced models mostly include intra-articular injection of an agent to trigger acute local inflammation, extracellular matrix degradation and chondrocyte death (Bendele, 2001). The chemical agents generally used in induced animal models of ‘OA-like’ joint pain are papain (Sukur et al., 2016), quinolone (Rodrigues-Neto et al., 2016), collagenase (Lee et al., 2020), carrageenan (Korotkyi et al., 2019), Freund’s adjuvant (Robin, 2017) and, most commonly, sodium mono-iodoacetate (MIA) (Adeyemi and Olayaki, 2017). Surgically induced models mainly use intra-articular invasive surgery to generate joint instability or create chondral defects to induce OA. PTOA is the most widely studied secondary OA model, commonly used to analyse mechanical aspects of OA. Currently, the most often used surgical models are destabilization of the medial meniscus (Arzi et al., 2012)), anterior cruciate ligament transection (ACLT; (Lampropoulou-Adamidou et al., 2014), collateral ligament transection (Bendele, 2001) other meniscal injury (meniscectomy (Ali et al., 2018) or medial meniscal tear/transection (Brederson et al., 2018; Pucha et al., 2020; Temp et al., 2020)), and chondral/osteochondral defects (Mastbergen et al., 2006; Flanigan et al., 2010; McNulty et al., 2012; Figueroa et al., 2014; Serra et al., 2014), or ovariectomy (oestrogen deficiency causing subchondral osteoblast changes) (Xu et al., 2019). Additionally, a novel non-articular invasive method was raised again recently, using tibial osteotomy (TO) to induce a varus tibial malalignment and joint mechanical overload (Britzman et al., 2018); this is more representative of the human primary chronic overloading OA condition, or a means of replicating the susceptibility to OA based on anatomical deviation, without any intra-articular damage or destabilization of internal joint mechanics (Britzman et al., 2018).
Although surgical models better mimic the pathogenic mechanisms than chemical models and have a shorter progression period than spontaneous models, they involve aseptic procedures, and the results are highly dependent on surgical skill. This means that ensuring repeatability and minimising variability of these invasive models is difficult. To address these issues, some studies create PTOA by using non-invasive methods through applying an external mechanical load to the relevant joint without disrupting the skin or the joint capsule (Christiansen et al., 2015) through either single-impact injury or repetitive loading (Poulet, 2016). There are five main types of non-surgically induced model: 1) intra-articular tibial plateau fracture (Lewis et al., 2011; Schenker et al., 2014; Kimmerling et al., 2015); 2) ACL rupture through tibial compression overload (Lockwood et al., 2014; Khorasani et al., 2015); 3) knee immobilization in an extended position (Videman, 1982) 4) cyclic articular cartilage tibial compression (Poulet et al., 2011; Melville et al., 2015); and 5) moderate running exercise. Compared to severe surgical PTOA models, these models are more likely to represent real biomechanical conditions in OA development.
The OA model classifications previously mentioned (spontaneous and induced) are rooted in the conventional view (primary and secondary OA) that distinguishes various aetiologies (intervention methods) (Table 1) (Esdaille et al., 2022). Notably, most pharmacotherapies derived from these animal models are symptomatic, primarily addressing the clinical phase of the disease rather than the pre-arthritis phase. A recent review article analyzed gene expression data across different OA models, emphasizing how discrepancies between models can lead to divergent conclusions regarding targeted intervention therapies (Soul et al., 2020). Therefore, it is crucial to clarify the commonalities among these models and understand their relationship to each etiopathogenesis and the six distinct OA clinical classifications currently adopted. A recent systematic review defined these clinical phenotypes as those related to: 1. chronic pain, 2. inflammation, 3. metabolic syndrome, 4. bone and cartilage homeostasis, 5. mechanical overload, and 6. minor joint disease phenotypes (DellIsola et al., 2016). This section summarises how these animal models relate to the clinical classifications.
Types 1 and 2. Responses to chronic pain and inflammation are usually conducted using chemically induced models, which induce cartilage degeneration based on triggering the inflammatory mechanism rapidly (Serra and Soler, 2019). The MIA method induces widespread cell death across many joint tissues leading to intense pain and is typically used to study ‘joint’ pain (Pitcher et al., 2016). These models should not be used to study the pathogenic mechanism of OA in humans (Vincent et al., 2012).
Type 3. Metabolic OA phenotype is usually characterized by surgical (ovariectomy) or spontaneous OA models. These models are appropriate to study diabetes, obesity and other metabolic disturbances (estrogen imbalance) causing OA (Xu et al., 2019).
Type 4. Bone and cartilage homeostasis phenotype presents an OA subgroup with significant changes in cartilage and bone metabolism (DellIsola et al., 2016), categorised to atrophic (few osteophytes with severe joint space narrowing) and hypertrophic (large osteophytes with little joint space narrowing) subsets (Roemer et al., 2012). The ACLT surgical model is usually used to study this phenotype, but the cyclic articular cartilage tibial compression models are also used. Bone osteophytes can be rapidly induced in experimental canine OA as early as a few days after ACL surgical induction (Gilbertson, 1975), and the subchondral and trabecular bone remodeling can be observed at around 2 months (Lavigne et al., 2005).
Type 5. The mechanical overloading phenotype which accounts for up to 22% of incidence (DellIsola et al., 2016), is usually modelled by surgical disruption of joint biomechanics, such as meniscectomy or ligament transection, causing joint instability. These models can simulate a human injury event: so-called PTOA models (Little and Hunter, 2013). However, as shown in a population study, PTOA comprises only approximately 12% of symptomatic OA (Brown et al., 2006). Therefore, it could be contended that there is an overuse of the PTOA models in representing the chronic overloading OA phenotype.
Type 6. Ageing or minor joint disease phenotypes are best studied by naturally occurring models (Lampropoulou-Adamidou et al., 2014).
The mechanical overloading phenotype itself has been shown to arise from 1) long-term overuse or cyclic small loads or 2) a short-term high load (impact) (Gardiner et al., 2016) and these two are suggested to have distinct pathophysiology progression (Little and Hunter, 2013). For example, a comparative study developed in guinea pigs with or without ACLT surgical intervention showed that there are several differences in expression of OA biomarkers between these two mechanical overload phenotypes (Wei et al., 2010; Rice et al., 2020). A later study characterised the subgroups of the mechanical overload phenotype into two: one having severe medial OA and varus malalignment with a high prevalence of injury history (55%), and the other having evidence of lateral OA and valgus alignment with lower body mass index (BMI) (DellIsola et al., 2016). Therefore, current PTOA models only represent the short impact (injury-history) subgroup, and there should be another type of biomechanically induced OA model which occurs in a relatively idiopathic, non-traumatic and slow-progressive condition to present the chronic overloading OA that is considered responsible for primary OA (DellIsola et al., 2016). The studies more representative of this form of chronic mechanical overloading OA are the non-invasive cyclic overloading model (Ko et al., 2013) and the extra-articular TO surgical model (Britzman et al., 2018). These will be described in more detail in section 4.2.
As the PTOA surgical model cannot cover all the mechanical overloading phenotypes, here, we define a new term, biomechanically induced animal models (biomechanical model for short) to present all the mechanical overloading phenotypes of OA, including those that mimic ‘primary’ mechanically induced slow-progressive OA associated with chronic overloading which is naturally occurring after long-term lower levels of increased loading (mechanical overuse), and ‘secondary’ PTOA that develops in response to acute high impact overloading or trauma. Unlike genetically modified or chemically induced models, which primarily focus on altering genetic expressions or chemical interactions within the joint, biomechanically induced models specifically recreate the mechanical conditions contributing to OA development. The main underpinning rationale is to alter the joint mechanical challenges based on changing the loading distribution, or creating joint instability or joint defects. The following section will focus on these biomechanical aspects identified as key in animal models of biomechanical mechanisms in OA development.
4 BIOMECHANICAL ASPECTS OF IN VIVO MODELS OF OA
This section summarises recent advances in the development of mechanical overloading models. It also highlights that there remains a gap in ensuring that these mimic with sufficient precision the clinical condition in terms of the biomechanical aspects. We hypothesise that there are two key considerations when studying mechanically-driven OA, which are: 1) how to develop a mechanical model without inflammatory sequelae, and 2) how to induce OA without significant and immediate experimental trauma. Appropriate tackling of these concerns will enable the discrimination of changes indicative of early-stage OA in both the presence and absence of such potential injury-related onset, enabling comprehensive identification of mechanisms underpinning slow-progressive disease.
4.1 Isolating biomechanical changes from inflammation in post-traumatic OA models
Except for some specific metabolic phenotypes (e.g., obesity) in which a systemic inflammatory state promotes local joint inflammation by adipose tissue releasing adipokines and other proinflammatory cytokines into the blood stream (Trayhurn and Wood, 2004; Berenbaum et al., 2013) to cause OA, most OA aetiology does not have a primarily inflammatory focus. The inflammation observed in most forms of OA is indeed generally chronic, low-grade inflammation and thought to be an epiphenomenon induced by mechanical derangement (Poulet et al., 2012; Sokolove and Lepus, 2013; Robinson et al., 2016; Chow and Chin, 2020). The chronic inflammation in OA is likely a secondary process induced by cartilage damage, which can be understood as a progressive cycle of local tissue damage in an initial area, failed tissue repair, and inflammatory and innate immune response, resulting in further cartilage degeneration in the surrounding area over time (Robinson et al., 2016).
The inflammation process provoked by joint trauma has two phases: an acute posttraumatic phase lasting 2 months after the mechanical impact, with joint pain and swelling due to the intraarticular bleeding, prominent inflammation and synovial effusion (Lotz and Kraus, 2010), during which the damage progresses rapidly. Then most individuals develop into the chronic OA phase, from a long clinically asymptomatic period with constant low-grade inflammation, subtle metabolic changes and structure changes in cartilage, to a symptomatic phase (Lotz and Kraus, 2010). In addition, although OA is thought to be a local disease, lacking the large scale systemic response observed in rheumatoid arthritis, the increase of serum C-reactive protein levels associated with OA symptoms suggests that there is an accompanying chronic low-grade systemic inflammatory response in these patients (Stürmer et al., 2004; Berenbaum, 2013; Cicuttini and Wluka, 2014).
As outlined, the acute injury or long-term mechanical abnormities can cause a different inflammatory process in patients. Inflammation can potentially thus arise in biomechanical OA models from any of three sources: the tissue injury from the artefacts of surgery, the acute inflammation after mechanical injury/impact and the chronic low-grade inflammation from long-term subtle mechanical changes. It has been reported that such mechanical forces can either induce or suppress inflammatory signalling cascades through the mechano-transduction mechanism (Knapik et al., 2014), which creates uncertainty about the source of inflammatory signalling in these biomechanical OA models. Currently, a key challenge needing to be resolved in PTOA models is how to develop a purely biomechanical model excluding tissue injury and inflammation following the surgery. Since current surgical OA models can potentially cause acute inflammation due to the surgery, it is not clear the extent to which the invasive surgery caused the inflammatory response or the mechanical stress initiates the OA (Deschner et al., 2003). This could result in misleading conclusions on the possible effects of mechanical factors on local and systemic inflammation, and OA progression. Interestingly, one study observed surgical inflammation in the synovium in the first week in the MMT rat model, but this resolved by week three (Salazar-Noratto et al., 2019), suggesting that the inflammatory effect might reduce to zero if the study were to progress to later time points. A non-invasive biomechanical model would be a suitable method to avoid the risk of unnatural internal joint biomechanics and localised tissue damage-induced inflammation. Such models usually initiate OA through causing a closed insult without disrupting joint function or breaking the skin and joint capsule (Christiansen et al., 2015). The earliest non-invasive model used an indenter to apply a single impact to the knee, leading to an intra-articular fracture of the tibial plateau (Furman et al., 2007). Another traumatic, but non-invasive method is the compression model, in which the limb is positioned with upper and lower loading cups fixed to the calf, and a compressive axial load (12 N peak force) is applied to cause the anterior displacement of tibia to cause ACL overload and rupture. This model has a similar mechanism as a sports injury and can result in rapid OA development (Christiansen et al., 2012). A comparative study showed the surgical (invasive) ACLT model increased anteroposterior laxity, while biomechanical (non-invasive) ACL rupture failed to modify this parameter, supporting the view that the non-invasive model represents the OA process well. However, both models produce direct intra-articular tissue damage (ACL rupture, tibial plateau fracture).
To avoid uncertainty, the molecular markers of OA could be measured from different fluids by choosing specific biomarkers of degeneration and metabolism. The local response can be studied by obtaining biomarkers from the joint synovial fluid (SF), while systemic inflammatory states representing total body level are usually collected from serum and urine (Kyostio-Moore et al., 2011). The biomarkers analysed from SF can sensitively reflect changes related to early PTOA, while urine and serum levels can be influenced by different systemic diseases or metabolic conditions (Teeple et al., 2013). Several studies have shown the differential cytokine levels in circulation (serum) and SF (Frisbie et al., 2008; Kyostio-Moore et al., 2011). Some biomarkers are less detectable in serum than in SF, or showing no clear differentiation between healthy and diseased states, as these cytokines are primarily released and consumed locally in the environment after binding to specific receptors on local cells and triggering intracellular signals (De Groote et al., 1992; Burska et al., 2014). However, in rodent studies, blood sampling is more commonly used than SF as it is easily accessible and would not affect OA progression (Burska et al., 2014). Serum change may thus only partly reflect pathology but would be a good diagnostic biomarker and disease early screening test. Serum biomarker sensitivity may be increased by adding a mechanical stimulus (such as moderate exercise) to the basic OA model; this may correspond to a later disease stage. Research has shown that exercise-induced increases in serum COMP, such as from a 30-min walk, can predict 5-year OA disease progression (Erhart-Hledik et al., 2012; Chu et al., 2018).
4.2 Developing less-invasive biomechanical models to better present the chronic overload phenotype to understand the early stages of non-traumatic OA
Due to the lack of suitable models, little is known about the pathophysiology of the chronic progression of biomechanically induced OA, especially in the early stage. This is potentially distinct from current PTOA models as their rapid OA induction is too severe to replicate human OA and the speed of OA progression means that it is hard to detect OA onset. Also, subchondral bone microfractures that are markers of early-stage OA, are hard to observe in current animal models (Ramme et al., 2016). Patients with chronic overloading OA without known major injuries, and PTOA patients also differ in other ways such as muscle activation, gait pattern, knee mechanics (Robbins et al., 2019) and radiological characteristics (Swärd et al., 2010). There are therefore two points which need to be further studied in order to address these two mechanically-induced forms of OA, (PTOA and chronic overloading OA): 1. lessening the invasiveness/trauma for biomechanical models to replicate the early stage of PTOA, and 2. producing a non-traumatic method to study the chronic overloading OA phenotype.
Recent studies have characterised less invasive models with lower controlled single impact to better study the early stages of PTOA. One study investigated a dose-response relationship by arthroscopy to directly load the canine medial femoral condyle to create a controlled acute injury at multiple different loading levels; magnetic resonance imaging (MRI) and symptomatic assessments were used as outcome measures (Brimmo et al., 2016). It was found that an 18 MPa impact replicated a ‘physiological’ impact equivalent to daily activities, which is near the threshold (20 MPa) for chondrocyte apoptosis; 40 MPa caused an ‘athletic trauma’, which led to degenerative changes in animal models; and a 60 MPa impact led to a ‘severe trauma’, which is associated with PTOA changes. The lowest level successfully generated subchondral bone microfractures that closely mimic those found in patients’ knees (Brimmo et al., 2016). More severe soft tissue damage models have nuanced different severity levels: e.g., DMM is moderately severe, but less so than ACLT (Glasson et al., 2007). The DMM model sections the medial meniscotibial ligament to offload the medial meniscus; this produces mid-to moderate human OA with subchondral bone defects within 4 weeks (Glasson et al., 2007; Iijima et al., 2014; Culley et al., 2015).
Studies on the chronic overloading OA phenotype focus on developing a less-invasive model by the application of controlled, long-term slowly increased loads on the knee. These studies have utilised methods such as cyclic overloading (Ko et al., 2013), running exercise (Lapvetelainen et al., 1995; Lapvetelainen et al., 2002) and creating different angles of TO (Britzman et al., 2018). These are described, in turn, below.
The cyclic compression loading model is an advanced non-invasive method of OA induction that uses loading at a lower compressive force (below ACL-rupture threshold) with a longer duration. It is the only model that imposes long-term repetitive small adjustable elevated loads (Christiansen et al., 2015). The joint failure mechanism is the direct overload on cartilage and progresses over the time, which is distinct from the single loading model where the cartilage lesion is a secondary consequence of joint destabilization and did not worsen with time alone (Poulet, 2016). The method produces cartilage and subchondral bone lesions (indicators of early-stage OA) even with very low loads (4.5 N to 9N in rodent model; (Ko et al., 2013). This non-invasive cyclic compression model is a most promising model of the chronic OA phenotype induced through mechanical overuse and also used as an adjunct (1.0N∼2.0N) to DMM which induced a positive anabolic response after DMM injury (Holyoak et al., 2019).
Another method for non-invasively applying mechanical cyclic joint loads is through elevated exercise; this has been developed with treadmill or wheel running (Lapveteläinen et al., 1995). The level of exercise would need to be sufficient to induce or accelerate OA and has been found to increase the incidence and severity of knee cartilage damage in specific mouse strains with OA susceptibility (Lapvetelainen et al., 1995; Lapvetelainen et al., 2002; Baur et al., 2011). These exercise models could enhance spontaneous models by reducing the time taken to induce OA. In addition, as the exercise model directly represents the specific type of OA observed in patients with frequent occupational and sports activities, this model could be further developed to study the effects of activity factors on OA development. There is also a view that exercise stimulates circulating levels of anti-inflammatory cytokines to counteract the low-grade systemic inflammation in patients (Warnberg et al., 2010). Therefore, exercise is not commonly used to induce OA in isolation, but it is considered a confounder and so is assessed in order to differentiate the effects of exercise from exercise plus concurrent OA disease (Frisbie et al., 2008). Systemic effects are likely complicating factors here, as in other models.
TO is another promising biomechanical method to model chronic overload-induced OA. At present it is the only way to use extraarticular surgery to create OA in an animal model. TO has the advantage of a surgically induced method that precisely mimics the OA pathogenic mechanisms of abnormal joint load distribution and constantly small overloading. TO also provides more anatomical overloading direction compared to a cyclic loading machine, and avoids the joint damage of traditional intraarticular surgery. Clinically, osteotomy has been reported for over 2000 years (Smith et al., 2013) and is used for treating knee OA to improve pain and function (Brouwer et al., 2014) by unloading the affected knee compartment. The animal osteotomy models initiate cartilage overload by removing a wedge of bone in the proximal third of the tibia, distal to the tibial tubercle (Coventry, 1985). The transtibial valgus osteotomy model is most generally used, causing a shift in mechanical axis to the lateral knee compartment (Panula et al., 1997). This method has been used to induce OA in dogs (Johnson and Poole, 1988; Panula et al., 1997), rabbits (Reimann, 1973; Mankin et al., 1981) and guinea pigs (Wei et al., 1998). These studies have revealed various levels of degenerative change in either the overloaded compartment alone (Mankin et al., 1981) or both compartments (Reimann, 1973). However, the model is not popular and has not been well developed. The reasons for this may be the high level of surgical skill required, the cost, and the technical difficulties in keeping a stable osteotomy position during post-operative rehabilitation (Panula et al., 1997). A more recent study (Britzman et al., 2018) has created a 30° varus proximal TO model in healthy rats, which successfully induced OA as measured using biomechanical evaluations, histology and circulating-telopeptides of type II collagen (CTX-II, cartilage degradation biomarker). The optimal angles to investigate biomechanical factors in the natural course of OA are not known. Typically 30° malalignment is used in animal models as this causes OA changes within 3 months, yet clinical malalignment in patients is much smaller (Cooke et al., 2007). Animal biomechanics are significantly different from human due to quadrupedalism and anatomical differences, so it is hard to compare clinical and animal malalignment angles. Larger malalignments and incisions closer to the joint induce OA more quickly (Schipplein and Andriacchi, 1991) and even larger angles produce other non-physiological effects such as subluxation (Shoji and Insall, 1973; Wei et al., 1998).
5 DIAGNOSTIC TOOLS USED TO IDENTIFY BIOMECHANICALLY INDUCED OA
There are three key diagnostic tools for biomechanically induced OA: biochemical, biomechanical and imaging markers to measure the biological, functional and structural OA changes (Andriacchi, 2012). Typically, microscopic tools (biochemical) are usually used in small animals, and macroscopic tools (biomechanical and imaging) are used in large animals and humans (Kuyinu et al., 2016). Characterizing biomechanical models and outcomes relies on measuring biomechanical factors, but biomechanical changes are very subtle in animal models, in particular in rodents due to their size and quadrupedalism, and a single mechanical factor might respond to both mechanical and inflammatory stimuli and cause multiple marker changes. This subtlety hinders early detection and characterization of this mechanically driven disease in animal models. Therefore, advanced diagnostic tools are needed for animal models in order to improve our understanding of this disease.
5.1 Standard measurement tools
The divergent in vivo OA models make it difficult to establish standard measurements. Studies that correlate the cartilage degradation, bone remodelling and biomechanics with OA development, progression and compare the outcome measures usually need a healthy group to provide baseline data, or an accepted scoring reference to compare with the diseased group. To standardise the measures and reporting techniques used in OA research, the Histological-Histochemical Grading System (HHGS) is the earliest and most often used cartilage scoring system for OA assessment in both human and animal models (Rutgers et al., 2010). The Osteoarthritis Research Society International (OARSI) scoring system was then established and has become a widely used alternative as it covers a broad range from the earlier mild OA to advanced OA; it has greater inter-rater reliability (Rutgers et al., 2010). OARSI has developed a species-specific histopathology grading system for OA animal models, mainly involving the changes in cartilage, synovial membrane and subchondral bone, based on an extensive literature review (Aigner et al., 2010). This enables comparison between different animal studies of OA, yet as the induction method between these models varies, so the robustness of the OARSI comparison is not clear.
Histopathology currently remains the gold standard for cartilage evaluation and OA in animal models. Safranin-O staining of its proteoglycan content is the classic way to visualise cartilage in order to assess any loss (Rutgers et al., 2010). For imaging markers, radiography is the classic gold standard and the most widely used way of OA imaging in clinic and research (Roemer et al., 2014; Kuyinu et al., 2016). Key structural radiographic hallmarks are joint space narrowing, osteophyte formation and subchondral sclerosis (Roos et al., 2011). Although there is a lack of sensitivity and not all joint structures can be identified, joint space narrowing detected in X-ray is still the standard in the assessment of OA progression and the efficacy of therapies (Roemer et al., 2014).Biochemical markers from joint tissue or blood samples, or elsewhere are important tools for evaluating joint tissue degeneration and remodeling in OA (Rousseau and Delmas, 2007). Specifically, markers of cartilage degradation focus on the metabolic balance between the synthesis and degradation of primary cartilage components like Type II collagen (Murphy and Lee, 2005). Key markers for increased collagen synthesis in early OA stages include Procollagen II N-terminal propeptide (PIIANP) (Shinmei et al., 1993), Cartilage Oligomeric Matrix Protein (COMP), and latexin, with Type II collagen and COMP being prominent early indicators in animal studies (Appleton et al., 2007; Legrand et al., 2017; Orhan et al., 2021). For collagen degradation, Coll2-1 and C-terminal telopeptide of type II collagen (CTX-II) are widely recognized, often serving as substitutes for histological assessments in both human and animal studies (Meulenbelt et al., 2006; Duclos et al., 2010; Legrand et al., 2017). The assessment of degradative enzymes such as matrix metalloproteinases (MMP-13 and -3) and aggrecanases (ADAMTS-4 and -5) provides insights into the cartilage tissue’s catabolic state. Inflammatory markers like interleukin-6 (IL-6), interleukin-1β (IL-1β), tumor necrosis factor-alpha (TNF-α), and Coll2-1NO2, which indicate oxidative stress, are critical for understanding inflammation and mechanical stress impacts on chondrocytes (Appleton et al., 2007; Legrand et al., 2017; Orhan et al., 2021). However, the same pattern of cytokines activity (high IL-6, TNF-α, MMP-3 expression) has also been observed in inflammatory (e.g., rheumatoid) arthritis, suggesting that these markers are an atypical presentation and may reflect inflammation rather than being disease specific (Tchetverikov et al., 2005; Burska et al., 2014).
In parallel, research on bone markers helps assess bone metabolic and turnover activities, essential for understanding subchondral bone dynamics in OA (Chapurlat and Confavreux, 2016). Markers linked to osteoblast differentiation and bone formation include bone morphogenetic proteins (BMP-2, BMP-7) (Ma et al., 2020), and elements of the receptor activator of nuclear factor kappa-Β ligand (RANKL)/RANK/osteoprotegerin (OPG) system (Walsh and Choi, 2014), along with periostin (POSTN) (Chapurlat et al., 2000), fibulin-3, and fibronectin (FN1). Markers of osteoclastogenesis and bone resorption, such as type I procollagen (PINP), Sclerostin, and WNT1 (Krishnan et al., 2006; Chapurlat and Confavreux, 2016), as well as Cathepsin K, a key catalytic enzyme involved in bone extracellular matrix degradation (Chapurlat, 2014), are also pivotal. These bone markers are emerging as potential new OA markers, offering insights into the relative differentiation of the metabolic activity of subchondral and trabecular bone compared to traditional joint structural changes from imaging (Chapurlat and Confavreux, 2016).
Despite the extensive range of markers recorded, obtaining joint tissue/fluid samples is challenging, and blood samples often lack sensitivity and specificity. As a result, no universally accepted gold standard biochemical marker exists in OA research and clinical practice. The search for specific biomarkers of biomechanically induced OA is ongoing, supported by recent advances in high-throughput methods such as transcriptomics, proteomics, and metabolomics that facilitate new discoveries in both human and animal studies. (Parra-Torres et al., 2014; de Sousa et al., 2017; Sieker et al., 2018; Zhai et al., 2018; Soul et al., 2021; Hahn et al., 2022).
5.2 Quantitative biomechanical markers and gait analysis
Apart from the standard tools described above, mechanical factors in biomechanically induced OA are receiving more attention because of their significant influence on joint loading with both experimental and computational tools being used. Mechanical factors are experimentally quantified by gait analysis technology, which uses motion analysis, force analysis and musculoskeletal dynamics to derive internal loading on tissues (Howard et al., 2000; Cleather and Bull, 2011; Eftaxiopoulou et al., 2014). Although gait analysis and biomechanical markers have been widely used in human studies (Hamai et al., 2009; Heiden et al., 2009; Yakhdani et al., 2010; Whittle, 2014), characterising the animal mechanical behaviour is challenging (Carmo et al., 2012; Sander et al., 2012; Sagawa et al., 2013; Olive et al., 2017). Despite these challenges, rodent gait models (Table 2) have been developed and used for rheumatoid arthritis (Berryman et al., 2009) and neuropathic pain behaviour research. Although these tools have not been widely applied in OA, they can provide a rich suite of biomechanical biomarkers (Table 2).
TABLE 2 | Quantitative biomechanical analysis and markers in animal models.
[image: Table 2]Knee flexion moment (KFM) and knee adduction moment (KAM) have been shown in clinical OA studies as surrogate measures of joint loading that are associated with cartilage thickness (Erhart-Hledik et al., 2015; Maly et al., 2015; Agrawal et al., 2019). KAM is more significantly correlated with severe OA, while peak KFM has a greater effect in the early-stages of OA (Erhart-Hledik et al., 2015; Zeng et al., 2017). Also, it is observed that OA knees have significantly reduced joint range of motion (ROM) (Zeng et al., 2017). Other derived measures such as KAM impulse and coupled vector angle have been shown to be associated with joint loading and structural severity of OA (Kean et al., 2011; Agrawal et al., 2019). These mechanics markers have been used in human OA gait analysis and are often applied in preclinical animal studies. For example, dynamic changes in ground reaction force (GFR) and gait asymmetry can be observed as early as 1 week post-surgery in the rat MMT model (Jacobs et al., 2017). Higher peak KAM and medial knee joint contact force and decreased peak flexion and extension velocities in the swing phase of gait have also been observed (Vilensky et al., 1994; Britzman et al., 2018). Gait compensation and gait asymmetry has been found to be a biomechanical marker correlated to the severity of cartilage lesions in a rat OA model (Allen et al., 2012), but this does not have a strong correlation with SF cytokines in the spontaneous dog OA model (Allen et al., 2019). Combining spatiotemporal, kinematic and dynamic gait analysis can measure more subtle gait changes (Eftaxiopoulou et al., 2014) and, when combined with musculoskeletal modelling (Johnson et al., 2008; Britzman et al., 2018) and computational finite element modelling, this can lead to tissue-specific analysis of local biomechanical overload. This has been applied extensively in humans (Zanjani-Pour et al., 2020) and presents potential in preclinical rodent models of chronic overload OA.
5.3 Advanced imaging methods and markers
Advanced non-invasive 3D imaging methods accelerate OA research as they non-destructively enable the assessment of the early state of OA to directly image cartilage and subchondral microstructure changes and synovitis. MRI is applicable for early diagnosis and prediction of OA because of its ability to visualise cartilage, subchondral bone marrow lesions (BMLs), synovium, menisci, ligament and hypertrophic chondrocytes, as well as to quantify cartilage glycosaminoglycan content (Brimmo et al., 2016; Link et al., 2017; Wang et al., 2018; Accart et al., 2022). MRI techniques have been used experimentally in large animals (swine (Unger et al., 2018)) to small rodents (McErlain et al., 2012) to characterise OA pathophysiology (Głodek et al., 2016), including the ability to obtain markers from machine learning approaches to predict cartilage lesion progression (Pedoia et al., 2017). Microscopic computed tomography (MicroCT) is another powerful 3D imaging technique for non-invasive joint structural evaluation, such as BMLs, healing and remodelling and has been used for early stage subchondral change quantification in rodents (Botter et al., 2006). Enhancements include the use of contrast agents (Stewart et al., 2013), and novel segmentation to assess mineralised joint microstructural changes as a result of OA in rats (Ramme et al., 2017). Recent research has highlighted that changes in subchondral tissues–including subchondral trabecular bone deterioration, subchondral microdamage, and subchondral plate thickness–may serve as new structural markers in the early stages of knee OA. These subchondral changes, observed with advanced MRI and CT scans, seem to come prior to histological lesions in the cartilage layer (Day et al., 2001; Hayami et al., 2006; Li et al., 2013). MRI’s capability to detect BMLs has been associated with subchondral microdamage, as evidenced by microCT scans (Felson et al., 2001), and is supported by findings in a canine model, which suggested that subchondral bone marrow oedema could be one of the earliest signs of OA (Libicher et al., 2005). This was partially validated by human studies showing that subchondral bone damage might be the most predictive of radiographic OA, compared to other early-stage features such as cartilage or meniscal damage (Roemer et al., 2015; Singh et al., 2019; Preiswerk et al., 2022).
Beyond the structural imaging techniques like microCT and MRI, molecular imaging techniques are crucial for detecting selective molecular activities that serve as imaging markers over the course of OA disease. Techniques such as PET (Positron Emission Tomography) and optical imaging offer significant insights (Lim et al., 2020). PET uses radiolabeled tracers, such as the commonly used 18F-Fludeoxyglucose, to detect regions of heightened metabolic activity. This can reveal regional blood flow and bone remodeling conditions in human OA (Beckers et al., 2006). In a rat ACLT OA model, the PET tracer 18F-fluoride showed increased uptake in the subchondral bone of weight-bearing areas of the medial femur and tibia (Umemoto et al., 2010).
Optical imaging methods like bioluminescence and fluorescence imaging utilize light-emitting probes to visualize target gene expression within tissues in live animals. For instance, the transgenic murine line (Acan-CreER-Ires-Luc) with an aggrecan (Acan) gene enhancer allows indirect monitoring of the transcriptional activity of the aggrecan gene in cartilage, as reported in a post-DMM surgery model (Cascio et al., 2014). In fluorescence optical imaging, the intra-articular injection of the far-red probe Cy5.5 conjugated to an antibody selective for reactive-oxygen-damaged type II collagen has been used in vivo in DMM mice models, serving as an imaging marker for monitoring cartilage degradation (Lim et al., 2015).
Photoacoustic (PA) imaging is a hybrid imaging modality based on optical and ultrasound imaging. Quantitative ultrasound imaging relies on echogenicity, where strong echoes are observed at the surfaces of the cartilage and sub-cartilage bone (Saïed et al., 2009). PA imaging uses a nano-second pulsed laser to illuminate biological tissue. The absorption coefficient of the tissues, which depends on their heat and elastic characteristics, generates different pressure waves (PA signals). These signals are then detected by an ultrasonic transducer, with stronger signals in tissues with higher vascular distribution (Hagiwara et al., 2015). Ultrasound and photoacoustic imaging can use a combined US/PA transducer to visualize the OA knee, providing complementary imaging information (Izumi et al., 2013). Additionally, cartilage-targeted biochemical PA contrast agents have been developed with sufficient PA intensity and targeted interaction with GAGs in cartilage. These agents sensitively reflect the reduced content of GAGs in the DMM mice model (Xiao et al., 2020).
6 DISCUSSION
Knee OA is a multifactorial complex disease which is not yet fully understood. As a mechanically-driven or mediated disease, biomechanical factors are involved in all OA phenotypes. The aim of this review was to give a narrative description of preclinical in vivo models and advanced measurement tools to address these biomechanical factors in the context of clinical phenotypes. We hypothesised that there are two key considerations when studying mechanically driven OA, which are: 1) how to develop a mechanical model without inflammatory sequelae and 2) how to induce OA without significant experimental trauma and so enable the detection of changes indicative of early-stage OA in the absence of such sequelae.
We first summarised the evidence for the association between biomechanical factors with knee OA, including anatomical factors (joint morphology and limb alignment) and functional factors (knee injury, poor muscle function, reduced proprioceptive acuity, activities, and joint laxity). KOA has been categorised into two phenotypes (primary and secondary OA) and several subgroups based on aetiology and risk factors, yet they are frequently overlapping and OA in many individuals likely reflects a combination of many risk factors. Cohort case studies and meta-analyses have helped to narrow these down into six phenotypes based on the clinical characteristics (DellIsola et al., 2016). As abnormal intra-articular stress is thought to be a major determinant and key feature of OA pathology in all clinical phenotypes initiated by multiple factors, the mechanical mechanism has an overwhelming importance in OA pathophysiology and treatment (Brandt et al., 2009), suggesting that all OA might share a common final pathway linking the mechanical and biological process to cause joint lesions. Treating this single causative factor (mechanical stress) might prevent the disease process in all OA phenotypes. Thus, the focus is to identify broad biomechanical principles, but more work needs to be done to characterize the effect of single biomechanical factors on OA progression when considering the complex interaction between mechanical and biological factors.
Animal models may play a critical role in identifying biomechanical factors in OA which currently still rely on results from retrospective cohort studies or theoretical biomechanical studies. A major limitation for OA model research is that the OA resulting from different aetiologies are often lumped together within the same model despite the significant heterogeneity. As the disease characteristics of OA differ between phenotypes and the phenotype-specific treatment is needed, so animal models must take these into account.
In this review we build on recent work that classifies OA into six phenotypes, of which the mechanical overloading phenotype accounts for the highest proportion of OA incidences (DellIsola et al., 2016). We propose in this article that this overloading phenotype include distinct subcategories of the PTOA subtype that occurs after trauma and, separately, a new ‘primary’ chronic subtype that represents mechanical overloading phenotype after long-term knee overuse without known major injuries. Recent studies that compare post-traumatic OA and non-traumatic OA would seem to support this proposal. Some cohort studies have indeed found that radiological structural changes in the medial and lateral compartments are equally distributed in PTOA patients but are primarily in the medial compartment in non-traumatic patient (Swärd et al., 2010). Also, non-traumatic OA patients have higher quadriceps and lateral hamstring electromyography, and higher knee adduction angles and moments compared to PTOA (Robbins et al., 2019).
Accordingly, in vivo OA models need to be subcategorised and established to explicitly represent certain clinical phenotypes. Our review classifies the main models in the literature in the context of the clinical phenotypes. The comparative analysis of OA models in Table 1 underscores differences in utility for disease studies and the fidelity with which they replicate the OA process. We found that there are advances in modelling the PTOA phenotype through, for example, low impact arthroscopic insults, non-invasive ACL rupture or DMM. These have proven successful in reproducing subchondral bone changes that indicate the early stage of OA. Although there are models with external cyclic compression, extra-articular osteotomy and running exercise, a primary chronic overloading phenotype is, however, less well-modelled. Whilst invasive models are intuitively closer to PTOA and non-invasive models may be closer to the primary chronic overloading phenotype, this direct correspondence should not be assumed. Full analysis, including measures of inflammatory and biomechanical markers needs to be conducted to test these potential assumptions. If models could be developed that minimised or even stopped an acute inflammation stage and so slowed down the OA progression, then this would enable early-stage OA to be detected and analysed. Moreover, ensuring repeatability and reliability to minimize variability for these biomechanical models (both invasive and non-invasive) remains a challenge. Although these models more accurately replicate clinical conditions and thereby guide more relevant therapeutic developments, they often lack the rigorous standardization seen in chemically-induced models, which are preferred for their speed and cost-effectiveness in preliminary drug tests but fail to accurately reflect the disease’s true pathogenic processes or the underlying joint damage. Consequently, standardization is particularly vital for the widespread adoption of biomechanical models. There is a critical need for standardized protocols to enhance reproducibility across studies and boost the translational potential of research findings from biomechanical preclinical models into different subtypes of human OA.
Furthermore, for an animal model to succeed, well-defined variables and outcomes are crucial. These could include biochemical and imaging markers, mechanical measures and histological data. Advanced genetic and proteomic data can also be used for more precise phenotyping (endotypes) of these models. Lack of reliable diagnostic tools poses another concern in OA model development. This might partly explain the current poor translation from preclinical animal studies to human practice where diagnostics are entirely reliant on the presence of symptom and radiology evidence, and regulators follow this approach. Our review found that detailed quantitative biomechanical and imaging tools are not routinely used and no studies have used all of the most advanced tools simultaneously. There use in combination with other bio(chemical) markers would enable a full understanding of OA instigation and progression. Such an integrative multiscale experimental and computational framework has been applied in some large animal and human studies, and the application of this approach to small animals would facilitate many benefits due to cost, availability and genetic manipulation.
7 CONCLUSION
This review has identified a gap in the description of clinical OA phenotypes when applied to in vivo studies, particularly with reference to the non-traumatic chronic overloading phenotype and so we propose that the overloading phenotype include distinct subcategories of the PTOA subtype that occurs after trauma and, separately, a new ‘primary’ chronic overloading subtype that represents mechanical overloading OA phenotype after long-term knee overuse without known major injuries. This new ‘primary’ chronic overloading subtype is less well-modelled in the literature and we recommend enhanced efforts to address this. However, although invasive models are intuitively closer to PTOA and non-invasive models may be closer to the primary chronic overloading phenotype, this direct correspondence should not be assumed. Furthermore, alignment between OA onset and progression mechanisms in this ‘primary’ chronic overloading subtype and those contributing to the OA that arises in spontaneous animal models will better define their utility in translational studies.
Advances in biochemical, biomechanical and imaging biomarkers, combined with the opportunities that such new small animal models provide would enable the better development of early diagnosis of the most prevalent form of knee OA.
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Introduction: Hallux valgus, a common foot deformity, often necessitates surgical intervention. This study evaluates the biomechanical alterations in patients post-surgery, focusing on the efficacy of an “8” bandage fixation system to promote optimal recovery.Methods: A three-dimensional (3D) model was constructed using CT data from a patient with hallux valgus. A quasi-static finite element analysis (FEA) was conducted in conjunction with gait analysis to evaluate the biomechanical changes at the osteotomy site under “8” shaped bandage fixation following hallux valgus surgery. The effects of the “8” shaped bandage on the stability of the osteotomy site and bone healing were investigated at three load points during the gait cycle.Results: During the Loading Response (LR), Midstance (MSt), and Terminal stance TSt phases, the osteotomy end experienced maximum Von Mises stresses of 0.118, 1.349, and 1.485 MPa, respectively. Correspondingly, the maximum principal stresses, all of which were compressive along the Z-axis, were 0.11662 N, 1.39266 N, and 1.46762 N, respectively. Additionally, these phases showed a maximum relative total displacement of 0.848 mm and a maximum relative shear displacement of 0.872 mm.Conclusion: During the stance phase, the osteotomy end of the first metatarsal is predominantly subjected to compressive stress, with the relative displacement within the safe range to promote healing. The application of an “8” bandage for external fixation after surgery can maintain the dynamic stability of osteotomy sites post-minimally invasive hallux valgus correction during the gait cycle, thereby promoting the healing of the osteotomy ends.Keywords: finite element analysis, gait analysis, hallux valgus, minimally invasive, bandages, quasi-static
1 INTRODUCTION
Hallux valgus is a common condition in foot and ankle surgery, characterized primarily by the lateral deviation of the great toe, and often accompanied by erythema, swelling, pain at the bunion site, and restricted range of motion. Recent epidemiological meta-analyses (Cai et al., 2023) indicate that the global prevalence of hallux valgus is approximately 19%. Conservative treatment options for hallux valgus are generally limited in effectiveness, often necessitating surgical correction. The treatment method used in this study combines minimally invasive surgery, traditional Chinese manual correction techniques, and the “8” shaped bandage external fixation. This approach has already demonstrated significant clinical effectiveness, showing marked improvements in radiographic parameters, clinical symptoms, and reoperation rates (Wen et al., 2018). While many current studies (Baig et al., 2017; Klauser, 2019; Lucattelli et al., 2020; Füssenich er al., 2023) on hallux valgus surgery employ screws, plates, and K-wires for fixation, our method uses bandage external fixation, which has been shown to have comparable clinical efficacy. Additionally, this method does not require metal implants, resulting in fewer complications, such as skin and soft tissue irritation, and eliminating the need for subsequent hardware removal surgeries. It also allows for immediate weight-bearing and walking, and is more cost-effective (Ji et al., 2022).
While the clinical efficacy of “8” bandage fixation is acknowledged (Sun et al., 2010), the stability of the osteotomy site remains a topic of debate. A cadaver study demonstrated that the stability provided by the “8” bandage is comparable to K-wire fixation (Tai et al., 2023). Static FEA also revealed that using an “8” bandage for external fixation can reduce displacement at the osteotomy site (Xie et al., 2020). However, Xie et al. (2023) and Guo et al. (2022) and their team reported from static FEA that external bandage fixation may offer less effective stabilization compared to screw, steel plate, K-wire internal fixation.
However, these studies were all conducted under static conditions and did not consider the postoperative weight-bearing walking situation. FEA allows for a detailed examination of the mechanical behavior of the foot under dynamic conditions, providing insights into stress distribution and displacement. In gait analysis, the timing of peak plantar pressure can be used as a marker to simplify the process of dynamic FEA. So this study employs a quasi-static FEA by selecting specific key points during the gait cycle, which can capture critical biomechanical changes while simplifying the computational complexity of dynamic finite element analysis. The technical flowchart outlining the steps of our methodology is presented in Figure 1.
[image: Figure 1]FIGURE 1 | Technology roadmap. Abbreviation Explanations: 3D, Three-dimensional; FEA, Finite element analysis; vGRF, Vertical ground reaction force.
Utilizing gait analysis and FEA, this study aimed to investigate the osteotomy site stability of “8” shaped bandage fixation during gait following minimally invasive treatment of hallux valgus, integrating traditional Chinese and Western medicine.
2 METHODS
2.1 Participants
A 35-year-old female volunteer (167 cm in height, 50 kg in weight) underwent weight-bearing X-ray and CT examinations of her right foot. The results showed a hallux valgus angle of 20°, an intermetatarsal angle of 11°, a proximal articular set angle of 4°, and a distal articular set angle of 5°. A senior foot and ankle surgeon diagnosed her with hallux valgus and confirmed the absence of other foot deformities, and any history of foot surgery or trauma. The volunteer walked barefoot without discomfort after the bandage, put on during surgical treatment, was removed 6 weeks post-operation. There was no abnormal movement at the osteotomy site, and X-rays showed satisfactory alignment and congruence after correction, with callus formation present. She underwent gait and 3D motion testing. The study adhered to the ethical standards of the Ethics Committee of Wangjing Hospital, China Academy of Chinese Medical Sciences, with approval reference number 2013-03-21. Written informed consent was obtained from her after explaining the study procedures and potential risks.
2.2 Treatment
Minimally invasive techniques integrated of Chinese and Western medicine for hallux valgus primarily consists of six steps (Figure 2): bursa excision, medial eminence resection, bone rasping, metatarsal osteotomy, manual correction, and external fixation with “8” shaped bandage. The metatarsal osteotomy is performed at the head-neck junction of the first metatarsal. In the horizontal plane, the osteotomy plane forms a 70° angle with the axis of the first metatarsal, and a 60° angle in the sagittal plane, extending from distal medial-dorsal to proximal lateral-plantar. After the manual correction of the hallux, an appropriately sized gauze rolls separates the great and second toes. A “8” shaped bandage stabilizes the hallux in a 5° varus and slightly downward position, followed by adhesive tape reinforcement.
[image: Figure 2]FIGURE 2 | Treatment Integrated of Chinese Traditional and Western Medicine for Hallux Valgus. (A) Bursa excision; (B) Medial eminence resection; (C) Bone rasping; (D) Metatarsal osteotomy; (E) Manual correction; (F–K) “8” shaped bandage fixation method, where numbers represent the order of wrapping.
2.3 Instruments and equipment
This finite element study utilized the SOMATOM Definition Edge 64-slice spiral CT scanner by Siemens AG, Germany; the real-time pressure testing and analysis system, Tactilus 4.0 from Sensor Products Inc., American; the 3D visualization database, VTK 6.0 from Kitware Inc., United States ; the 3D digital reverse engineering software, Geomagic Studio 12.0, by Raindrop Geomagic, United States ; the software CATIA V5 from Dassault Systèmes, France; and the FEA software, ANSYS 14.0, from ANSYS, Inc., United States . Foot pressure measurement was performed using the Footscan 1-m platform pressure plate, produced by RSscan, Belgium. The 3D motion measurement system employed was the NDI Optotrak Certus (Northern Digital Inc., Canada). Tests were conducted at the Department of Orthopedics and Traumatology II, Wangjing Hospital of the China Academy of Chinese Medical Sciences, and at the Key Laboratory of Prosthetics & Orthotics Technology, Ministry of Civil Affairs, Beijing Vocational College of Social Management.
2.4 Gait dynamics index collection
Gait analysis was divided into two parts: plantar pressure test and 3D movement test. To collect gait data, we set up two cameras 5 m apart, using the NDI Optotrak Certus 3D motion measurement system. We placed ten markers on key anatomical landmarks: the medial side of the big toe, the medial side of the first metatarsal head, the lateral side of the fifth metatarsal head and base, the medial and lateral sides of the calcaneus, the tips of the medial and lateral malleoli, the posterior aspect of the mid-shaft of the tibia on the medial side, and the lateral aspect of the mid-shaft of the fibula.
Volunteer stood barefoot, arms down and slightly apart, feet shoulder-width apart. They walked a set path three times at a comfortable pace to ensure all markers were visible. Plantar pressure test and 3D motion test were performed simultaneously to obtain the change of plantar pressure and its relationship with limb Angle (Figure 3C). Since the ground reaction force in this study was primarily vertical, the horizontal components were ignored to simplify the analysis, focusing only on the Vertical ground reaction force (vGRF).
[image: Figure 3]FIGURE 3 | (A) The first metatarsal bone positioned within the established spatial coordinate system. A2, B2, C2, and D2 are nodes on the proximal osteotomy surface, corresponding to the medial superior, lateral superior, lateral inferior, and medial inferior regions of the proximal osteotomy surface. Correspondingly, there are four nodes on the distal osteotomy surface, denoted as A1, B1, C1, and D1. (B) α—Sagittal plane angle between the tibial shaft and the vertical line; (C) Graph of vGRF and α - Time.
Muscle forces, specifically those of the extrinsic foot muscles, were derived from the α angle based on literature review and subsequently simulated as mechanical loads (Arnold et al., 2000; Hida et al., 2017; Wong et al., 2018; Fröberg et al., 2020).
2.5 Selection of load points
Drawing from the research by Perry and Burnfield (2010) and Yu et al. (2010), the complete gait cycle encompasses phases such as Initial Contact (IC), Loading Response (LR), Mid-Stance (MSt), Terminal Stance (TSt), Pre-Swing (PSw), Initial Swing (ISw), Mid-Swing (MSw), and Terminal Swing (TSw). These studies highlighted that vGRF during foot-ground contact show two distinct peaks separated by a valley, termed the LR peak, MSt valley, and TSt peak. The LR peak corresponds to initial contact and weight acceptance, the MSt valley marks the body’s passage over a stationary foot, and the TSt peak signifies the forceful push-off for forward motion. These phases are pivotal in understanding how the body’s biomechanics adapt for stability and efficiency during walking.
This study aimed to assess the stability of the osteotomy site under an “8” shaped bandage fixation following hallux valgus surgery throughout the gait cycle. Given that biomechanical changes at the osteotomy site are closely linked to the vGRF of the entire foot, the two peaks and one valley identified in gait analysis were deemed critical load points. These points were utilized in FEA to explore the biomechanical changes at the osteotomy site throughout the gait cycle.
2.6 “8” shaped bandage external fixation pressure test
Pressure values between location of bandage fixation and metatarsophalangeal joints in balanced standing were obtained by Tactilus 4.0. The device displays the value of force loading on the sensor with a diameter of 4 mm. The skin around the osteotomy site was divided into five measurement regions: the plantar, dorsal, and medial sides of the 1st metatarsal head; the central part and lateral side of the toe web. The pressure values were averaged over three walking trials and applied as loading condition in FE model.
2.7 Establishment of the quasi-static finite element model
2.7.1 Imaging data collection
Perform a CT scan of the volunteer’s right foot with a slice thickness of 0.625 mm and no gaps to obtain CT image data of the foot, which should be exported in DICOM format. During the scan, the subject should be in a supine position with the ankle joint in a neutral position.
2.7.2 Geometry modeling
Using VTK 6.0, DICOM files were read and chromatic values were set. Through a combination of automatic image segmentation and manual adjustments, a 3D rendered model of the foot’s skeletal structure was obtained. The skeletal, soft tissue and skin point cloud files were imported into Geomagic Studio 12.0 for surface reconstruction to optimize the model characteristics. Boolean operations facilitated the creation of cartilage and joint connections. By integrating anatomical data, the muscle was added to the model, resulting in a preliminary finite element model of hallux valgus.
2.7.3 Treatment simulation on the model
The treatment process for hallux valgus was simulated on the constructed finite element model using CATIA V5 software. The simulation encompassed medial eminence resection, metatarsal osteotomy, and manual correction (Bai et al., 2020). The specifics of the first two procedures were as previously described. For the manual correction, the distal end of the metatarsal osteotomy was translated laterally by 3 mm, and the hallux was aligned in a 5-degree varus position.
2.7.4 Meshing and material properties definition
The 3D model was imported into ANSYS 14.0 for meshing. An element size of approximately 1.5 mm was used in areas requiring higher accuracy (joints, regions around osteotomies), while a coarser mesh with an element size of approximately 3 mm was applied to less critical regions. Ligaments and the plantar fascia were defined as tension-only spring elements. Micromotion joints were modeled using elastic cartilage fusion, and metatarsophalangeal and interphalangeal joints were connected using nonlinear hyperelastic cartilage. Cortical bone, cancellous bone, marrow cavity, and fat pad were modeled as isotropic elastic materials. The properties of bone tissue, external soft tissue capsule, articular cartilage, and ligaments were obtained from literature. Detailed definitions are provided in Table 1 (Huiskes, 1982; Ka et al., 1998; Gefen et al., 2000; Tao et al., 2008; Bian et al., 2015; Morales-Orcajo et al., 2017).
TABLE 1 | Key finite element model material properties.
[image: Table 1]2.7.5 Load and boundary condition definition
Let α be the angle between the tibia and the vertical line, as depicted in Figure 3B. Using gait analysis, three load points were defined based on the vGRF and the corresponding α. From these Angles α, muscle forces were derived and then simulated as mechanical loads (Arnold et al., 2000; Hida et al., 2017; Wong et al., 2018; Fröberg et al., 2020). At the LR point, with an α of −4.2s, the vertical force was 280 N and the muscle loads were 88 N (Achilles tendon), 61.2 N (tibialis anterior muscle), and 151 N (tibialis posterior muscle). At the MSt point, with an α of 4.4°, the vertical force was 244.5 N and the muscle loads were 930 N (Achilles tendon), 83.5 N (tibialis posterior muscle), 58.3 N (peroneus longus muscle), 55 N (peroneus brevis muscle), and 48 N (flexor digitorum longus muscle). At the TSt Point, with an α of 26.8°, the vertical force was 274 N and the muscle loads were 1532 N (Achilles tendon), 236.1 N (flexor hallucis longus muscle), 82.2 N (flexor digitorum longus muscle), and 83.2 N (peroneus brevis muscle). The forces from other intrinsic and extrinsic muscles were neglected.
Based on the pressure test results, mechanical loading was applied to various regions to simulate the effect of bandage fixation. The averaged pressure values for each loading region are as follows: Plantar side of the head of the first metatarsal: 0.0638 MPa; Dorsal side of the head of the first metatarsal: 0.0558 MPa; Medial side of the head of the first metatarsal: 0.032 MPa; Center of the toe web: 0.072 MPa; Lateral side of the toe web: 0.0462 MPa.
According to the principle of equivalent exchange between loads and vGRFs, a concentrated upward force was applied at the center of pressure, passing through the support structure surface. The ankle joint surface was fully constrained, maintaining a neutral position during balanced standing. Granulation tissue, set to 3 mm thick, was used to fill the osteotomy gap, and the friction coefficient at the osteotomy site was set at 0.66 (Bai et al., 2020), as provided by prior project research. The friction coefficient between the sole and the ground is 0.6 (K et al., 2014).
2.7.6 Establishment and verification of the finite element model
By comparing the plantar stress of the hallux valgus foot finite element model with the plantar pressure measured by the Footscan force plate, it was found that the pressure concentration areas shown by both methods are generally consistent (mainly, especially the values under the first metatarsal head are quite close (1.008 Vs. 0.977 MPa). This indicates that the model is fundamentally reliable and effective for simulating weight-bearing walking conditions with an “8” shaped bandage after hallux valgus surgery (Bai et al., 2020).
A 3D finite element model of a hallux valgus foot was established. This finite element model includes 28 bones, 56 ligaments, cartilage, skin, plantar fascia, and other soft tissues. The soft tissue mesh consists of 160,817 elements and 34,859 nodes, while the bone mesh consists of 289,124 elements and 58,313 nodes. Simulations were conducted for three load points.
2.8 Main observation indicators
A spatial coordinate system was established at the center point of the first metatarsal osteotomy surface. The Z-axis was parallel to the axis of the proximal part of the first metatarsal, pointing anteriorly; the X-axis was perpendicular to the Z-axis in the horizontal plane, pointing medially; and the Y-axis was perpendicular to the XZ plane, pointing superiorly. The selected nodes on the distal osteotomy surface were labeled A1 (medial superior), B1 (lateral superior), C1 (lateral inferior), and D1 (medial inferior), with corresponding nodes on the proximal surface labeled A2, B2, C2, and D2. Displacement was considered positive when it aligned with the axis direction and negative when it was in the opposite direction (Figure 3A).
Using ANSYS 14.0 software for solving and post-processing. Output the von Mises stress and total displacement at the osteotomy site, as well as the principal stresses and displacements along the XYZ axes, and visualize with corresponding contour plots.
3 RESULT
3.1 Gait analysis
The results of the gait analysis, which include plantar pressure testing and 3D motion testing, indicate that the volunteer’s stance phase lasted 0.87 s, during which two peaks and one valley in plantar pressure were observed. The LR peak was 560 N, occurring at 0.21 s in the gait cycle, with an α of −0.42°; the MSt valley was 489 N, occurring at 0.42 s in the gait cycle, with an α of 4.4°; the TSt peak was 548 N, occurring at 0.66 s in the gait cycle, with an α of 26.8°.
3.2 Stress outcomes from FEA
Table 2; Figures 4, 5 presents the computed stress results at eight seleted nodes, including the axial stresses along the X, Y, and Z-axes, the shear stresses across three orthogonal planes, and the Von Mises stresses, each simulated during the LR, MSt, and TSt phases.
TABLE 2 | Von mises, principal, and shear stresses at the osteotomy surface nodes (MPa).
[image: Table 2][image: Figure 4]FIGURE 4 | Stress and Displacement Contour Maps in Foot and First Metatarsal Bone. (A1–A4) depict stress contours in the foot (A1) and 1st metatarsal bone (A2), highlighting proximal (A3) and distal (A4) osteotomy regions during the LR phase. (A5–A8) show displacement contours of the 1st metatarsal bone along the X-axis (A5), Y-axis (A6), Z-axis (A7), and overall displacement (A8). (B1–B8), (C1–C8) present stress and displacement contours for the MSt (B1–B8), Pr (C1–C8) phases, respectively.
[image: Figure 5]FIGURE 5 | Stress and relative displacement heatmaps in first metatarsal osteotomy during three phases.(A): Von Mises stress on osteotomy surfaces; (B) Principal stress along Z-axis on osteotomy surface; (C) Shear Stress on XY plane of osteotomy surfaces; (D) Relative displacement along Z-axis on distal osteotomy surface; (E) Relative shear displacement, also called relative displacement on XY plane, on distal osteotomy surface; (F) Total relative displacement (the vector sum of the relative displacements along three axes.) on distal osteotomy surface. Abbreviation Explanations: LR - Load response, MSt- Mid Stance phase. TSt- Terminal Stance.
The analysis of Von Mises stress during the three gait phases revealed that the maximum Von Mises stress consistently occurred at node B2, with values of 0.118 MPa for LR, 1.349 MPa for MSt, and 1.485 MPa for TSt. For the principal stress, the maximum values during the three phases were all compressive stresses along the Z-axis of node B2, increasing with changes in gait, and were recorded as −0.11662 MPa for LR, −1.39266 MPa for MSt, and −1.46762 MPa for TSt. Lastly, the analysis of shear stress indicated that the maximum shear stresses during the three phases were all located at node A2 on the XY plane, with values of 0.010882 MPa for LR, 0.123944 MPa for MSt, and 0.140972 MPa for TSt.
3.3 Displacement outcomes from FEA
Utilizing the axial displacements of nodes at various stages as derived from the FEA (Figures 4, 5), we computed the relative axial displacements and the relative total displacements of the nodes on the distal osteotomy surface, such as the displacement of node A1 relative to node A2 (Table 3). The results indicate that all axial relative displacements are negative, with the maximum relative displacements for the four pairs of nodes occurring during TSt. The respective relative total displacements for these pairs are 0.832, 0.865, 0.845, and 0.872.
TABLE 3 | Relative displacements on the osteotomy surface nodes (mm).
[image: Table 3]4 DISCUSSION
Increased acceptance of minimally invasive techniques for hallux valgus treatment is accompanied by ongoing debates over fixation methods, particularly external bandaging. Long-term studies (Sun et al., 2010; Wen et al., 2021) have demonstrated the clinical benefits of “8” bandaging. However, biomechanical evidence remains sparse, with limited and inconsistent finite element studies on postoperative fixation. Existing research using static FEA isn’t able to model the dynamic weight-bearing walking after surgery (Mao et al., 2017; Xie et al., 2023).
Our study integrates gait analysis with quasi-static FEA to simulate the biomechanics of weight-bearing walking post-surgery, providing biomechanical support for the treatment’s efficacy. The quasi-static FEA models and selects representative load points derived from gait analysis, defining respective loads to simulate various states, followed by static finite element analyses for each condition. This method, while avoiding the computational intensity of dynamic FEA, effectively captures the trends and ranges observed in dynamic models. Thus, quasi-static FEA shows significant promise for elucidating the biomechanical characteristics after orthopedic surgeries, offering a valuable tool for understanding postoperative dynamics without the computational burden of fully dynamic simulations.
In this study, the von Mises stress was employed to evaluate the risk of fixation failure or fracture under complex stress conditions. The maximum von Mises stress observed, occurring at time TSt and primarily distributed on the dorsal side, reached a peak value of 1.485 MPa. This value is lower than the yield strength of cancellous bone and also lower than the von Mises stress (7.8615 MPa) associated with bandage fixation failure reported by Xie et al. Consequently, the risk of fracture or fixation failure under the “8” shaped bandage configuration is extremely low.
Principal stress was utilized to assess the magnitude and direction of stress at the osteotomy site, further analyzing its impact on fracture healing. In this study, the principal stress at all nodes was predominantly compressive along the Z-axis. The maximum principal stress was recorded at node B2 during TSt (1.46762 MPa), and the minimum at node D1 during LR (0.0073 MPa). Appropriate axial compressive stress aids in maintaining the stability of the osteotomy site and promotes fracture healing.
The role of shear stress in bone healing remains controversial. Previous studies generally suggest that the presence of shear stress impedes bone healing (Ullah et al., 2020). However, other studies have proposed that appropriate shear stress can promote the rapid ossification of the external callus (Wittkowske et al., 2016). In this study, the maximum shear stress at all three time points was observed at node A2 on the XY plane, with the highest shear stress occurring at TSt (0.140972 MPa). Nevertheless, due to the lack of clear thresholds for the impact of shear stress on bone healing in existing research, the significance of shear stress will be discussed in conjunction with displacement in the following sections.
The results indicate that the “8” bandage effectively maintains the dynamic stability of the osteotomy site during the gait cycle, particularly during the stance phase where the majority of weight-bearing occurs. The consistent compressive stresses along the Z-axis and the lateral displacement of the osteotomy’s distal end suggest that the bandage provides adequate support to prevent excessive movement and maintain alignment, which is essential for proper healing.
In this FEA, constraints on the ankle joint surface resulted in displacement or rotation at both the proximal and distal ends of the first metatarsal under load. Thus, analyzing the relative displacement between the distal osteotomy site and the proximal osteotomy site is more significant. Nodes on the distal site (A1, B1, C1, D1) correspond to nodes on the proximal site (A2, B2, C2, D2). Relative displacement is represented by the absolute displacement difference between each pair of nodes, and the total relative displacement is calculated accordingly. Axial compressive displacement is widely acknowledged to promote bone healing (Hente et al., 2004). In this study, the relative X-axis displacement was consistently negative, indicating posterior movement along the metatarsal axis, which can promote callus formation and enhance stability at the osteotomy site.
Shear displacement (XY plane displacement) and total displacement are also crucial. The role of shear displacement in bone healing is debated; some researchers claim it hinders healing (Augat et al., 2003), while others find that limited shear displacement can enhance stability (Epari et al., 2007). Schell et al. (2005) found that with a 3 mm gap and axial displacement less than 0.5 mm, shear displacement below 8 mm aids bone healing. In this study, shear displacement increased during gait phases, peaking at 0.848 mm at node D2 during the terminal stance (TSt) phase, close to Schell’s proposed threshold.
The impact of total relative displacement on bone healing is also contested. Hu et al. (2022) suggested that relative displacements between 0.15 mm and 1.00 mm within a 3 mm gap benefit fracture healing. In this study, the minimum relative total displacement was 0.218 mm during the loading response (LR) phase, and the maximum was 0.871 mm during the TSt phase, both within Hu’s proposed range. Thus, based on FEA displacement results, the “8” shaped bandage external fixation maintains osteotomy site stability and effectively promotes bone healing.
Previous studies have compared the stability provided by “8” bandage fixation with that of internal fixation methods such as screws, plates, and K-wires. While some static FEA studies suggest that external bandage fixation may offer less effective stabilization compared to internal methods, our dynamic analysis under weight-bearing conditions demonstrates that the “8” bandage can indeed provide sufficient stability. This is particularly important as external fixation methods like the “8” bandage avoid complications associated with metal implants, such as skin irritation and the need for subsequent removal surgeries.
The results of this study support the use of “8” bandage fixation in minimally invasive hallux valgus surgery, especially considering its advantages in patient comfort, cost-effectiveness, and immediate weight-bearing capabilities. Clinicians should consider these findings when deciding on the most appropriate fixation method for their patients, particularly those who may benefit from avoiding metal implants or who prefer a more cost-effective solution.
5 LIMITATIONS AND FUTURE RESEARCH
While the current study offers valuable insights into the post-operative stability of the osteotomy site following hallux valgus correction with “8” shaped bandage fixation, it is subject to several limitations. First, the analysis is based on a single subject, which limits the generalizability of the findings. Future research should include a larger, more diverse sample with varying ages, genders, and body mass indices to enhance the applicability of the results.
Second, the lack of comparative analysis with other fixation methods restricts a comprehensive understanding of the relative efficacy of the “8” bandage. Third, the quasi-static FEA used in this study simulates conditions under slow loading but fails to account for dynamic aspects such as inertial effects and time-dependent behavior during gait. A dynamic FEA could provide a more accurate representation of real-world biomechanics.
Regarding the selection of load points, it is important to consider another important foot support pattern, which is the toe tips pattern that occurs after the forefoot support pattern. The stress at the three selected load points does not show a decline by the time of TSt, suggesting that the most challenging moment for the stability of the osteotomy site may not have occurred yet and could potentially arise during the toe-off phase. However, the toe tips pattern shows high variability. The structures ultimately lifted off the ground might include the big toe and the first metatarsal head, solely the big toe, or the big toe in conjunction with the second toe, among other configurations. This variability complicates the identification of characteristic points in this contact pattern. Future comprehensive dynamic biomechanical studies may reveal these dynamics.
Additionally, the constraint applied to the ankle joint surface in the finite element model, which fully restricts the ankle’s motion, may limit the accuracy of the simulations by not accounting for the natural variability in ankle joint angles during gait.
Moreover, the use of generic body weight values for simulations at the three load points may not precisely represent individual biomechanical conditions. Finally, the simulation of the “8” bandage’s fixation effect based on skin pressure measurements may not fully capture the external fixation dynamics. A more detailed approach to modeling the bandage’s influence is necessary.
6 CONCLUSION
This study has successfully established a finite element model of the “8” bandage fixation, integrating traditional Chinese and western medicine for hallux valgus treatment. By employing quasi-static FEA, the model effectively simulated and analyzed the biomechanical properties of the external fixation during the gait cycle. The findings suggest that the “8” bandage fixation system is a viable and effective method for stabilizing the osteotomy site following minimally invasive hallux valgus surgery. The dynamic stability provided by the bandage during the gait cycle supports its use in clinical practice, offering a less invasive and more cost-effective alternative to traditional metal fixation methods.
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Background: Metatarsal stress fracture is common in people engaged in repetitive weight-bearing activities, especially athletes and recruits. Identifying risk factors in these contexts is crucial for effective prevention.Methods: A systematic search on Web of Science, PubMed, EBSCO, SPORTDiscus, MEDLINE, and Cochrane Library was conducted and the date range for the retrieval was set from January 1984 to April 2024.Results: 32 eligible studies were selected from 1,728 related research. Anatomical and biomechanical factors, such as higher foot arch, abnormal inversion/eversion of foot, and longer metatarsal length or larger angles, relatively influence stress fracture risk. However, given that there is no standardized measurement, the results remain to be examined. Soccer is associated with fifth metatarsal fractures, while long-distance running and recruit training often lead to fractures of the second or third metatarsals. High exercise intensity, non-adaptive training, and inadequate equipment heighten fracture risk.Conclusion: This review highlights the complex interplay of anatomical, biomechanical, and sports-related factors in the risk of metatarsal stress fractures. Relatively, high arches, specific metatarsal morphologies, and foot inversion/eversion patterns are significant risk factors, particularly among athletes. Sports type also correlates with metatarsal stress fracture locations. Despite extensive research, study heterogeneity and inherent biases necessitate cautious interpretation. Comprehensive, multifactorial approaches and personalized injury prevention strategies are essential for reducing the incidence of these injuries and improving the health and performance of athletes.Keywords: sports injury, metatarsal stress fracture, risk factors, anatomical characteristic, biomechanical effect
1 INTRODUCTION
Metatarsal stress fractures, among the most common types of stress injuries affecting the lower limb bones, can manifest as either partial or complete fractures. They are typically caused by the repetitive application of stress over time, leading to cumulative damage and abnormal bone remodelling processes. Most running-related injuries are caused by these so-called stress or fatigue fractures.
The high-risk population of metatarsal stress fracture is mainly athletes and recruits, accounting for nearly 75% of all stress fractures in athletes (Glasoe et al., 2002; Welck et al., 2017). Due to the unique anatomical characteristics and the differing mechanical environments of the metatarsals, certain bones are more prone to stress fractures. For instance, during recruit training, the second and third metatarsal are particularly susceptible to stress fracture, commonly known as “March fracture” (Ramponi et al., 2017; Fujitaka et al., 2020). Additionally, the fifth metatarsal stress fracture is more prevalent in elite athletes such as soccer players and runners. These fractures are frequently challenging to treat because of the lower blood supply of the proximal diaphyseal, which will increase the risk of delayed union or non-union (Karnovsky et al., 2019; Kizaki et al., 2019; Fujitaka et al., 2020).
Repetitive sports activities, which involve consistent and high-impact movements, significantly contribute to the risk of developing metatarsal stress fractures. Such activities place continuous strain on the bones, leading to microdamage that can accumulate over time if not properly managed (Rice et al., 2019). Identifying the specific risk factors associated with these activities is crucial for developing effective prevention and treatment strategies.
Given these challenges, it is essential to clarify the influencing factors on metatarsal stress fracture for prevention and protection management. Current research discusses various risk factors for metatarsal stress fractures, including anatomical, biological, and biomechanical features, but often lacks depth and context-specific analysis. Different theories exist about the pathomechanics of these fractures, but the pathogenesis remains controversial, and the complex interplay of factors in repetitive sports activities is often overlooked.
This review aims to systematically review and analyses previous research to provide a comprehensive understanding of the risk factors for metatarsal stress fractures in repetitive sports activities. These findings will help explore the mechanisms of stress fractures and inform intervention strategies for trainers and physicians.
2 METHODS
2.1 Literature search strategy
This article conducted a systematic review of the published studies in peer-reviewed journals related to the risk factors of metatarsal stress fracture associated with repetitive sports activities and was written in accordance with Preferred Reporting Items for Systematic Review and Meta-Analyses (PRISMA) guidelines (Page et al., 2021). The databases Web of Science, PubMed, EBSCO, SPORTDiscus, MEDLINE, and Cochrane Library were thoroughly searched using a combination of literature search terms similar to the one displayed in Table 1 for PubMed. Furthermore, to find other pertinent literature, the references of the included literature were tracked down. The date range for the retrieval was set from January 1984 to April 2024.
TABLE 1 | Search terms used in PubMed.
[image: Table 1]2.2 Data collection and processing
The following screening circumstances were subjected to both automatic and manual screening. The inclusion criteria for this systematic review on risk factors of metatarsal stress fractures associated with repetitive sports activities were as follows: 1) original research articles (RCTs, cohort, case-control, and cross-sectional studies) involving participants engaged in repetitive sports activities (e.g., runners, soccer players). 2) Studies needed to report risk factors such as anatomical or biomechanical factors, training type, frequency, shoe type, surface hardness, and include clear diagnostic criteria for metatarsal stress fractures.
Exclusion criteria were: review articles, commentaries, opinion pieces, conference abstracts, unpublished theses, animal studies, studies on populations not engaged in repetitive sports activities, articles without specific data on risk factors or metatarsal stress fractures, and studies that did not provide clear diagnostic criteria for metatarsal stress fractures.
2.3 Risk of bias assessment
All risk factor studies were assessed for risk of bias (RoB) by two reviewers independently using the Quality in Prognostic Studies (QUIPS) tool (Hayden et al., 2013). For risk model studies, RoB was determined using the Prediction model Risk Of Bias Assessment Tool (PROBAST) (Moons et al., 2019). Disagreement was resolved by consensus. A third reviewer made the final decision in cases where no consensus could be reached.
2.4 Literature quality assessment
Studies that were included following the selection processes underwent a process of critical appraisal by two reviewers to assess their methodological quality.
The Critical Appraisal Skills Program (CASP) toolkit (“CASP Checklists - Critical Appraisal Skills Programme”) was used to assess and appraise cohort, case-control, and controlled studies (Critical Appraisal Skills Programme, 1993), whereas the AXIS tool was used to appraise cross-sectional studies (Downes et al., 2016). The CASP cohort study scale consists of 12 questions and the CASP case-control study checklist consists of 11 questions addressing the quality, validity, and relevance of screening and study design. The AXIS evaluation questionnaire contains a checklist of 20 questions, which includes 11 questions assessing research objectives and methods, 7 questions related to research findings and discussion, and 2 questions related to ethics.
2.5 Data synthesis
We summarized the findings in tables, figures, and text, focusing on the main risk factors for metatarsal stress fractures. The analysis categorized risk factors into three primary groups based on anatomical, biomechanical, and sports-related characteristics. A meta-analysis could not be performed due to clinical heterogeneity with respect to population and definition of outcome(s).
3 RESULTS
3.1 Retrieval results
A total of 1,728 articles were retrieved, and in addition, 16 articles were supplemented by tracing the reference lists of the related articles. After eliminating non-English, review, and conference articles, 1,698 articles remained. A total of 1,515 duplicate articles were excluded by automatic retrieval. Then 133 articles were excluded according to the title and abstract, and 50 articles were screened for full text reading. After full text reading, a total of 32 articles associated with risk factors of metatarsal stress fracture were finally screened.
The specific search and screening process are all presented in the PRISMA flow chart shown in Figure 1 (Page et al., 2021).
[image: Figure 1]FIGURE 1 | PRISMA 2020 flow diagram.
3.2 RoB assessment
The RoB in the domains “study confounding” and “study attrition” was low. These domains showed the highest RoB, mainly due to insufficient reporting (Table 2; Figure 2).
TABLE 2 | Rating for individual studies.
[image: Table 2][image: Figure 2]FIGURE 2 | Risk of bias (RoB).
3.3 Literature content
A total of 32 studies were included, including 20 case-control studies and cohort studies, 10 clinical controlled experimental studies, and two cross-sectional study. Relevant demographic information and outcomes regarding the literature were presented in Supplementary Table S2. And the risk factors associated with metatarsal stress fracture were extracted to Table 3 and presented in Figure 3.
TABLE 3 | Risk factors of metatarsal stress fracture in repetitive sports activities.
[image: Table 3][image: Figure 3]FIGURE 3 | Risk factors of metatarsal stress fracture.
In the overall quality of literature assessment results, the high-quality research provides strong evidence to support the conclusion of review. However, some studies have potential bias and methodological limitations, which may affect the credibility of the conclusions of the review. Through the quality assessment of literature, 10 high-quality literature and 22 medium-quality literature were presented.
3.3.1 Anatomical environment of the foot
3.3.1.1 Arch morphology
A total of five articles have explored the potential role of arch morphology as a risk factor, but in the review of these relationship, a nuanced picture emerges from the studies reviewed. Three studies suggest that high-arched feet may be associated with an increased risk of metatarsal stress fractures, with specific numerical values providing a clearer definition of what constitutes a high arch. (Lee et al., 2011; Dixon et al., 2019; Fujitaka et al., 2020). For instance, Lee et al. (2011) found that the calcaneal pitch angle (CP) was significantly higher in the fracture group, averaging 27.4°, compared to the non-fracture group, which averaged 18.3°. A higher CP angle may be indicative of a high arch and potentially linked to an increased risk of stress fractures. Furthermore, Dixon et al. (2019) provided data on the arch index, with the non-injured group having an average arch index of 21.97%, while the group with second metatarsal stress fractures had a significantly lower average arch index of 17.74%. The relative risk reduction (RRR) for second metatarsal stress fractures associated with a high arch index was 0.75, with a 95% confidence interval of 0.63–0.89, further supporting the notion that a lower arch index, indicative of a high arch, may be associated with an increased risk of metatarsal stress fractures.
While the other two studies report no statistically significant differences in foot arch measurements between affected individuals and controls (Hetsroni et al., 2010; Matsuda et al., 2017). Matsuda et al. (2017) reported no statistically significant differences in arch height, measured by the Arch Ratio, between the fracture group (17.3% ± 2.2%) and the control group (17.0% ± 2.3%), with a P-value of 0.84, indicating that this particular measure may not be a reliable indicator of high arches in relation to stress fractures.
Different studies have used different measurements, including radiologic assessment, plantar pressure measurements, and anthropometric techniques. These results indicate that high-arched feet may be associated with an increased risk, but the specific mechanisms and influencing factors may vary depending on individual differences and measurement methods.
3.3.1.2 Inversion and eversion of the foot
Four studies have indicated a relationship between foot inversion and eversion and the occurrence of the fifth metatarsal stress fracture by using a case-control design, radiographic measurements, and logistic regression analysis, especially among soccer players (Lee et al., 2011; Matsuda et al., 2017; Saita et al., 2018; Kizaki et al., 2019). In addition, Saita et al. (2018) proposed that range limitation in hip internal rotation would lead to subtalar supination and increase the lateral plantar pressure, which would increase the risk of fracture by a factor of 3.03. Kizaki et al. (2019) also provided a risk evaluation index that the ratio of stress fractures in athletes with a greater medial malleolar slip angle (MMSA) was 1.27. These findings could help to identify high-risk individuals and may provide a basis for preventive strategy development.
3.3.1.3 Metatarsal morphology
A total of five articles explored whether metatarsal morphology (length and angle) could be an exact indicator of risk factors. A longer length of the fifth metatarsal was identified as one of the risk factors of the fifth metatarsal stress fracture (Karnovsky et al., 2019; Fujitaka et al., 2020). Although specific thresholds are not specified in the literature, they do provide a reference for follow-up research. Karnovsky et al. (2019) found that the average length of the fifth metatarsal in the fracture group was 90.0 mm, compared to 86.1 mm in the non-fracture group, as observed in a lateral view. Similarly, Lee et al. (2011) reported that the average fifth metatarsal length was longer in the fracture group, with an average of 75.2 mm for feet with Jones fractures and 74.8 mm for feet without Jones fractures, compared to 69.2 mm and 69.5 mm in the non-fracture group for the dominant and non-dominant feet, respectively. These studies mainly focused on the relative relationship of metatarsal length to other anatomical characteristics (e.g., metatarsal angle, foot morphology, etc.) and how these characteristics may be associated with the risk of metatarsal stress fractures.
A large metatarsal adduction angle, a smaller fourth to fifth intermetatarsal angle and a large fifth metatarsal angle were regarded to be associated with the fifth metatarsal stress fracture by using radiographic measurement (Lee et al., 2011; O’Malley et al., 2016; Dixon et al., 2019; Karnovsky et al., 2019). Karnovsky et al. (2019) indicated that the fifth metatarsal angel in the fracture group averaging 3.9° and the non-fracture group averaging 2.6°. Furthermore, Lee et al. (2011) found that the fifth metatarsal lateral deviation angle (MT5-LD) was significantly greater in the fracture group, averaging 5.9°, compared to the non-fracture group’s average of 2.6°.
However, it is important to note that studies such as Karnovsky et al. (2019) and Dixon et al. (2019) have high biases in outcome measurement, which could affect the reliability of these findings.
3.3.2 Sports related
3.3.2.1 Sports type
Repetitive sports activities associated with metatarsal stress fractures can be broadly categorized into three groups: soccer and basketball (17 articles), recruit training (4 articles), and running (10 articles). Soccer is typically associated with fifth metatarsal fractures, while the other two sports typically induce stress fractures of the second or third metatarsals.
Fifth metatarsal stress fractures (MT5 SF) are prevalent in soccer players, attributed to factors like foot anatomy, repetitive stress, rapid load changes, surface and footwear variations, fatigue, hindfoot varus, and metatarsus adductus (Hetsroni et al., 2010; Carl et al., 2014; Clutton and Perera, 2016; Shimasaki et al., 2016; Wamelink et al., 2016). These fractures often occur during preseason due to sudden load changes after rest periods (Ekstrand and Van Dijk, 2013).
In long-distance running, stress fractures account for 5%–16% of injuries, with high incidence among college runners and ultramarathon participants (Hoffman and Krishnan, 2014). The rise in running popularity correlates with increased running-related injuries (RRIs), often due to repetitive stress or overuse (Bischof et al., 2010; Stolwijk et al., 2010; Tenforde et al., 2013). Gradual mileage increases are recommended to mitigate these risks.
3.3.2.2 Exercise intensity and step rate
Twelve studies examine high-intensity movement and adaptation to risk variables for metatarsal stress fracture, respectively (Sullivan et al., 1984; Bennell et al., 1996; Shaffer et al., 2006; Nagel et al., 2008; Bischof et al., 2010; Stolwijk et al., 2010; Ekstrand and Van Dijk, 2013; Tenforde et al., 2013; Matsuda et al., 2017; Miller et al., 2019; Pihlajamäki et al., 2019; Rice et al., 2019). Regular exercise before training also can reduce the risk of fracture during the recruit training (Shaffer et al., 2006; Pihlajamäki et al., 2019).
Additionally, low step rate was identified to be significantly related to metatarsal stress fracture (Wellenkotter et al., 2014; Kliethermes et al., 2021).
3.3.2.3 Sports fields and sports equipment
Different fixation method of stud would indirectly affect the risk of stress fracture by changing the mechanical environment of the forefoot (Sun et al., 2017; Taylor et al., 2018; Lv et al., 2020). Too fast transition from traditional shoes to minimalist shoes was found to be more likely to cause metatarsal stress fracture (Bergstra et al., 2015). Additionally, playing on artificial turf for a long time would make football players more likely to suffer metatarsal stress fracture in comparison to the clay ground (Miyamori et al., 2019).
3.3.3 Other factors
A total of five studies discussed the correlation of young age as one of the risk factors in young football players (under 16 or 17) who exhibit asymmetric plantar pressure and are more prone to Jones fractures compared to adults, likely due to the transition from lower levels of play to professional intensity (Ekstrand and Torstveit, 2012; Azevedo et al., 2017; Rice et al., 2019; Hotfiel et al., 2020). Additionally, women are more susceptible to metatarsal stress fractures (Bennell et al., 1996; Tenforde et al., 2013).
4 DISCUSSION
This systematic review synthesizes current knowledge on the risk factors for metatarsal stress fractures associated with repetitive sports activities. Our analysis reveals that anatomical factors, such as arch morphology and metatarsal geometry, and sports-related factors, including specific sports types and training intensities, relatively play significant roles in the development of these fractures. Additionally, foot inversion and eversion, as well as age, have been identified as contributing factors. Despite the extensive research, variability in study design and bias risk necessitates cautious interpretation of these findings. Future studies should aim to standardize methodologies and explore the interactions between multiple risk factors to enhance our understanding and prevention of metatarsal stress fractures.
4.1 Anatomical environment of the foot
4.1.1 Arch morphology
Arch morphology is frequently considered an important risk factor for metatarsal stress fractures due to its influence on load distribution across the foot. The evidence supports that a high arch increases the load on the lateral side of the foot in soccer players, contributing to fifth metatarsal fractures. Conversely, in recruits, low arches tend to increase the risk of fractures in the second and third metatarsals due to different loading patterns. These findings highlight the nuanced role of arch morphology in different populations and activities. However, the evidence is mixed regarding the role of foot arch height in the development of metatarsal stress fractures.
From a bias perspective, studies such as Fujitaka et al. (2020) and Lee et al. (2011) have moderate biases in study participation and prognostic factor measurement but high biases in outcome measurement, which might affect the strength of their conclusions. Hetsroni et al. (2010) has a high bias in outcome measurement and study confounding, possibly explaining the lack of significant findings.
In summary, the evidence is mixed regarding the role of foot arch height in the development of metatarsal stress fractures. While some studies point towards a higher arch as a potential risk factor, others do not support this association. This discrepancy may be attributed to differences in measurement techniques, study populations, or the complex interplay between static and dynamic foot characteristics. Further research is needed to standard the approach to assess foot arch and clarify these relationships and to determine whether a higher arch is indeed a risk factor for metatarsal stress fractures. Moreover, the interaction between foot type, footwear, and injury prevention strategies needs to be taken into account.
4.1.2 Inversion and eversion of the foot
Biomechanically, abnormal inversion or eversion alters the distribution of forces across the foot and have been implicated in metatarsal stress fractures, particularly in athletes. Our review identifies that an inverted forefoot, as well as everted and inverted rearfoot, are associated with increased fracture risk, especially among soccer players (Lee et al., 2011; Matsuda et al., 2017; Saita et al., 2018; Kizaki et al., 2019).
Saita et al. (2018) identified limited hip internal rotation as a contributor to abnormal foot mechanics and increased fracture risk. These findings emphasize the importance of comprehensive biomechanical assessments in at-risk populations. However, studies such as Saita et al. (2018) and Kizaki et al. (2019) have moderate biases in study attrition and outcome measurement, indicating a need for cautious interpretation.
The findings suggest that screening for abnormal inversion and eversion patterns should be an integral part of injury prevention programs for athletes. The current evidence is primarily based on small cohort studies, which may limit the robustness of the conclusions. Future research should focus on larger-scale studies and longitudinal designs to better understand the long-term implications of inversion and eversion on fracture risk. Additionally, examining the interaction between foot mechanics and other factors, such as footwear and surface type, could yield valuable insights.
4.1.3 Metatarsal morphology
Metatarsal length and angles have been identified as potential indicators of fracture risk. Our review shows that a longer fifth metatarsal and certain metatarsal angles are associated with increased fracture risk (Lee et al., 2011; O’Malley et al., 2016; Dixon et al., 2019; Karnovsky et al., 2019; Fujitaka et al., 2020). Larger metatarsal adduction angles, smaller fourth-fifth intermetatarsal angles, and larger fifth metatarsal angles are linked to more frequent the fifth metatarsal stress fractures (Lee et al., 2013; O’Malley et al., 2016; Dixon et al., 2019; Karnovsky et al., 2019). These findings are consistent with biomechanical theories that highlight the impact of bone geometry on fracture susceptibility. Nevertheless, studies like Karnovsky et al. (2019) and Dixon et al. (2019) have high biases in outcome measurement, which could affect the reliability of these findings.
The variability in measuring metatarsal morphology across studies limits the ability to draw definitive conclusions. Standardized measurement protocols and larger sample sizes are needed to confirm these associations. The relationship between metatarsal morphology and stress fracture risk may be more complex than previously understood and requires a combination of anatomical structures and biomechanical properties of the foot.
4.2 Sports related
4.2.1 Sports type
Fifth metatarsal stress fractures (MT5 SF) are prevalent among soccer players and are influenced by a complex interplay of factors. Notably, the anatomical structure of the foot plays a pivotal role, as does the repetitive stress and rapid changes in load experienced during the sport. The increased peak pressures observed in the non-dominant foot also suggest that asymmetrical loading and stress distribution may be significant contributors to the development of MT5 SF. Furthermore, the identification of these specific risk factors allows for a more targeted approach to prevention and intervention strategies.
In long-distance running, the prevalence of stress fractures among certain populations, such as college runners and ultramarathon participants, points to the inherent risks associated with endurance sports. The correlation between the popularity of running and the rise in running-related injuries (RRIs), as noted by Stolwijk et al. (2010) and Tenforde et al. (2013), highlights the importance of understanding the biomechanical and physiological demands of the sport. The recommendation for gradual mileage increases to mitigate the risk of RRI aligns with the broader preventative strategies that consider individual athlete characteristics, such as those proposed by Miller et al. (2019) and Azevedo et al. (2017).
These studies emphasize the significance of dynamic assessments in identifying athletes at risk, moving beyond static measurements to a more comprehensive understanding of an athlete’s biomechanical profile during movement. In summary, these provide a more profound understanding of the intricate relationship between sports activities, individual athlete factors, and the risk of metatarsal stress fractures.
4.2.2 Exercise intensity and step rate
High-intensity activities (such as soccer and long-distance walking) and low step rates are correlated with increased fracture risk. This suggests that both the intensity and rhythm of physical activity are critical factors in fracture development. Regular exercise before training can reduce fracture risk during intense training periods, emphasizing the importance of conditioning and gradual intensity increases. Bias evaluation reveals that studies like Kliethermes et al. (2021) and Matsuda et al. (2017) have high biases in several domains, necessitating careful interpretation of their findings.
These findings emphasize the need for sport-specific injury prevention strategies. Coaches and healthcare providers should consider the unique demands of each sport and tailor their recommendations accordingly. Future research should investigate the interplay between sports-specific factors and individual anatomical variations to develop more effective prevention strategies.
4.2.3 Sports fields and sports equipment
The mechanical environment, influenced by different types of sports fields and equipment, affects fracture risk. Extended play on artificial turf increases the risk of fifth metatarsal fractures (Miyamori et al., 2019). Footwear design, particularly stud configuration, impacts load distribution on the sole, raising fracture risk (Sun et al., 2017; Taylor et al., 2018; Lv et al., 2020). Minimalist shoes aim to reduce impact loads, but require an adaptation period to prevent stress fractures. More research is needed to design equipment that minimizes fracture risk. This underscores the need for proper adaptation and gradual transition in sports equipment to mitigate fracture risks.
4.3 Other factors
Young age has been identified as a significant risk factor for metatarsal stress fractures in certain sports (Ekstrand and Torstveit, 2012; Azevedo et al., 2017; Rice et al., 2019; Hotfiel et al., 2020). These findings suggests that younger athletes may have different bone properties and loading patterns, necessitating age-specific prevention strategies. Current research is limited in its ability to generalize findings across different age groups and sports. Future studies should focus on larger and more diverse populations to better understand the age-related risk factors for metatarsal stress fractures.
5 LIMITATION
There are several limitations in this review. Firstly, while this review provides a comprehensive analysis, the heterogeneity of the included studies limits the ability to perform a meta-analysis. Future research should aim to standardize definitions and methodologies to allow for more robust meta-analyses. Secondly, exploring the interplay of multiple risk factors in larger, more diverse populations will enhance our understanding of metatarsal stress fractures. Additionally, future investigations should prioritize incorporating more prospective studies. This approach can provide a comprehensive understanding of causal links between risk factors and fractures, informing injury prevention and management strategies in sports and healthcare.
6 CONCLUSION
In conclusion, our systematic review identifies key risk factors for metatarsal stress fractures in repetitive sports activities, emphasizing the complex interplay of anatomical, biomechanical, and sports-related influences. Relatively high arches and specific metatarsal morphologies are potentially significant anatomical risk factors. Biomechanically, foot inversion and eversion patterns are crucial, particularly among athletes, altering load distribution and increasing stress on specific metatarsals. Sports-related factors, including the type and intensity of activity, also play a critical role, with soccer linked to fifth metatarsal fractures, and long-distance running and recruit training associated with second or third metatarsal fractures.
Despite extensive research, study heterogeneity and inherent biases necessitate cautious interpretation. Standardized measurement protocols and longitudinal studies are needed to improve the robustness of future research. Understanding the unique demands of each sport and individual anatomical variations can inform personalized injury prevention strategies, tailored orthotics, specific training regimens, and careful management of training loads.
This review underscores the complexity of metatarsal stress fractures and highlights the need for comprehensive, multifactorial approaches to their prevention and management. By advancing our understanding of the underlying mechanisms, more effective strategies can be developed to reduce the incidence of these injuries and improve the health and performance of athletes.
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Objectives: This study determines gender variation, comparing the significance level between men and women related to functional ambulation characteristics after hip arthroplasty. The study focuses on the broader female pelvis and how it affects the rehabilitation regimen following total hip arthroplasty.Materials and Methods: In this cross-sectional study, 20 cases of right hip arthroplasty were divided into 10 male and 10 female cases, aged 40–65 years. The functional ambulation parameters (walking cadence, gait speed, stride length, and gait cycle time) were acquired from the GAITRite device, as well as kinematic values for hip frontal plane displacement and kinetic parameters for ground response force in the medial–lateral direction.Results: An independent t-test showed a significant difference in the kinematic parameter variables for the anterior superior iliac spine, more significant trochanter displacement, and hip abduction angle between the operated and non-operated limbs for each group separately. Regarding the functional ambulation parameters, there was a significant difference in the walking cadence between the operated and non-operated limbs of both male and female groups. Moreover, the output variables of ground reaction force measures revealed significant differences between their operated and non-operated limbs. The linear regression model used was consistent with the current results, demonstrating a weak negative correlation between the abduction angle of the operated hip and gait speed for both male and female groups.Conclusion: Based on the findings, we draw the conclusion that improving a rehabilitated physical therapy program for the abductors of both male and female patients’ operated and non-operated limbs is essential for normalizing the ground reaction force value, avoiding focus on the operated hip, and reducing the amount of time that the operated hip’s abductors must perform. This involves exposing the surgically repaired limb to the risk of post-operative displacement or dislocation, particularly in female patients.Keywords: hip arthroplasty, walking stability, ambulation parameters, ground reaction force, gender variation
1 INTRODUCTION
Total hip arthroplasties (THAs) are safe and effective surgical interventions for relieving pain and improving physical function caused by arthritis or other reasons for hip deformation and pain. More than one million THAs are annually performed worldwide (Kiernan, 2020; Stolarczyk et al., 2022). Significant alterations in static and muscle parameters are present after THA and gait parameters (Martinez et al., 2022). Following a total hip replacement, most patients have mild hip impairments, limiting their ability to do daily tasks, such as stiffness and hip discomfort in the region of the abductors. In addition to hip muscle weakness that results in hip dysfunction, these patients may still experience functional gait abnormalities in their walking cadence and speed, particularly in the first year following surgery (Frost et al., 2006).
Kolářová et al. (2020) examined postural stability and hip joint range of motion 1 year following hip arthroplasty, focusing on the importance of weight-bearing exercise and rehabilitation programs. They observed improvement in the late stance phase of walking. Similarly, Frost et al. (2006) conducted a comparative study to compare the hip peak torque of the unilateral total hip arthroplasty group to the control group. They reported that peak hip flexor torque decreased compared to the control group, demonstrating the value of an exercise program and a home program for improving hip performance in arthroplasty patients.
Approximately 60% of the samples, aged 55–64 years, suffer from arthrosis (Beaulieu et al., 2010). Several studies examined the difference in kinematic parameters between normal hip joints and arthrosis hip joints. In arthrosis hip joints, they reported significant slow gait velocity, shorter step lengths, and longer double-limb stance times. In addition, the range of motion for the hip, ankle, pelvis, and trunk varies in the sagittal, frontal, and transverse planes between the two groups (Zeni et al., 2015; Renkawitz et al., 2016; Constantinou et al., 2017).
Additionally, range of motion, postural hip stability, and hip muscle strength were evaluated between the uninvolved limb (Trudelle-Jackson et al., 2002) and operative hip arthroplasty, demonstrating the significance of postural stability and weight bearing in the postoperative phase. Unlu et al. (2007) compared the efficacy of home exercise programs to in-hospital exercise programs on hip joint muscle strength, gait speed, and cadence for patients with total hip arthroplasty 1 year following surgery. Their findings showed that maximum isometric hip abduction torques improved only in the first and second groups. Meanwhile, gait speed and cadence improved in all three groups.
There is a dearth of information about the effect of sex on ambulation parameters for total hip arthroplasty, except for estimating the magnitude of ground reaction force and its effect on hip stability. Thus, this study compares the gender variation between men and women regarding functional ambulation characteristics after hip arthroplasty. Another aim is to obtain bilateral hip stability for total hip arthroplasty and non-operated one when walking by evaluating the lateral stability of the hip and the pelvic tilt, which are considered important prerequisites in the gait cycle for appropriate walking success. The point of interest in the present research is protecting the operated arthroplasty hip from further related injuries during daily activities. In addition, it gives further prophylactic output measurements for the non-operated hip to prevent feeling overburdened from being concentrated on during walking. From an ergonomic point of view, critical instructions for those with hip arthroplasty are to pay attention when walking upstairs or on inclined ramps, which increases the liability of dislocating the operated hip.
2 MATERIALS AND METHODS
2.1 Study design
A cross-sectional investigation was conducted to contrast the operated and non-operated hip arthroplasty joints. The sexual dimorphism concerning the functional ambulation parameters (FAP) for walking cadence, gait speed, stride length, and gait cycle time, in addition to the impact of sex, was evaluated. Furthermore, the kinematic hip angular displacement for the abduction range of motion was identified and contrasted across all gait phases. Kinetic gait analysis also recorded the mean value of the ground response force in the Y-direction for both hip joints within the group and between male and female members categorized into two groups.
2.2 Participants and power analysis
In this study, 20 patients with right hip arthroplasty were included and divided into two groups: 10 male patients with right hip arthroplasty and 10 female patients with right hip arthroplasty. The cases were chosen from the outpatient clinic of Cairo University’s physical therapy faculty. The selection criteria for the patients were those who had undergone unilateral right hip arthroplasty, aged 40–60 years and were chosen based on the affected right hip, which was degenerative and required a total hip replacement. They participated in this trial for about 1 year after surgery (Mazzoli et al., 2017). Their weight and height matched, ranging from 70 to 85 kg and 1.6–1.7 cm, respectively. Any musculoskeletal deformities, congenital anomalies in the joints of lower extremities, organic or infectious hip diseases, any history of neurologic disorders, or oncologic arthroplasty cases were excluded from this study.
The sample size was determined using G*power software version 3.1.9.7 (Universities, Dusseldorf, Germany), and the size was chosen based on the difference between the two independent group means. Size effect (d) was estimated from the literature between two female and male groups (Queen et al., 2019). The means ± SD for women vs. men was (1.13 ± 0.19), (0.82 ± 0.15), (0.92 ± 0.14), and (0.72 ± 0.11) for stride length, cadence, speed, and cycle time, respectively, and (0.0715 ± 0.01 and 0.063 ± 0.01) for medio-lateral ground reaction force. Following these hypotheses, the sample sizes for functional ambulation parameters and ground reaction force were 12, 22, and 36. The power (80%) was acquired to determine the influence of these sizes at the alpha level of 5%, using the smallest size.
2.3 Instrumentations
The current study focuses mostly on two systems.
2.3.1 The GAITRite system
One component of the GAITRite system is a movable walkway with sensors that sense pressure. The walkway keeps track of the sensors’ distance apart and activity state and then it inputs these data into the application software to compute temporal and spatial gait metrics for every step. Gait patterns were evaluated using a pressure-sensitive walkway system (GAITRite-System, GS), and Motognosis Labs Software with a Microsoft Kinect Sensor (MKS) was used to verify the device’s accuracy and durability (Webster et al., 2005). Walking cadence, gait speed, stride length, and gait cycle time were determined and compared between two groups using spatiotemporal characteristics derived from this device.
2.3.2 Qualysis motion capture system
A force plate component was combined with a Qualysis motion capture system to extract the kinetic data for this investigation. The system construction, which includes six high-velocity infrared Pro-Reflex cameras and an AMTI (Advanced Mechanical Technology Inc., United States) force plate, is mounted in the center of a walkway. To investigate a human body’s force on a plate in such a setup is necessary, and a cable is used to link the force plate to a computer unit. An internal amplifier amplifies the signals from the plate before feeding them into an analogue to a digital (A/D) converter. Therefore, the digitization voltage values represent the system’s final output. The AMTI force plate employs a coordinate-oriented system.
2.4 Procedure
The mean values of walking cadence, gait speed, stride length, and gait cycle time showed a significant difference, as indicated by spatiotemporal parameters collected from the GAITRite device. To ensure that the walking pattern is normal and to identify any significant differences in the spatiotemporal gait parameters for the selected cases, each patient was asked to walk as normally as possible without using a gait training device. This required each patient to walk barefoot along the GAITRite device’s walkway three times. The mean values of walking cadence, gait speed, stride length, and gait cycle time were significantly recorded, as evidenced by spatiotemporal parameters gathered by the GAITRite device.
In addition to documenting and comparing the angular displacement of hip abduction, the anterior superior iliac spine (ASIS), and greater trochanter displacements for the operated and non-operated limbs of both men and women, the Qualisys Motion Capture System was utilized in this study in conjunction with a force plate component to extract the kinetic data. The ground reaction force value in the Y direction (ground reaction force, GRF–Y) represented these kinetic data. The double-sided adhesive tape was used to fix the markers at the particular location of the site: 1. the 12th thoracic vertebrae, 2. shoulders to the right and left, 3. sacrum, 4. greater trochanters on the right and left, 5. superior iliac spines on the right and left, 6. suprapatellar regions on the right and left, 7. the tibia’s left and right tuberosities, and 8. knee joints on the right and left, and 9. Toes between the second and third metatarsals. The right and left heels and the ankles’ joints represented the 10th and 11th markers. In order to allow each of the six cameras to identify the locations of the reflecting markers in the walkway’s path field, this system was modified prior to detecting the characteristics of walking. The force plate that settled in the center of the walkway enabled participants to walk over barefoot. They were informed not to target it and to walk normally as much as possible (Senior, 2004).
2.5 Statistical analysis
The obtained data were analyzed using GraphPad Prism version 9, which reported the results as the mean ± standard error of the mean (SEM). The Student’s t-test was used to identify the disparities in demographic features between the male and female groups. The effect size between groups was computed using partial eta square. Significance was determined based on a p-value of less than 0.05. This study analyzed the association between hip abduction angle and gait speed in the operated limb of both men and women, using a linear regression model with a generalized estimating equations (GEE) correction. Prior to using the parametric assumption, the normality and homogeneity of the variance were statistically analyzed.
3 RESULTS
Demographic data were collected for the selected cases, as shown in Table 1. The sample included 20 patients (10 male and 10 female) with no significant difference in the mean value in their ages and body mass indexes (p = 0.54 and 0.42), respectively.
TABLE 1 | Demographic characteristics of study groups.
[image: Table 1]According to the ambulation parameter results (Table 2), a significant difference was seen in the walking cadence between the operated and non-operated limbs within each group (p = 0.03). However, no significant differences among the ambulation parameters were found between groups.
TABLE 2 | Ambulation parameters in the study groups.
[image: Table 2]Table 3 and Figures 1–3 present the kinetics and kinematic parameter differences for the study groups. It showed significant differences (p = 0.006) in the anterior superior iliac spine (ASIS) displacement for the male group between the operated and non-operated limbs. As both the ASIS for operated and non-operated limbs were directed medially, the non-operated one shifted more medially (Figure 1). A highly significant difference (p > 0.001) for the female group was approved. The ASIS of the non-operated limb of the female group was directed more medially compared with the ASIS of the operated limb that was directed laterally (Figure 2).
TABLE 3 | Kinematics and kinetics parameters in the study groups.
[image: Table 3][image: Figure 1]FIGURE 1 | Kinematics (in degrees) and kinetics (in N m/kg) curves as function of normalized gait (in %) in men. Op: operated limb; Non-op: non-operated limb; ASIS: anterior superior iliac spine. 10% (initial contact); 20% (loading response); 30% (mid-stance); 50% (terminal stance); 60% (pre-swing); 73% (initial swing); 87% (mid-swing); and 100% (terminal swing).
[image: Figure 2]FIGURE 2 | Kinematics (in degrees) and kinetics (in N m/kg) curves as a function of normalized gait (in %) in women. Op: operated limb; Non-op: non-operated limb; ASIS: anterior superior iliac spine. 10% (initial contact); 20% (loading response); 30% (mid-stance); 50% (terminal stance); 60% (pre-swing); 73% (initial swing); 87% (mid-swing); and 100% (terminal swing).
Thus, Figure 3 revealed that the ASIS of the female-operated limb was directed laterally compared to the ASIS of the male-operated limb, which was directed medially. In addition, a highly significant difference (p > 0.001) was found in the greater trochanter displacement during walking between operated and non-operated limbs for both male and female groups. As shown in Figure 1, the greater trochanters of both limbs of the male group were directed medially, but the greater trochanter of the operated limb shifted medially compared to the non-operated one. In contrast to Figure 2, the greater trochanter of the non-operated limb of the female group is directed medially compared to laterally shifting one of the operated limbs. As shown in Figure 3, the greater trochanter displacement of the female operated limb is also directed laterally compared to the greater trochanter displacement of the male-operated limb, which is directed medially.
[image: Figure 3]FIGURE 3 | Kinematics (in degrees) and kinetics (in N m/kg) curves as a function of normalized gait (in %) in the operated limb in male vs. female. ASIS: anterior superior iliac spine. 10% (initial contact); 20% (loading response); 30% (mid-stance); 50% (terminal stance); 60% (pre-swing); 73% (initial swing); 87% (mid-swing); and 100% (terminal swing).
Additionally, the hip abduction angle showed a significant difference (p = 0.008) between the non-operated and operated limbs for the female group only. Figure 1 shows both male limbs that were operated on and those that were not. On the other hand, the non-operated female limb in Figure 3 was more abducted than the operated limb pointing in the direction of adduction. As a result, at approximately 30% of the gait cycle, or the mid-stance phase, the abduction hip angle of the female-operated limb decreases in Figure 3. In the meantime, the male leg that was operated on has its hip abduction angle measured. At 87% of the gait cycle, which is the terminal swing phase, it progressively increases.
Regarding the difference in the mean value of medio-lateral GRF for each group during walking, the current results showed that there was a highly significant difference for all five sub-phases of the gait cycle, which are initial contact, loading response, mid-stance, terminal stance, and pre-swing between operated and non-operated limbs of the female group. The GRF is directed medially for an operated limb and laterally for a non-operated limb (Figure 2). Meanwhile, only three sub-phases—loading response, mid-stance, and terminal stance—registered a highly significant difference for the male group during walking (p > 0.001) as the GRF is also directed medially for an operated limb and laterally for a non-operated limb (Figure 1). It was approved in Figure 3, where the mean value of the GRF is slightly higher and more medially directed toward the hip of the operated female limb compared to the hip of the same male limb; that was obvious at mid-stance, which represented 30% of the gait cycle during their walking.
The linear model regression used in the current study demonstrates a weak negative correlation between hip abduction and gait speed in the operated limb in men and women (r = −0.22, −0.20, respectively). This was statistically insignificant, as indicated by linear regression in men and women. In men, the deviation of the hip abduction angle toward positive adduction explains 5% of the increase in gait speed (p = 0.54), in comparison to 4% increase in gait speed in women, (p = 0.59) (Figure 4).
[image: Figure 4]FIGURE 4 | Linear regression of hip abduction angle (◦) vs. gait speed (m/s) in the operated limb in men and women.
4 DISCUSSION
In this study, a significant difference in the walking cadence between operated and non-operated limbs within each group was seen. In addition, there was a significant difference in the ASIS displacement for male groups, and a highly significant difference was found in the female group. Moreover, a highly significant difference was found in the greater trochanter displacement within male and female groups. The results also showed a highly significant difference in the mean values of GRF for all sub-phases of the gait cycle for the female group and only three sub-phases for the male group.
These findings are consistent with those of Ornetti et al. (2011), which reported apparent differences in the range of motion of the frontal and sagittal planes around the hip and ankle joints. Furthermore, changes in pelvic and trunk rotations may explain the link between greater trochanter and ASIS displacement. Furthermore, after hip surgery, the range of motion in the non-operated hip increases, which would have been expected in parallel with an increase in the ROM in the operated hip (Leigh et al., 2016). Moreover, Ozan et al. (2014) stated that a mean hip abduction angle is the optimum angle to achieve medial stability of greater trochanter displacement after partial hip arthroplasty. Their study aimed to investigate the effect of greater trochanteric fixation using a multifilament cable to enhance the abductor lever arm in patients with a proximal femoral fracture undergoing partial hip arthroplasty in 12 male and 20 female cases.
In accordance with the results of the current study, Hsu et al. (2007) revealed that the medial reattachment of the greater trochanter improved the abductor mechanism to decrease the rate of hip arthroplasty dislocation, directly eliminating the pain from the femoral-destructed head. Thus, posterior pelvic tilt increases the lateral displacement of the greater trochanter, enhancing the dislocated arthroplasty hip (Choi and Robinovitch, 2018).
Our earlier studies proved that there was a medial displacement in the sacrum of the female group in the Y-direction found in all sub-phases of the gait cycle compared to the male group that reflected variation in the value of the medio-lateral GRF between them (Abd-Eltawab et al., 2023). The sacrum, the key to the human skeletal system, links the spine to the iliac bones and remains crucial for hip stability. These sexual differences in the sacrum often determine sex variation in the pelvis and hip regions (Hall, 2019). These findings were compared to the current findings that showed that variations in the iliac bones were linked to variations in the female sacrum. The results of this study indicate that there are notable disparities in ASIS and trochanter displacement between males and females based on variances in the iliac bone.
The current results were consistent with those of Lalevée et al. (2023), which included 31 participants, 68 years of age, who had undergone a minimally invasive hip complete arthroplasty. They evaluated spatiotemporal gait characteristics, electromyography, and vertical ground response force 1 year after surgery in operated hip individuals in an asymptomatic group of the same age and approved decreased sagittal plane moments of the operated hip and pelvic areas. Furthermore, the operated hip’s vertical ground reaction force and spatiotemporal characteristics were lower than in the symptomatic group.
Reductions in the velocity of walking stride length, sagittal hip range of motion, and peak hip abduction were seen when comparing the post-total arthroplasty and control groups were reported by Ewen et al. (2012), which was consistent with our study. In light of the data obtained when comparing total hip arthroplasty groups and resurfacing hip arthroplasty groups, it was discovered that patients with resurfacing hip arthroplasty improved in gait metrics such as walking speed and adduction hip moments compared to another group. Furthermore, the second group demonstrated more prominent abduction hip moments and symmetries in their hip muscle activation postoperatively compared to individuals who underwent total hip arthroplasty (Zhao et al., 2010). Moreover, our earlier studies showed a significant difference in abductor moments between normal female and male cases that were higher in women than men during the gait cycle’s mid-stance and terminal stance phases (Abd-Eltawab et al., 2022).
Sara and Lewis (2023) proved the crucial role of post-operative hip rehabilitation after arthroplasty, where rehabilitation can optimize joint motion, function, and muscle strength. Moreover, the outcomes of gait mechanics can improve after rehabilitation. Moreover, Riley and Killackey (2023) proved that 51% of female and 49% of male patients under 65 years of age improved their pain scores and hip joint function compared to more advanced age after total hip arthroplasty. However, 20%–22% of the selected cases are susceptible to revision and admission within 90 days after operation due to pain and fracture, which negatively affects the hip mechanics while walking.
Based on the current results, measurements of walking speed after 3–5 days post-surgery (baseline) and 1 year of total hip arthroplasty among 207 participants with total hip arthroplasty were studied by Heiberg et al. (2024). A 4-m walking test that was a part of the Short Physical Performance Battery measured walking speed, and the participants were instructed to walk at their comfortable speed on a leveled floor with or without walking aids, and the time was measured in seconds. Walking speed was calculated from the number of seconds taken to walk 4 m, and a decrease in walking speed by 54% after 1 year compared with the baseline was observed. Moreover, Xiong et al. (2024) compared total hip arthroplasty and direct anterior approach related to visual analogue scale (VAS) scores, revealing a significant difference in the mean values of the VAS between both groups, negatively implicating the walking parameters.
Kamimura et al. (2013) studied the correlation between gait speed after total hip arthroplasty and pelvic inclination angle. They collected 36 unilateral female hip arthroplasty patients and evaluated their hip abductors’ muscle strength and the inclination angle of the pelvis and timed go-and-up tests before and after the operation. Their results showed a posterior pelvic inclination affection on the female hip abductor’s strength that decreased their gait speed, functional test, and hip abduction angle after the operation. Thus, the mentioned posterior pelvic tilt in the previous results indicated a change in the greater trochanter and ASIS displacement of the female hip and pelvic region approved in this study that affected female hip abduction angular displacement.
Outcome metrics based on comorbidity profiles, operating time, and length of hospital stay were compared between male and female patients. The findings demonstrated that women had a higher risk of reoperation following total hip arthroplasty; however, men are highly susceptible to reoperation following total knee replacement (Patel et al., 2020). That is because there was a little increase in the mean value of the medio-lateral ground response force in the female group compared to the male group, which may have exposed them to reoperation; these earlier results almost agreed with our results. Solarino et al. (2022) assessed the variations by gender in the total hip arthroplasty outcome and validated the existing findings by demonstrating that in order to enhance their clinical and functional ambulation gait, female individuals require special attention throughout the pre-operative and post-operative phases. Furthermore, Ikutomo et al. (2018) projected that within a year following surgery, the rate of complete hip replacements in female patients would rise because of anomalies in their gait and variations in the strength of their hip abductors muscles when walking.
The current results disagree with those of Queen et al. (2011). They compared the anterolateral approach hip arthroplasty experiences of seven and eight women and stated that the vertical value of the ground response force, the stance time, and the swing time did not differ significantly with time. We measured the GRF in the medio-lateral direction, which may have contributed to the variations between their and current results. In contrast, they measured vertical GRF in the interim. Furthermore, our findings corroborated theirs about the variations in the angular hip displacement in the frontal plane between men and women, explaining the variation in GRF between men and women in the medio-lateral direction.
The limitations of the present study were the small sample size. Effect size assessment revealed that no effect size indices were greater than 0.50 for ambulation, kinetics, and kinematics parameters between men and women for operated limbs. As a result, it would be expected that any difference attributed to a larger sample size alone would have minimal clinical relevance.
5 CONCLUSION AND RECOMMENDATION
In light of the findings of the present results, a rehabilitation program for both the operated and non-operated limbs is necessary for patients who have had complete hip replacements to establish bilateral hip joint stability. This maintains both hips’ symmetrical lateral stability while they walk. Additionally, both ASIS should be kept in their normal horizontal alignment to avoid substituting their trunk when walking, which might cause the vertebral column to acquire an aberrant curve and put more strain on the operated hip. Consequently, the early failure of the prosthetic hip is attributable to increased stress on the operated hip. Given the current study’s findings, we also suggested, as a preventive strategy, that all of the anti-gravity muscles in the hips and back be rehabilitated.
Furthermore, particular emphasis was devoted to the female-operated hip, which saw a higher and considerable rise in hip abduction angle during walking, potentially exposing the hip to recurrent dislocation after surgery. As a result, the physiotherapy rehabilitation program concentrated on the female group closest to their abductors. The relevance of abductors increases, particularly during mid-stance, when the body weight is concentrated on one leg with a higher GRF value, causing it to be directed more medially to the operating hip and necessitating bigger hip abductor moments. Furthermore, acquiring lateral hip stability directly affects the typical lateral stability mechanics of the knee and ankle joints during walking.
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Background: In recent years, the number of artificial cervical disc replacements has increased, and paravertebral ectopic ossification is a common complication. Although the exact mechanism is not clear, some studies suggest that it is related to the concentration of tissue stress caused by incomplete coverage of the trailing edge of the endplate. Therefore, this study performed a quantitative analysis to compare the biomechanical effects of different sagittal distances at the posterior edge of the endplate of the upper and lower prosthesis on the cervical spine and to explore the mechanical response of incomplete coverage of the posterior edge of the endplate on the paravertebral tissues.Methods: A C2-C7 nonlinear finite element model of the cervical spine was established and validated. Based on the cervical spine model, cervical disc replacement surgery models were constructed with different distances of sagittal distance at the posterior edge of the upper prosthetic endplate (0, 1, 2, 3 mm, respectively) and sagittal distance at the posterior edge of the lower prosthetic endplate (1, 2, 3 mm, respectively). Each model was subjected to the same 1Nm torque and 73.6N driven compressive load. Range of motion (ROM), intervertebral disc pressure (IDP), facet joint force (FJF), and endplate stress were measured at the cervical surgical and other segments.Results: Compared to the intact cervical spine model, the sagittal distance of the posterior edge of the prosthesis endplate at different distances increased the stress on the intervertebral disc and the capsular joint in the adjacent vertebral body segments to different degrees, especially in extension. In different directions of motion, the posterior margin sagittal distance of the posterior edge of the endplate of the lower prosthesis has a greater mechanical influence on the cervical spine compared to the posterior margin sagittal distance of the posterior edge of the endplate of the upper prosthesis. Compared with the intact model, the biomechanical parameters (ROM, FJF, endplate stress) of the C5-C6 segment increased the most when the sagittal distance of the posterior edge of the endplate of the upper prosthesis was 3 mm. Compared with the intact model, the maximum intervertebral disc stress of C4-C5 and C6-C7 was 0.57 MPa and 0.53 MPa, respectively, when the sagittal distance of the posterior edge of the upper prosthetic endplate was 3 mm.Conclusion: After the sagittal distance of the posterior edge of the prosthetic endplate was completely covered, the mechanical influence of the entire cervical spine was low. The sagittal distance at the posterior edge of the endplate of different sizes changed the motion pattern and load distribution of the implanted segment to some extent. When the sagittal distance between the prosthesis and the upper endplate was greater than or equal to 3 mm, the mechanical indices of the implanted segment increased significantly, increasing the risk of local tissue injury, especially during extension motion. Compared to the sagittal distance at the posterior edge of the endplate of the lower prosthesis, increasing the sagittal distance at the posterior edge of the endplate of the upper prosthesis has a greater effect on the mechanics of the cervical spine.Keywords: cervical vertebra, cervical disc replacement, endplate, finite element, heterotopic ossification
1 INTRODUCTION
Cervical disc replacement (CDR) is considered as an alternative to anterior cervical discectomy and fusion (ACDF) because it can effectively reduce the incidence of adjacent segment degenerative (ASD) changes and maintain the physiological curvature of the cervical spine (Phillips et al., 2015; Steinberger and Qureshi, 2020). CDR preserves the range of motion (ROM) of the operated segment while adequately decompressing the neural structure, thus realizing the design concept of “delaying the progression of degenerative changes in adjacent segments (Delamarter and Zigler, 2013; Jackson et al., 2016). However, with the accumulation of cervical artificial disc replacements and the gradual increase in postoperative follow-up, postoperative complications such as heterotopic ossification, kyphosis, and prosthesis displacement have occurred (Hui et al., 2021; Price et al., 2021). Previous literature reported that the incidence of heterotopic ossification (HO) after cervical artificial disc replacement was 17.8%–94.1% (Ganbat et al., 2016). The prosthesis type, poor prosthesis placement, and multisegmental replacement were associated with long-term HO (Yi et al., 2010).
The endplate insufficiency of the prosthesis is closely related to the occurrence of postoperative HO (Xu et al., 2021, Tu et al., 2012). The study showed (Shen et al., 2021) changes in endplate depth ratio and disc height are potential risk factors for HO after CDR. Periprosthetic HO reduces the range of motion and alters the biomechanical environment of the cervical spine, resulting in localized stress concentration (Yang et al., 2017). It is suggested that the mechanical concentration of the operative segment caused by incomplete endplate coverage is one of the main factors in the formation of HO (Xu et al., 2021). In addition, artificial cervical disc replacement increases the flexion and extension range of motion at the operative level, thereby altering the mechanical environment of the tissue. However, the sagittal distance at the posterior edge of the prosthesis endplate resulted in decreased endplate coverage, and the biomechanical relationship affecting the stability of the cervical spine has not been quantitatively analyzed.
Finite element analysis is a common method to analyze the biomechanical changes of the cervical spine and has been widely used in previous studies (Hua et al., 2020; Sun et al., 2022). Therefore, in this paper, the cervical finite element model of artificial disc replacement was established to investigate the mechanical effects of the coverage rate of the sagittal distance at the posterior edge of the endplate of different prostheses on cervical tissues. Then, we analyzed the range of motion (ROM) at different cervical segments, the intravertebral disc pressure (IDP) adjacent to the surgical segment, and the capsular stress at the surgical segment, as well as the endplate stress at the surgical segment.
2 METHODS
2.1 Establishment of the cervical spine model
A healthy male subject (age: 28 years; height: 171 cm; weight: 72 kg) computed tomography (CT) neck image was imported into Mimics 19.0, processed with image recognition, segmentation, and other functions, and a 3D solid model of the C2-C7 segments was extracted. We processed with surface fitting and other functions in the Geomagic studio. Then, the model was imported into Hypermesh for mesh division and material assignment. As shown in Figure 1, cortical bone, cancellous bone, intervertebral disc, joint capsule, bony endplate, joint capsule and ligament of the cervical vertebra were constructed in detail.
[image: Figure 1]FIGURE 1 | Overall and detailed view of the model. (A) whole view of the model; (B). The internal structure of the vertebral body; (C). Capsular ligaments of the vertebral body; (D). Bony endplate; (E). Intervertebral disc tissue and posterior bony structures.
The materials of cortical bone, cancellous bone, and bony endplates were isotropic elastic (Wang et al., 2016; Purushothaman et al., 2021; Sun et al., 2022). The thickness of cortical bone was 1 mm (Zhang et al., 2019). The Materials of Mooney-Rivlin used for the nucleus pulposus and annulus fibrosus matrix (Schmidt et al., 2007; Sun et al., 2022). Orthotropic nonlinear elastic was used in the annulus of the intervertebral disc and Non-linear curves were used in the ligament tissue (Purushothaman et al., 2021). The material properties of cervical spine tissue are shown in Table 1.
TABLE 1 | Material properties of cervical tissue.
[image: Table 1]2.2 Construction of CDR model
The surgical model of cervical disc replacement is shown in Figure 2. To simulate the procedure of CDR, the C5-C6 disc was completely removed and the artificial disc was then inserted into the C5-C6 space. The interaction between the artificial disc and the endplate was set as a constraint. To investigate the mechanical difference of the sagittal distance at the posterior edge of the prosthesis endplate on the cervical spine tissue, we constructed the upper prosthesis endplate sagittal distance (UPESD-0) was 0 mm (UPESD-0), 1 mm (UPESD-1), 2 mm (UPESD-2), 3 mm (UPESD-3), and the lower prosthesis endplate sagittal distance was 1 mm (LPESD-1), 2 mm (LPESD-2), and 3 mm (LPESD-3).
[image: Figure 2]FIGURE 2 | (A) View of the prosthesis for disc replacement; (B). View of the disc prosthesis in the cervical spine segment; (C). Internal view of the disc prosthesis in the cervical spine segment; (D). Whole view of the disc prosthesis in the cervical spine.
2.3 Loads and boundary conditions
C7 was set as complete fixation, binding restraint between prosthesis and bone, and frictionless contact between joint capsules. In all cervical FE models, loads were applied to the upper surface of C2 and the lower surface of C7 was completely fixed. To simulate the mass and muscle activity of the adult skull under physiological conditions, an axial load of 73.6N was applied to the center of C2 and a torque load of 1 Nm was applied to simulate flexion, extension, lateral bending, and rotation of the cervical spine (Sun et al., 2023).
3 RESULTS
3.1 Model validation
To verify the validity of the model, the biomechanical properties of the cervical spine during forward flexion, backward extension, left and right lateral bending, left and right rotation and compression were simulated, and compared with the experimental data of Liu et al. (2016) and Panjabi et al. (2001). The data of intervertebral relative motion calculated in this study are consistent with the results of previous studies in terms of trend and value in Figure 3, which indicates the reliability of the model prediction.
[image: Figure 3]FIGURE 3 | Verification of range of motion in the cervical spine model. (A). The ROM value of flexion motion; (B). The ROM value of the extension motion; (C). The ROM value of lateral bending; (D). The ROM value of axial rotation.
3.2 Intersegmental ROM
Intersegmental changes to the same range of motion before surgery were compared in each group of fixed models with different prostheses inserted into the cervical spine at a sagittal distance from the posterior edge of the endplate in Figure 4. In the flexion condition, the motion of the sagittal distance at the posterior edge of the prosthesis endplate in ROM segment C5 -C6 was greater than that at the posterior edge of the prosthesis endplate, which was 3%, 6%, and 6%, respectively. In the posterior extension condition, the value of the prosthesis model with complete coverage of the endplate increased by 27% compared with the normal model and gradually increased with the increase of the sagittal distance between the prosthesis and the posterior edge, especially in the three groups with the sagittal distance of the posterior edge of the upper prosthesis, which increased by 42%, 52%, 64%, respectively. Compared with the sagittal distance of the posterior edge of the endplate of the lower prosthesis, the range of motion of the sagittal distance of the posterior edge of the endplate of the upper prosthesis increased by 10%,13%, and 17%, respectively. Under rotating conditions, the motion of C5- C6 segments increased, while most of the other segments decreased.
[image: Figure 4]FIGURE 4 | Cervical segmental range of motion values in the complete model and the surgical model. (A). The ROM values of different segments in flexion motion; (B). The ROM values of different segments in the extension motion; (C). The ROM values of different segments with lateral bending. (D). The ROM values of different segments under axial rotation.
3.3 IDPs adjacent to surgical segments
The calculation results of the maximum equivalent stress of the intervertebral disc under four working conditions are shown in Figure 5. In the four conditions, the maximum stress values of C4-C5 and C6-C7 intervertebral discs were slightly increased when the prosthesis completely covered the sagittal distance of the endplate compared with the complete model. The sagittal distance of the posterior edge of the prosthesis endplate increased to varying degrees, and the most obvious increase was found in the extension condition. In the posterior extension condition, compared with the complete model, when the sagittal distance of the posterior edge of the upper and lower endplates of the prosthesis was 1, 2, 3 mm, C4-C5 increased by 63%, 76%, 111%, 25%, 59%, 67% respectively, while the corresponding C6-C7 increased by 52%, 66%, 92%, 51%, 63%, 74%, respectively. However, the maximum stresses in the two segments were 0.57 MPa and 0.53 MPa, respectively.
[image: Figure 5]FIGURE 5 | Stress values of the intervertebral discs adjacent to the operative segment of the complete model and the operative model. (A). The stress value of the intervertebral disc in the adjacent segments of the operation in different models of flexion motion. (B). The stress value of the intervertebral disc in the adjacent segments of the operation in different models with extension motion. (C). The stress value of the intervertebral disc in the adjacent segments of the operation in different models with lateral bending. (D). The stress value of the intervertebral disc in the adjacent segments of the operation in different models of axial rotation activity.
3.4 Stress of endplate in C5-C6 segments
Under the four conditions, the stress of the upper and lower endplates increased significantly after the replacement in Figure 6. Compared with the complete model, the maximum stress values of the upper and lower endplates increased. When the sagittal distance of the posterior edge of the upper prosthesis endplate changes, the stress value of the endplate under C5 is higher than that on C6. However, in the posterior sagittal distance model of the lower prosthesis endplate, contrary to the above results, the stress value of the upper endplate on C6 is higher than that of the endplate under C5.
[image: Figure 6]FIGURE 6 | Stress values of the osseous endplate at the operative segment of the complete model and the operative model. (A). The stress value of the bony endplate at the operative segment in different models of flexion motion. (B). The stress value of the bony endplate at the operative segment in different models with extension motion; (C). The stress value of the bony endplate at the operative segment in different models with lateral bending. (D). The stress value of the bony endplate at the operative segment in different models of axial rotation activity.
3.5 Capsular stress of FJC
Under flexion, lateral flexion, and rotation conditions in Figure 7, the capsular stress of the operative segment and the adjacent segment showed an irregular trend of change, and the range of increase or decrease was small. However, in the posterior extension condition, the stress of the facet joint capsule in the operative segment and the adjacent segment increased significantly. Compared with the complete model, the capsular stress at C4-C5 levels increased by 22%, 30%, 43%, 51%, 27%, 33%, 38%, C5-C6 segments increased by 22%, 38%, 49%, 56%, 18%, 37%, 41%, and C6-C7 segments 19%, 36%, 42%, 53%, 21%, 38%, 36%. According to the above results, compared with the variation of the sagittal distance at the posterior edge of the end plate of the lower prosthesis, the stress increased by the sagittal distance at the posterior edge of the end plate of the upper prosthesis was more obvious.
[image: Figure 7]FIGURE 7 | Stress values of the joint capsule at the operative segment and adjacent segment of the complete model and the surgical model. (A). The stress value of the joint capsule at the operative segment and adjacent segment in different models of flexion. (B). The stress value of the joint capsule at the operative segment and the adjacent segment in different models with extension. (C). The stress value of the joint capsule at the operative segment and adjacent segment in different models with lateral bending. (D). The stress values of the joint capsule at the operative segment and adjacent segment in different models of axial rotation activity.
4 DISCUSSION
In this study, a finite element model of the cervical spine was constructed and the validity of the model was verified by analyzing the ROM values of the cervical spine. The current study used the cervical spine model to compare the mechanical indexes of different sagittal distances at the posterior edge of the upper and lower prosthesis endplates and to explore the effects of different sagittal distances at the posterior edge of the prosthesis endplates on the cervical biomechanics.
CDR preserves the range of motion at the operative level compared to anterior cervical fusion, thereby preventing degeneration of adjacent levels. However, further studies (DiAngelo et al., 2004; Bertagnoli et al., 2005; Patwardhan and Havey, 2020) showed that CDR increased the range of flexion and extension motion compared to the preoperative range of motion. Our results showed that different endplate coverage increased the mechanical indexes of adjacent segments at the C5-C6 surgical segment. During extension, the ROM value of the surgical segment increased by a maximum of 64% when the sagittal distance of the posterior margin of the upper prosthesis endplate was 3 mm, compared with that of the normal model. The use of artificial disc prostheses changes the angle of extension and the pattern of movement, and the increased range of motion at the segmental level increases the pressure on the uncinate and facet joints (Lazaro et al., 2010). This may be due to the postoperative instability of the cervical spine in the posterior extension position after the anterior ligament and annulus fibrosus were removed during CDR. In addition, the upper endplate model showed a greater increase in motion compared to the lower endplate model. The insufficient sagittal distance coverage area at the posterior edge of the endplate may directly affect the stability of the cervical spine.
Changes in the biomechanical environment of the surgical segment caused by artificial disc implantation led to local stress concentration in the surgical segment, but have relatively little effect on adjacent segments. HO is often found in surgical segments, and stress concentration is one of the main causes (Hui et al., 2021). In this study, with the increase of sagittal distance at the posterior edge of the prosthesis endplate, the stress of the intervertebral disc and joint capsule in the adjacent segments of C5-C6 increased. The stress of the endplate increased significantly at C5-C6 segments, especially when the stress was greater than 3 mm. However, compared with the sagittal distance of the posterior edge of the endplate of the lower prosthesis, the stress increased by the sagittal distance of the posterior edge of the endplate of the upper prosthesis was more obvious, and the concentration of stress would increase the occurrence of ectopic ossification and affect the stability of the cervical spine. Clinical research (Xu et al., 2021) showed that HO after CDR was more likely to occur when the error distance between the prosthesis and the sagittal plane of the endplate was greater than 2.5 mm, which had a good agreement with our results. HO can lead to decreased stability of the cervical spine (Jin et al., 2013). Due to the changes in the biomechanical environment of the surgical segment and the endplate, the long-term sustained loading of the vertebrae in the replacement segment will inevitably lead to injury or degradation of the segment, thus accelerating the formation of ossification.
If the implant is improperly placed or undersized, high contact stresses will occur at the endplate interface, and high implant-bone interface stresses may affect the stability of the implant and the cervical segment (Lin et al., 2009). An artificial disc prosthesis based on the physiological curvature of the endplate can reduce the stress at the prosthesis-bone interface (Yu et al., 2016). Therefore, better endplate coverage may better maintain prosthesis and segment stability and reduce stress concentration. Clinical studies have shown that incomplete endplate coverage is an important cause of ectopic ossification. Combined with our findings above, lack of endplate coverage increases stress on the tissue surrounding the replacement segment and alters its motion pattern. Previous studies have indicated that the structural integrity of the endplate should be assessed preoperatively and that the prosthesis should cover the endplate as much as possible to distribute the load evenly rather than in concentrated areas. Through intraoperative manipulation, the surgeon prevents the prosthesis from being placed too far posteriorly to compress the spinal cord, which inevitably results in incomplete coverage of the posterior margin (Choi et al., 2020). Therefore, intraoperative positioning should be enhanced to better cover the posterior edge of the endplate and distribute stress as evenly as possible (Goel et al., 2012).
The current model has some inherent limitations and simplifications. First, the model lacks the spinal cord, blood vessels, muscles, and other tissues, and further improvement is needed to establish a more detailed model. Second, the flexion, extension, lateral flexion and other movements simulated in this paper are passive movements. However, in the human body, they are active muscle movements. In the future, they should be combined with active muscle forces to simulate the mechanical loading mode of the human body. Third, because there are many types of artificial intervertebral discs, only one of them is studied in this paper, and more sample studies are needed in the future.
5 CONCLUSION
In this study, a three-dimensional nonlinear finite element model of the cervical spine was established to verify the validity of the model. Based on this model, the effects of sagittal distance of different prosthesis endplates on the biomechanics of the cervical spine were analyzed. The results showed that complete coverage of the posterior margin of the prosthesis endplate had the least effect on the mechanical indexes of the cervical spine. However, with the increase of incomplete coverage of the posterior margin of the prosthesis endplate, the mechanical indexes of the implanted segments were significantly increased, which increased the risk of local tissue injury and ectopic ossification. Compared with the prosthesis-inferior endplate sagittal distance ratio, the prosthesis-superior endplate sagittal distance ratio has a greater effect on the mechanics of the cervical spine. These conclusions provide an important reference for the placement of intraoperative prostheses and the subsequent improvement of prostheses.
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Variable Male Female P between Effect

groups size (12)
MD (95%Cl)  P” within op MD (95%Cl)
group

Kinematics

ASIS displacement (-) 0094006 | 09007 029 (010-049) 0006 006006 025£005 | 031(015-047) <000 009 015
Grester trochanter 0054003 | 0455006 040 (021-059) <000 0094005 0302004 | 039 (025059 <000 o o
displcement (+)

Hip abducion () 5| 708 039 (249328 078 401170 1022122 | 62001060 t0-181) 0008 010 s

Kinetics mediolateral GRF (N/BW)

Initial contact phase: 019 £004 | 0212004 003 (-015-059) 065 0115002 026005 | 038(027-048) <0001 on o1

Loading response phse 056004 | 069 %005 <0001 0502005 | -086 007 | ~1L36 (155 to-L18) <0001 037 005

Mid-stance phase 060006 | 067 007 <0001+ 0662005 078009 | ~144 (165 10123 041 004

Terminal-stance phase 0714007 | 078+ 008 <0001+ 0692007 | -1002009 169 <0001 082 oo
(1910 -La9)

Pre-swing phase 010001 | 0102003 000 097 0102002 007 £ 001 016 <0001 050 o000
(007 t0.-007) (02110012

~ Values ae shown 2 mean  standard eror of mean (SEM).

- Op. opeated lims Non-op, non-aperatd T MD, mesn diffsences 1, confince itervals ASIS, ateror supeior s spines GRY, ground eacton force
- P-value within group from independent samples - tst.

- PYvalue between men and women for operated b fom independent Samples -cs.

S i e Ss ara mh ok s o s s Rk
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Male Female P Effect
between size
Non-op MD P Op Non-op MD (95%Cl) P groups )
(95%Cl)  within within
group group
Stride 095015 093008 -0.02 090 0624014 | 069%014 | 007 (-035-049) 073 012 013
length (m) (-0.37-0.33)
Walking 88.60 £3.19 1080 + 823 194 003" | 9830 +954 | 7480 220 2350 003 035 005
cadence (276-36.04) (4407 to ~2.93)
(steps/min)
Gait speed 080005 081005 001 080 052004 | 062£007 | 010 (-0.07-027) 024 <0001 050
(m/s) (0.08-0.10)
Gait cycle 110£016 117021 007 074 110£018 | 084 £019 -026 033 5099 000
time (sec) (-039-0.53) (-081-0.29)

~ Values are shown as mean + standard error of mean (SEM).

- Op, operated limb; Non-op: non-operated limb; MD: mean difference; Cl: confidence interval.
- PP-value within group from independent Samples t-test.

~ P"-value between men and women for operated limb from independent Samples f-test.

— n3, partial eta square between men and women for the operated limb.
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Component Element type Material type Material References

parameters
Cortical bone Triangular shell Isotropic elastic-plastic E=100GPav =03 Sun et al. (2022)
Cancellous bones Tetrahedral Isotropic elastic-plastic E =300 MPa v=03 Wang et al. (2016)
Bony endplate [ Triangular shell Isotropic elastic-plastic E=56GPav=03 Purushothaman etal. (2021), Sun et al. (2022)
l Nucleus pulpous Hexahedral Mooney-Rivlin €10 = 012, <01 = 003 Schmidt et al. (2007), Sun et al. (2022)
[ Annulus brosus matrix Hexahedral Mooney-Rivlin €10 = 0.18, <01 = 0.045 Schmidt et al. (2007), Sun et al. (2022)
Annulus fibrosus fibers Quadilateral membrane Orthotropic nonlinear N/A Purushothaman et al. (2021)
elastic
Ligaments | QQuadriateral Non-linear curves N/A Purushothaman et al. (2021)
membrane
Atificial cervical disc prosthesis
Upper plate Tetrahedral element E=210GPav=03 Purushothaman et al. (2021)
| Middle core Tetrahedral element E=3GPav=03 Purushothaman et al. (2021)
Lower plate Tershedral dement | E=210GPav=03 Purushothaman et al. (2021)

N/A: Not applicable.
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Parameters The with-plate group The without-plate group

Total displacement (mm) 11526 £ 01178 23017 + 0.6063 0012

Maximum principal strain 0.0013 £ 0.0003 0.0021 + 0.0007 0.047
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Parameter Component

Von Mises stress (Mpa) Metal plate

Screws

Bone

‘The frustum of a cone

Prosthesis main body

Prosthesis stem

Fibular graft

Loading modes

Loading 1 66429 NA 26966
Loading 2 58234 NA 16900
Loading 1 25339 33.395 26.908
Loading 2 8.087 18.023 15229
Loading 1 20,680 30.850 28677
Loading 2 6584 9.031 7.248
Loading 1 NA 11,59 9.931
Loading 2 NA 5.647 5.227
Loading 1 NA 15.896 13625
Loading 2 NA 14.929 13.386
Loading 1 NA 14.798 14793
Loading 2 NA 11056 10994
Loading 1 12101 NA NA

Loading 2 9583 NA NA

1) Loading 1: Under axial loading. 2) Loading 2: Under vertical downward loading, 3) NA: not available.
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Mean of all pa

Hausdorff distance 2295

Mean point-to-surface distance | 0338 0076
Median point-to-surface distance 0262 0043
Mean point-to-surface distance at landmarks [mm]

Lateral coracoid process 0563 0672
Anterior lateral acromion process 0552 0.508
Posterior lateral acromion process 0564 0396
Angulus inferior 0629 0418
Angulus superior 0837 0510
Inferior glenoid rim | 0398 0278
Anterior glenoid rim 0361 0238
Posterior glenoid rim 0348 0276
Superior glenoid rim | 0450 0305

The point-to-surface landmark distances are presented for the coracoid, glenoid, and acromion processes, as well as for the angulus superior and inferior of the scapula.
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Displacements (mm)

Under vertical downward loading Under axial loading
Model 1 08010 05186
Model 2 04189 04335
Model 3 0.3981 [ 0.3956
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Position Maximum von Mises stress (MPa)

PFNA OBS+PFNA
Overall model ‘ 48145 36421
Intramedullary nail ‘ 48145 364.21
Helical blade ‘ 33139 19275

oBs
Proximal femur bone | 20305 15837

Distal locking nail ‘ 12663 38347 ‘
‘
Lateral wall fracture

‘ 86.819 ‘ 59.091
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Material Elastic modulus (MPa) Poisson’s ratio

*Cortical bone 10551347 03
‘ Cancellous bone 1,389.700 03

‘ Endophyte (titanium alloy) 110 033
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Patients

‘medical image ‘54.78 [ 8247 | 27175 | 3423 | 21045 | 264.09

dynamic simulation | 55.14 l 8212 | 27244 | 3504 | 21041 | 264.67
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Parameter

N (%female)

Age (years, mean + standard deviation)
Height (m, mean + standard deviation)
Weight (kg, mean + standard deviation)
VFncture type (proximal tibia/tibial shaft)

Fracture side (left/right)

6 (33%)
52414
178+ 015
8217
303

412
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Parameter
Maximal force
Stance duration

Loading Slope

Unloading Slope

Number of steps

Length of walking bout

Description
Force maximum during the stance phase
Consecutive force reading above 30 N

Slope of the line drawn between the start of the load activity and the first force value equal or higher than 80% of the first
extremum

Slope of the line drawn between the first force value equal or lower than 80% of the second extremum and the end of the load
activity

‘Total number of steps measured per day

Number of steps per walking bout. Steps belonged to one walking bout if consecutive steps were within 5 s from cach other

Unit
%Body weight
Seconds

9%Body weight/%
Time

%Body weight/%
Time

Steps

Steps
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Axial stiffness

(N/mm)

Adduction stiffness
(N/mm)

Abduction stiffness
(N/mm)

Rotation stiffness
(N/deg)

Pull-out
force(N)

FEA

Biomechanics

Difference

533.62

595.76

11.64%

48.12

50.97

5.92%

385

29

1143%

3.58

316

1331%

7700

>9900






OPS/images/fbioe-12-1353797/fbioe-12-1353797-t001.jpg
Componel Element type Young's modulus (MPa) Poisson’s ratio
Cortical bone solid187 12,000 029
Gancellous bone solid187 450 029
Facet cartilage solid187 104 04
Endplate solid187 500 04
Nucleus pulposus solid187 1 049
* Annulus fbrosus solid187 34 04
Titanium alloy solid187 110,000 03

Anterior longitudinal Ligament

Posterior longitudinal Ligament

Spring (tension only)

Spring (tension only)

Ligamentum flavum

Interspinous Ligament

Supraspinous Ligament

Intertransverse Ligament

Spring (tension only)
Spring (tension only)
Spring (tension only)

Spring (tension only)
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Axial stiffness

(N/mm)

Adduction stiffness
(N/mm)

Abduction stiffness
(N/mm)

Rotation stiffness
(N/deg)

Pull-out
force(N)

FEA

Biomechanics

Difference

527.5

586.11

1111%

47.81

51.22

7.10%

36.65

40.44

10.34%

325

2.87

11.69%

4150

488163

17.60%
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Pull-out force for screw No. 5 (N)  Pull-out force for screw No. 6 (N)  Pull-out force for screw No. 7 (N)

LLP-IRPBC >9900 >9900 >9900

LLP-IFS 4578.8 + 89.26598 6023.6 + 114.46416 40425 + 9761745
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Axial stiffness

(N/mm)

Adduction stiffness Abduction stiffness
(N/mm) (N/mm)

Rotation stiffness
(Nm/deg)

LLP- 595.7610 + 822823 50.9680 + 2.74114 42,9000 + 225694 31630 + 0.19726
IRPBC
LLP-IFS 586.1110 + 8.17089 512190 + 2.81655 40.4410 + 171698 2.8680 + 0.21872
p-value 0.017* 0.842 0014* 0.005*

*p< 0.05,*p< 0.01.
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p-value repeated p-value first week vs. p-value first week vs.  p-value week six vs.

measures ANOVA week six last week last week
Maximal force <0.001 0.006 <0.001 0.007
Loading slope 0.008 0394 0.008 0.098
Unloading slope <0.001 0.006 <0.001 0.005
Stance duration 0.167
Asymmetry maximal 0.004 0011 0.007 1.000
force
Asymmetry loading slope | 0.011 0433 0.012 0.085
Asymmetry unloading | 0.007 0.068 0.008 0315
slope
Asymmetry stance 0.020 0.106 024 0.827
duration
Number of steps per day | <0.001 0.003 <0.001 <0.001
Number of steps per 0.043 0941 0.048 0254
walking bout
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Screw pull-out force under Nor conditions (N) Screw pull-out force under Ost conditions (N)

‘ LLP-IRPBC ‘ 7700 3750

‘ LLPIFS 4150 2750
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Diff (%)

Proximal femur
Strain energy density | 0.0219 £0.007  0.0297 £ 0.01 3561
Min Safety factor 5.83 + 1.66 6.33 +2.66 858
Midshaft femur
Strain energy density | 0.0006 £ 0.0003  0.0003 £ 0.0001* 50
Min Safety factor 23.06 + 5.63 3159 + 4.09* 36.99
7 Distal femur
Strain energy density | 0.014  0.007 0.008 = 0.002 -42.86
Min Safety factor 1676 + 3.35 27.59 + 6.19* 64.62

Significant difference: *p < 0.05.
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Pearson correlation coefficient Max force Stiffness Elastic modulus

‘ Tt.Ar 0831 0.656* 0.622
‘ CtAr 0.605 [ 0755 [ 0.674*
‘ CtTh 0.661* 0.806" 0.761*
‘ EcPm [ 0.639* [ 0821 [ 0833
{Fs,?m 0594 0673 [ 0.738*

Significant difference: *p < 0.05, **p < 0.01.
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Diff (%)

Beclin-1*

 Mas Force (N) | 1040 £ 067 17.05 £ 197 63.94
Stifness (N/mm) ‘ 6380 11.98 10283 £ 780 6118
‘ PYD (mm) ‘ 0.15 + 001 0.10 £ 0.03* -350
‘ Work-to-fracture (Nmm) ‘ 202+ 115 amson0 1485
‘7 Elastic modulus (GPa) ‘ 383075 661+ 03 7230

Differences are calculated as (Beclin-1*"WT)/WTx100. Significant difference: *p < 0.05, **p < 0.001 relative to WT.
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Femoral head varus Maximum displacement of femoral head (mm) re load (N

Model. 1 14.866 1,4182
Model. 2 14.966 1,406.12
Model. 3 14.708 | 143339
Model. 4 17.903 1,172.65
Model. 5 15732 [ 1,340.11
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95% CI alue

Blade positions (Ventral direction: 1, dorsal direction: 2) -4.623 -3.183 -1263 0.000°
TAD 2834 0.038 022 0.006"

Age -1428 -0.064 0011 0.158

Sex (Male: 1, Female: 2)< | ~1.662 0.101 -2011 | 0.184

BMI 1515 -0.052 038 0.134

BMD -2.138 -1274 | ~0.044 0.036"

Multi-variable analyses

Blade positions -3756 -2.856 -0.873 0.000%*
TAD 1.62 -0.016 0155 011
BMD -2039 -1.085 -0011 0.046*

Variables that achieved a significance level of p < 0.1 in the univariate analysis.
“Statistical significance (p < 0.05).
wSutigtical seniificance (p < 0.01).
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Femoral head varus

‘ Blade positions (Ventral direction: 1, dorsal direction: 2) -0571 0,000
{ TAD 0327 0,006
Age -0172 0158

Sex (Male: 1, Female: 2) 0165 | 0177

‘ BMI 0.182 0134
‘ BMD -0253 0.036*

“Statistical significance (p < 0.05).
**Statistical significance (p < 0.01).
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Interobserver Intraobserver

Blade directions ‘ 0.904 0815 ‘

Femoral head varus values ‘ 0872 0.883

TAD values ‘ 0.864 0855
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Modified transtibial technique Anteromedial portal technique

Tibial tunnel angle, *
Coronal angle 489 +4.7 658 £ 6.5 <0.001
Axial angle 449 £3.7 267 3.1 <0.001
Femoral tunnel angle, * 54.0 + 4.7 465 + 4.1 <0.001
‘ Femoral tunnel-graft angle, *

Coronal angle 1395 +56 148.1 £7.4 <0.001

Sagittal angle 1188 +52 1289 £ 6.7 <0.001
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Modified transtibial technique Anterol ial portal technique p-Value

‘ Position of the outer aperture of tibial tunnel, mm

To the tibial anterior tuberosity 17322 - -
» To the media end of the tibia 240+ 4.1 [ - »

To the tibial articular surface 19.6 + 54 - [ -

Tibial tunnel length, mm 34033 403+23 <0.001

Femoral tunnel length, mm 42061 348 +45 <0.001
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Material

Young's

modulus (MPa)

Poisson’s
ratio

Bony Structure

Cancellous bone 100 02
Cortical bone 12,000 0
Posterior elements 3,500 025
Endplates 3,000 025
Sacrum and coccyx 3,500 L2
Intervertebral Disc

Nuclei pulposi 1 Lo
Annuli fibrosi 42 045
Implants

Pedicle screw 110,000 028
(Titanium)

Rod (PEEK) 3,600 025
Rod (Titanium) 110,000 028
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OSAG-PDW-FSE-OPEN

ASM (x10-3) Contrast Correlation (x10-3)
HC (n=93x2) 0457 £ 0712 32,008 + 3,596 0491 £ 0.828 0391 £ 0,051 6823 £ 0394
CMO | Clicking (n = 102) 0912 £ 0.168 27.304 % 6234 1877 £ 0519 0263 £ 0,032 7.582 % 0288
Non-clicking (n = 70) | 0.871 £ 0214 29.276 + 7.687 0846 £ 0.509 0261 £ 0,032 7.608 £ 0299
CMC | Clicking (n = 57) 0976 £ 0369 28016 % 5.583 0755 £ 0.165 0261 £ 0,021 7.709 £ 0.129
Non-clicking (n = 27) | 0993 £ 0375 27.083 + 5.286 0776 £ 0.142 0260 £ 0.021 7724 £ 0115
CMOC | Clicking (n = 39) 0957 £ 0.086 25.132 % 6813 0749 £ 0.181 0284 £ 0,026 7.590 £ 0211
Non-clicking (n = 17) | 0976 £ 0.053 24.663 % 7.632 0793 £ 0.188 0289 £ 0,020 7,552 £ 0200
p-value
| Two-way ANOVA (Total) <0001
‘Wilcoxon rank-sum test  Wilcoxon rank-sum test  Wilcoxon rank-sum test One-way ANOVA  One-way ANOVA
(HC and clicking of CMO, CMC, | <0.0001 <0.0001 <0001 <0001 <0.0001
and CMOC)
7 (Clicking of CMO, CMC, and 02358 00723 <00001 0.0001 00045
CMOC)
‘Nonparametric test Nonparametric test Nonparametric test test ttest
(Clicking vs. non-clicking of CMO) | 0.1645 0.0674 <00001 06146 05774
(Clicking vs. non-clicking of CMC) | 0.8474 04692 05659 08441 0.6003
(Clicking vs. non-clicking of 03936 08201 04164 04578 05322

CMOC)

HC, healthy control; CMO, clicking on mouth opening; CMC, clicking on mouth closing; CMOC, clicking on mouth opening and closing; OSAG-PDW-FSE-OPEN, oblique sagittal proton

desinsitewoidined Bust-soirisoeio: gie,






OPS/images/fbioe-12-1352794/fbioe-12-1352794-g003.gif
Squating Kinematics -
= St i






OPS/images/fbioe-12-1337267/fbioe-12-1337267-t006.jpg
OSAG-PDW-FSE-CLOSE

ASM (x10-3) Contrast Correlation (x10-3)
HC (n=93x2) 0.828 £ 1,092 41.932 £ 8.569 1276 + 0647 0430 £ 0.158 7.000 £ 0518
CMO | Clicking (n = 102) 1279 £ 0393 33732 % 859 1601 £ 0239 0261 £ 0,022 7.691 0272
Non-clicking (n = 70) | 0.940 £ 0.245 36.028 + 8.303 1386 + 0233 0259 £ 0,022 7.708 0272
CMC | Clicking (n = 57) 12542053 32.248 + 9.009 1645 £ 0.160 0257 £ 0,031 7.749 £ 0204
Non-clicking (n = 27) | 1.086 £ 0535 30.880 + 7.094 1456 + 0158 0260 £ 0.028 7721 £ 0171
CMOC | Clicking (n = 39) 1219 £ 0294 32534 % 6794 1557 £ 0108 0267 £ 0.024 7.796 % 0.170
Non-clicking (n = 17) | 0934 £ 0.068 34,669 + 6,855 1366 + 0.107 0267 £ 0.021 7825 £ 0.148
p-value
| Two-way ANOVA (Total) <0001
‘Wilcoxon rank-sum test  Wilcoxon rank-sum test  Wilcoxon rank-sum test One-way ANOVA  One-way ANOVA
(HC and clicking of CMO, CMC, | <0.0001 <0.0001 <0001 <0001 <0.0001
and CMOC)
7 (Clicking of CMO, CMC, and 06144 05303 0.1012 01323 00496
CMOC)
‘Nonparametric test Nonparametric test Nonparametric test test ttest
(Clicking vs. non-clicking of CMO) | 0.0101 00928 07000 0,666 0.6966
(Clicking vs. non-clicking of CMC) | 0.7999 04903 07607 06245 05387
(Clicking vs. non-clicking of 02481 02858 07729 09488 05384
CMOC)

HC, healthy control; CMO, dlicking on mouth opening; CMC, clicking on mouth closing: CMOC, dlicking on mouth opening and closing; OSAG-PDW-FSE-CLOSE, oblique sagittal proton
et woicissl St yisad dlass
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Tenderness CMO CcMoC
Clicking Non-clicking Non-clicking  Clicking Non-clicking
(n=102) (n=70)(n %) (n=27)(n, %) (n=39) (n =17) (n, %)
(n, %) (n, %)
™) 0 59 (57.84%) 18 (25.71%) 29 (50.88%) 12 (44.44%) 18 (46.15%) 8 (47.06%)
Masseter muscle (MM) | 0 62 (60.78%) 22 (3143%) 36 (63.16%) 15 (55.56%) 19 (48.72%) 12 (70.59%)
Temporalis 0 66 (64.71%) 25 (35.71%) 31 (5439%) 12 (44.44%) 22 (56.41%) 9 (5294%)
muscle (TM)
Medial pterygoid 0 64 (62.75%) 19 (27.14%) 38 (66.67%) 13 (48.15%) 26 (66.67%) 11 (64.71%)
muscle (MPM)
Lateral pterygoid 12 (10.0%) 100 (98.04%) | 65 (92.86%) 53 (9298%) 21 (77.78%) 39 (100%) 17 (100%)
muscle (LPM)
p-value cop cep cocp
Clicking Non-clicking Clicking Non-clicking Clicking Non-clicking
<0.0001 <0.0001 | <0001 0.0740 <0.0001

HC, healthy control; CMO, clicking on mouth opening; CMC, clic

.

00108
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Segments Average contact forces (N) p Values

AA FA AF FFvs.AA FFvs.FA FFvs.AF AAvs. FA
cn 106132995 | 62625625 | 9988 £ 1057 ‘ 8458 2892 ‘ <0001 ‘ o061 | <oom <0001 <0001 <0001
aus 118165744 | 87445950 | 10623 % 1089 ‘ 10672 £ 1103 ‘ <0001 <0001 <0001 <0001 0005 0889
o7 520799 | wasser | 7767 ‘ 10637 £ 1136 | <0001 | oon 0023 <0001 <0001 | <oon

T

i BA, ppés fislon and lowée arihicilisty: FE doublé Sistod.





OPS/images/fbioe-12-1337267/fbioe-12-1337267-t002.jpg
Age (yr, mean * SD) 19.87 + 145 20.47 + 1.83 20.48 + 1.63 20.32 + 1.85 0.073
Sex (n, %)

Female 57 (61.29%) 54 (62.80%) 27 (64.29%) 17 (60.71%) 0.985
Male 36 (38.71%) 32 (37.20%) 15 (35.71%) 11 (39.29%)

Side (n, %)

Clicking 0 102 (59.30%) 57 (67.86%) 39 (69.64%)

Non-clicking 186 (100%) 70 (40.70%) 27 (32.14%) 17 (30.36%)

N Besitho suitick N0 ciikane: i ool opening: CHIC. diaing et sioetl dosng CHDE.

ing on mouth opening and closing.
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Segments Average pressures p Values

AA FA FFvs.AA FFvs.FA FFvs.AF AAvs.FA AAvs. AF FAvs. AF

Flexion cu3 034+004 | 023£003 | 035+006 | 026006 = <0.001 0571 <0001 <0.001 0024 <0.001
cus. 041£006 | 027003 | 044+009 | 042008 = <0.001 0130 0846 <0.001 <0.001 0220

Ce6l7 046+ 004 | 027003 | 030+030 | 043009 = <0.001 <0.001 0303, 0034 <0.001 <0.001

' Extension | cs 7n3¢ +006 | 024003  035+008 | 023005 <0001 i 0576 <0001 <0001 0550 i <0.001
cas 040 + 005 I 026£004 | 047£009  043+010 <0001 0.008 0364 <0.001 | <0.001 0176

c617 047+003 | 028003 | 029£007 | 041010 | <0001 <0.001 0.009 [ 0473 <0.001 <0.001

Lateral bending | C2/3 055+006 | 035002 | 059011 | 040010 = <0.001 0217 <0.001 <0.001 0043 <0.001
cas. 063+007 | 041£004  066+014 | 063015 = <0001 0473, | oo <0.001 <0.001 0,561
co6/7 070+005 | 041+003 I 048 011 | 056010 = <0.001 <0.001 <0001 | 0019 <0.001 0017

Axial rotation | C2/3 062+004 | 038003  062+013 | 043010 <0001 0842 <0001 <0.001 0029 I <0.001
cus 068007 | 043005 | 073+013 | 069015 = <0.001 0129 0792 <0.001 <0.001 0.360
c617 072005 | 0445004 | 0474010 | 059%011 | <0001 <0.001 <0.001 | 0180, <0.001 0002

Kok Aouiie astheonbites AP diger setroplsty i Sowes Padiic: BA weor Risiod: s lower satheoplssts PR, dinbds Bifios.
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Parameter

Local conditions in the image

ASM
Contrast

Correlation

DM

Entropy

Uniformity of gray distribution and the texture of an image, with higher values indicating more uniform gray levels
Local changes in an image, which can reflect the sharpness and depth of texture grooves. A higher value indicates a clearer texture

Similarity in the degree of the gray level in a row or a column of the measurement image. A higher value indicates a stronger correlation of the
local gray level

Clarity and regularity of the texture. A larger value indicates a clearer and more regular texture of the image

Randomness of the information contained in an image, with a larger value indicating more complex gray distribution of the image

TA, texture analysis; ASM, angular second moment; IDM, inverse differential moment.
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Segments p Values
FF
vs. AA
Flexion cs 798105 | 445+ 404+ 356+ <0.001 <0.001 <0.001 0116 <0.001 0037
036 078 061
C3/4 100+ 011 635+ 045 + 6.04 + <0.001 <0.001 <0.001 <0.001 0.329 <0.001
082 0.08 117
cars 1297 737 & 562+ 550 + <0.001 <0001 <0001 <0001 <0.001 0709
130 083 099 103
Cs/6 1224023 | 721 ¢ 169+ 126+ | <0.001 0029 0523 <0.001 <0.001 0.048
083 090 023
co/7 862£095 529+ 451+ 023+ <0.001 <0.001 <0.001 <0.001 <0.001 0200
067 078 072
Extension cas 515£097 | 305+ 297+ 238+ <0.001 <0.001 <0.001 0701 0.001 0005
0.61 0.67 058
C3/4 0874020 | 494 053 + 509+  <0.001 <0.001 <0.001 <0.001 0.575 <0.001
059 012 106
cars 1059 £ 536 + 540 + 414+ <0.001 <0.001 <0.001 0.900 <0.001 0.001
134 080 128 095
Csl6 083£0.16 | 473 = 442+ 058 = <0.001 <0001 <0001 0307 <0.001 <0001
082 108 014
Co/7 5724100 | 404 = 481+ 340 £ <0.001 0010 <0.001 0012 0.009 <0001
067 L2 080
Lateral cs 5644078 | 295+ 328+ 419+ | <0.001 <0.001 <0.001 0.149 <0.001 <0.001
bcnding 0.77 0.65 0.74
C3/4 082010 | 536+ 065 + 388+ <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
085 011 081
cars n2: 707 & 604+ 488 + <0.001 <0.001 <0001 0002 <0.001 0.001
100 092 119 091
Cs/6 0.65%006 | 556+ 512+ 069 + <0.001 <0.001 0193 0136 <0.001 <0001
0.90 091 012
Cs/7 420£067 | 328 261+ 272+ <0.001 <0.001 <0.001 0002 0.009 0534
072 053 055
Axial rotation | C2/3 425£032 | 197 % 228+ 188 + <0.001 <0.001 <0.001 0019 0.409 0.005
033 045 040
C3/4 098036 | 326+ 051+ 301 £ <0.001 <0.001 <0.001 <0.001 0.108 <0.001
040 0.10 056
cars 534044 | 398 343+ 357+ <0.001 <0001 <0.001 0.003 0.021 0537
035 0.69 068
Cs/6 100£031 | 370 = 319+ 054+ <0.001 <0.001 <0.001 0002 <0.001 <0.001
035 0.60 011
co/7 3312047 | 188+ 164 = 153 = <0.001 <0001 <0001 0045 0.002 0290
037 036 030

OORE: il aie A Dl e AR et it sl bowie Torain B ke il sk lowe srtnoulit B doubl Gatai
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Analysis

method

Technique

Description

Key values/
variables

Derived values

Spatiotemporal

Kinetic (dynamic)

Kinematic

DigiGait; CatWalk

Fixed static force plate

3D Optical motion tracking

systems with reflective
‘markers (eg, Vicon)
3D biplanar video analysis

Space-time changes in gait
cycle

Expressed as percentage of
gait cycle

‘The forces of motion due to
physical (contact) and
remote (gravity) interaction
with the outside world

The measurement of three

degrees of freedom (DOF) of
rotation motion of all the
joints, as well as three DOEs
of translation for some
joints

stride length

step length

step width

foot splay
paw-print character
stance time

stride time

swing time

stride time

Ground reaction forces:

3 component forces

- vertical (out of floor)

- braking-propulsion
(horizontal shear)

- mediolateral (shear)
Body segment
accelerations, masses,
and moments of inertia

toe-off/propulsion angle
toe clearance angle

foot clearance angle touch
down angle

knee flexion/abduction/
adduction angle

knee angle

femoral rotation angle
sagittal ROM angles: knee
ROM, ankle ROM,

hip ROM

Limb duty factor = stance
time/stride time

Gait symmetry = (right
stride time-left stride
time)/stride time

Limb phase= (left fore foot
strike time-left hind foot
strike time)/stride time
Gait Compensation (shift
to contralateral limb to
protect injured limb)

Peak vertical/braking/
propulsive force and
impulse

Ist peak mediolateral force,
2nd peak mediolateral time
and mediolateral impulse
Intersegmental forces and
moments, e, knee flexion
moment (KEM); knee
adduction moment (KAM)
Peak KEM/KAM impulse/
KAM: KEM ratio

Coupled vector angle =
knee adduction angle/
flexion angle

Swing velocity = stride
length/swing time

Peak angles during stance
and swing phase

Angular velocity patterns
(characterised by peak
flexion and extension
velocities in swing phase)

Vrinten and Hamers
(2003), Allen et al. (2012),
Eftaxiopoulou et al.
(2014), Jacobs et al.
(2014), Lakes and Allen
(2016), Jacobs et al.
(2017)

Vilensky et al. (1994),
Howard et al. (2000),
Kean et al. (2011), Allen
etal. (2012),
Erhart-Hledik et al.
(2015), Maly et al. (2015),
Jacobs et al. (2017)

Vilensky et al. (1994),
Pereira etal. (2006), Allen
etal. (2012),
Eftaxiopoulou et al.
(2014), Lakes and Allen
(2016), Zeng et al. (2017),
Agrawal et al. (2019)

Computational MSK
modelling

Computational finite
clement modelling

Rigid body dynamic
analysis with muscle
modelling, g, OpenSim

Stress analysis using
software, e.g,
MarcMENTAT, Ansys,
Abaqus

Virtually recreate the
mechanical function of
musculoskeletal tissue to
quantify internal loads

Imaging geometry. MSK
modelling define boundary
conditions. Quantify tissue/
structural response (stress,
strain, deformation

MSK geometry

Gait kinematics/kinetic
data (ext. force: GRF)
Body segment parameters
Muscle anatomy

Bone geometry of knee
Cartilage geometry after
staining

Muscle forces from msk
‘modelling

Joint contact forces from
‘msk modelling

Individual muscle forces
Individual joint contact
forces

Localised cartilage, bone,
ligament and menisci
stresses and strains.

Delp et al. (2007),
Johnson et al. (2008),
Britzman et al. (2018)

McErlain et al. (2011),
Das Neves Borges et al.
(2014), Zanjani-Pour
et al. (2020)
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Material Elastic modulus (MPa) Poisson ratio Cross-sectional area (mm?)
Vertebra
Cortical bone 12,000 029 -
Cancellous bone 100 029 -
Endplate 1,200 029 -
Cartilage 104 04 -
Posterior structure 3,500 025 -
l Intervertebral disc
 Annulus fiber 450 045 -
 Annulus ground substance 34 04 -
 Nudeus pulposus 1 049 -
Ligaments
ALL 30 04 12
PLL 20 04 45
LE 10 04 14
cL 10 04 5
L 10 04 131

ALL, anterior longitudinal ligament; PLL, posterior longitudinal ligament; LF, ligament flavam; IL, interspinous ligament; CL, capsular ligament.
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OA models Species Model Characteristics Ref.
Spontaneous Natural Guinea pig | Wear and tear 1. Represents human primary OA | Jimenez et al. (1997), Mason
Rabbit 2. Study early pathogenesis et al. (2001), McDougall et al.
Horse 3. Longer progression time. Small | (2010), Arzi et al. (2012),
Mouse animals have shorter time Mcllwraith et al. (2012),
Dog required for maturity Staines et al. (2017b), Meeson
et al. (2019a), Brioschi et al.
(2020)
Genetic Mouse Genetic inclination (genes 1. Study role of specific genes in  Little and Zaki (2012), Miller
Rat involved in cartilage OA pathogenesis et al. (2013), Poulet et al.
degradation, inflammation, 2. Help to establish molecular | (2013)
apoptosis and bone basis of OA. Low clinical trial
metabolism) translatability
Chenical Mouse Intra-articular injection of 1. Mainly inflammation model ~ Laurent et al. (2003),
Rat chemical to induce cell death and most commonly used Rodrigues-Neto et al. (2016),
Rabbit or inflammation model in drug development | Sukur et al. (2016), Adeyemi
Goat 2.Used to study drugs/responseto | and Olayaki (2017), GBD,
pain and inflammation 2017 Disease and Injury
3. Simple and repeatable Incidence and Prevalence
4. Although produces rapid and | Collaborators (2018), Cheng
severe joint degeneration, does | et al. (2019), Lee et al. (2020)
not reproduce
pathophysiological
mechanisms
Surgical Anterior cruciate ligament | Mouse ACL injury produced by 1. Most often used surgical model, | Jackson et al. (1993),
transection (ACLT) Rat arthrotomy (medial or suitable for pharmacologic Kamekura et al. (2005),
Goat lateral) or arthroscopy studies Hayami et al. (2006), Piskin
Rabbit (destabilization) 2. Leads to cartilage degradation et al. (2007), Ramme et al.
but develops OA lesion slowly | (2018)
3. Can be combined with
meniscectomy to achieve
advanced lesions
Meniscal injury Mouse Partial/total medial meniscal | 1. More severe than ACLT, Bendele (2001), Piskin et al.
Rat tear/trans-ection (MMT) causing rapid degeneration (2007), Knights et al. (2012),
Canine through medial collateral 2. Affects reproducibility if the | Kahn et al. (2016), Ali et al.
Goat ligament (MCL) and medial extent of injury varies slightly | (2018), Brederson et al.
meniscus leads to abnormal | 3. Canines most widely used (2018), Pucha et al. (2020),
joint load Temp et al. (2020)
Destabilization of medial | Mouse Sectioning of medial 1. Less severe than ACLT/slower | Glasson et al. (2007), Tijima
meniscus (DMM) Rat meniscotibial ligament causes | progression et al. (2014), Goetz et al.
Rabbit DMM and load changes 2. Easier to perform than MMT | (2017)
on small animals (e.g, mouse)
Ovariectomy Mouse Estrogen reduction leads to 1. Effect of estrogen deficiency on | Hoegh-Andersen et al. (2004),
Rat accelerated cartilage erosion progression and therapeutic | Cake et al. (2005), Dai et al.
Rabbit intervention (2006), Oestergaard et al.
Guinea pig 2. Not recommended in (2006), Castaneda et al.
Ovine therapeutic trials (2008), Castaneda et al.
3. Low surgical technical difficulty | (2010), Sniekers et al. (2010),
5o highly reproducible Qin etal. (2013), Kreipke etal.
(2014), Xu et al. (2019)
Chondral/osteochondral Mouse Focal lesion by arth-rotomy 1. Study local cartilage repair and | Mastbergen et al. (2006),
defects Rabbit triggers local inflammation healing with therapeutics Flanigan et al. (2010),
Canine and changes chondrocyte 2. Used with biomaterials in McNulty et al. (2012),
Bovine metabolism and local bioengineering/regenerative Figueroa et al. (2014), Serra
‘biomechanics medicine et al. (2014)
3. High degree of precision is
required and less reproducible
Tibial osteotomy (TO) Rat Surgically-set tibial varus (or 1. Biomechanical via extra- Reimann (1973), Mankin et al.
Guinea pig | valgus) malalignment to articular surgery, without any | (1981), Johnson and Poole
Rabbit increase mechanical loading internal joint damage (1988), Panula et al. (1997),
Canine on medial (or lateral) joint 2. More aligned with primary | Wei et al. (1998), Britzman
compartment overloading OA, dependent on et al. (2018)
magnitude of malalignment
3. High surgical difficulty
Non-invasive (single- | Intra-articular fracture of | Mouse Fix knee (90') and apply Study articular cartilage Lahm et al. (2005), Rundell
impact or repetitive tibial plateau Rat impact with indenter to cause | degeneration after higher-energy | et al. (2005), Lewis et al.
loading) Rabbit a closed fracture in the impact trauma injuries (e.g, (2011), Schenker et al. (2014),
Canine articular surface of animal | frontal vehicle collisions) Kimmerling et al. (2015),
lower limb Allen et al. (2020)
ACL rupture via tibial Mouse Axial load to calf, fixed 1. Rapidly developing. Similar | Lockwood et al. (2014),
compression overload Rat between upper/lower cups, mechanism to sports injury | Khorasani etal. (2015), Brown
leads to cranial displacement = 2. Needs greater force (12N) et al. (2020)
of tibia (rel. femur), applied (short time) compared
overloading ACL to cause to cyclic compression loading
rupture model
Cydlic articular cartilage | Mouse Cyclic axial compressive force | 1. Study cartilage degeneration  Poulet et al. (2011),
tibial compression Rat (4.5-9N). Setup akin to tibial | induced by chronic overload | Christiansen et al. (2012),
compression (above), 2. Adjustable, with peak load Maerz et al. (2015), Melville
simulating overloading of below ACL-rupture threshold | et al. (2015)
ankle and knee joints 3. Not representative of biome-
chanical load environment due
to muscle contractions and gait
Knee immobilization Rabbit Knee was immobilized inan | 1. Periodic (e.g, 4 +7 days cycles) | Videman (1982)
(Videmen model) extended position using a or continuous immaobilization
custom splint applied dorsally | models can study different
from the thigh to the distal chronic overload patterns
end of the limb 2. Immobilization
periods >30 days induces
progressive OA changes
3. May not fully represent human
joint mechanics
Exercise model Mouse Trained rodents run on 1. Compatible for genetic/specific | Lapvetelainen et al. (1995),
Rat treadmill/wheels rodents to shorten process or | Lapvetelainen et al. (2002)

create more severe OA.

2. May represent OA linked to
occupational loading and
sports
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Term

Knee malalignment

iomechanical aspects

Biomechanical factors of
osteoarthritis (OA)

Mechanical stimuli on
chondrocytes

Biomechanically induced
animal models

Mechanical overloading
phenotype of OA

Biomechanical marker

Description

Varus or valgus alignment between femur and tibia
outside the physiological range

The application of mechanics to biology and
physiology

Biomechanical impairment allied with forces,
moments, kinematics and stresses of tissues in and
around the knee joint, which play a role in OA onset
or progression

The physiological mechanical stress on the surface
of chondrocytes, that is converted into intracellular
chemical signals via mechano-transduction

A category of disease models, such as OA, that apply
mechanical principles (including invasive and
non-invasive induction methods) to a living
organism by imposing altered joint loading or
mechanical instability directly to the joints to
recreate the mechanical conditions contributing to
OA development

One of the commonest OA clinical phenotypes
caused by altered joint mechanics. Herein, it is
separated into ‘primary’ slow- progressive (chronic
overloading) OA which occurs over long-term with
lowlevels of elevated loading or mechanical overuse,
and “secondary” post-traumatic OA after acute high
impact or trauma

Bt bt e ey ol b aa
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Devices

NuVasive™ Helix ACP CoRoent™ Contour

Dimensions Plate: 16 mm long, 24 mm 17 mm long, 14 mm wide, 16 mm long, 15 mm wide,
wide and 2.4 mm thick 6 mm high, 7 lordotic 6 mm high
‘ Screws: diameter of 4.5mm, 14 mm long ‘ ‘
Materials Ti6Al4V PEEK Cobalt chromium | Polyethylene (core)
(end plates)
‘ Elastic modulus (MPa) 114.000 ‘ 3400 ‘ 210,000 800
‘ Poisson Ratio 035 ‘ 04 ‘ 03 03

PEEK, polyether-ether-ketone.
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Single-level drilling

Vertebra Free-hand (Seconds) Template (seconds) Duration improvement (%)
c3 315 56 82
[ 165 63 62
cs 163 9 70
C6 154 59 62
7 118 53 55
Average 183 56 69

Multi-level drilling

Free-hand (Seconds) Template (seconds) Duration improvement (%)
c 240 61 75
cs 202 58 7
3 182 50 73

Average 208 56 73
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Design Unit Node
30" Angle 150"BDSF 571492 833854
‘ 30" Angle 165-BDSF 564758 825,790
‘ 30" Angle 3CCS 547,219 7,98,302
‘> 30" Angle 4CCS 622,944 9,13219
‘ 70" Angle 150°-BDSF 564,264 822,172
70" Angle 165-BDSF 575,359 841852
‘ 70" Angle 3CCS 559423 816013
‘ 70" Angle 4CCS 631475 9,26,498
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Template

Error variable

p-value

Single-level versus free-hand Entry point (mm) <0001*
Angle in axial plane (degree) <0001
Angle in sagittal plane (degree) 0.008*
3D angle (degree) <0001*
Multi-level versus free-hand Entry point (mm) <0001
Angle in axial plane (degree) <0001*
Angle in sagittal plane (degree) | <0.001%
3D angle (degree) <0001%
Single-level versus multi-level Entry point (mm) 0,048
Angle in axial plane (degree) 0053
Angle in sagittal plane (degree) 0850
i 3D angle (degree) o
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Materials

Young's modulus (MPa) P

Cortical bone 168000
Cancellous bone 840.0 03
Head of femur 900.0 0.29
Collum femoris 620.0 0.29
‘Titanium alloy 1 110000.0 03
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Error of entry Error of angle in axial of angle in sagittal of 3D angle

point (mm) plane (degree) plane (degree) (degree)
Free-hand RMSE 354 1871 10.10 2050
(single-level) T
Mean + standard 302£153 172757 801 %632 1919 £ 740
deviation
Template RMSE 043 590 455 689
(single-level)
Mean + standard 029 +033 487 +341 3524294 638 +2.67
deviation
Free-hand RMSE 602 20,60 2249 27.28
(multi-level)
Mean + standard 570 +2.04 19.89 £ 5.61 2008 £ 10.56 2707 £ 351
deviation
Template RMSE 097 354 635 553
(multi-level) :
Mean + standard 076 % 0.63 2774231 446 £ 472 453331

deviation
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Pearson correlation coefficient Bone morphology Bone mechanical properties

CtAr CtTh EcPm PsPm Maxforce Stiffness Elastic modulus

 Proximal femur

i Von Mises stress ~0.158 ~0.545 -0.453 | ~0.113 0.084 -0.134 | -0.362 | -0.209
Max principal strain -0.298 -0.203 ~0.195 -0.014 0.058 -0.215 -0.251 -0.192
Strain energy density 0471 | 0.63 1 0.591 [ 0.559 0.437 0.518 770.498 I 0.439
Min Safety factor ~0.183 -0.032 -0.05 0.011 0.013 0.173 0.131 0.151
Midshaft femur
Von Mises stress -0.116 -0.547 -0.614 -0.561 0512 -0.486 ~0.680% -0.733*
Max principal strain -0.194 [ -0.394 -0.436 -0.323 -0.226 -0.631 -0.706* -0.745*
Strain energy density -0.185 [ -0.465 -0.554 ~0.505 -0.403 ~0.485 -0.727* -0.761*
Min Safety factor 0.185 0.575 0.669* 0.715* 0.695* 0.456 0.703* 0.765**

Distal femur
Von Mises stress -0.549 -0.652* | -0.653* -0.521 -0.304 -0.700* | -0.875** ~0.782*
Max principal strain -0.132 ~0.424 ~0.349 ~0.437 -0.251 ~0.144 -0456 -0.346
Strain energy density -0.331 -0.376 -0.39 0491 -0.34 -0.577 ~0.740% -0.728*
Min Safety factor 0.629 0.822* 0.809 0.677* 0.477 0.688* 0.886* 0.767* |

ant difference: *p < 0.05, **p < 0.01.
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Max Force (N)

mean (SD)* 056 +0.02 049 002 065 + 002 049 +0.01 0.68 +0.02 073 £ 002 <0.001°*
median® 056 050 065 049 073 0.69 <0.001°*
QR 054-057 0.48-0.51 0.64-0.67 0.49-0.50 072-075 067-069
Stiffness (N/mm)
mean (SD)* 049 0,02 043 £ 001 0.58 +0.02 042 £ 001 0,61 +001 067 £ 0.01 <0.001°*
median® 050 043 060 042 0.6 0.61 <0.001°*
QR 048-0.50 0.42-044 0.56-0.60 042-0.43 0.65-0.68 060-062
"ANOVA.

bKruskal-Wallis test. *p < 0.05, **p < 0.01.
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ung's modulus (MPa) Poisson's ratio

Cortical bone 12,000 029 -
Cancellous bone 0 o =
Endplate 500 0.40 -
Annulus fibrosus s 040 -
Nucleus pulposus 10 0.499 -
Facet joint cartilage 0 040 -
Anterior longitudinal ligaments (ALL) 30 03 60
Posterior longitudinal ligaments (PLL) 20 03 53
Capsular ligament (CL) ) 03 166
| Ligamentum flavum (LF) 15 03 501
Interspinous ligament (ISL) 15 03 131
Supraspinous ligament (SSL) 15 03 5
Cobalt-chromium-molybdenum alloy (Co-Cr-Mo) | 210000 032 -
Titanium alloy (Ti6Al4V) 116000 035 -
Ultra-high molecular weight polyethylene (UHMWPE) | 3,000 049 -
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Name of the material Elastic modulus (MPa) Poisson ratio

Cortical bone 10,000 030
Cancellous bone 840 029
Steel wire 100,000 029
Kirschner wire 200,000 030
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bles Number of studies

Anatomical characteristics of the foot Arch morphology 5
| Inversion and eversion of the foot 4

Metatarsal morphology Metatarsal length 2

Metatarsal angles 4

Sports related Sports type Soccer | 17

Long-distance running | 10

Recruit training 4

| Exercise intensity and Step rate 15

Sports fields and sports equipment 3

| Other fctors (Age, Gender) 7
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References Study Study Prognostic factor Outcome Study Statistical

participation attrition measurement measurement confounding analyses and
reporting
Fujitaka et al. (2020) M L M H M

Hotfiel et al. (2020) [ H [ L M M L M

Ly et al. (2020) L L [ M I M L M

Karnovsky et al. | M | L M H H M
(2019)

Miyamori et al. M H M M L M
(2019)

Miller et al. (2019) M L L M L M

Kizaki et al. (2019) M L M M L M

Saita et al. (2018) M M M M H M

Taylor et al. (2018) M L M M M M

 Azevedo et al. (2017) H i M M M M

Sun et al. (2017) M L M M H M
Matsuda et al. (2017) H H H M M M

Carletal. Qo) | L M M M L M

Ekstrand and Van M H M M M M
Dijk (2013)
Ekstrand and M H M M L M

Torstveit((2012)

Lee et al. (2011) M L M M L M
Hetsroni et al. (2010) M M M H M
O'Malley et al. (2016) M L M M M M

Dixon et al. (2019) M M M H M M

Rice et al. (2019) M M M M H M

| Pihlajamiki et al. M I L M L L M
(2019)
Shaffer et al. (2006) M M i M L M

Kliethermes et al. M H H H H M

(2021)
Bergstra et al. (2015) [ M [ L [ H M M
Wellenkotter et al. M | L | M L
(2014)
Tenforde etal. (013) | H H M M M M
Bischof et al. (2010) M L H H M M
Stolwijk et al. (2010) [ M H H M M M
Nagel et al. (2008) M M M M M M
Weist et al. (2004) M M H M M M
Bennell et al. (1996) M L | M M L M
Sullvan et o, (1984) | M | L [ M M L M

Abbreviations: H = high risk of bias; L = low risk of bias; M = medium risk of bias.
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Database

PubMed

Search terms

((“Running” [Mesh] OR “Long-distance runn*" [tiab] OR “Marathon running” [Mesh] OR “Marathon runn*” [tiab] OR
“Soccer” [Mesh] OR “Basketball” [Mesh] OR “Volleyball” [Mesh] OR “Jumping” [Mesh] OR “Jump*” [tiab] OR “High-impact
exercise” [Mesh] OR “High-impact exercise” [tiab] OR “Aerobic exercise” [Mesh] OR “Aerobic exercise” [tiab] OR “Repetitive
Exercise” [Mesh] OR “Repetitive Exercise” [tiab] OR “Repetitive Movement” [Mesh] OR “Repetitive Movement” [tiab])) AND

((“Metatarsal Bones” [Mesh] OR “Metatarsal Fractures” [Mesh] OR “Metatarsal Fractures” [tiab] OR “Metatarsal Stress
Fractures” [tiab] OR “Stress Fractures”[Mesh] OR “Stress Fracture”[tiab] OR “March Fracture” [tiab] OR “Jones Fracture"
[tiab])) AND ((“Risk Factors” [Mesh] OR “determinant” [tiab] OR “determinants” [tiab] OR “risk” [tiab] OR “risks” [tiab] OR
“etiology” [tiab] OR “Risk” [Mesh:NoExp] OR “etiology” [sh:NoExp] OR Etiology/Narrow [filter])) AND (“Cohort Studies”

[Mesh] OR “Case-Control Studies” [Mesh] OR “Cross-Sectional Studies” [Mesh] OR “Longitudinal Studies” [Mesh])

Filters

Humans, English,
1984-2024
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Phase Pos X-axis XY plane

LR A2 ~0.152 ~0.152 ~0.057 0215 0222
B2 ~0.75 ~0.146 0054 0228 0234
) ~0.162 -0.138 ~0.047 0213 0218
D2 ~0.167 ~0.148 0053 0223 0229

Mst A2 ~0.503 ~0502 ~0.184 0711 0734
B2 0572 ~0476 -0.168 0744 0763
c 0554 ~0472 -0.168 0728 0747
D2 0559 ~0.496 0177 0747 0768

TSt A2 | osn 0569 -0.208 0805 0832
B2 0649 ~0540 0190 0844 0865
c 0627 ~0534 0190 0824 0845
D2 ~0.634 0563 0202 0848 0872

Abbreviation Explanations: LR, Load response, MSt- Mid Stance phase. TSt- Terminal Stance.
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Significance OSAG-PDW-FSE- OSAG-PDW-FSE-

CLOSE OPEN
sp* Estimate of the variance component due to patients 4768 3978
s Estimate of the variance component due to the joint within patients 1857 2824
s Estimate of the variance component due to slice within the joint within patients | 4.657 4766
So* Estimate of the variance component due to observers i 1552
se? Estimate of the variance component due to sampling errors 1658 0852
icc Intraclass correlation coefficient 0788 0828

ASM, angular second moment; HC, healthy control; LPM, lateral pterygoid muscle; TA, texture analysis; MRI, magnetic resonance imaging; OSAG-PDW-FSE-CLOSE, oblique sagittal proton
density-weighted fast spin-echo close; OSAG-PDW-FSE-OPEN, oblique sagittal proton density-weighted fast spin-echo open.
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Phase Position Von mises stress Principal stress Shear stress

X-axis Y-axis Z-axis XY plane Yz plane XZ plane

LR Al 0036 ~0.00515 0.004676 -0.03314 0.006814 0.000232 0.000697
A2 0.088 ~0.00857 0.008147 ~0.08486 0.010882 0.001616 0.001215
Bl 0038 ~0.00507 0005289 ~0.03347 0.008713 0.00114 0.001143
B2 0118 | oooas 0.006217 Somez | 000075 0.001541 0.000773
c1 0018 -0.0027 0.003148 ~0.01604 0.003277 0.000223 0.000671
(o] 0.048 ~0.00621 0.007443 -0.04507 0.00482 0.000738 0.001234
D1 0.008 ~0.00101 0.00101 -0.0073 0.00157 0.0002 0.000201
D2 0035 -.00523 0.00585 -0.031 0.007104 0.000207 0.000416
Mst Al 0341 ~0.05106 0046333 -032835 0.067518 0.002297 0.006912
A2 1,035 | ~0.09761 0092787 -0.96648 | 0123944 0.018404 0013841
Bl 0363 -0.05116 0053384 -033781 0.08794 0.011509 0011541
B2 1349 -0.05114 0074246 -139266 0.009016 0.018408 0.00923
c1 0171 [ -0.02793 0032528 ~0.16576 [ 0033858 0.002304 0.006932
2 0429 ~0.05811 0.0696 -042152 | 0.045077 0.006902 0011536
D1 0.085 ~0.01157 0011549 -0.0835 0.017952 0.002291 0.002297
D2 0380 -0.05812 0.064976 -034436 0.078903 0.002301 0.004616
TSt Al 0376 ~0.05382 0048836 -0.34609 0.071165 0.002422 0.007285
A2 1.140 [ -0.11102 0105535 -1.09926 | 0140972 0.020932 0015743
Bl 0.400 ~0.05335 0.055675 -0.3523 0.091713 0.012003 0.012036
B2 1485 | -0.05389 0078242 ~1.46762 [ 0.009501 0.019399 0.009726
c 0.188 -0.02823 0032878 -0.16755 0.034222 0.002329 0.007006
2 0472 [ -0.0611 0073187 -0.44324 [ 0.0474 0.007258 0.01213
D1 0.094 -0.01189 0011865 -0.08578 0.018443 0.002353 0.00236
D2 0418 [ -0.06249 0.069866 -037027 | 0.084842 0.002475 0.004963

Abbreviation Explanations: LR, Load response, MSt- Mid Stance phase. TSt- Terminal Stance.
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Tisst Element type odulus E (MPa) Poisson’s ratio
Cortical Bone 3D-tetrahedra 7,300 03
Cancellous Bone 3D-tetrahedra 100 03
Cartilage 3D-tetrahedra i 04
Ligament Tension-only truss 260 03
Fascia Tension-only truss 350 049
Ground 3D-tetrahedra 100,000 03
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Test stage Sample Sample Sample Plunger Side artifact
diameter (mm) length (mm) size (n) diameter (mm) contribution

2 20 30 12 16 Minimal

3 16 30 12 16 Medium
4 16 15 24 12 Minimal
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Ligaments Insertion Relevant osseous landmarks Distances from relevant osseous landmarks

References Present FE
data measurement predicted

ATEL Fibular footprint Inferior tip of lateral malleolus 138 (123-153) 142 145
Talus footprint Apex of lateral talar process 17.8 (16.3-19.3) 169 | 165

CFL Fibular footprint Inferior tip of lateral malleolus 53 (42-65) 60 62
Calcaneus footprint Posterior point of peroneal tubercle 163 (145-18.1) 148 142

PTEL Fibular footprint Inferior tip of lateral malleolus 48 (37-59) 62 57
Talus footprint Talar posterolateral tubercle 132 (115-149) 154 143

TNL Tibia footprint ‘The distal center of the interfollicular groove 16.1 (147-17.7) ) 153 149
Navicular footprint ‘Tuberosity of the navicular 97 (8.4-11) 1 104
TSL Tibia footprint ‘The distal center of the interfollicular groove 13.1 (111-15.1) 12 114
Theinserton | OFthe spring ligaments posteroanterior [ 35% [ 37% | 38%

footprint distance

TCL Tibia footprint ‘The distal center of the interfollicular groove 6(43-7.7) 58 53
I Calcaneus footprint [ Posterior point of the sustenaculum tali I 8(7-9) [ 74 I 7.0
ATTL Tibia footprint ‘The distal center of the interfollicular groove 111 (96-126) 120 15
Talus footprint ‘The anteromedial corner of the trochlea 122 (111-13.4) 130 | 123

dPTTL Tibia footprint ‘The distal center of the interfollicular groove 7.6 (67-85) 7.0 68
‘Talus footprint Posteromedial talar tubercle 178 (163-19.3) 127 123

SPTTL Tibia footprint ‘The distal center of the interfollicular groove 35 (3.0-40) 39 4

Talus footprint Posteromedial talar tubercle 104 (8.9-11.9) 95 92
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Component Material types Young's Poisson's ratio References

modulus (MPa)

Bulk soft tissue Tetrahedra Linearly elastic 015 045 Cheung and Zhang (2005)
Bone Tetrahedra Linearly elastic 7300 03 | Nakamura etal (1981)
Cartilage Tetrahedra Linearly elastic 45 042 Dakin et al. (2001)
AnkeLigiments  ATFL  Tetrahedra Linearly elastic 2555 04 | Siegler eta. (1988), Li etal. (2020)

CEL Tetrshedra | Linearly elastic | 512 04
PIFL  Tetrahedra Linearly elastic 2165 04
ATHL  Temheda | Lincarly dlastic 260 04
PLEL  Tetrahedra Linearly elastic 260 04
L Tethedra | Lineary elastic 3207 04
SL Tetwhedra | Linearly elastic 1845 04
crL Tetrahedra Linearly elastic s12 04
ATIL  Tetrahedra Lineary clstic 1845 04
WITL  Temhedn | Lincarly clastc 95 04
APTTL  Tetrahedra Linearly elastic 95 04

Plantar fascia Tension- only truss | Linearly elastic 350 035 Cheung and Zhang (2005)

Other ligaments Tension- only truss | Linearly elastic 260 035 | Yuetal. (2013)
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Different conditions ROM Disc stress

in FE
Preoperation Postoperation Growth Preoperation Postoperation Growth
rate (%) rate (%)
Flexion 369 %033 405 035 9.93 138 £ 0.12 147 £0.14 625
Extension 4.57 £ 041 5.08 + 0.45 11.38 247 £020 270 £0.23 9351
Left bending 338£ 029 ‘ 347 £ 0.30 266 160 £ 0.13 163 £0.14 187 ‘
Right bending 288 + 025 ‘ 296 +0.26 278 144 £ 012 146 £ 0.13 138 ‘
Left rotation | ameom ‘ wosom 587 © 10zo vison 778 ‘
Right rotation 277 £ 024 293 £0.25 5.85 127 £ 0.09 1.37 £ 0.10 7.88 ‘

Note.-Six patients were recruited, and the ROM, and disc stress values are described as mean + standard deviation. All the ROM, values are less than 10°. Compared with the preoperative values,
the growth rate of ROM, and disc stress range from 2.66% to 11.38%, and 1.38%-9.51%, respectively. The results indicate the stability of the affected segment after the Cross-Overtop operation.
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Conditions in FE Virtual lumbar (M0) Endo-ULBD (M1) Endo-LOVE (M2) Cross-overtop (M3)

ROM Disc stress ROM Disc stress ROM Disc stress ROM Disc stress

Flexion Value 521 £ 0.06 1.83 531 £0.07 198 559 + 007 1.99 558 + 007 198
Growth rate — — 2.05% 820% 7.43% 8.74% 7.20% 8.20%

Extension Value 298 £ 0.04 1.83 321 £0.04 206 333 £005 200 324 £ 004 207
Growth rate — [ — 7.54% 1257% 11.56% 9.29% 8.55% 13.11%

Left bending Value 357 £ 003 133 358 £ 0.05 133 360 + 005 134 358 + 006 134
Growth rate — [ — 0.19% 0.00% 0.89% 0.75% 0.33% 075%

7 Right bending Value 353 £ 004 209 354 £0.04 211 355 + 006 211 356 + 005 212
Growth rate — — 0.10% 0.96% 0.38% 0.96% 071% 1.44%

Left rotation Value 3.60 + 0.04 142 362 +0.04 143 374 £ 005 145 373 £ 005 144
Growth rate — [ - 051% 0.70% 3.80% 211% 3.66% 1.41%

Right rotation Value 395 + 005 146 432 £0.07 169 432 £ 006 169 412 £ 0.06 159
Growth rate — [ — 9.36% 15.75% 9.36% 15.75% 4.13% 8.90%

Note.-The growth rate of ROM, and disc stress were calculated as (postoperative mean value - preoperative mean value)/preoperative mean value x 100%. ROM, value is described as mean +
standard deviation, with the unitas a degree. The maximum von Mises stress value (MPa) is generated automatically via Ansys system software without manual measurement, describing it in
simple value instead of statistical calculation. Compared with Mo, the growth rate of the observed biomechanical parameters of less than 20% and the ROM, value of less than 10"are regarded as
i atalils Biorvinchmicnl sbube 1 tiod iitascel san it
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Operating conditions in FE Present research Rustenburg

Flexion 5.21 £ 0.06 548 + 088 292+ 186 540 £ 034
Extension 298 +0.04 279 + 042 292 +186 339 £ 0.80
Left bending 3.57 £ 0.03 445 £ 101 257 £ 169 434 £ 0.61
Right bending 3.53 £ 0.04 445 £ 101 257 + 169 434 £ 0.61
Left rotation 3.60 £ 0.04 380 £ 099 329 +243  axsoss
Right rotation 3.95 £ 0.05 380 £ 099 329 +243 437 £ 056

Note.-The table presents the ROM, values in the standard FE, model (M0) and the comparison with the previous experimental data, which indicates the overall consistency between the present
study values and previous research results and guarantees the objectivity and accuracy of the subsequent experimental rescarch. The present study values are consistent with Shim’s study and
hioe: ootk Seailesiy wath: Rostebirds and B reswch:
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Items Poisson ratio
Cortical bone [9] 12,000 03
Cancellous bone [9] 100 02
Endplate [9] b2 04
Annulus fibrosis [11] 42 045
Nucleus pulposus [11] 1 | 0499
Anterior longitudinal ligament [9] 20 03
Posterior longitudinal ligament [9] 70 03
7 Ligamentum flavum [9] ) 50 03
Interspinous ligament (9] 28 03
Supraspinous ligament [9] 28 | 03
Intertransverse ligament 9] 50 03
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