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Abstract

:

The incidence of humerus greater tuberosity (GT) fractures is about 20% in patients with proximal humerus fractures. This study aimed to investigate the biomechanical performances of the humerus GT fracture stabilized by a locking plate with rotator cuff function for shoulder rehabilitation activities. A three-dimensional finite element model of the GT-fracture-treated humerus with a single traction force condition was analyzed for abduction, flexion, and horizontal flexion activities and validated by the biomechanical tests. The results showed that the stiffness calculated by the numerical models was closely related to that obtained by the mechanical tests with a correlation coefficient of 0.88. Under realistic rotator cuff muscle loading, the shoulder joint had a larger displacement at the fracture site (1.163 mm), as well as higher bone stress (60.6 MPa), higher plate stress (29.1 MPa), and higher mean screw stress (37.3 MPa) in horizontal flexion rehabilitation activity when compared to that abduction and flexion activities. The horizontal flexion may not be suggested in the early stage of shoulder joint rehabilitation activities. Numerical simulation techniques and experimental designs mimicked clinical treatment plans. These methodologies could be used to evaluate new implant designs and fixation strategies for the shoulder joint.
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1. Introduction


The greater tuberosity (GT) fracture is one of the common proximal humerus fractures. Around 20% of patients with proximal humerus fractures have GT fractures [1]. The GT is the attachment site for the supraspinatus, infraspinatus, and teres minor muscles of the rotator cuff. Shoulder functions deteriorate after the GT fracture has occurred. Avulsion-type and split-type GT fractures in which the fractured fragments are separated require orthopedic surgery for fracture reduction and fixation [2]. Locking plates or screw fixation are common treatment methods for the greater tuberosity fracture [3,4,5,6]. However, the risk of the axillary nerve and deltoid muscle damage is increased during the treatment with locking plate fixation [3,5,6,7].



Studies conducted in the past have evaluated and compared various treatment methods for the GT fracture through clinical trials [3,4,5,6], in vitro experiments [8,9,10,11,12,13,14], and computational simulations [15,16,17,18]. There are, however, variations in fracture pattern and individual condition of patients, bone mineral density and geometry, and size of specimens that may affect the evaluation of various fixation strategies [19,20,21]. Furthermore, the shoulder joint has a high degree of mobility. Therefore, it is essential to consider shoulder movements as well when evaluating various fixation strategies for GT fractures. Biomechanical behaviors in the different fields of modern medicine have been extensively investigated by means of computer-aided design and finite element method [22,23,24,25]. With the use of these techniques in the present study, the humerus GT fracture model with plate fixation was analyzed under mechanical testing loading and realistic rotator cuff muscle loading.



The objective of this study was to compare, biomechanically, the effects of shoulder rehabilitation activities on the humerus GT fracture stabilized by a locking plate with rotator cuff function. A three-dimensional finite element model of the GT fractured humerus with a locking plate was modeled and analyzed numerically. To understand the impact of shoulder rehabilitation activities on plate fixation for GT fracture, we considered three types of shoulder rehabilitation activities including abduction, flexion, and horizontal flexion (Figure 1). The numerical model with a single traction force condition was validated by biomechanical tests. The validated numerical model was used to apply rotator cuff muscle forces to calculate displacement at the fracture site, bone stress, plate stress, and mean screw stress. The null hypothesis was that there would be no difference in the biomechanical behavior of the shoulder joint with GT fracture fixation with locking plates for the different rehabilitation activities.




2. Materials and Methods


2.1. Numerical Modeling of Humerus GT Fracture with Plate Fixation under Mechanical Testing Loading


Initially, a three-dimensional solid model of the intact humerus used in the present study was originally developed by a commercial company (Zygote Media Group, Inc., American Fork, UT, USA). This commercially available Zygote solid skeleton model was modified using SolidWorks 2019 (SolidWorks Corporation, Concord, MA, USA) and trimmed to separate the cortical and cancellous bones using Geomagic Freeform (3D Systems, Rock Hill, SC, USA). In this study, the GT fracture model of the humerus was based on a split-type fracture proposed by Mutch et al. [2]. Thus, an osteotomy was performed such that the GT bone was completely separated. The PHILOS proximal humeral internal locking plate from DePuy Synthes (Zuchwil, Switzerland) was modeled in SolidWorks 2019, and implanted using locking screws in the aforementioned GT fracture model according to the clinician’s guidance. The humerus bone plate construct was imported into a commercial finite element analysis software ANSYS Workbench 19.2 (ANSYS Inc., Canonsburg, PA, USA) for computational analysis (Figure 2). The materials of cortical bone, cancellous bone, and titanium plate and screws were assumed to be homogeneous, isotropic, and linearly elastic. The elastic moduli of 12, 0.1, and 110 GPa were assigned to the cortical bone, cancellous bone, and implants, respectively. A Poisson’s ratio of 0.3 was also applied to all the materials [15]. The bone and implants were free meshed with higher order 10 node tetrahedral elements due to the complex geometry, and a convergence study was performed to confirm the accuracy of the numerical models. Frictionless contact was assigned to the interfaces between the humerus and GT fractured fragment, and between the locking plate and humerus. The bonding constraint was specified to the interfaces between the screws and surrounding bone, and between the plate and screw heads to simulate tightened locking. The distal humerus was fixed in all degrees of freedom and a quantitative displacement of 5 mm was applied to the proximal humeral head to observe the reaction force. The stiffness of the model was calculated from the observed reaction force and displacement for the humerus positions, defined relative to the vertical plane of 15, 50, and 90° for abduction and flexion motions and 35, 60, and 90° for horizontal flexion motion [26]. All flexion motions are same as for the horizontal flexion at 90°.




2.2. Mechanical Tests of Shoulder Rehabilitation Activities


Artificial medium-sized fourth-generation composite humeri (Sawbones, Pacific Research Laboratories, Inc., Vashon, WA, USA) were used for the mechanical experiments. Artificial humeral bones enable more accurate comparisons of biomechanical properties because their geometries and material properties are more consistent with human bones. A GT fracture was recreated in the artificial humerus using a reciprocating saw with a thin blade and a fracture was repaired using a titanium locking plate and locking screws. The geometry and size of the fixation implant were similar to those used in our finite element model. The plate bone construct was positioned in the custom-made fixture, specially designed based on previous studies from literature for mechanical testing [21,27]. The tensile force simulating the supraspinatus and infraspinatus muscle tension on the greater tuberosity was applied to the GT fracture fragment by a servo-hydraulic material testing machine (model 8872; Instron Industrial Products Group, Grove City, PA, USA) through a stainless steel cable (Figure 3). This setup was designed to be adjustable, so the traction force direction can be changed for different abduction, flexion, and horizontal flexion positions. The plate bone construct positions of 15, 50, and 90° for abduction and flexion motions and the positions of 35, 60, and 90° for horizontal flexion motion were considered and experimented on. The static loading tests were conducted by applying a tensile ramp-up load with a loading rate of 1 mm/min in displacement control mode and the tests were terminated when the displacement of the actuator reached 5 mm. The test was repeated six times for each condition. The load–displacement curve of different configurations was recorded, and stiffness of each specimen was calculated.




2.3. Statistical Analysis


The mechanical test results were statistically compared in each situation using a one-way analysis of variance (ANOVA), (SPSS v19.0., SPSS Inc., Chicago, IL, USA) with Bonferroni post hoc tests. The level of significance was defined when p < 0.05. Correlation analysis was performed between the stiffness obtained from finite element models and that obtained from the mechanical tests.




2.4. Numerical Modeling of Injured Shoulder Joint with Plate Fixation under Realistic Rotator Cuff Muscle Loading


A three-dimensional shoulder joint model consisting of the humerus and scapula was generated based on the commercial Zygote solid skeleton model to mimic healthy adult male shoulder joints. SolidWorks 2019 was used to reconstruct the shoulder joint model including three rotator cuff muscles, namely the supraspinatus, infraspinatus, and subscapularis, that connect the humerus to the scapula to simulate the muscle forces to the shoulder based on Curtis et al. study [28]. The GT osteotomy and its treatment with a locking system was done as in the previously analyzed humerus model in this study. The shoulder joint activities positions of 15, 40, 65°, and 90° for abduction and flexion motions and 35, 50, 70, and 90° for horizontal flexion motion were developed based on Wu et al.’s study [26]. The loading orientation of the shoulder joint muscle forces was defined based on their muscle attachment sites, and the orientation was defined using a local coordinate system. The shoulder joint models with the locking plate and screw construct were also computationally analyzed using ANSYS Workbench 19.2. A similar meshing method and materials properties were used as in the humerus model (Figure 4). Frictionless contact was defined between the humerus head and scapula, while for the other components of the model, it was the same as in the previous humerus model analysis. For the loading condition, three types of the rotator cuff muscle forces including the subscapularis, supraspinatus, and infraspinatus were applied, whereas the lower part of the scapula was fixed in all degrees of freedom for the boundary condition. Maximum deformation at the fracture site, maximum bone stress, maximum plate stress, and mean screw stress were recorded to evaluate the fixation stability, risk of secondary bone damage, and risk of bone implant failure after fracture fixation surgery, respectively.





3. Results


3.1. Finite Element Simulation under Mechanical Testing Loadings


The finite element model of the humerus bone with the locking plate was analyzed successfully and its results were converged properly after the convergence analysis. Under loading, the humerus underwent flexural deformation at 15° abduction motion, and gradually transitioned to axial deformation as the abduction angle increased to 50 and 90°. For all the positions of flexion, the humerus resulted the same deformation because the direction of the traction load to the humerus was kept at 90°. For the horizontal flexion motion, the humerus underwent axial deformation at the 35° position, and gradually transitioned to flexural deformation as the position increased to 50, 70, and 90° (Figure 5). The stiffness of the model was calculated from the reaction force and maximum deformation in the numerical analysis. For the abduction motion, the stiffness of the model was 225 N/mm at the 15° position and increased to 1874 and 2917 N/mm at the 50 and 90° positions, respectively, whereas it was 1165 N/mm at the 35° position and reduced to 771 and 127 N/mm at the 60 and 90° positions, respectively, for horizontal flexion motion. Since the traction load was perpendicular to the humerus in all flexion motions, a stiffness of 127 N/mm was found to be the same in all positions, equal to 90∘ horizontal flexion positions.




3.2. Mechanical Testing Outcomes


The stiffness results of finite element models were analyzed and validated using biomechanical experiments. The stiffness of plate bone constructs was calculated from the linear portion of the load displacement curve. In the static load case, the stiffness of the plate bone construct was 14.2 N/mm at the 15° position and 22.2 N/mm and 45.9 N/mm at both the 50° and 90° positions for abduction motion, respectively. Stiffness was relatively high when the loading direction was approximately along the humeral axis, but relatively low when it was perpendicular to it significantly (p < 0.05). In horizontal flexion motion, the construct had a stiffness of 38 N/mm at 35° position and reduced to 21.6 N/mm and 7.4 N/mm at 60° and 90° positions respectively. Loading approximately along the humeral axis produced relatively small stiffness, but loading perpendicular to it produced relatively high stiffness significantly (p < 0.05). The stiffness was 7.4 N/mm for all the positions of flexion movements and was lower significantly (p < 0.05) than those of abduction and horizontal flexion motion. The mechanical test results under different motions were closely correlated with computer numerical simulation results with a high correlation coefficient of 0.88 (Figure 6).




3.3. Finite Element Simulation under the Realistic Rotator Cuff Muscle Loading


The realistic muscle force was applied to the validated finite element shoulder joint model to calculate the displacement at the fracture site, bone stress, plate stress, and mean screw stress for various positions of the three shoulder motions (Table 1, Figure 7). The maximum deformation was found at the humerus distal end. The displacement at the fracture site was maximum at 90° abduction position, 65° flexion position, and 50 and 70° horizontal flexion positions in the corresponding motions. Overall, the horizontal flexion movements had relatively larger displacements than the flexion and abduction movements. The maximum stress in the plate, screw, and bone that appeared at the locking screw holes of the plate, screws around the fracture site, and at the humeral head of the bone around the screw hole were much lower than the yield strength of the implant and bone for all configurations of the models. For all positions of the abduction and flexion motions, the maximum stresses in the plate, screw, and bone for the GT fracture model did not significantly change; however, the maximum stress for the horizontal flexion motion varied significantly. When compared to flexion and abduction movements, horizontal flexion movements had relatively larger maximum stresses in the plate, screw, and bone.





4. Discussion


Displaced GT fractures, considered as being uncommon, have remained less well understood. In a young population, these fractures occur with standard bone quality as a result of high-energy trauma. Also, most of these types of fractures are caused by impaction of the GT onto the anterior surface of the glenoid or traction force generated by the rotator cuff muscle. Various treatment options were used earlier, but no optimal fixation methods are reported in the literature. Surgical techniques to fix displaced GT fractures have been used, including suture fixation, tension band wire, percutaneous screw fixation, and plate fixation. Gillespie et al. studied the GT fracture treatment for 11 treatment cases with locking compression plates and showed the results that the fractures had achieved union in all cases, and the patient’s shoulder range of motion was not affected [4]. The report by Park et al. demonstrated a more accurate restoration of fractured fragments using an arthroscopic-assisted bone plate for the treatment of displaced large-sized comminuted GT fractures in 11 patients [6]. Bogdan et al. reported on 8 months of outcomes of internal fixation using a mesh plate in GT fractures in nine patients in whom the fracture has healed with no problem of malunion and implant damage [3]. Ma et al. evaluated the F3 Biomet plate fixation in GT fractures of 11 patients and found good results in fracture healing in all the cases [5]. The present study resulted in similar findings and supported that the displaced GT fracture could be successfully fixed with locking plates. Despite its common usage, locking plate fixation for GT fracture is associated with some limitations and disadvantages in clinical application [3,5,6,7].



To our knowledge, only a few biomechanical studies has been investigated in GT-fracture-treated shoulders involving rotator cuff muscles that affect rehabilitation activities [11,12,27]. Mihata et al. found greater biomechanical effects at a high shoulder abduction position for the conventional double-row technique and at low abduction angles for the bridging sutures technique in their studies [12]. Lin et al. resulted that the fixation techniques of double row suture anchor and suture bridge had superior initial fixation strengths at a low and high abduction angles, respectively, whereas the screw fixation technique was unaffected in their humeral GT fracture treatment study [27]. However, these studies were limited to only abduction movements for various angles of the humerus in their analyses. After surgery, the biomechanical properties of the repaired GT fragment were influenced by shoulder positions and activities, because the load on the GT fragment varies with shoulder positions and activities. Thus, the present study considered three types of shoulder rehabilitation activities including abduction, flexion, and horizontal flexion for various positions [26].



Optimizing the shoulder rehabilitation exercises is necessary to avoid the failure of GT fracture fixation after surgery. With rehabilitation exercises after a GT fracture treatment using locking plates, the shoulder functions can be regained in the shortest possible time. Therefore, activity must be started at the earliest after fracture fixation. During the early stages after fracture treatment, maintaining the controlled stresses throughout the fracture site will optimize fracture healing without increasing complications. The current research sought to explore the biomechanical results of the bone plate treatment strategy for shoulder joint rehabilitation of a GT fracture. Based on clinical trials, it is difficult to analyze the biomechanical behaviors of the repaired shoulder joint. Also, studying mechanically the behavior of cadaveric specimens for rehabilitation activities can be challenging due to bone anatomy variations, bone density, and bone fracture pattern. These problems could be solved using a numerical approach. The numerical model used in this research for biomechanical analysis, with realistic muscle forces, was well-validated with experimental tests with a single traction force condition. The results showed that the stiffness of the construct was increased significantly at high abduction angles and low horizontal flexion angles, and not changed for any positions of the flexion movements. Of the three shoulder rehabilitation exercises investigated, horizontal flexion displayed the most unfavorable characteristics. The null hypothesis was rejected, since rehabilitation activities showed different biomechanical behavior in the shoulder joint with GT fracture fixation with locking plates. The displacements at the fracture site, as well as bone stress, bone plate stress, and average bone screw stress were higher in horizontal flexion than abduction and flexion movements. These results suggested that GT-fracture-treated shoulders using the locking plate technique should be not or minimally mobilized with horizontal flexion during rehabilitation activities, since it may increase the possibility of implant failure and bone breakage at the early stage. Therefore, horizontal flexion activities may be recommended in the later stage of shoulder joint rehabilitation with high caution.



An artificial humerus with a more consistent geometry and material properties to the human humerus was selected as the testing material. Researchers found more realistic experimental outcomes with cadaveric humerus fracture models in their studies. Cadaveric bone models, however, may not be the best choice as they may show variations in bone anatomy, bone density, or fracture patterns [19,21]. These variations may surpass the biomechanical effects when experimenting the shoulder rehabilitation activities at different positions. Also, availability of cadaveric humeri is sometimes limited and difficult to obtain [20]. In the present study, artificial humeri were used because of the above-noted problems with cadaveric humerus.



There are some limitations in this study. Firstly, linear elastic isotropic material properties were assumed for the GT fractured shoulder joint models in this study. The numerical analysis produced only the relative outcomes for all situations. Secondly, the loading of shoulder joint construct was simplified to mimic only the supraspinatus, infraspinatus, and subscapularis muscle load. The shoulder is generally controlled by a more complex combination of dynamic and static stabilizers that our experimental model does not consider. Thirdly, motion in the current model was limited to along the longitudinal axis of the bone. Although it was sufficient for in vitro results, other motions such as internal and external rotation may result in more accurate biomechanical analysis that warrant further study. Finally, this study considered only two-part greater tuberosity fracture for the biomechanical investigation of locking plate systems for proximal humerus fracture fixations during shoulder rehabilitation activities using rotator cuff muscle forces. Other humerus fracture models also need to be considered in future research, such as the three-part nondisplaced proximal humerus fracture, three-part displaced proximal humerus fracture, and four-part humerus fracture.




5. Conclusions


Both numerical and experimental approaches indicated that the stiffness of the construct increased significantly at high abduction angles and low horizontal flexion angles, and was not changed for any positions of the flexion movements. The shoulder joint had a larger displacement at the fracture site, a higher plate stress, higher mean screw stress, and higher bone stress with a horizontal flexion compared to that with abduction and flexion activities. Under realistic rotator cuff muscle loading, the GT fracture treated with locking plate fixation had higher bone fragment deformation at horizontal flexion motions, especially at 50 and 70°. Therefore, horizontal flexion activities may be suggested in the later stage of shoulder joint rehabilitation with high cautiousness. These methodologies could be used to evaluate new implant designs and fixation strategies for shoulder joints.
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Figure 1. Definition of shoulder joint rehabilitation activities. 
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Figure 2. Finite element models under mechanical testing loading. 
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Figure 3. Mechanical test setups for different humerus motions. 
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Figure 4. Finite element models under realistic rotator cuff muscle loading. 
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Figure 5. Total deformation of humerus under mechanical testing loading. 
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Figure 6. Correlation study between the mechanical tests and the finite element analysis. 
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Figure 7. The deformation and stress distributions of the finite element models under the shoulder joint activity position of 15° for abduction. 
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Table 1. The results of the finite element models under realistic muscle loading.






Table 1. The results of the finite element models under realistic muscle loading.





	
Rehabilitation Movement

	
Position (°)

	
Displacement at Fracture Site (mm)

	
Max. Bone Stress (MPa)

	
Max. Plate Stress (MPa)

	
Mean Screw Stress (MPa)






	
Abduction

	
15

	
0.144

	
15.8

	
10.8

	
15.6




	
40

	
0.133

	
23.8

	
13.1

	
24.4




	
65

	
0.075

	
22.2

	
12.1

	
22.0




	
90

	
0.208

	
17.1

	
7.6

	
13.7




	
Flexion

	
15

	
0.155

	
19.6

	
12.7

	
17.5




	
40

	
0.338

	
25.1

	
14.1

	
23.5




	
65

	
0.573

	
23.4

	
17.8

	
21.3




	
90

	
0.450

	
31.5

	
18.6

	
21.7




	
Horizontal flexion

	
35

	
0.491

	
40.5

	
14.8

	
12.6




	
50

	
1.022

	
60.6

	
29.1

	
37.3




	
70

	
1.163

	
56.1

	
29.0

	
34.0




	
90

	
0.486

	
33.0

	
16.4

	
21.2
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