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Abstract

:

Anterior to posterior (AP) pinning is the recommended sagittal pin configuration in divergent lateral entry coronal pinning of pediatrics supracondylar fractures. However, there was still a lack of evidence regarding alternative sagittal pins configurations. We aimed to compare the construct stiffness of alternative sagittal pin configurations by using synthetic bone models. Sixty synthetic pediatric humeri were osteotomized to create a supracondylar fracture. After the fracture reduction, all specimens were fixed in the coronal plane with divergent lateral entry pin configurations in four different patterns in the sagittal plane: AP, crossed, divergent and parallel sagittal pin configuration. Each configuration was tested with five loading patterns. The AP sagittal pin had significantly lower construct stiffness than the divergent (p = 0.003) and the parallel sagittal pin configuration (p = 0.005) in external rotation loading tests. The divergent sagittal pin had the highest construct stiffness in extension, valgus, and external rotation loads, but the parallel sagittal pin had lower construct stiffness under extension load than the divergent and crossed sagittal pin configurations. The divergent sagittal pin configuration provides greater construct stiffness than other sagittal pin configurations due to the maximal pin spreading distance at the fracture site and the pin angle lock mechanism.
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1. Introduction


Supracondylar fractures of the distal humerus are the most common fractures in children, with the peak incidence at age 4–7 years [1]. Many treatment methods have been described, e.g., closed reduction with a long-arm cast, skin traction, axial skeletal traction, and flexible nailing. In the 1940s, publication on closed reduction and percutaneous pinning [2] described the currently preferred surgical treatment for displaced supracondylar fractures [3,4,5,6]. The crossed medial-lateral and lateral entry pin configuration in the coronal plane have been favored as an effective pinning technique [7,8,9,10,11,12,13,14]. Biomechanical studies have reported that crossed medial-lateral pins provide greater torsional stiffness than lateral entry pin fixation [15,16,17,18] but no clinical difference in treatment outcome [19,20,21,22]. We considered two pins with divergent lateral entry to be the most appropriate configuration in the coronal plane because the crossed medial-lateral pin configuration is associated with a higher risk of iatrogenic ulnar nerve injury [6,7,9,21,23].



In contrast to the coronal plane, the construct stiffness of each pin configuration in the sagittal plane has not been extensively evaluated, with few biomechanical or clinical studies on the issue. Anterior to posterior (AP) pinning is currently the most common recommendation for sagittal pin configuration. Ariño suggested using two Kirschner wires (K-wire) with either parallel or crossed pin configuration in both the coronal and sagittal plains [24]. Kallio and Skaggs suggested the appropriate inclination for sagittal pin insertion is from the anterior part of the distal fragment to the posterior part of the diaphyseal cortex [25,26]. Recently, Wallace designed a biomechanical torsion test for sagittal pin configurations [27]. However, no statistically significant difference in torsional stiffness among the three types of sagittal pin configurations was found in the study.



This study aimed to use biomechanical tests to compare the construct stiffness of various types of sagittal pin configurations for pediatrics supracondylar fractures using controlled fixation with two divergent lateral entry pin configurations in the coronal plane under axial torsion and displacement loads.




2. Materials and Methods


2.1. Materials


We conducted a biomechanical analysis of sagittal pin placement configurations for pediatric supracondylar humerus fractures. The research ethics committee of the Faculty of Medicine, Chiang Mai University, approved the study protocol (ORT 2562 06622). Sixty Sawbones pediatric synthetic humeri (Sawbones model #1052, Pacific Research Laboratories, Vashon Island, WA, USA) were obtained using the same model in previous pediatrics supracondylar humerus fracture biomechanics studies [27,28]. These synthetic humeri are made of a rigid foam shell with inner cancellous material and are anatomically correct pediatric bone dimensions.




2.2. Methods


We controlled coronal plane pinning with two divergent lateral entry pin configurations following the technique of Hamdi [29]. Different pin placement configurations in the sagittal plane were evaluated for feasibility, given the limited area/size of pediatric bones. All configurations were bicortical medial and lateral cortex fixation. We established zones of pin entry and exit using the transverse diaphyseal diameter of the humeral shaft in the sagittal plane as reference. We first divided the anterior and posterior with an anatomical axis line, after which we drew a vertical line separating the cortical bone and the intramedullary canal. Then we designated four zones where pins would penetrate the bone cortex: zone 1 = the anterior diaphyseal cortex, zone 2 = the anterior diaphyseal medullary canal, zone 3 = the posterior diaphyseal medullary canal, and zone 4 = the posterior diaphyseal cortex (Figure 1). In each case, both pins were started from the lateral part of the distal fragment to the medial diaphyseal cortex. Pin trajectories were labeled numerically by entry and exit zone, e.g., 2–3 represents pin entry at the lateral part of the distal fragment (zone 2) and exit at the medial diaphyseal cortex (zone 3). In the coronal plane: the first pin was proximal and was parallel to the lateral metaphyseal flare of the humeral cortex; the second pin was distal and crossed the fracture site at the medial edge of the coronoid fossa. In the sagittal plane: the combined pin configuration designation listed the proximal pin trajectory first and distal pin trajectory second. For example, if the first proximal pin trajectory was 2-2 and the second distal pin trajectory was 1-1, the pin configuration was represented as [2-2,1-1]. Finally, four different pin configurations were chosen for study: the AP sagittal pin configuration [2-3,1-3] (currently the standard recommendation), the crossed sagittal pin configuration [2-4,4-2], the divergent sagittal pin configuration [3-3,3-1], and parallel sagittal pin configuration [3-3,2-2].



Four pin targeting guides were created from an epoxy resin casting to provide pin placement consistency and reproducibility. The specimens were securely encased in the epoxy mold and 1.5 mm holes were predrilled using the pin targeting guide. Transverse osteotomies were made at the level of the epicondyle (mid olecranon fossa) perpendicular to the anatomic axis of the humerus (28 mm from the distal end of the trochlea humerus) with a 0.5-mm cutting blade and the custom-built guide cutting. After fracture reduction, two pieces of 1.6 mm diameter Kirchner wire were inserted through the predrilled in the center of each of the four zones. After pinning, a fluoroscopic evaluation was accomplished to confirm the placement of all wires. Bone specimens underwent axial torsion and displacement load tests using an Instron ElectroPuls™ E10000 (Instron, Norwood, MA, USA).



In external and internal torsion tests, we created an epoxy resin mold jig system consisting of outer and inner parts (Figure 2). The outer mold jig was attached permanently to the testing machine at the center of rotation of the long anatomical axis of the humerus to ensure that the position did not vary between specimens. The inner part could be moved into and out of the outer mold jig. After the bone specimen was inserted into the proximal and distal parts of the inner mold jig, it was mounted vertically on an outer jig and secured tightly with multiple bolts and nuts. Loads were applied to the proximal part of the bone by an actuator. The actuator allowed 0–25° of internal and external rotation, and samples were tested at a rate of 0.5 degrees/second. Torque (Nm/degrees) and degrees of rotation were recorded. Based on previous studies, rotational testing beyond 25–30° resulted in a plastic deformation or failure of the construct [16,18]. Thus, in this study, we limited the degree for rotational testing at 25 degrees.



For extension, varus, and valgus displacement tests, the proximal part of the specimen was secured in a horizontal cylindrical metal tube (Figure 3). The anatomical axis of the humerus was set at the center of the cylindrical tube for all specimens. Load displacement was applied by the actuator of the machine via the 8 mm diameter cylindrical rod at a level 1 cm distal to the fracture site. The load was applied at the distal part, increasing displacement from 0 to 7 mm at a rate of 0.5 mm/second. Displacement (mm) and force (N/mm) were recorded. We used a maximal translational displacement of 7 mm as this point was the maximal point for all previous biomechanical analyses for the construct stiffness of supracondylar fracture.



A total of 60 humeri were prepared in four different pin configurations (15 specimens per configuration). Three specimens of each configuration were used in each loading test. Specimens were tested only once to avoid potential measurement errors due to bone destruction during the previous experiment.




2.3. Statistical Analysis


One-way analysis of variance with repeated measures was used to compare the construct stiffness of the four different pin configurations for each of the five modes of applied force. Statistical significance was set at p < 0.05. Post hoc Bonferroni comparison was conducted to determine the specific difference between the pin configurations in cases where one-way analysis of variance detected differences. Data analysis was conducted using STATA version 16 (StataCorp, College Station, TX, USA).





3. Results


There were no permanent construct failures due to bone specimen fracture, pin deformation, or loss of fixation in any loading conditions.



Construct stiffness (Figure 4) was calculated from the slope of the load–displacement curve that best fit the data with the linear portion between 2 and 7 mm of the load–displacement curve and torsional stiffness was measured between 5 and 25 degrees of the load–displacement curve.



Figure 5 and Figure 6 show a torsional and linear load–displacement curve and slope load–displacement curve (construct stiffness) of all 4 pins configurations under external rotation, internal rotation, extension, valgus, and varus load.



There was no statistically significant difference among the four-pin configurations in extension, valgus, varus, and internal rotation loading (Table 1).



For external rotation loading, anterior to posterior pinning gave the lowest construct stiffness (0.063 ± 0.008 Nm/deg). This was significantly lower than for both divergent pinning (0.120 ± 0.012 Nm/deg) and parallel pinning (0.115 ± 0.010 Nm/deg) (p = 0.003 and p = 0.005, respectively) (Table 2).




4. Discussion


Adequate fixation stability is the key measure of success in the treatment of displaced pediatric supracondylar fractures. Closed reduction and percutaneous pinning is a standard technique for fixation, especially for Gartland type 2 and type 3 fractures [6,30]. Low construct stiffness is an important factor in the loss of fracture reduction. Many previous studies have discussed construct stiffness in the coronal pin configuration. The divergent lateral entry pin technique has been recommended in many institutes because of the lower risk of iatrogenic ulnar nerve injury than the medial-lateral crossed pin technique [7,31]. In contrast, there have been few studies in biomechanical and clinical evidence about the sagittal pin configuration. Our study aimed to biomechanically evaluate which of the sagittal pin configuration has the strongest construct stiffness in two controlled divergence lateral entry coronal pin configurations.



The sagittal pin configuration in this study was based on two considerations: first, limitations on the use of K-wire in small pediatric bones, and second, the K-wire must penetrate only the lateral and medial cortex of the bones. K-wire inserted into the medullary canal must travel without cutting through the bone cortex. For each test, a newly synthetic specimen was used instead of reused specimen because the initial procedure could potentially have damaged the outer cortical and inner cancellous structure of the synthetic bone after previous testing and thus destroyed or changed its material construction.



This study investigated three interesting areas. The first area is the weakness of the AP sagittal pin configuration. Although AP is the standard recommendation for sagittal pin configuration, there are many alternative pin configurations for fixation, which have not yet been thoroughly evaluated. The present study found that the AP sagittal pin configuration had the lowest construct stiffness under many load types. We used previous studies associated with coronal pin configuration to explain the lack of this construct stiffness. Kallio suggested that the pins cross each other in the lateral entry pin configuration at the fracture site level [25], resulting in horizontal malrotation and the development of cubitus varus. Ziont showed that the two coronal lateral entry pinning, which crosses at the fracture site, has very low construct stiffness [18]. Sankar et al. suggested that loss of reduction occurs when the pins are too close to each other at the fracture site level [20]. We assumed that the construct weakness in the coronal plane is the result of two pins starting from the same side and crossing near the fracture site level. We applied this assumption to the AP sagittal pin configuration, where two pins also start from the same anterior side and cross near the fracture site, which might explain why the AP sagittal pin configuration has lower construct stiffness than the other sagittal pin configurations.



The second area is the divergent sagittal pin had the maximum pin spread at the fracture site, which the highest construct stiffness in extension, valgus, and external rotation loads. Skaggs recommended that both divergent and parallel coronal pins should be maximally separated at the fracture site for maximal stability [26]. Sankar suggested that loss of reduction occurs when the pin spread is less than 2 mm at the fracture site level [20]. Kocher divided the distal humerus into medial, central, and lateral columns. Then, it suggested that the divergent configuration should provide adequate spread between pins and engage both the lateral and central columns of the distal humerus [21]. Pennock conducted a retrospective review and suggested the pins should be spread at least 13 mm or more than one-third of humeral width at the fracture site to minimize the loss of reduction [32].



The third area is the weakness of the parallel sagittal pin configuration under extension loads despite the fact that it carried significantly high construct stiffness in external rotation loading as divergent sagittal pin configuration. Lee studied the biomechanics of construct stiffness between divergent and parallel pin configurations in the coronal plane [17]. His results showed significantly lower construct stiffness with the parallel compared to divergent pinning. That explains the “lock” and “unlock” effect of the angle between the two pins, which concurs with our finding that with the divergent sagittal pin configuration, the two pins act together to create a “lock” effect, while parallel pins create an “unlock” effect under extension load.



There were some limitations to our study. The first and most important limitation was the limited number of specimens (n = 3) used for each loading test. According to the power analysis, our study would require at least eight specimens in each loading test to achieve 80% power to detect a significantly large effect size (Cohen’s d 2.0) accounting for multiplicity. Thus, our results might be considered only for hypothesis-generating. Further research with an adequate study size is still needed to confirm our findings. Second, the material used was not an authentic human bone. Thus, it lacks natural pediatric bone properties such as soft tissue tensioning, periosteal effect, and cartilaginous physis. Pediatrics cadavers are very rare and are more expensive than artificial bone. However, a synthetic model does have advantages, e.g., the realistic anatomy truly represents the limitations of pin placement in pediatric bone, the specimens are homogeneous, and the results are reproducible. Real pediatric human bone varies in bone quality, bone density, and periosteal thickening, confounding factors avoided by using the pediatric synthetic bone.




5. Conclusions


For the fixation of pediatrics supracondylar fractures with controlled divergent lateral entry coronal pin configuration, the divergent sagittal pin configuration is recommended as it provides the highest construct stiffness under various loads compared to other sagittal pin configurations. The superiority of the divergent sagittal pin configuration could be explained by the maximal pin spreading distance at the fracture site and the pin angle lock mechanism.
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Figure 1. Schematic showing the orientation of the four sagittal pin configurations in the controlled divergence lateral entry coronal pin configurations. The black dots represent the location of pin penetration through the bone cortex. 
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Figure 2. Schematic presentation of the two layers of the axial torsional mold jig. The outer layer was statically attached to the testing machine. The inner layer containing the bone specimen could be moved into and out of the assembly. The portion of the pins extending beyond the bone was accommodated in hollow spaces of the mold jig without impingement. All constructs were secured tightly with multiple bolts and nuts. 
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Figure 3. A specimen mounted in the testing machine: (A) axial torsion test (internal and external rotation) using the custom epoxy resin fixation jig and (B) load displacement test (extension, valgus and varus) using the fixed metal tube. 






Figure 3. A specimen mounted in the testing machine: (A) axial torsion test (internal and external rotation) using the custom epoxy resin fixation jig and (B) load displacement test (extension, valgus and varus) using the fixed metal tube.



[image: Applsci 11 03447 g003]







[image: Applsci 11 03447 g004 550] 





Figure 4. Load–displacement curve generated during sagittal pin configurations stiffness assessment. The construct stiffness was calculated from the slope of the load–displacement curve best fitting the data between 2 and 7 mm of displacement (A). Torsional stiffness was measured between 5 and 25 degrees of rotation (B). 
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Figure 5. Comparison between the torsional load–displacement curve and slope of the load–displacement curve between different sagittal pin configuration in external rotation load (A) and internal rotation load (B). 
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Figure 6. Comparison between linear load–displacement curve and slope of the straight line of different sagittal pin configuration in extension load (A) and valgus load (B) and varus load (C). 
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Table 1. Comparison of construct stiffness of different pin configurations in the sagittal plane.
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Loading Condition

	
AP

	
Crossed

	
Divergent

	
Parallel

	
ANOVA p-Values




	
Mean ± SD

	
Mean ± SD

	
Mean ± SD

	
Mean ±SD






	
Extension (N/mm)

	
3.38 ± 1.25

	
4.73 ± 0.79

	
5.20 ± 0.45

	
3.68 ± 0.21

	
0.066




	
Valgus (N/mm)

	
5.54 ± 0.72

	
5.79 ± 0.75

	
6.21 ± 0.78

	
5.63 ± 0.77

	
0.726




	
Varus (N/mm)

	
6.36 ± 1.64

	
7.13 ± 0.97

	
8.01 ± 0.57

	
8.46 ± 0.40

	
0.132




	
Internal rotation (Nm/deg)

	
0.085 ± 0.006

	
0.073 ± 0.006

	
0.093 ± 0.020

	
0.098 ± 0.010

	
0.134




	
External rotation (Nm/deg)

	
0.063 ± 0.008

	
0.093 ± 0.017

	
0.120 ± 0.012

	
0.115 ± 0.010

	
0.002








Abbreviations: AP, anterior to posterior pinning; ANOVA, analysis of variance.
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Table 2. Post hoc comparison of external rotation loading of different pin configurations.






Table 2. Post hoc comparison of external rotation loading of different pin configurations.











	External Rotation (Nm/deg)
	AP
	Crossed
	Divergent





	Crossed
	p = 0.096
	
	



	Divergence
	p = 0.003
	p = 0.165
	



	Parallel
	p = 0.005
	p = 0.359
	p = 1.000







Abbreviations: AP, anterior to posterior pinning; ANOVA, analysis of variance. Statistically significant figures are shown in bold figures.
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