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Background: For decades, medial and lateral wall fragments of trochanteric hip fractures were considered two pivotal factors that could influence the stability of postoperative femur-implant complex. However, most studies seemed to misunderstand the concept of the posteromedial fragment and equated it with the medial wall, which overlooked vital roles of the anteromedial wall. Roles of the posterior coronal bone fragment were also highlighted in some research. However, influences of the bone walls above the trochanteric fracture instability are yet to be investigated and quantified by means of finite element analysis.
Methods: Eight trochanteric fracture fixation models with different wall defects were constructed. Outcome indicators were the von Mises stress of the implant models, the maximum/minimum principal strain, the risky tensile/compressive volume and the volume ratios of the bone models, the femoral head vertex displacement, and the fracture surface gap. Based on these indicator values, the relative instability ratios were computed.
Results: Outcome indicators, absolute values, and nephograms of all models showed the same upward and concentrating trends with exerted hip contact loads shifting from static walking to dynamic climbing. Similarly, these indicators also exhibited the same trends when the eight models were solved in sequence. Moreover, the relative instability ratio of the medial wall (100%), particularly the anteromedial part (78.7%), was higher than the figure for the lateral wall (36.6%).
Conclusion: The anteromedial wall played relatively pivotal stabilizing roles in trochanteric hip fractures compared with the posteromedial wall and the lateral wall, which indicated that orthopedic surgeons should attach more importance to the anteromedial cortex support in an operating theatre.
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1 INTRODUCTION
Trochanteric hip fractures, accounting for a significant proportion of hip fractures, are not always caused by a single fracture line occurring within the intertrochanteric zone defined by the latest 2018 revision of the Arbeitsgemeinschaft fur Osteosynthesefragen (AO/OTA) classification system (Bhandari and Swiontkowski, 2017; Meinberg et al., 2018). On the contrary, there are clinically far more fracture lines than single ones that spilt up the intertrochanteric region into more fragments, which more often than not augment the instability of the trochanteric fractures (Zhang et al., 2020). Moreover, up to 50%–60% of the trochanteric fractures are classified as unstable (Wu et al., 2019), and the condition will directly determine surgical treatments and intramedullary or extramedullary fixation. According to a consensus reached by recent research and proposed as the guideline by the AO/OTA classification (2018), intramedullary fixation systems [e.g., the proximal femoral nail anti-rotation (PFNA, Depuy Synthes, United States), the Gamma nail 3 (Stryker, Mahwah, New Jersey), and the intertrochanteric antegrade nail (InterTAN, Smith & Nephew, Memphis, Tennessee)] are recommended as primary protocols for unstable fractures to minimize potential complications (Müller et al., 1990; Zhang et al., 2013; Meinberg et al., 2018; Fu et al., 2020; Lee et al., 2020; Yapici et al., 2020).
With the rapid development of and innovation for surgical instruments, ideas, procedures, and patient-centered care, surgeons can now rigorously formulate individual treatment and try their utmost to diminish unstable elements for better prognoses of their patients. Simultaneously, that mandates orthopedic clinicians ascertain every subtle risk factor initially and pay more attention to them over the whole therapeutic course. Obviously, according to the 1990 and 2018 guidelines in the AO/OTA classifications, two vital factors have been designated: the posteromedial fragment with its extension downwards and the lateral wall fragment with its thickness < 20.5 mm (Müller et al., 1990; Meinberg et al., 2018). However, none of these were surgically highlighted nor fixed in many trochanteric fractures with the use of intramedullary fixation (Liu et al., 2015; Puram et al., 2017; Wu and Tang, 2019; Chang et al., 2022; Yang et al., 2022), from which some researchers concluded that the medial walls were of minor importance in the fracture stability.
But there were also some studies arguing that it was a misunderstanding to simply equate the posteromedial wall and the medial wall. They also demonstrated that it was the anteromedial wall that played a pivotal function and hence anatomically divided the medial wall into the anteromedial wall and the posteromedial wall (Chang et al., 2018; Chen et al., 2020; Zhang et al., 2020; Shao et al., 2021). Moreover, roles of the posterior coronal fragments have also attracted more investigations recently. However, controversy arose about which were the more significant unstable elements between the medial wall and the lateral wall and between the anteromedial wall and the posteromedial wall with or without intramedullary fixation (Müller et al., 1990; Nie et al., 2017; Chang et al., 2018; Meinberg et al., 2018; Chang et al., 2020; Chen et al., 2020).
Although the AO/OTA (2018) highlighted the lateral wall thickness and put it as a standard to evaluate whether a trochanteric fracture was stable, some researchers remained skeptical about the significance level of the lateral wall (Nie et al., 2017; Wu and Tang, 2019; Chang et al., 2022). With the prevalence of the intramedullary fixation used for unstable trochanteric fractures, which was also recommended by the AO/OTA (2018), Chang et al. (2022) put forward a conception of a “metal lateral wall”. This meant the intramedullary nail could take over most roles of the actual lateral wall, even if the lateral wall broke during or after the operation. Moreover, some researchers still further demonstrated that it was the anteromedial wall and not the posteromedial wall that played the pivotal stabilizing role (Nie et al., 2017; Chen et al., 2020; Zhang et al., 2020).
Therefore, in this study, influences of the bone walls on trochanteric fracture instability were explored and quantified with contribution ratios by means of the finite element analysis.
2 METHODS AND MATERIALS
Two patients’ (a 73-year-old man: 174 cm, 70 kg, 23.12 kg/m2 and a 72-year-old woman: 170 cm, 70 kg, 24.22 kg/m2) historical computed tomography (CT) images (slice thickness, 1.0 mm) of bilateral femurs were gathered from a data archive of the Fifth People’s Hospital of Shanghai. Both patients had the same dual-energy x-ray absorptiometry (DEXA) test value with T-Score = −2.0 and were in a healthy state without fracture histories.
2.1 The fracture models
The gathered data of CT images were input to Mimics Research 21.0 (Materialise N.V., Leuven, Belgium) to construct three-dimensional femur models, including two left femur models and two right femur models. Next, the constructed entire femur models were imported into 3-Matic Research 13.0 (Materialise N.V., Leuven, Belgium) to further establish trochanteric fracture models.
With this software, the corresponding eight distinct models were constructed according to the three-dimensional mapping of trochanteric fracture lines, as shown in Figures 1A, B (Li et al., 2019; Zhang et al., 2020). The basic fracture line was set as an irregular curve. The lateral wall area and the corresponding defect were also referred to the definition of Haq et al. (2014), while the medial wall area and the corresponding defect were set as the region within 2 cm above and below the lesser trochanter, which was an important zone when testing stress with its deep dense calcar femoral (Kuzyk et al., 2012; Chang et al., 2020; Lee et al., 2020). Moreover, based on the fundamental fracture model, the defect depth of both the medial wall and the lateral wall were set as half of the distance between their respective cortex to the femoral shaft axis. Then the medial wall and the lateral wall were cut by the projection line of the femoral shaft axis into the anterior medial (AM) wall and the posterior medial (PM) wall, and the anterior lateral (AL) wall and the original posterior lateral (PL) wall, respectively, as displayed in Figure 1D–H. However, the upper region of the original PL wall defect model was more involved in realistic trochanteric fracture fragments (Li et al., 2019). Therefore, the region was also removed to establish the current PL wall defect model, as shown in Figure 1I. In addition, the posterior coronal bone (PML) defect model was constructed by cutting the PM wall and the PL wall as well as the rest of the posterior bone between them, as exhibited in Figure 1C.
[image: Figure 1]FIGURE 1 | The diagram exhibited the constructed eight fracture models based on one left femur (also the following figures). (A,B) indicated different perspectives of the basic fracture model. (C–I) indicated the posterior coronal bone defect model, the medial, the anteromedial, the posteromedial, the lateral, the anterolateral, and the posterolateral wall defect model, respectively.
2.2 The PFNA models
Dimensions of an intramedullary fixation kit of titanium alloy, PFNA (length: 200 mm and an angle: 125°), including an intramedullary (IM) nail, a helical blade, and a locking screw, were obtained from the manufacturer (Depuy Synthes, United States), as shown in Figure 2C. Then the primary file was also input to 3-Matic software to reach the element congruity of the implants with the counterpart of the fracture models before their final assembly.
[image: Figure 2]FIGURE 2 | The load, boundary conditions, and the PFNA model were exhibited. (A) showed the load surface, on which the static walking and climbing hip loads were exerted. (B) showed the static load site and direction and the FE model fixed site. (C) showed the PFNA model.
2.3 The fracture fixation and finite element models
With 3-Matic software, the revised PFNA model and each fracture model were then implemented into the assembly in accordance with clinical standards. To maintain the intra-group consistency of the implant positions, in each model the IM nail was identically located in the intermediate region inside the femoral canal while the helical blade was anchored in the intermediate-inferior region within the femoral head. This was a critical procedure that ensured that the tip-apex distance (TAD) of each model was 15 mm. After the establishment of every fracture fixation model, holistic volume elements were remeshed and modified; the final mesh quality check of all models met the software-provided criterion about the homogeneous property of all volume elements of each model.
For each model, the material assignment was exercised in Mimics software, in which mapping approaches of CT-Hounsfield unites and grey values were used to convert the matched voxels into the bone density (ρ) and the elastic modulus (E) of the corresponding volume mesh (Morgan et al., 2003; Taddei et al., 2007). Formulae in the guidebook of Mimics about the bone material assignments were as follows: ρ = 131 + 1.067 HU (kg/m3); E = −331 + 4.56 ρ (MPa). Moreover, the Poisson’s ratio of the bone was set as 0.3, and the Poisson’s ratio and the elastic modulus of the implants of titanium alloy were set as 0.35 and 105,000 MPa, respectively (Goffin et al., 2013).
Each material-assigned model in 3-Matic software was then discretized into ten-node tetrahedral elements of the solid-185 volume. All materials were presumed to be homogeneous, linearly elastic, and isotropic (Hawks et al., 2013). Using standard deviation caused from repeating all steps, including manual adjustments of the surface/volume mesh, of each FE model three times, mean element numbers of the implant model and the eight fracture fixation models were 46,094 ± 805, 167,430 ± 3,104 (the basic fracture), 143,340 ± 2,340 (the M wall defect), 143,986 ± 2,315 (the AM wall defect), 145,434 ± 2,214 (the PM), 145,286 ± 2,615 (the L), 150,920 ± 2,235 (the AL), 146,404 ± 2,803 (the PL), and 143,452 ± 2,185 (the PML).
Next, all disposed finite element (FE) models were imported to ANASYS Workbench (ANSYS Inc., version 2021 R1) to proceed with further simulation.
2.4 Friction, loading, and boundary conditions
Contact interaction between every part of each FE model were set to be frictional in order to approach the reality, and the surface friction coefficients between the bone-bone, the bone-implant, and the implant-implant were set as 0.46, 0.42, and 0.2, respectively (Hsu et al., 2007; Eberle et al., 2010; Lee et al., 2016). The loading conditions were adopted with two kinds of common cycle gaits, namely walking and climbing stairs, and under each of them, static and dynamic hip contact loads were simulated and exerted on the head load contact surfaces of all FE models, as exhibited in Figure 2A. The static hip contact loads in normal walking and climbing cycle gaits were set as follows as to a person weighing 70 kg (Heller et al., 2005; Taheri et al., 2011; Ramos et al., 2016; Cun et al., 2020): the hip joint contact load in the walking gait [(x,y,z) = (647, 236, −1,351)] and in the climbing gait [(x,y,z) = (711, 436, −1,393)], which were 2 times and 2.1 times body weight, respectively. Meanwhile, the dynamic hip contact loads in the two cycle gaits were adopted with curves, as shown in Figure 3 (Chalernpon et al., 2015; Zeng et al., 2020; Jiang et al., 2022). Furthermore, the distal end of the FE model was fully constrained both in translation and rotation as the boundary condition in all models, as displayed in Figure 2B (Heller et al., 2001; Heller et al., 2005).
[image: Figure 3]FIGURE 3 | The load curves of dynamic walking and climbing stairs cycle gaits.
Simultaneously, the mesh convergence was tested in ANSYS to evaluate the validity and veracity of each FE model. Additionally, each model had been constructed and simulated three times in order to reduce errors as much as possible. After the solution of each model, outcome indicators were set as follows: von Mises stress (VMS) of the implant models, including the IM nail and the helical blade; maximum/minimum principal strain, tensile/compressive volume, and volume ratios of the bone models; and the displacement distance of the FE model head vertex toward the distal femur and the fracture surface gap of each FE model. These were then determined and analyzed.
2.5 The relative instability ratios
Owing to little previous study or guidelines on how to measure the stability of the trochanteric fracture-implant complex, a novel concept, namely relative instability, was put forward to indirectly assess the significance of each trochanteric fracture wall defect. However, a substantial amount of research concluded that, although no linear relation between these indicator absolute values mentioned above and instability of the corresponding models was inferred, the FE model indeed went toward a yielding failure with the local indicator values gradually increasing (Goffin et al., 2013; Lee et al., 2016; Nie et al., 2020; Lewis et al., 2021; Mohammad et al., 2022). Therefore, for each indicator outcome above all FE models, the highest absolute value was supposed to be relatively the most unstable with a relative instability ratio of 100%, while its opposite pole was relatively stable with 0%. Then the relative instability ratios of the other models were calculated as to where their values stood from the lowest value to the highest value. In the last step, these ratios of each model were statistically analyzed.
3 RESULTS
The outcome indicators of each FE model all showed the same increasing trends in absolute values and/or a gradually concentrating tendency in nephograms with the exerted hip contact loads shifting from the static walking gait to the dynamic climbing stairs gait. Similarly, almost all these indicators also exhibited the same upsending tendencies when the FE models were solved in sequence from the basic fracture line model, the PL wall defect model, the AL, the PM, the L, the PML, the AM, to the M wall defect model.
3.1 The von Mises stress of the implant models
In all cases, the peak VMS values and the nephogram concentrating sites of the IM nail models and the helical blade models showed a common area at the conjunction of each pair of the IM nail and the blade, especially the superior spot of the lateral hole of the IM nail model and the blade model spot contacting the inferior spot of the medial hole of the corresponding IM nail model. Furthermore, the peak VMS value, 220.13 MPa, of all IM nail models occurred in the medial wall defect model under the dynamic climbing hip loads. Simultaneously, the peak value of 458.36 MPa of all helical blade models was also generated in the same model, as shown in Figures 4–6. However, none of these peak values exceeded the yielding stress of 750–900 MPa for the implants of titanium material (Sitthiseripratip et al., 2003; Levadnyi et al., 2017).
[image: Figure 4]FIGURE 4 | The VMS values and nephograms of the IM nails under the dynamic climbing hip load were exhibited. (A–H) indicated the basic fracture line model, the PL wall defect model, the AL, the PM, the L, the PML, the AM, and the M wall defect model, respectively. From images (A–H), the peak value of each IM model gradually increased and the highest one of 220.13 MPa appeared in (H).
[image: Figure 5]FIGURE 5 | The VMS values and nephograms of the blades under the dynamic climbing hip load were exhibited. The order was the same as it was in Figure 4. From images (A–H), the peak value of each blade model gradually increased and the highest one of 458.36 MPa appeared in (H).
[image: Figure 6]FIGURE 6 | The von Mises stress curves of the IM nails (E1) and the helical blades (E2) were exhibited in (A,B), respectively. The head vertex displacement and the surface gaps were exhibited in (C,D), respectively. SW, SC, DW, and DC indicated the static walking, the static climbing, the dynamic walking, and the dynamic climbing, respectively. None indicated the basic fracture model while the others indicated the same as mentioned above.
3.2 The maximum and minimum principal strain of the bone models
The femur bone model elements with the peak maximum (tensile) principal strain above 0.9% and/or the minimum (compressive) principal strain below −0.9% are often interpreted as high-risk locations for the fracture yielding (irreversible deformation) and failure (Kopperdahl and Keaveny, 1998; Panyasantisuk et al., 2016). In addition to the maximum/minimum principal strain, the volumes and the volume ratios of the risky regions were also calculated and analyzed. In the current study, values of the peak maximum principal strain, the risky tensile bone volume, the volume ratio and the peak minimum principal strain, the risky compressive bone volume, and the volume ratio occurred in the medial wall defect model under the dynamic climbing hip loads, which were 22.8%, 46,084 mm3, 17.3% and −19.4%, 50,700 mm3, and 18.8%, respectively. Furthermore, the risky yielding regions were marked as dark grey in the strain distribution nephograms, and the corresponding value trends were exhibited in Figures 7–10. From the facet of the strain distribution nephograms, the risky tensile bone more likely appeared at the fracture surface with extension toward the blade anchorage region while the risky compressive bone was more likely at the blade anchorage region with extension toward the medial and inferior femoral cortex.
[image: Figure 7]FIGURE 7 | The maximum principal strain and nephograms of the proximal fracture models under the dynamic climbing hip contact loads were exhibited. The order was the same as it was in Figure 4. From images (A–H), the peak value of each bone model gradually increased and the highest one of 0.22824 appeared in (H). The elements with the values above the cut-off of 0.009 were marked in dark gray.
[image: Figure 8]FIGURE 8 | The maximum principal strain, the risky tensile bone volume, and the volume ratio curves of the bone models were exhibited in (A–C), respectively.
[image: Figure 9]FIGURE 9 | The minimum principal strain and nephograms of the proximal fracture models under the dynamic climbing hip contact loads were exhibited. The order was the same as it was in Figure 4. From images (A–H), the least value of each bone model gradually decreased and the lowest one of −0.19356 appeared in (H). The elements with the values below the cut-off of −0.009 were marked in dark gray.
[image: Figure 10]FIGURE 10 | The minimum principal strain, the risky compressive bone volume, and the volume ratio curves of the bone models were exhibited in (A–C), respectively.
3.3 The femoral head vertex displacement and the fracture surface gap of the FE models
The femoral head vertex displacement of the FE models toward the distal femur (z-axis) ranged from 4.91 ± 0.25 to 6.59 ± 0.59 mm, while the fracture surface gaps ranged from 0.073 ± 0.006 to 0.478 ± 0.02 mm. The mean values and trends of these indicators were shown in Figures 6C, D.
3.4 Relative instability ratios of bone wall defect models
Owing to the stability of proximal trochanteric fractures being largely contingent on fragments of the femoral head-neck, the femoral shaft and implants, including the IM nail, and the helical blade, the outcome indicators above were all taken into consideration to evaluate the relative instability ratio of each bone wall defect model. According to the trends of all indicators, the relative instability of the basic fracture models was presupposed to be 0%, while the medial wall defect model was presupposed to be 100%. Then the relative instability order and ratios, which were exhibited in Figure 11, were as follows: the basic fracture line model (0%), the PL wall defect model (8.8%), the AL (15.8%), the PM (21.3%), the L (36.6%), the PML (54.6%), the AM (78.7%), and the M wall defect model (100%).
[image: Figure 11]FIGURE 11 | The relative instability ratio of each model concerning the six outcome indicators were exhibited, and the corresponding mean values were shown in the last row.
4 DISCUSSION
According to the three-dimensional mapping of trochanteric fractures lines (Zhang et al., 2020), eight trochanteric fracture models were constructed and simulated in the current study. Contrary to most previous relevant finite elements analysis research, the current study adopted a more realistic irregular curve fracture line and both static and dynamic hip contact loads, which were further divided into walking and climbing gait cycles. The selection of outcome indicators referred to a compelling biomechanics review (Lewis et al., 2021), which suggested that von Mises stress was more appropriate and widely utilized to evaluate the stability of the implant models, while the maximum/minimum principal strain should be used to assess the bone models. Therefore, to take more predictive factors into consideration about the FE model instability, the von Mises stress (i.e., equivalent stress) of each implant model, the maximum/minimum principal strain, tensile/compressive volume and volume ratios of each bone model, the displacement of the femoral head vertex, and the fracture surface gap were calculated and analyzed.
After the holistic analysis, the absolute values of all indicators above presented nearly the same trends. When it came to a single model, all absolute values exhibited upward tendencies when the hip contact loads shifted from static walking, to static climbing, to dynamic walking, to dynamic climbing. As for all eight models, all absolute values also manifested increasing trends when the solution of each model shifted from the basic fracture model, the PL wall defect model, the AL, the PM, the L, the PML, and the AM, to the M wall defect model. What’s more, the peak values frequently showed in the medial wall defect model under the dynamic climbing hip contact load. That is to say, it was explicit that, when compared with the lateral wall, the medial wall played a far more significant stabilizing role. This was also consistent with conclusions of the previous studies that the role of the lateral wall changed extremely to becoming less important after the IM fixation was fully utilized (Zhang et al., 2020; Shao et al., 2021). As for the medial wall, compared with the posteromedial wall, the anteromedial wall played a predominantly stabilizing role, which was also a biomechanical demonstration for the theory of the anteromedial cortex support reduction (Chang et al., 2020; Chen et al., 2020). It indicated that, with the prevalence of the intramedullary fixation, orthopedic surgeons should prioritize the anteromedial wall conditions of trochanteric fractures to begin with and endeavor to restore their cortex support to gain the most stability out of the fracture-fixation structures in an operating theatre.
In addition, the maximum/minimum principal strain nephograms directly showed the increasingly risky yielding regions around the fracture surfaces and the bone sites contacting the blades, which could also be elucidated with the unique force transmission mechanism within the trochanteric fracture fixation structure. During the initial post-operative period before the fracture healing, with the continuous dynamic trade-off of loading and unloading between the bone and the implant, peripheral loads from the hip would be conducted simultaneously through the cortex and the bone-blade-IM nail. Once the cortex discontinued, stress would surge at the sites around the medial cortex defect and eventually cause the sites to yield and even cause secondary fractures. However, with the “metal lateral wall” role of the IM nail, the discontinued lateral cortex site might suffer from little stress soar, which further had few influences on the fracture-fixation construct stability.
As there is no definite consensus on or measurement methods of “instability of the fracture fixation construct,” the relative instability ratio was adopted in the current study to assess the significance priority of each clinical common defect trochanteric wall. The main unstable elements were set as the outcome indicators above, and the relative ratios of the different wall defect models contributing to the instability of the constructs were set as percentages, with the relatively most stable one occurring in the basic fracture line model (0%) and the relatively most unstable one occurring in the medial wall defect model (100%). Noticeably, all relative ratios computed through the outcome indicator absolute values of the rest of the FE models showed the same position in the sequence order, as exhibited in Figure 11. This finding, to some extent, supported the efficacy of the “relative instability ratio” approach, which was put forward in this study, to evaluate the significance level of a fracture model, an implant model, or the assembly model of them. The approach might then facilitate further studies to make a holistic assessment of their designed unique models with more convincing conclusion. Interestingly, the ratios of the AM wall defect model (78.7%) and the PM wall defect model (21.3%) amounted to the ratio of the M wall defect model (100%), which did not occur in the group of the L wall defect model, the AL, nor the PL. We believe this is due to the “metal lateral wall” role of the IM nail which shared the stability and also the ratio.
There were some strengths of the current study. Firstly, to the best of our knowledge, this was the first study that aimed to investigate contribution ratios of the distinct defect walls to trochanteric fracture instability. Secondly, the material assignment methods of combining CT-Hounsfield and gray value allowed every model in the current study to be exactly simulated with the realistic bone mineral quality. Thirdly, an irregular curve fracture line and the dynamic hip contact loads rendered the FE models closer to the real world with more convincing conclusions. However, some limitations of this study should also be mentioned. On the one hand, the assumption that properties of the material were isotropic, homogeneous, and elastic linearly was just a simplification of the reality. The boundary and constraint of all models were quite simplified compared with that of the actual delicate knee joint, while the exerted loads from hip contact resulted in a dent in actual effects of hip muscles. On the other hand, the adjacent structures and soft tissues, as well as subtle interactions between them and femurs, were ignored in the current study, which might lead to slight differences. Finally, because of the intrinsic limitations of FEA-related software in simulating changes of the bone microarchitecture, such as the cancellous bone collapse, and thermal tensions, and deformability restrictions on each element unit, further cadaveric experiments should be performed to draw more accurate conclusion.
5 CONCLUSION
In the current study, it was demonstrated that the medial wall played a more vital role in trochanteric hip fracture stability than the lateral wall. As for the medial wall, it was the anteromedial wall that undertook the pivotal stabilizing responsibility compared with the counterpart of the posteromedial wall, which indicated that orthopedic surgeons should attach great importance to the anteromedial wall and restore its cortex support in an operating theatre.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding authors.
ETHICS STATEMENT
The studies involving human participants were reviewed and approved by the ethics committee of the Fifth’s People’s Hospital of Shanghai, Fudan University. Written informed consent for participation was not required for this study in accordance with the national legislation and the institutional requirements.
AUTHOR CONTRIBUTIONS
S-MC and WM came up with the ideas for the study. A-LY and WM collected the required images and established the finite element models. A-LY performed the literature search and data collection. A-LY and WM performed the first analysis of the results and drafted the article. S-MC and Y-HD critically revised and commented on previous versions of the manuscript. All authors read and approved the final manuscript.
FUNDING
The study was supported by the National Natural Science Foundation of China (No. 81772323) and the Project of the Shanghai Municipal Health Commission (No. 20214Y0317).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
ABBREVIATIONS
AO/OTA, Arbeitsgemeinschaft fur Osteosynthesefragen classification; PFNA, proximal femoral nail anti-rotation; InterTAN, intertrochanteric antegrade nail; CT, computed tomography; DEXA, dual-energy x-ray absorptiometry; AM, anterior medial wall; PM, posterior medial wall; AL, anterior lateral wall; PL, posterior lateral wall; PML, posterior coronal bone defect model; IM, intramedullary nail; TAD, tip-apex distance; FE, finite element models; VMS, von Mises stress.
REFERENCES
 Bhandari, M., and Swiontkowski, M. (2017). Management of acute hip fracture. N. Engl. J. Med. 377 (21), 2053–2062. doi:10.1056/NEJMcp1611090
 Chalernpon, K., Aroonjarattham, P., and Aroonjarattham, K. (2015). Static and dynamic load on hip contact of hip prosthesis and Thai femoral bones. World Acad. Sci. Eng. Technol. Int. J. Mech. Mechatronics Eng. 2, 251–255. doi:10.5281/zenodo.1099670
 Chang, S., Hu, S., Du, S., Wang, Z., Tian, K., Sun, G., et al. (2022). [Proposal of a novel comprehensive classification for femoral intertrochanteric fractures]. Zhongguo Xiu Fu Chong Jian Wai Ke Za Zhi 36 (9), 1056–1063. doi:10.7507/1002-1892.202204080
 Chang, S. M., Hou, Z. Y., Hu, S. J., and Du, S. C. (2020). Intertrochanteric femur fracture treatment in asia: What we know and what the world can learn. Orthop. Clin. North Am. 51 (2), 189–205. doi:10.1016/j.ocl.2019.11.011
 Chang, S. M., Zhang, Y. Q., Du, S. C., Ma, Z., Hu, S. J., Yao, X. Z., et al. (2018). Anteromedial cortical support reduction in unstable pertrochanteric fractures: A comparison of intra-operative fluoroscopy and post-operative three dimensional computerised tomography reconstruction. Int. Orthop. 42 (1), 183–189. doi:10.1007/s00264-017-3623-y
 Chen, S. Y., Chang, S. M., Tuladhar, R., Wei, Z., Xiong, W. F., Hu, S. J., et al. (2020). A new fluoroscopic view for evaluation of anteromedial cortex reduction quality during cephalomedullary nailing for intertrochanteric femur fractures: The 30° oblique tangential projection. BMC Musculoskelet. Disord. 21 (1), 719. doi:10.1186/s12891-020-03668-6
 Cun, Y., Dou, C., Tian, S., Li, M., Zhu, Y., Cheng, X., et al. (2020). Traditional and bionic dynamic hip screw fixation for the treatment of intertrochanteric fracture: A finite element analysis. Int. Orthop. 44 (3), 551–559. doi:10.1007/s00264-019-04478-9
 Eberle, S., Gerber, C., von Oldenburg, G., Högel, F., and Augat, P. (2010). A biomechanical evaluation of orthopaedic implants for hip fractures by finite element analysis and in-vitro tests. Proc. Inst. Mech. Eng. H. 224 (10), 1141–1152. doi:10.1243/09544119jeim799
 Fu, C. W., Chen, J. Y., Liu, Y. C., Liao, K. W., and Lu, Y. C. (2020). Dynamic hip screw with trochanter-stabilizing plate compared with proximal femoral nail antirotation as a treatment for unstable AO/OTA 31-A2 and 31-A3 intertrochanteric fractures. Biomed. Res. Int. 2020, 1–7. doi:10.1155/2020/1896935
 Goffin, J. M., Pankaj, P., Simpson, A. H., Seil, R., and Gerich, T. G. (2013). Does bone compaction around the helical blade of a proximal femoral nail anti-rotation (PFNA) decrease the risk of cut-out?: A subject-specific computational study. Bone Jt. Res. 2 (5), 79–83. doi:10.1302/2046-3758.25.2000150
 Haq, R. U., Manhas, V., Pankaj, A., Srivastava, A., Dhammi, I. K., and Jain, A. K. (2014). Proximal femoral nails compared with reverse distal femoral locking plates in intertrochanteric fractures with a compromised lateral wall; a randomised controlled trial. Int. Orthop. 38 (7), 1443–1449. doi:10.1007/s00264-014-2306-1
 Hawks, M. A., Kim, H., Strauss, J. E., Oliphant, B. W., Golden, R. D., Hsieh, A. H., et al. (2013). Does a trochanteric lag screw improve fixation of vertically oriented femoral neck fractures? A biomechanical analysis in cadaveric bone. Clin. Biomech. (Bristol, Avon) 28 (8), 886–891. doi:10.1016/j.clinbiomech.2013.08.007
 Heller, M. O., Bergmann, G., Deuretzbacher, G., Dürselen, L., Pohl, M., Claes, L., et al. (2001). Musculo-skeletal loading conditions at the hip during walking and stair climbing. J. Biomech. 34 (7), 883–893. doi:10.1016/s0021-9290(01)00039-2
 Heller, M. O., Bergmann, G., Kassi, J. P., Claes, L., Haas, N. P., and Duda, G. N. (2005). Determination of muscle loading at the hip joint for use in pre-clinical testing. J. Biomech. 38 (5), 1155–1163. doi:10.1016/j.jbiomech.2004.05.022
 Hsu, J. T., Chang, C. H., Huang, H. L., Zobitz, M. E., Chen, W. P., Lai, K. A., et al. (2007). The number of screws, bone quality, and friction coefficient affect acetabular cup stability. Med. Eng. Phys. 29 (10), 1089–1095. doi:10.1016/j.medengphy.2006.11.005
 Jiang, X., Liang, K., Du, G., Chen, Y., Tang, Y., and Geng, K. (2022). Biomechanical evaluation of different internal fixation methods based on finite element analysis for Pauwels type III femoral neck fracture. Injury 53 (10), 3115–3123. doi:10.1016/j.injury.2022.08.038
 Kopperdahl, D. L., and Keaveny, T. M. (1998). Yield strain behavior of trabecular bone. J. Biomech. 31 (7), 601–608. doi:10.1016/s0021-9290(98)00057-8
 Kuzyk, P. R., Zdero, R., Shah, S., Olsen, M., Waddell, J. P., and Schemitsch, E. H. (2012). Femoral head lag screw position for cephalomedullary nails: A biomechanical analysis. J. Orthop. Trauma 26 (7), 414–421. doi:10.1097/BOT.0b013e318229acca
 Lee, P. Y., Lin, K. J., Wei, H. W., Hu, J. J., Chen, W. C., Tsai, C. L., et al. (2016). Biomechanical effect of different femoral neck blade position on the fixation of intertrochanteric fracture: A finite element analysis. Biomed. Tech. Berl. 61 (3), 331–336. doi:10.1515/bmt-2015-0091
 Lee, W. C., Chou, S. M., Tan, C. W., Chng, L. S., Yam, G. J. M., and Chua, T. H. I. (2020). Intertrochanteric fracture with distal extension: When is the short proximal femoral nail antirotation too short?Injury 52, 926–932. doi:10.1016/j.injury.2020.10.059
 Levadnyi, I., Awrejcewicz, J., Goethel, M. F., and Loskutov, A. (2017). Influence of the fixation region of a press-fit hip endoprosthesis on the stress-strain state of the "bone-implant" system. Comput. Biol. Med. 84, 195–204. doi:10.1016/j.compbiomed.2017.03.030
 Lewis, G. S., Mischler, D., Wee, H., Reid, J. S., and Varga, P. (2021). Finite element analysis of fracture fixation. Curr. Osteoporos. Rep. 19 (4), 403–416. doi:10.1007/s11914-021-00690-y
 Li, M., Li, Z. R., Li, J. T., Lei, M. X., Su, X. Y., Wang, G. Q., et al. (2019). Three-dimensional mapping of intertrochanteric fracture lines. Chin. Med. J. Engl. 132 (21), 2524–2533. doi:10.1097/cm9.0000000000000446
 Liu, X., Liu, Y., Pan, S., Cao, H., and Yu, D. (2015). Does integrity of the lesser trochanter influence the surgical outcome of intertrochanteric fracture in elderly patients?BMC Musculoskelet. Disord. 16, 47. doi:10.1186/s12891-015-0492-7
 Meinberg, E. G., Agel, J., Roberts, C. S., Karam, M. D., and Kellam, J. F. (2018). Fracture and dislocation classification compendium-2018. J. Orthop. Trauma 32, S1–S10. doi:10.1097/bot.0000000000001063
 Mohammad, N. S., Nazli, R., Zafar, H., and Fatima, S. (2022). Effects of lipid based multiple micronutrients supplement on the birth outcome of underweight pre-eclamptic women: A randomized clinical trial. Pak J. Med. Sci. 38 (1), 219–226. doi:10.12669/pjms.38.1.4396
 Morgan, E. F., Bayraktar, H. H., and Keaveny, T. M. (2003). Trabecular bone modulus-density relationships depend on anatomic site. J. Biomech. 36 (7), 897–904. doi:10.1016/s0021-9290(03)00071-x
 Müller, M. E., Peter, K., Nazarian, S., and Schatzker, J. (1990). The Comprehensive classification of fractures of long bones. Springer, Berlin, Germany, doi:10.1007/978-3-642-61261-9
 Nie, B., Chen, X., Li, J., Wu, D., and Liu, Q. (2017). The medial femoral wall can play a more important role in unstable intertrochanteric fractures compared with lateral femoral wall: A biomechanical study. J. Orthop. Surg. Res. 12 (1), 197. doi:10.1186/s13018-017-0673-1
 Nie, S. B., Zhao, Y. P., Li, J. T., Zhao, Z., Zhang, Z., Zhang, L. C., et al. (2020). Medial support nail and proximal femoral nail antirotation in the treatment of reverse obliquity inter-trochanteric fractures (Arbeitsgemeinschaft Fur osteosynthesfrogen/orthopedic trauma association 31-a3.1): A finite-element analysis. Chin. Med. J. Engl. 133 (22), 2682–2687. doi:10.1097/cm9.0000000000001031
 Panyasantisuk, J., Pahr, D. H., and Zysset, P. K. (2016). Effect of boundary conditions on yield properties of human femoral trabecular bone. Biomech. Model Mechanobiol. 15 (5), 1043–1053. doi:10.1007/s10237-015-0741-6
 Puram, C., Pradhan, C., Patil, A., Sodhai, V., Sancheti, P., and Shyam, A. (2017). Outcomes of dynamic hip screw augmented with trochanteric wiring for treatment of unstable type A2 intertrochanteric femur fractures. Injury 48, S72–s77. doi:10.1016/s0020-1383(17)30498-9
 Ramos, A., Talaia, P., and Queirós de Melo, F. J. (2016). Pseudo-dynamic analysis of a cemented hip arthroplasty using a force method based on the Newmark algorithm. Comput. Methods Biomech. Biomed. Engin 19 (1), 49–59. doi:10.1080/10255842.2014.983491
 Shao, Q., Zhang, Y., Sun, G. X., Yang, C. S., Liu, N., Chen, D. W., et al. (2021). Positive or negative anteromedial cortical support of unstable pertrochanteric femoral fractures: A finite element analysis study. Biomed. Pharmacother. 138, 111473. doi:10.1016/j.biopha.2021.111473
 Sitthiseripratip, K., Van Oosterwyck, H., Vander Sloten, J., Mahaisavariya, B., Bohez, E. L., Suwanprateeb, J., et al. (2003). Finite element study of trochanteric gamma nail for trochanteric fracture. Med. Eng. Phys. 25 (2), 99–106. doi:10.1016/s1350-4533(02)00185-6
 Taddei, F., Schileo, E., Helgason, B., Cristofolini, L., and Viceconti, M. (2007). The material mapping strategy influences the accuracy of CT-based finite element models of bones: An evaluation against experimental measurements. Med. Eng. Phys. 29 (9), 973–979. doi:10.1016/j.medengphy.2006.10.014
 Taheri, N. S., Blicblau, A. S., and Singh, M. (2011). Comparative study of two materials for dynamic hip screw during fall and gait loading: Titanium alloy and stainless steel. J. Orthop. Sci. 16 (6), 805–813. doi:10.1007/s00776-011-0145-0
 Wu, H. F., Chang, C. H., Wang, G. J., Lai, K. A., and Chen, C. H. (2019). Biomechanical investigation of dynamic hip screw and wire fixation on an unstable intertrochanteric fracture. Biomed. Eng. Online 18 (1), 49. doi:10.1186/s12938-019-0663-0
 Wu, K., and Tang, J. (2019). [Accurate understanding of the lateral wall of intertrochanteric fracture]. Zhongguo Xiu Fu Chong Jian Wai Ke Za Zhi 33 (10), 1210–1215. doi:10.7507/1002-1892.201907008
 Yang, A-L, M. W., Wu, J-G., He, Y-Q., Ni, H-F., Li, H-L., Dong, Y-H., et al. (2022). When to reduce and fix displaced lesser trochanter in treatment of trochanteric fracture: A systematic review. Front. Surg. 9, 855851. doi:10.3389/fsurg.2022.855851
 Yapici, F., Ucpunar, H., Camurcu, Y., Emirhan, N., Tanoglu, O., and Tardus, I. (2020). Clinical and radiological outcomes of patients treated with the talon distalfix proximal femoral nail for intertrochanteric femur fractures. Injury 51 (4), 1045–1050. doi:10.1016/j.injury.2020.03.006
 Zeng, W., Liu, Y., and Hou, X. (2020). Biomechanical evaluation of internal fixation implants for femoral neck fractures: A comparative finite element analysis. Comput. Methods Programs Biomed. 196, 105714. doi:10.1016/j.cmpb.2020.105714
 Zhang, S., Zhang, K., Jia, Y., Yu, B., and Feng, W. (2013). InterTan nail versus Proximal Femoral Nail Antirotation-Asia in the treatment of unstable trochanteric fractures. Orthopedics 36 (3), 182. doi:10.3928/01477447-20130222-16
 Zhang, Y., Sun, Y., Liao, S., and Chang, S. (2020). Three-dimensional mapping of medial wall in unstable pertrochanteric fractures. Biomed. Res. Int. 2020, 1–8. doi:10.1155/2020/8428407
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Yang, Mao, Chang and Dong. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fbioe-11-1082613-g005.gif





OPS/images/fbioe-11-1082613-g006.gif





OPS/images/fbioe-11-1082613-g003.gif





OPS/images/fbioe-11-1082613-g004.gif





OPS/images/fbioe-11-1082613-g009.gif





OPS/images/fbioe-11-1082613-g007.gif





OPS/images/fbioe-11-1082613-g008.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Relative instability ratios of bone wall defects in trochanteric hip fractures: A finite element analysis		1 Introduction

		2 Methods and materials		2.1 The fracture models

		2.2 The PFNA models

		2.3 The fracture fixation and finite element models

		2.4 Friction, loading, and boundary conditions

		2.5 The relative instability ratios





		3 Results		3.1 The von Mises stress of the implant models

		3.2 The maximum and minimum principal strain of the bone models

		3.3 The femoral head vertex displacement and the fracture surface gap of the FE models

		3.4 Relative instability ratios of bone wall defect models





		4 Discussion

		5 Conclusion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Publisher’s note

		Abbreviations

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Bioengineering and Biotechnology






OPS/images/fbioe-11-1082613-g001.gif





OPS/images/fbioe-11-1082613-g002.gif
RN
[

[





OPS/images/fbioe-11-1082613-g011.gif
.................





OPS/images/fbioe-11-1082613-g010.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers i

Bioengineering and Biotechnology





