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Purpose: This study aimed to investigate the biomechanical performance of three Ti6Al4V volar plates with the latest designs using a finite element model.
Methods: An AO type 23-A3 distal radius fracture and the models of T plate (2.4 mm LCP Volar Distal Radius Plate), V plate (2.4 mm LCP Two-Column Volar Distal Radius Plate) and π Plate (2.4 mm Volar Rim Distal Radius Plate) (all from Depuy Synthes, West Chester, PA, USA, Ti6Al4V) were built in 3D-matic software. After assembling the internal fixation and fractures, we imported these models into the finite element analysis software (ABAQUS). An axial loading of 100 N was added to the distal end of each model. The displacements of total models and implants, the principal strains and the von Mises stresses in the plates were calculated and compared to capture the biomechanical features of the three plates.
Results: The T plate, V plate and π plate represented a model displacement of 0.8414 mm, 1.134 mm and 1.936 mm, respectively. The T plate was with the implant displacement of 0.7576 mm, followed by the V plate (0.8802 mm) and the π plate (1.545 mm). The T plate had the smallest principal strain of 0.23%, the V plate showed an intermediate level of 0.28%, and the π plate had a value of 0.72%. The least peak von Mises stress was observed in the V plate with 263.6MPa, and this value was 435.6 MPa and 1050 MPa in the T plate and π plate, respectively.
Conclusion: The biomechanical features of three Ti6Al4V volar locking plates in an AO type 23-A3 fracture were described in our analysis. The T plate and the V plate showed similar biomechanical performance while the π plate represented worse performance than the other two plates.
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1 INTRODUCTION
Distal radius fractures are the second most common type of fracture in elderly population, accounting for almost 10%–25% of all fractures, and the prevalence increases yearly for all-age individuals (Letsch et al., 2003; Nellans et al., 2012). These fractures usually necessitate surgical interventions to obtain secure fixation.
Open reduction and internal fixation with locking plates is recommended to be the standard procedure for distal radius fractures according to the consensus of the American Academy of Orthopaedic Surgeons (Hammert et al., 2013). However, the selection of plates for internal fixation continues to be a subject of debate, given the variety of plates with different designs and materials available for clinical use. Of these materials, Ti6Al4V is known to provide a lower stress-shielding effect to the bone as compared with the stainless steel due to its low-profile stiffness (Mugnai et al., 2018). Ahirwar et al. developed a femoral fracture model using the finite element method to compare biomechanical performance of Ti6Al4V plates and stainless steel plates and found that Ti6Al4V plates represented a lower deformation and stress (Ahirwar et al., 2021). Though a promising material, polyetheretherketone (PEEK), has been used for plates at present, a 3-year follow-up comparative study showed no difference in clinical outcomes between Ti6Al4V plates and PEEK plates (Berger-Groch et al., 2021). Ti6Al4V is still the most applied material.
In terms of plate designs, the use of double dorsal plates is a traditional technique for the management of distal radius fractures, based on the three-column distal radius and ulna concept to achieve early and secure fixation. This approach facilitates the exposure of posterior displaced fragments and the implantation of internal fixation. However, dorsal plates can be associated with a relatively larger surgical dissection and a higher risk of tendon irritation (Knežević et al., 2017). Currently, volar locking plates are the most common type of internal fixation for distal radius fractures, accounting for 80% of the treatments (Miyashima et al., 2019). This type of internal fixation is preferred by many researchers due to its reduced risk of tendon complications and superior biomechanical stability. A meta-analysis of 38 studies conducted by found that distal radius fractures treated with volar plates exhibited lower complication rates and higher hand function scores compared to dorsal plates (Beyer et al., 2021).
Many volar locking plates are commercially available now, and some researchers have compared their stability and biomechanical features to determine the appropriate selection of plates for different types of distal radius fractures (Koh et al., 2006; Kamei et al., 2010). Reported favorable clinical results in patients with volar rim fractures (AO type 23-B3) using volar plates (Kachooei et al., 2016). Found that volar plates could also provide satisfactory outcomes in cases of dorsally comminuted distal radius fractures, as compared with dorsal plates (Chou et al., 2011). While recent studies have reported positive results with the latest-generation volar plates (Yamamoto et al., 2017; Alter and Ilyas, 2018; Selles et al., 2021), information is lacking on the mechanical attributes of volar plates, particularly with regard to the comparison among different designs. The finite element analysis is a useful tool for evaluating fracture models as it can simulate mechanical responses in a controllable manner and offer reliable data on the biomechanical behaviors of different models. This method is popular for evaluating fracture models (Liu et al., 2020). Used a finite element analysis to investigate the stability of distal radius fractures by volar and dorsal planting (Ghaem-Maghami et al., 2021). The present study aimed to investigate the mechanical performance of three widely-used volar plates with the latest designs using a non-linear finite element analysis.
2 METHODS
2.1 Model construction
In this analysis, three finite element models of extra-articular distal radius fractures (AO type 23-A3) were utilized. The geometric model of the radius was derived from a computed tomography (CT) scan from a 50-year-old female patient who underwent CT angiography for the upper extremities, with ethical approval from our institutional review board (S2020-114-04). The helical CT scan was performed with a slice thickness of 1.0 mm and an interval of 0.8 mm (TOSHIBA Aquilion) and the data was restored as DICOM format and imported into 3D-matic (Materialize, Belgian). The three-dimensional reconstruction of the distal radius was then completed. Subsequently, an extra-articular distal radius fracture was built by a 10 mm dorsal wedge osteotomy (Synek et al., 2021) (Figure 1A). According to the method by (Baumbach et al., 2012), we produced a transverse osteotomy plane at a point 20 mm below the articular surface, and a 10 mm dorsal opening was created.
[image: Figure 1]FIGURE 1 | The models of a distal radius fracture and three volar plates (all from Depuy Synthes, West Chester, PA, United States, Ti6Al4V). (A) AO type 23-A3 distal radius fracture built by a 10 mm dorsal wedge osteotomy; (B) 2.4 mm LCP Volar Distal Radius Plate (T plate); (C) 2.4 mm LCP Two-Column Volar Distal Radius Plate (V plate); (D) 2.4 mm Volar Rim Distal Radius Plate (π Plate).
Geometric three-dimensional models of three volar plates with different designs (T Plate, V Plate and π Plate) and screws were reconstructed using the Unigraphics NX 8.5 software (Siemens PLM Software, Co., Ltd, Plano, TX, United States) based on the vendor-provided engineering drawings. The T plate is a 2.4 mm LCP Volar Distal Radius Plate (Figure 1B), the V plate is a 2.4 mm LCP Two-Column Volar Distal Radius Plate (Figure 1C) and the π Plate is a 2.4 mm Volar Rim Distal Radius Plate (Figure 1D) (all from Depuy Synthes, West Chester, PA, United States, Ti6Al4V), all of which are anatomically-contoured low-profile implants. The screws were created without threads and assumed to be 20 mm long, and have continuous connections with plates, cortical and cancellous bones, for the purpose of model simplification. The screw insertion was in accordance with the vendor’s recommendations.
We assembled the implants and bones in 3D-matic. The models were exported and then meshed using the HyperMesh 11.0 software (Altair Engineering, Inc., Troy, MI, United States) and imported into the ABAQUS software (Simulia, Suresnes, France).
2.2 Assumption and boundary settings
Each model was 10 cm long with the proximal end fixed in all directions (Figure 2). Non-linear contact interactions were implementedto mimic the interfacial adaptation between the plates and bones as well as between the osteotomy sites, with a friction coefficient of 0.3 (Liu et al., 2020).
[image: Figure 2]FIGURE 2 | Model construction. Model A was used to clarify the simulation procedure. (A) The T plate. An axial load of 100 N was added to the distal end and the proximal end was fixed in all directions; (B) The V plate; (C) The π plate.
Bonded constraints were employed to connect the screws to the plates and the screws to the bones. The plates were meshed using quadratic tetrahedral elements. The total number of elements and nodes, which varied depending on the type of plate, ranged from 1185403 to 1238464 and from 256012 to 265991, respectively. The material properties were assumed to be isotropic and linear. The elastic modulus of plates and screws was 105 GPa with a Poisson’s ratio of 0.35. The elastic moduli used for the cortical and trabecular bone were 16.7 GPa and 0.155 GPa, respectively. The Poisson’s ratio for cortical bone and trabecular bone was set at 0.26 and 0.3, respectively (Zhang et al., 2018).
2.3 Assessment and output parameters
Non-linear computational simulations were conducted using an axial load of 100 N to the distal end to facilitate the identification of reference points (Liu et al., 2020; Synek et al., 2021). The displacements of total models and implants were calculated to reflect the stability of internal fixation systems (Lv et al., 2022). The principal strains and the peak von Mises stresses of plates were also determined and compared to evaluate the biomechanical performance (Wong et al., 2020; Zheng et al., 2022). The values obtained from the model of T plate were used as references, as recommended by Klos et al. (Klos et al., 2010).
3 RESULTS
Different biomechanical performance was observed on three models after the axial load simulation (Table 1).
TABLE 1 | Analysis results after axial loading simulation.
[image: Table 1]The T plate represented the lowest model displacement of 0.8414 mm, while the V plate and the π plate displayed 1.4 times and 2.3 times more model displacement than the T plate, respectively (Figure 3). The T plate also had the smallest implant displacement of 0.7576mm, followed by the V plate (0.8802 mm) and the π plate (1.545 mm) (Figure 4).
[image: Figure 3]FIGURE 3 | The displacement nephogram of total models and the most obvious displacement was observed at the distal end. (A) The nephogram in the T plate; (B) The nephogram in the V plate and the total displacement was similar to that in the T plate; (C) The nephogram in the π plate and the total displacement was higher than those in the other two plates.
[image: Figure 4]FIGURE 4 | The displacement nephogram of implants. (A) The nephogram in the T plate; (B) The nephogram in the V plate and the plate displacement was similar to that in the T plate; (C) The nephogram in the π plate and the plate displacement was higher than those in the other two plates.
The principal strains were concentrated at the similar area, the junction of plate head and body, in the three models. The T plate had the smallest strain of 0.23%, with the V plate displaying an intermediate level of 0.28% and the π plate showing the highest strain of 0.72% (Figure 5). Peak von Mises stresses of three plates were also concentrated at the junction site. In this regard, the least peak von Mises stress was observed in the V plate with 263.6 MPa, which was 61% of that of the T plate (435.6 MPa). The π plate represented a peak von Mises stress of 1050 MPa (Figure 6).
[image: Figure 5]FIGURE 5 | The strain nephogram of implants and the most obvious strain distribution was observed at the junction of plate head and body. (A) The strain nephogram in the T plate; (B) The nephogram in the V plate and the principal strain was similar to that in the T plate. (C) The nephogram in the π plate and the principal strain was higher than those in the other two plates.
[image: Figure 6]FIGURE 6 | The von Mises stress nephogram of implants and the stresses were mainly concentrated at the junction of plate head and body. (A) The stress nephogram in the T plate; (B) The nephogram in the V plate and the peak stress was lower than that in the T plate. (C) The nephogram in the π plate and the peak stress was higher than those in the other two plates.
4 DISCUSSION
Nearly one-sixth of all fractures in the emergency room are distal radius fractures (Bunch et al., 2016), which can be managed through various modalities including closed reduction, intramedullary fixation, external fixation and open reduction and internal fixation. Among these treatment strategies, open reduction and internal fixation with Ti6Al4V plates has shown faster recovery and improved wrist alignment (Oldrini et al., 2022). Volar locking plates are the most commonly employed type of plates, because of their lower incidences of tendon irritation and superior biomechanical stability over dorsal locking plates. However, to the best of our knowledge, a comprehensive comparison of volar locking plates with different designs has yet to be thoroughly investigated.
Ti6Al4V is one of the most commonly used biomaterials for internal fixation implants. Performed a comparative study regarding the stiffness of three volar plates by Ti6Al4V, stainless steel and PEEK using cadaveric models of distal radius fracture (Mugnai et al., 2018). They found that Ti6Al4V plates were associated with a significantly higher load to failure. Evaluated the postoperative Disabilities of the Arm, Shoulder and Hand (DASH) score for patients with distal radius fractures and found that the patients treated with Ti6Al4V plates showed a higher mean DASH score (15.3) versus those treated with PEEK plates (13.2), even though the results were not statistically significant (Perugia et al., 2017).
The present study is the first finite element analysis regarding the comparison among three Ti6Al4V volar plates with latest designs for distal radius fractures. We compared these three plates that were widely utilized in clinical procedures, aiming to investigate which type of plates would have better biomechanical features, as there are few clinical or biomechanical comparative studies in this area. We applied a simple and widely-used test, axial loading test, to simulate the loading pattern of distal radius fractures (Varga et al., 2009). This method can quantify resistance against external stress directly (Cheng et al., 2007). In our analysis, we found that most of results were in favor of the T plate. Both the T plate and the V plate exhibited superior advantages in various dimensions, including model displacements, stresses and strains, when compared with the π plate. The values of these parameters in the π plate were over 2 times amounts than those in the T plate. The findings suggested that distal radius fractures fixed with a π plate might be associated with a higher risk of implant displacement and failure, while a T plate might be a more suitable choice for simple extra-articular distal radius fractures. It should also be noted that, though the T plate appeared to be more stable and solid with lower displacement and strain than the V plate, the V plate showed lower peak von Mises stresses, indicating a lower probability of plates breakage. To our knowledge, among the three types of plates, only one case report of plate breakage was encountered in the T-type plate (volar column plate, The Matrix SmartLock Distal Radius system, Stryker, GmbH & Co. KG, Freiburg, Germany) (Yukata et al., 2009). The plate was broken through the fracture line where the screw holes were unfilled. The authors attributed this to a higher stress concentration in the broken site. Conducted a cadaveric biomechanical analysis of distal radius fractures and proved that the hole at the site of osteotomy is potentially a site of weakness in volar plates (Trease et al., 2005). Our findings, which demonstrated that obvious stresses and strains were distributed at the site of osteotomy, aligned with their results and theories.
The evaluation of displacements and strains indicated a slight superiority the T plate over the V plate. The displacement of V plate was 1.2 times greater than that of T plate. Previous publications mainly focused on the biomechanical/clinical outcomes of a single volar plate. Klos et al. recommended the T plate as a reference due to its good clinical outcomes and acceptable biomechanical features (Klos et al., 2010). The study by Khatri et al. reported that all 23 distal radius fractures following internal fixation with a V plate demonstrated excellent postoperative function with minimal complications (Khatri et al., 2016). Compared the biomechanical features of the V plate with those of the dorsal double plates and those of a juxta-articular distal radius volar plate in cadaveric models (Rausch et al., 2011; Rausch et al., 2013). They found that the V plate had higher initial and final stiffness and less loss of reduction after cyclical testing than the juxta-articular plate, and exhibited biomechanically equivalent stiffness to the dorsal double plates. Abdel-Wahed et al. followed up 96 patients with distal radius fractures for a mean period of 14 months and compared the clinical outcomes of T plates versus those of V plates. In their study, the V plates yielded slightly higher postoperative DASH scores over the T plates, while the complication rates and survivorships were comparable (Abdel-Wahed et al., 2022). The study by compared the stiffness of T plates and V plates after cyclical loading in sawbone phantoms of distal radius fractures (Stanbury et al., 2012). The authors discovered that in the extra-articular models, the mean load to failure of T plates (1548 N) was significantly less than that of V plates (2154 N). However, in the intra-articular models, the mean load to failure of T plates (2146 N) was found to be higher than that of V plates (1495 N). Our results of peak von Mises stress were partially consistent with their findings regarding the extra-articular models, as our analysis illustrated that the stress in the V plate (263.6 MPa) was lower than that in the T plate (435.6 MPa) when receiving a 100 N axial loading. This might be associated with the cross-sectional sharps of plates. The V plate had two columns at the junction site while the T plate had only one column.
As for the π plate, many studies have demonstrated its superior clinical outcomes, particularly for the comminuted or intra-articular distal radius fractures (Kachooei et al., 2016; Spiteri et al., 2017b; Goorens et al., 2017; Chen et al., 2019; Chua et al., 2022). Reported satisfactory outcomes of π plates in 26 patients with complex intra-articular distal radius fractures (Spiteri et al., 2017a). No implant failure was observed in their study. Reviewed the records of 36 patients treated with a π plate and found that postoperative Lidstrom wrist scores were deemed as “excellent” in 32 patients (Kara et al., 2016). However, there is a lack of studies comparing the clinical outcomes of π plates to other plate types, and biomechanical studies on π plates are insufficient. In our analysis, the π plate showed inferior outcomes including larger displacements, stresses and strains than the V plate and T plate. This might be attributed to the more distal placement of the π plate and the narrower body passing through the osteotomy site, which could lead to a higher stress concentration. To our knowledge, there have been no clinical comparative analyses between the outcomes of π plates and those of V plates or T plates in patients with distal radius fractures. Thus, the further clinical investigation is need to identify the appropriate plate selection.
Our research is not without limitations. First, this is a numerical analysis using the finite element method to compare the biomechanical performance of three specific Ti6Al4V plates. The three-dimensional model was reconstructed based on the data from a 50-year-old female. We did not consider the anatomical variations, bone mineral density or other plate designs. The fracture pattern is a simple transverse extra-articular distal radius fracture. These issues can compromise the generalizability of our results in clinical scenarios. Nevertheless, we contend that our numerical estimation could provide a rough description and serve as a supplement for clinical research that is currently lacking. Second, according to the manufacturer (Depuy Synthes), the three plates in our study are intended for the fixation of both intra- and extra-articular fractures. However, some researchers have raised concerns regarding the consistency of the indications for these plates (Soong et al., 2011). Inadequate overlap in indications may also jeopardize the performance of each plate in specific situations. Third, we simplified the models in following aspects: (i) all screws were added to the plate using the assemble function and thus, each screw was placed along the center of each hole; (ii) all screws were modified without threads; (iii) the models did not comprise tendons and thus, the forces transferred onto the bone via attached tendons were not taken into account. Fourth, we only performed the axial loading test to simulate the loading pattern after fracture fixation. This method can not reflect the biomechanical properties of plates under loads in other directions, or multiple repetitive loads, which can be investigated by the cycling loading test. Additionally, the torsional loading simulation was not performed, which is important when considering the movement of the forearm in pronation and supination.
5 CONCLUSION
Our analysis compared the biomechanical features of three Ti6Al4V volar locking plates in an AO type 23-A3 fracture, and the results may provide information for surgeons when identifying the optimal plates among different designs for this particular type of fracture. Our findings indicated that the T plate was associated with a smaller model displacement, lower strain and higher stress over the V plate, though their overall performance was comparable. In contrast, the π plate appeared to be less effective than the two aforementioned plates in the scenarios of simple extra-articular distal radius fractures.
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