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Introduction: Jones fractures frequently fail to unite, and adequate fixation stability is crucial. This study aimed to elucidate the biomechanical stability of various intramedullary screw fixation constructs.
Methods: Jones fracture model over the proximal 5th metatarsal of artificial bone was created in all specimens. Six groups were divided based on varied screw constructs with different screw lengths, either 30 or 40 mm, including cannulated screws—C30 and C40 groups, one high-resistance suture combined with intramedullary cannulated screws (F.E.R.I. technique)—CF30 and CF40 groups, and second-generation headless compression screws (SG-HCS) —HL30 and HL40 groups. Mechanical testing was conducted sequentially, and the maximal force (N) and stiffness (N/mm) of all constructs were recorded.
Results: The maximal force (N) at 1.0 mm downward displacement in C30, C40, CF30, CF40, HL30, and HL40 groups were 0.56 ± 0.02, 0.49 ± 0.02, 0.65 ± 0.02, 0.49 ± 0.01, 0.68 ± 0.02, and 0.73 ± 0.02, respectively, and the stiffness (N/mm) in subgroups were 0.49 ± 0.01, 0.43 ± 0.01, 0.67 ± 0.01, 0.42 ± 0.01, 0.61 ± 0.01, and 0.58 ± 0.02, respectively. SG-HCS subgroups exhibited greater maximal force and stiffness than conventional cannulated screws. Screws of 30 mm in length demonstrated better stability than all 40 mm-length screws in each subgroup. In C30 fixation, the stiffness and maximum force endured increased by 1.16 and 1.12 times, respectively, compared with the C40 fixation method. There were no significant differences between CF30 and SG-HCS groups. Only the F.E.R.I technique combined with the 4.5 mm cannulated screw of 30 mm in length increased the biomechanical stability for Jones fractures.
Discussion: These biomechanical findings help clinicians decide on better screw fixation options for greater stability in Jones fractures, especially when large-diameter screws are limited in use. However, this biomechanical testing of intramedullary screw fixation on Jones fracture model lacks clinical validation and no comparisons to extramedullary plate fixations. Moving forward, additional clinical and biomechanical research is necessary to validate our findings.
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1 INTRODUCTION
Jones fractures, located in zone 2 of the proximal fifth metatarsal (MT-5) at the metaphyseal–diaphyseal junction, frequently occur in elite athletes (Dean et al., 2012; Roche and Calder, 2013). Jones fractures make up 17.8% of all foot fractures in National Football League (NFL) players, (Kavanaugh et al., 1978) which is significantly higher than the reported incidence of all foot fractures in the general population, ranging from 0.7% to 1.9% (Josefsson et al., 1994). The limited blood supply within a vascular watershed area may be interrupted at the fracture site, subsequently leading to delayed union or non-union of fractures (Bluth et al., 2011; McKeon et al., 2013). Treatment options for Jones fractures vary; however, non-operative treatment carries a higher risk of non-union, with reported failure rates of 21%–44% after cast immobilization (Mologne et al., 2005; Chloros et al., 2022) and prolonged healing times compared to surgical interventions (Wheeler and McLoughlin, 1998; Roche and Calder, 2013; Yates et al., 2015). Therefore, surgical management is recommended for Jones fractures to prevent subsequent nonunion of fractures and refracture (Porter, 2018; Singh et al., 2018; Attia et al., 2021).
Surgical fixation using implants, including intramedullary screws, tension band wiring, or extramedullary plates, has been proposed to stabilize proximal MT-5 fractures for bony healing, yielding favorable surgical outcomes (Lee et al., 2011; Massada et al., 2012; Seidenstricker et al., 2017; Varner and Harris, 2017; Goh et al., 2018). Intramedullary screw fixation of Jones fractures offers advantages such as ease of application and cost-effectiveness compared to plate fixation. Therefore, intramedullary fixation with partially threaded cannulated screws has traditionally been the implant of choice for Jones fractures, allowing athletes early weight-bearing and return to sport. However, conventional cannulated screw fixation, especially with small diameters, may inherently struggle to resist loads from peroneus brevis pulling (Willegger et al., 2020b), resulting in failure rates of 5%–7.3% (Wright et al., 2000; Granata et al., 2015). Headless Herbert-style compression screws and other fixation techniques aimed at achieving superior initial stability have been introduced to reduce failure rates (Lee et al., 2011; Lam et al., 2021).
Larger diameter intramedullary screw fixation in Jones fractures has been reported to improve stability and enhance union rates (Willegger et al., 2020a). However, the diameter of the screw will be constrained by the limited inner diameter of the curve-shaped medullary canal of MT-5 for Jones fractures (Orr et al., 2012). Furthermore, the MT-5 medullary canal is not straight, and the coronal diameter is less than 4.5 mm in 19% of males and 26% of females, respectively (Ochenjele et al., 2015). Therefore, modified screw designs or reinforcement with suture cerclage on conventional cannulated screws were introduced to enhance initial stability for Jones fractures. D’Hooghe et al. proposed a new modified fixation method with a combination of a cannulated screw and additional high resistance suture cerclage of MT-5 fractures, named the F.E.R.I. technique (D’Hooghe et al., 2019). They believed the F.E.R.I. technique offers superior stability in fixation for proximal MT-5 fractures, but there were no biomechanical comparisons with other fixation methods in their study.
Moreover, second-generation headless compression screws (SG-HCS), which are headless, tapered, continuously threaded screws with variable pitches, have been developed to improve compression force on fracture sites to enhance bony union. Previous mechanical evaluations in the scaphoid showed SG-HCS to have equal or superior compression force compared to Herbert-style screws (Beadel et al., 2004; Haisman et al., 2006; Hausmann et al., 2007; Assari et al., 2012) but there was no significant improvement in stability of intramedullary SG-HCS compared to conventional screws for Jones fractures (Sides et al., 2006; Orr et al., 2012).
The above literature review focuses on Jones fractures and elucidates the pros and cons of different treatment strategies, introduces the F.E.R.I. technique, and discusses studies related to headless compression screws. The majority of previous research on Jones fractures has only focused on intramedullary fixation with different screw diameters or designs and their surgical outcomes clinically. However, there has been few biomechanical assessment of different screw fixation methods on Jones fracture. The comparisons of biomechanical stability between SG-HCS and conventional cannulated screws for Jones fractures are still controversial. The verification of biomechanical stability of intramedullary conventional screws, F.E.R.I., and SG-HCS constructs for Jones fractures is still scarce. Therefore, our findings in this study will provide biomechanical evidence of various screw fixations for Jones fractures, particularly aiding clinicians in deciding optimal fixation techniques for cases with a small diameter of the intramedullary canal of MT-5.
The purpose of this study is to compare the biomechanical stability of different constructs of intramedullary screw fixation, including conventional cannulated screws, the F.E.R.I. technique, and SG-HCS, with varied screw lengths, respectively, on a Jones fracture model. We hypothesize that the F.E.R.I. technique can improve the stability of conventional cannulated screws and be equivalent to that of SG-HCS.
The novelty of this study:
• Investigate the biomechanical conditions of different intramedullary screw fixation methods, including conventional screws, the F.E.R.I. technique, and SG-HCS constructs, on Jones fractures.
• Verify whether the F.E.R.I. technique indeed enhances the stability of Jones fracture fixation.
2 MATERIALS AND METHODS
2.1 Specimen preparation
To simulate Zone 2 fractures of the proximal 5th metatarsal bone, artificial feet bones (9147, SYNBONE, Zizers, Switzerland) were utilized in this research. Biomechanical testing of various fixations on the stability of proximal 5th metatarsal fractures was conducted. Following the simulation of fractures on the proximal 5th metatarsal bone and fixation using different implants according to the assigned groups, the distal parts of the repaired 5th metatarsal bones were embedded in poly resin. Specimens were then mounted and secured in the designed fixtures attached to a material test system (MTS) for further biomechanical testing.
2.2 Fracture creation and screw fixation
An oblique linear fracture directed towards the 4th-5th metatarsal articulation was created on a precision position table using a saw at a distance of 1.5 cm from the proximal tuberosity of the 5th metatarsal. The entrance of screws was made through the guided wire placed into the intramedullary canal by drilling from the tip of the tuberosity of the proximal 5th metatarsal. The fractures at the proximal 5th metatarsal were fixed using partially headed cannulated or tapered headless screws commonly used for fractures of the 5th metatarsal. Screws included 4.5 mm stainless steel partially-threaded cancellous screws (Synthes, United States, Monument, CO) and 4.7 mm Acutrak-2 screws (Acumed, Beaverton, OR, United States). The Acutrak-2 screw is tapered, with variable pitch titanium screws having a leading thread diameter of 4.5 mm and a trailing thread diameter of 4.7 mm. Both 30 mm and 40 mm screws in length were used in both screw groups, respectively (Figure 1).
[image: Figure 1]FIGURE 1 | Implants of fracture fixation. (A) 4.5-mm stainless partially-threaded cannulated screws. (B) 4.7 mm Acutrak-2 screw. (C) Fiberwire.
Additionally, in the cannulated screw fixation group, a high-resistance suture, Fiberwire (Arthrex, Naples, FL, United States), was further used to augment the stability of screw fixation using the F.E.R.I. technique (D’Hooghe et al., 2019). Briefly, a bony through-hole tunnel was drilled vertically 10 mm distal to the fracture line over the proximal 5th metatarsals. A no. 2 Fiberwire was passed through the tunnel and then pulled from the distal to the proximal in a figure-of-eight pattern. Finally, it was securely knotted around the neck of the headed cannulated screw. The screw was placed along the guide wire and then tightened, and manual maneuvers were performed to check the final fracture stability. Ultimately, the distal part of the 5th Metatarsal bone was embedded in poly resin for further mechanical testing (Figure 2).
[image: Figure 2]FIGURE 2 | F.E.R.I. technique. A no. 2 Fiberwire was passed through the through-hole tunnel in a figure-of-eight pattern combined with one intramedullary cannulated screw.
2.3 Experimental groups
According to the fixation constructs for of Jones fracture, there were a total of 6 groups included on the basis of different screw types, including partially-threaded cannulated screw, F.E.R.I. and tapered SG-HCS, and screw length, either 30 mm or 40 mm in length (Figure 3) Each groups have 10 biomechanical tests for each 0.1 mm increment of downward displacement at fracture sites.
Group 1 (C30): Fixed by 30 mm partially-threaded cannulated screw
Group 2 (C40): Fixed by 40 mm partially-threaded cannulated screw
Group 3 (CF30): Fixed by 30 mm partially-threaded cannulated screw + F.E.R.I
Group 4 (CF40): Fixed by 40 mm partially-threaded cannulated screw + F.E.R.I
Group 5 (HL30): Fixed by 30 mm tapered SG-HCS
Group 6 (HL40): Fixed by 40 mm tapered SG-HCS
[image: Figure 3]FIGURE 3 | The testing groups according to the different fixating methods of Jones fractures.
2.4 Biomechanical testing
To simulate the non-destructive loads on the fractured bone after surgical fixation in a clinical scenario, submaximal loads rather than maximal loads to failure were applied to the experimental specimens in this study. These tests elucidated the variations in construct stability with increasing loads and analyzed the differences in mechanical stiffness and force at 1 mm displacement at the fracture site among various fixation methods. The distal end of the 5th artificial metatarsal was embedded in poly resin and mounted in the fixture of the MTS (JSV-H1000, Japan Instrumentation System, Nara, Japan) (Figure 4).
[image: Figure 4]FIGURE 4 | Biomechanical testing. The distal part of the 5th metatarsal bone was mount in the fixture of MTS and the cantilever loaded the repaired bone using various fixation constructs to displace downward the fracture site.
The cantilever was positioned 1 cm away from the proximal tip of the 5th metatarsal, and downward load was applied to the ground for a bending test from the plantar aspect of the 5th metatarsal base. All samples in the experimental groups were preloaded to stabilize the cantilever on the bone. The bone was loaded to displace the fracture site with various fixation groups from 0.1 mm to 1.0 mm, with a 0.1 mm increment each time. Ten rounds of each testing were performed. Displacement-force data were recorded during the experiment, and the stiffness (N/mm) of fixation constructs was determined. The maximal forces (N) on the MTS on the 5th Metatarsal bone at 1.0 mm displacement of fractures were also recorded to determine the strength of fixation constructs.
2.5 Statistical analysis
The continuous data was presented with means ± standard deviation (SD). The categorical data were presented with frequencies and percentages. The normality of continuous data was checked by Kolmogorov-Smirnov test. The maximum force and stiffness of the different fixation approaches were analyzed using Kruskal-Wallis test by Bonferroni test with a 0.05 level of significance. All statistical analyses were performed using the Statistical Package for the Social Science (IBM SPSS version 22.0; International Business Machines Corp, New York, United States). The level of statistical significance was set at p < 0.05. In this study, ANOVA was employed to test for mean differences. Therefore, the null hypotheses state that the means of the six experimental groups (C30, C40, CF30, CF40, HL30, and HL40) are equal, while the alternative hypotheses suggest rejecting the null hypotheses, indicating that at least one group’s mean differs from the others.
3 RESULTS
The maximal force (mean ± SD) at 1.0 mm displacement of the fracture site in the C30, C40, CF30, CF40, HL30, and HL40 groups were 0.56 ± 0.02 N, 0.49 ± 0.02 N, 0.65 ± 0.02 N, 0.49 ± 0.01 N, 0.68 ± 0.02 N, and 0.73 ± 0.02 N, respectively. The required loads in the CF30, HL30, and HL40 groups were higher than in the C30, C40, and CF40 groups. Regarding stiffness, the stiffness (mean ± SD) in the C30, C40, CF30, CF40, HL30, and HL40 subgroups were 0.49 ± 0.01 N/mm, 0.43 ± 0.01 N/mm, 0.67 ± 0.01 N/mm, 0.42 ± 0.01 N/mm, 0.61 ± 0.01 N/mm, and 0.58 ± 0.02 N/mm, respectively. There was higher stiffness in the CF30, HL30, and HL40 groups compared to the C30, C40, and CF40 groups. The results revealed higher maximal force and stiffness of the constructs in the SG-HCS groups and 30 mm cannulated screw with Fiberwire reinforcement. The differences in both maximal force and stiffness between subgroups reached statistical significance (Table 1).
TABLE 1 | Maximal force and Stiffness of various fixations.
[image: Table 1]After post hoc analysis, the maximal force and stiffness of subgroups were demonstrated by box plots, respectively (Figures 5A, B). Both the maximal force and stiffness of SG-HCS groups (HL30, HL40) were significantly higher than the cannulated screw groups (C30, C40) (p < 0.001). The maximal force and stiffness of SG-HCS were also higher than CF40 (p < 0.001), but there were no significant differences between the SG-HCS group and CF30 (HL30 vs. CF30, p = 1.0; HL40 vs. CF30, p = 0.234). Furthermore, in the cannulated screw, F.E.R.I., and SG-HCS subgroups, the maximal force and stiffness of screws with 30 mm in length were significantly higher than 40 mm screws. According to the results, under the same screw constructs, longer screws did not demonstrate more biomechanical stability for fractures.
[image: Figure 5]FIGURE 5 | The statistical comparisons between subgroups (A) Maximal force (N) at 1 mm displacement downward of fixation constructs and (B) Stiffness (N/mm).
The Figure 6 demonstrated the force versus displacement for mechanical tests with 0.1 mm increment of fracture sites under loading in different fixation constructs. The most steep slop, i.e. stiffness, was in HL30 group, in order, the following were HL40, CF30, C30, C40, and CF40.
[image: Figure 6]FIGURE 6 | The force versus displacement for mechanical tests on different fixations.
4 DISCUSSION
In this study, we utilized an artificial bone fracture model to verify the biomechanical stability of diverse constructs of medium-diameter screw for Jones fractures. SG-HCS subgroups exhibited greater maximal force and stiffness than conventional cannulated screws. Screws of 30 mm in length demonstrated better stability than all 40 mm-length screws in each subgroup. With a 30-mm length conventional screw fixation (C30), both stiffness and maximum force endurance increased by 1.16 and 1.12 times, respectively, in comparison to the C40 fixation. Only the F.E.R.I. technique, when combined with a 4.5 mm cannulated screw measuring 30 mm in length, resulted in a biomechanical stability equivalent to that of fixation with SG-HCS for Jones fractures.
Jones fracture, characterized as a Zone 2 fracture of the proximal 5th metatarsal, is notorious for nonunion, malunion, and refracture following surgical fixation, particularly in elite athletes. Intramedullary screw fixation, with its relatively minimally invasive surgical approach, offers potential advantages such as reduced wound complications and irritations. However, concerns persist regarding the inherent biomechanical instability associated with fracture fixation. Although SG-HCS has been touted for its biomechanical stability in enhancing fracture union rates (Kibar et al., 2022; Wallace et al., 2023), its application in Jones fractures using medium-diameter tapered headless screws remains controversial (Demel et al., 2023). Additionally, the F.E.R.I. technique, involving Fiberwire suture augmentation with cannulated screw fixation, has been introduced to enhance fracture stability, but its clinical and biomechanical benefits require further investigation. To our knowledge, we are the first to compare the mechanical stability among conventional cannulated screws, the F.E.R.I technique, and SG-HCS for Jones fractures.
Based on previous reports, approximately one-fifth of the population has an intramedullary diameter below 4.5 mm and curve-shaped intramedullary canal (Ochenjele et al., 2015). These factors prevent the usage of large-diameter intramedullary screw fixation for Jones fracture. In this current study, we specifically utilized medium-diameter screws, including 4.5 mm cannulated screws and 4.7 mm Acutrak-2 screws, to fix the Jones fracture model and compared their biomechanical strength. We found that SG-HCS offered significantly more biomechanical stability than conventional cannulated screws with varied screw lengths, either 30 mm or 40 mm. However, the significant increase in maximal force and stiffness was only found in the 30 mm cannulated screw with Fiberwire reinforcement, not in the 40 mm cannulated screw. The biomechanical stability of Fiberwire augmented with 30 mm cannulated screw (CF30 group) was equivalent to that of the SG-HCS groups. Our experimental results show that screws of appropriate length and using Fiberwire reinforcement can increase biomechanical strength by 1.2 times compared to intramedullary screw fixation alone.
Furthermore, when utilizing cannulated screws of different lengths, either 30 mm or 40 mm, for Jones fracture fixation, it was observed that longer cannulated screw implantation did not result in increased stiffness. Greater stiffness indicates a more stable fixation effect, as the 5th metatarsal proximal fracture is subjected to the same displacement, requiring a greater force to achieve the same displacement. In partially threaded cannulated screw fixations, this study found that using the C30 fixation method resulted in a stiffness increase of 1.16 times compared to the C40 fixation method (the maximum force endured could be increased by 1.12 times). The main reason for this might be that the fracture site of the Jones fracture was wedged onto the screw threads (Figure 7). Consequently, the screw threads could effectively stabilize the upper and lower ends of the fracture, thereby providing better stability. We found that longer screws did not necessarily provide greater stability, and appropriate screw length also influenced fixation stability. This finding in our study has not yet been reported in the fixation of Jones fractures, but it is consistent with reports on metacarpal fractures by Yamaguchi et al. (Yamaguchi Jr et al., 2023). Therefore, when selecting screw length for 5th proximal metatarsal bone fractures, attention should be paid to the location of the fracture.
[image: Figure 7]FIGURE 7 | The relations between intramedullary cannulated screws with varied length and the fracture site of Jone fracture.
In addition to selecting a screw with appropriate length for fixation of Jones fractures, D’Hooghe et al. suggested that the F.E.R.I technique, involving fixation with an intramedullary screw combined with a high-resistance suture, provides increased stability for Jones fractures (D’Hooghe et al., 2019). In this study, intramedullary cannulated screws combined with Fiberwire were found to increase the stiffness of Jones fracture fixation. However, biomechanical strength was only enhanced when a high-resistance suture was augmented with a 30 mm cannulated screw, but not with a 40 mm screw. This suggests that the increase in stiffness was not solely attributed to the combination of cannulated screw and Fiberwire, but also depended on matching the correct cannulated screw length. The combination of the F.E.R.I technique with an appropriate screw length allows the 5th metatarsal bone to withstand greater maximal force.
According to the results of this study, the stiffness of tapered headless screw fixation is higher than that of cannulated screw stabilization. The main reason for this difference may be attributed to the design and mechanics of the screws. When a cannulated screw of appropriate length is used for fixation, although the threads effectively fix the upper and lower bones of the fracture (as indicated by the red area in Figure 8), there will be a smooth surface area where the screw has no thread (the blue area in Figure 8). In contrast, the SG-HCS has a thread-fixed area (the red area in Figure 8) that is more extensive compared to the conventional cannulated screw. Additionally, the thread design of SG-HCS, with continuous varied pitch, increases compression force at the fracture site, resulting in higher stiffness. Therefore, compared to conventional cannulated screws, the usage of SG-HCS also provides higher stability for Jones fractures.
[image: Figure 8]FIGURE 8 | The comparisons of fixation area by threads using partially threaded cannulated screws and SG-HCS in Jones fracture.
Some previous articles have reported that the fixation effect of SG-HCS is not better than that of partially threaded cannulated screws (Sides et al., 2006; Orr et al., 2012). However, these studies often utilized cadaveric bones, which exhibit individual differences, leading to variations in the size of the 5th metatarsals, particularly in cases with smaller body sizes. Consequently, the authors were unable to use screws with the same larger diameter to fix Jones fractures in their research. Instead, they selected the diameter of the fixation screw based on the estimated inner diameter of the bone canal during the experiment, which may have introduced biases into the biomechanical comparisons. In contrast, in this current study, we utilized synthetic bones (synbones) instead of cadaveric bones, which offer consistent quality and the advantage of homogeneity. However, it is important to note that the results reported herein still require further research to confirm our findings.
There are several limitations in this study that should be acknowledged. Firstly, there was no correlation with clinical outcomes in this research, which could have provided valuable insights into the practical implications of the biomechanical findings. Moreover, the use of artificial bones instead of fresh human 5th metatarsal bones may limit the generalizability of the results, as artificial bones cannot fully replicate the characteristics of real human bones, including anisotropy and trabecular bone structure. Additionally, the evaluation of stability was conducted solely through cantilever bending testing on the 5th metatarsal bone alone, which may not fully represent the complex loading conditions experienced in vivo. Furthermore, the mechanical experiments in this study did not apply loads to failure of the fixation constructs on the 5th metatarsal bone. While this was a deliberate choice to focus on exploring the biomechanical fixation strength under varying load conditions at the fracture site, it is important to note that clinical suboptimal loading conditions may not generally result in screw failure.
5 CONCLUSION
The intramedullary cannulated medium-diameter screw combined with a high resistance suture, such as Fiberwire, increased the biomechanical stability in terms of stiffness and maximal force of fixation for Jones fractures and may be a viable solution to enhance fixation strength if the use of large-diameter screws is limited due to the small inward diameter of the medullary canal of the 5th metatarsal. However, screw length also influences the stability of fixation constructs on proximal 5th metatarsal fractures. A longer screw length does not necessarily increase fixation capability. Therefore, clinical utilization of the Fiberwire combined with the optimal screw length based on the fracture location is crucial for increasing biomechanical stability and to potentially enhance fracture union of Jones fractures. These findings provide scientific evidence to assist clinicians in selecting intramedullary screw fixation options for greater stability in Jones fractures, especially when the use of large-diameter screws is limited. Nevertheless, additional clinical and biomechanical research comparing F.E.R.I screw fixation with extramedullary plate fixation for Jones fractures is necessary to validate our findings.
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