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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.
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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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