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Background: Anterior cruciate ligament reconstruction (ACLR) using a generally columnar graft is considered the gold standard for treating anterior cruciate ligament ruptures, but such grafts cannot replicate the geometry and mechanical properties of the native anterior cruciate ligament.
Purpose: To evaluate the effectiveness of an innovative hourglass-shaped graft versus a traditional columnar graft for restoring joint stability and graft force, while avoiding notch impingement following anterior cruciate ligament reconstruction.
Methods: Finite element models of a human knee were developed to simulate ① An intact state, ② anterior cruciate ligament reconstruction using columnar grafts with different diameters (7.5–12 mm in 0.5 mm increments), ③ anterior cruciate ligament reconstruction using columnar grafts with different Young’s moduli (129.4, 168.0 and 362.2 MPa) and ④ anterior cruciate ligament reconstruction using hourglass-shaped grafts with different Young’s moduli. The knee model was flexed to 30° and loaded with an anterior tibial load of 103 N, internal tibial moment of 7.5 Nm, and valgus tibial moment of 6.9 Nm. The risk of notch impingement, knee stability and graft forces were compared among the different groups.
Results: This study found that columnar grafts could not simultaneously restore knee stability in different degree of freedoms (DOFs) and graft force to a level similar to that of the intact knee. The anterior tibial translation and graft force were restored to a near-normal condition when the internal tibial rotation was over-restrained and valgus tibial rotation was lax. A graft diameter of at least 10 mm was needed to restore knee stability and graft force to physiological levels, but such large grafts were found to be at high risk of notch impingement. In contrast, the hourglass-shaped graft was able to simultaneously restore both knee stability and graft force at knee flexion of 30° while also having a much lower risk of impingement.
Conclusion: Under knee flexion angle of 30°, an hourglass-shaped graft was better able to restore joint stability and graft force to a near-physiological level than columnar grafts, while also reducing the risk of notch impingement.
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1 INTRODUCTION
The anterior cruciate ligament (ACL) is important for normal functionality and movement of the knee joint. However, given the substantial multi-directional loads placed on the ACL, the ligament is prone to injury, particularly from non-contact athletic activities involving side-step cutting, heavy landing and rapid deceleration with the knee near full extension (Hashemi et al., 2007). In cases of ACL rupture when conservative non-invasive treatment is not viable, reconstruction surgery is considered the gold standard treatment. Replacing the ruptured ligament with a graft is expected to restore normal joint kinematics and function. Commonly used ACL grafts include autologous tendons such as the hamstring tendon and the patellar tendon, allogeneic tendons and artificial grafts (Wang et al., 2020a). Different positions, shapes and quantities of bone tunnels have also been used to achieve anatomic and non-anatomic reconstructions of the bone insertions (Yao et al., 2012; Wang et al., 2020b; Cheng et al., 2021; Cheng et al., 2022). Clinical outcomes have been reported to be good to excellent at 2 years post-surgery (Komzak et al., 2021). However, the long-term outcome of reconstruction is less encouraging, with a high incidence of secondary knee osteoarthritis (OA) at 14 years after surgery (Barenius et al., 2014). Other common complications following ACL reconstruction include impingement of the graft on the femoral intercondylar notch and graft rupture (Orsi et al., 2017; Schmucker et al., 2021).
The geometric features and material properties of common graft materials have been found to be significantly different to those of the native ACL. The graft size is often chosen regardless of the size of the native ACL, while the material properties are dependent on the source of the graft (Musahl et al., 2022). The ACL has an hourglass shape, with the areas of its bone insertion sites being over three times larger than the midsubstance (Wang et al., 2022). In contrast, tendon grafts typically have a relatively constant cross-sectional area (Han and Lee, 2019; Ayanoglu et al., 2022), termed a “columnar” shape in this study. Such differences may result in different mechanical behaviors. Similarly, studies have reported variations in the elasticity of commonly used ACL grafts (Wilson et al., 1999), which can have a direct effect on the resulting mechanical behavior (Han and Lee, 2019). Snaebjornsson et al. (2017) found that each incremental increase of 0.5 mm in graft diameter reduced the likelihood of needing revision surgery by 86%. Wang et al. (2020b) reported that larger graft diameters could better restore joint stability, allowing the graft to withstand greater forces while reducing stress concentrations on the articular cartilage. However, Orsi et al. (2017) found a potential for graft impingement on the femoral intercondylar notch if the mid-section of the graft was too large, with small differences in graft size leading to a considerable increase in impingement forces. Wang et al. (2020a) reported that more flexible grafts (low stiffness) may induce less bone tunnel enlargement and exhibit lower graft wear by reducing the stress concentrations at the contact area between the tunnel entrance and the graft. These studies indicate that a small diameter on a columnar graft may compromise joint stability and function, while an overly large diameter may lead to impingement. Also, the graft material is critical for proper functionality of the knee joint. Achieving a balance between these factors may be key to improving the longevity and performance of ACL reconstruction. However, it is unclear whether the size and properties of columnar grafts can be effectively tailored to replace the function of the hourglass-shaped native ACL.
As such, using finite element modeling, this study aims to assess 1) whether the diameter and elasticity of columnar grafts can be tailored to fully restore knee joint stability and graft force while avoiding graft impingement, and 2) whether an hourglass-shaped graft or columnar graft can better replicate the function of the native ACL. Finite element analysis (FEA) was used in this study because it allows the variate to be repeatedly changed without damaging the sample and the variate can be strictly controlled to one factor when the other factors are maintained constant. These advantages allow for different diameters, material properties and shapes of grafts used for ACLR to be assessed individually in this study. The outcomes of this study may provide a scientific basis for improving the design of ACL grafts and improving the clinical outcome of ACL reconstruction.
2 MATERIALS AND METHODS
2.1 Finite element model of the human knee joint
This study used a previously validated finite element (FE) model (Figures 1A, 3A) for all simulations (Wang et al., 2020c). The geometry of the femur, tibia, fibula, articular cartilage, menisci, ACL, posterior cruciate ligament, medial collateral ligament and lateral collateral ligament were segmented from MRI images taken with a scan resolution of 0.2 mm [image: image] 0.2 mm and slice thickness of 0.2 mm. The model was meshed in HyperMesh 12.0 (Altair Engineering, Tokyo, Japan) using 4-node tetrahedron elements. A mesh convergence test was used to optimize the element size, whereby a 2.5-mm translational load was applied to the tibia while the femur was fixed at full extension of the knee joint to calculate the in situ force in the ACL. The element size was decreased until there was a negligible change in the in situ force in the ACL. The resulting element size was 1 mm. The model had a total of 659,251 elements. The material properties of the tissues were defined according to previous literature (Song et al., 2004; Wang et al., 2019). Bones (Young’s modulus = 0.4 GPa, Poisson’s ratio v = 0.33) and cartilage (Young’s modulus = 5 MPa, Poisson’s ratio v = 0.46) were assumed to be linear isotropic elastic tissues. Menisci were assumed to be orthotropic elastic tissues (Eθ = 125 MPa, ER = EZ =27.5 MPa, GθR = GθZ = 2 MPa, GRZ = 10.34, VθR = VθZ = 0.1 and VRZ = 0.33). Ligaments were defined as isotropic hyperelastic tissues using strain energy functions. The Veronda-Westmann function was used to define the properties of the ACL and PCL ([image: image]ACL = 0.3 MPa, [image: image]ACL = 12.20, [image: image]PCL = 0.18 MPa and [image: image]PCL = 17.35), while the Mooney-Rivlin material model was used to define the mechanical properties of the MCL and LCL. The coefficients of the LCL were assumed to be identical to those of the MCL (C1 = 30.1 MPa and C2 = −27.1 MPa). The model was validated using data from cadaveric experiments in terms of joint kinematics and ACL forces under an anterior tibial load, valgus tibial moment and internal tibial moment. The model had a calculation accuracy of 0.1 mm for anterior tibial translation, 1 [image: image] for valgus tibial rotation and 1 N for ACL force.
[image: Figure 1]FIGURE 1 | Three dimensional model of a cadaveric knee. (A) Intact knee; (B) Knee after ACL reconstruction using a columnar graft. The transparent model shows the fixation of the graft to the bone tunnel using an endoscrew. One end of the endoscrew was tied with the graft while the outside surface of the screw was tied with the inside wall of the bone tunnel. LCL, lateral collateral ligament; MCL, medial collateral ligament.
2.2 Simulation groups, boundary and loading conditions, and evaluation indicators
The following simulation groups were included in this study: 1) Intact state (group I); 2) ACL reconstruction (ACLR) using a columnar graft with different graft diameters (group II); 3) ACLR using a columnar graft with different graft elasticities (group III); 4) ACLR using an hourglass-shaped graft resembling the dimensions of the native ACL in terms of the cross-sectional area (CSA) of its bone insertion sites and isthmus (group IV).
Using the software Abaqus/CAE 6.14–2 (Simulia, Inc., United States), all simulation groups were assigned the same boundary and loading conditions (Figure 2A). First, the tibial shaft was fixed in 6 degrees of freedom (DOFs) and the femur was flexed to 30[image: image]. Next, the femoral shaft was fixed in six DOFs while the tibial shaft was fixed only in flexion-extension. The bottom surface of the tibial shaft was then subjected to an anterior tibial load of 103 N, internal tibial moment of 7.5 Nm, and valgus tibial moment of 6.9 Nm. A flexion angle of 30[image: image] was used because a previous study has shown the peak ACL force during normal gait to occur at this joint position. Besides, the ACL was previously reported to be mainly functional for restraining anterior tibial loads and pivot shift loads (internal and valgus tibial moments) (Sakane et al., 1997; Kanamori et al., 2000), thus the combined loads used in this study represented the maximum values experienced during normal gait and were considered as a worst case for tensioning the ACL (Kutzner et al., 2010).
[image: Figure 2]FIGURE 2 | (A) Loading conditions and (B) Measurement of the minimum width of the space between the femoral notch and tibial plateau (Lmin). L1 was plotted as a line tangent to the tibial plateau and parallel to L2 and L2 was tangent to the top contour of the femoral notch. ITM, internal tibial moment; VTM, valgus tibial moment; ATL, anterior tibial load.
Joint stability under the above loading conditions were recorded to evaluate the stability and stiffness of the knee, including the anterior tibial translation (ATT), internal tibial rotation (ITR) and valgus tibial rotation (VTR). Greater knee displacement than the intact state indicates knee instability in the corresponding DOFs, and less knee movement may indicate over-restraint of the joint. The in situ forces in the ACL and grafts were also obtained to evaluate the restoration of normal functionality. A lower force borne by the graft in comparison to the native ACL would indicate insufficient restoration, which may produce greater loading in other joint tissues and increase the risk of secondary damage.
The risk of graft impingement on the femoral notch was evaluated by comparing the effective diameter at the graft isthmus (D) against the minimum width of the space between the femoral notch and the tibial plateau (Lmin) (Figure 2B). For the columnar graft, the diameter was constant along the whole graft, while the D value for the hourglass-shaped graft was calculated by Eq. 1. Then, Eq. 2 was used to calculate the risk for graft impingement on the femoral notch. Higher values for RImP indicate a greater risk of graft impingement, and a value greater than 1 indicates that the graft cannot be adequately accommodated within the femoral intercondylar notch at full knee extension.
[image: image]
[image: image]
where D is the effective diameter at the graft isthmus, Sisthmus is the cross-sectional area of the graft isthmus, and RImP is the risk of impingement.
The results from the ACLR groups (group II, III, IV) were compared with the intact group (group I) to evaluate the effectiveness of each technique at restoring graft and knee function.
2.3 ACL reconstruction using columnar grafts with different diameters
This study simulated anatomical single bundle ACL reconstruction (Figure 1B). The centers of the femoral and tibial bone insertion sites were set as the entrances for the femoral and tibial bone tunnels respectively. The angles between the femoral tunnel axis and the horizontal and sagittal planes were 45[image: image] and 25[image: image], respectively, and the angles between the tibial tunnel axis and the horizontal and sagittal planes were 65[image: image] and 25[image: image], respectively (Wan et al., 2012). The columnar grafts were modeled as cylindrical bodies using Creo Parametric 7.0 (Parametric Technology Corporation, United States) to simulate the geometry of an auto-hamstring tendon graft or an artificial graft. The Endoscrew was similarly modeled as a cylinder of length 10 mm and with the same diameter as the graft to fix the graft to the bone tunnel (Hung et al., 2014). One end of the endoscrew was tied with the end of the graft and its exterior wall was tied with the bone tunnel wall to simulate a secure fixation (no relative motion was allowed between the tied contact surfaces). The length of the graft inside the femoral tunnel was 20 mm and inside of the tibial tunnel was 10 mm due to a shorter tunnel. The length of the graft inside the femoral tunnel was decreased by 10 mm to explore the effect of fixation position on the main outcomes of this study. The endoscrew had a Young’s modulus of 110 GPa and Poison’s ratio of 0.35 to simulate a Titanium material.
For the simulation group II, different graft diameters were evaluated, but the material properties were constant across all models (Young’s moduli = 129.4 MPa), thus to simulate different diameters of a certain type of graft tendon (e.g., hamstring tendon with a diameter of 8 mm vs. 10 mm). Pujol et al. (2013) reported that the effective diameter of an auto-hamstring tendon graft is approximately 10% larger than the native ACL, and, accordingly, this study considered graft diameters ranging from 7.5 to 12 mm, increasing in increments of 0.5 mm (Figure 3C). The diameter of the bone tunnels was the same as the graft diameter used.
[image: Figure 3]FIGURE 3 | Models of the ACL and grafts. (A) Native ACL; (B) Hourglass-shaped ACL; (C) Columnar grafts with different diameters (D).
2.4 ACL reconstruction using columnar grafts with different material elasticity
Previous studies reported a wide variation in the elasticity of commonly used materials for ACL reconstruction (Butler et al., 1984; Wilson et al., 1999; Smeets et al., 2017; Chivot et al., 2020). For groups III and IV, the grafts were modeled with three different Young’s moduli (129.4, 168.0, and 362.2 MPa) (Butler et al., 1984; Wilson et al., 1999) and a Poisson’s ratio of 0.45 to assess whether the material properties of columnar grafts can be effectively tailored to replicate the functionality of the native ACL. All values for the Young’s moduli were obtained from literature. The Young’s modulus of 129.4 MPa was sourced from a previous experimental study on a subject of a similar age to the current study (Wilson et al., 1999), simulating an auto-graft source. And the moduli of 168.0 MPa (Wilson et al., 1999) and 362.2 MPa (Butler et al., 1984) were obtained from anatomical data from younger people, which may be considered as the properties of allografts obtained from younger tissue donors.
2.5 ACL reconstruction using hourglass-shaped grafts
Group IV used an hourglass-shaped graft to replace the native ACL in the knee joint (Figure 3B). The graft model was built in Creo Parametric 7.0 (Parametric Technology Corporation, United States) using mixed scanning whereby three sections of the graft (proximal, isthmus and distal sections) were defined and then connected by a smooth wrapped surface. The proximal and distal sections were centered on the bone insertion sites, and the isthmus was aligned with the native ACL. The cross-sectional area of the three sections replicated those of the native ACL (121.3, 35.3, and 185.6 mm2, respectively). The normal lines of the proximal and distal sections were parallel to the tunnel axes in group II and the normal line of the isthmus section was parallel to the cross-sectional plane of the native ACL isthmus.
3 RESULTS
3.1 Evaluation of risk of notch impingement
The minimum height between the femoral notch and tibial plateau was measured as 10 mm. The corresponding values of RImP for the columnar and hourglass-shaped grafts are shown in Figure 4. The red dotted line represents a value of 1 for RImP. Grafts with data points lying at and above the red dotted line (columnar grafts with a diameter of 10–12 mm) could not be adequately accommodated within the femoral intercondylar notch at full knee extension, and thus were at higher risk of impingement (Rimp = 100%–120%). Grafts with data points below the red dotted line (columnar grafts with a diameter of 7.5–9.5 mm, and the hourglass-shaped graft) were at lower risk of notch impingement (Rimp = 75%–95%), and the risk decreased as the diameter was reduced. The hourglass-shaped graft had a lower risk of notch impingement than all of the columnar grafts (Rimp = 74%).
[image: Figure 4]FIGURE 4 | Plot of RImP for columnar grafts with different diameters and the hourglass-shaped graft.
3.2 Evaluation of knee stability and graft force using columnar grafts with different diameters
Knee stability in different DOFs and ligament force for groups I and II are shown in Table 1. Compared with the intact knee (group I), ACLR using a columnar graft with a diameter of 7.5 mm resulted in increased anterior tibial translation (ATT) (4.2 mm vs. 4.7 mm) and valgus tibial rotation (VTR) (0.9[image: image] vs. 1.3[image: image]), but a reduced in situ force in the graft (128 N vs. 111 N). However, internal tibial rotation (ITR) was consistent with the intact knee (12.1[image: image]). Increasing the graft diameter resulted in a reduction in ATT, ITR and VTR, but lead to greater force on the graft. None of the columnar grafts simulated were capable of replicating both the stability and ligament force of the intact knee at the knee flexion angle of 30°. Although the results from the knee with a 11.5 mm graft could be considered most similar to the intact knee, the ITR was still over-restrained (12.1[image: image] vs. 11.0[image: image]) and the VTR was under-restrained (0.9[image: image] vs. 1.1[image: image]).
TABLE 1 | ATT, Anterior tibial translation; IRT, internal tibial rotation; VTR, valgus tibial rotation and ACL/graft force in the intact knee and knee after ACLR using columnar grafts of different diameters.
[image: Table 1]3.3 Evaluation of knee stability and graft force using columnar grafts with different elasticity
As shown in Table 2, increasing the Young’s modulus of the graft resulted in a reduction in ATT, ITR and VTR and an increased force in the graft. The results also indicate that smaller diameter grafts are needed to maintain physiological knee stability and graft force when stiffer materials (high Young’s modulus) are used for the graft. A graft with a Young’s modulus of 168.0 MPa required a diameter of 9 mm to fully restore ATT in line with the intact knee at the knee flexion angle of 30°, which was 2.5 mm smaller than the graft diameter needed for a material of lower Young’s modulus (129.4 MPa). With a larger Young’s modulus of 362.2 MPa, the knee was over-restrained in ATT even with a relatively small graft diameter of 7.5 mm. The ITR for all ACLR knees was all over-restrained regardless of graft diameter or Young’s modulus, except for when using the most flexible graft (129.4 MPa) with the smallest diameter (7.5 mm).
TABLE 2 | ATT, Anterior tibial translation; IRT, internal tibial rotation; VTR, valgus tibial rotation and ACL/graft force in the intact knee and knee after ACLR using columnar grafts with different elasticity.
[image: Table 2]3.4 Evaluation of knee stability and graft force using hourglass-shaped grafts with different elasticity
As shown in Table 3, an hourglass-shaped graft resembling the dimensions of the native ACL with a Young’s modulus of 129.4 MPa could restore joint stability and graft force in line with the intact knee at the knee flexion angle of 30°. Similar to the columnar grafts, increasing the Young’s modulus of the hourglass graft lead to a reduction in ATT, ITR and VTR, but an increase in graft force. Using stiffer grafts with a higher Young’s modulus (168.0 and 362.2 MPa) caused the knee to be over-constrained in all DOFs assessed, and also lead to a considerable increase in force on the graft in comparison to the intact knee.
TABLE 3 | ATT, Anterior tibial translation; IRT, internal tibial rotation; VTR, valgus tibial rotation and ACL/graft force in the intact knee and knee after ACLR using an hourglass-shaped graft with different elasticity.
[image: Table 3]3.5 Comparing the restoration of knee stability and graft force between the conventional columnar graft and hourglass-shaped graft with the same elasticity
Figure 5 shows that with grafts of the same elasticity (Young’s modulus = 129.4 MPa), the hourglass-shaped graft was better able to simultaneously restore the knee stability and graft force to a level resembling the intact knee at the knee flexion angle of 30°. In contrast, the conventional columnar graft with varying diameters resulted in a lax ATT and VTR, but with the ITR over-constrained and a graft force lower than the intact ACL.
[image: Figure 5]FIGURE 5 | Comparison of a conventional columnar graft to an hourglass-shaped graft for restoring knee stability and ligament force. The values were standardized against an intact knee. D8 signifies a graft diameter of 8 mm. ATT, anterior tibial translation; ITR, internal tibial rotation; VTR, valgus tibial rotation.
3.6 Effect of the position for graft fixation inside the bone tunnel on the main outcomes
As shown in Figure 6, comparing with the simulation group using a graft length of 20 mm inside the bone tunnel, a shorter graft length (10 mm) inside the bone tunnel caused less ITR, when the ATT, VTR and graft force were not changed. Changing the length of the graft inside the bone tunnel did not change the outcome that comparing with the conventional ACLR group, the hourglass-shaped graft was better able to simultaneously restore the knee stability and graft force at the knee flexion angle of 30°.
[image: Figure 6]FIGURE 6 | Comparison of a conventional columnar graft (diameter 10 mm, Young’s moduli = 129.4 MPa) to an hourglass-shaped graft for restoring knee stability and ligament force, with varying position of graft fixation in the femoral tunnel (10 mm vs. 20 mm) for the conventional ACLR. GraftInFT20 means the graft length inside the femoral tunnel was 20 mm. The values were standardized against an intact knee. ATT, anterior tibial translation; ITR, internal tibial rotation; VTR, valgus tibial rotation.
4 DISCUSSION
This study found that the diameter and elasticity of columnar grafts in ACLR could not be tailored to simultaneously replicate the knee stability and graft force of an intact knee at the knee flexion angle of 30°. Although increasing the diameter and/or Young’s modulus of the graft could improve knee stability and graft force, it was not possible to restore both the joint stability and graft force at the same time. Larger diameter columnar grafts were also found to be at risk of impingement with the femoral notch. In contrast, an hourglass-shaped graft resembling the dimensions of the native ACL was better able to simultaneously restore knee stability and graft function at the knee flexion angle of 30°, while avoiding graft impingement, and thus may be at lower risk of rupture, instability and over-restraint of the knee.
In comparison to the intact knee, the results showed an increase in ATT and VTR after ACLR using a columnar graft of diameter 7.5 mm with a Young’s modulus of 129.4 MPa. Notably, a graft diameter of 7.5 mm is commonly used in clinical practice when using an auto-hamstring tendon graft (Pujol et al., 2013). Higher values of ATT and VTR represented greater knee instability than the intact knee, which may cause an abnormal stress environment on the articular cartilage and, in the long term, may lead to knee OA. Meanwhile, the graft force was lower than the force in the native ACL, indicating the graft may not be capable of withstanding physiological joint forces at the knee flexion angle of 30°. This may impart larger forces on other tissues in the knee joint, such as the menisci or articular cartilage. Increasing the graft diameter improved knee stability and increased the force in the graft, indicating that choosing a suitable graft diameter is critical for restoring knee kinematics and forces in the tissues (Snaebjornsson et al., 2017; Wang et al., 2020b). However, this study found that columnar grafts could not replicate both the knee stability and ligament force of the intact joint at the same time. It was possible to restore one parameter to a physiological level, but at the expense of the other. For example, ATT was restored to the level of the intact joint only when ITR was over-restrained, indicating that the knee joint after conventional ACLR might be in the state of instability in one DOF while being over-restrained in another. When the knee moves in a different way to the intact knee, this may change the magnitude and distribution of articular stress (Wang et al., 2020b), which may cause degeneration of the cartilage in the long term (Arokoski et al., 2000). The results also showed that graft diameters larger than 10 mm are at high risk of impingement with the intercondylar femoral notch. This may be problematic when the data suggests that a graft diameter larger than 10 mm is needed to adequately restore knee functionality to a physiological level. Similarly, Howell et al. (1991) found that most columnar grafts suffer impingement on the femoral notch if the bone tunnels are placed at the centers of the bone insertion sites of the native ACL, and thus roofplasty or posterior placement of the tibial tunnel are often required to prevent such impingement. Unfortunately, from the author’s point of view, placing the bone tunnels away from the native bone insertion sites may result in abnormal joint movement and damage to the knee. Notchplasty is also commonly performed by the surgeons to avoid the impingement. However, notchplasty disrupts the normal structure of the knee and may introduce other unforeseen complications. In this case, use of an hourglass-shaped graft may be helpful for avoiding these issues.
Increasing the Young’s modulus of the graft was shown to restrict joint movement and increase the graft force, which could be expected to improve knee stability and reduce the risk of secondary damage to the other joint tissues. Beveridge et al. (2019) reported that 90% of the variability in gross cartilage changes (measured by macroscopic scoring) was associated with ACL stiffness (obtained by ex vivo tensile testing) at 6 months after ACL repair, with a higher ACL stiffness producing less cartilage damage (Beveridge et al., 2019). This finding is supported by the results of this current study, where an increase in graft elasticity was shown to improve knee stability and graft force, and thus may improve the articular stress and reduce damage to the cartilage. Also, increasing the Young’s modulus allowed for a smaller graft diameter to be used while maintaining similar levels of knee stability and graft force, meaning less tissue needs to be harvested from the donor site. However, regardless of the Young’s modulus or diameter, this study found that columnar grafts were not able to simultaneously restore both knee function and graft force to a near-physiological level at the knee flexion angle of 30°.
In contrast, using an hourglass-shaped graft resembling the dimensions of the native ACL may allow for the graft isthmus to be more easily accommodated by the femoral notch. This may reduce the risk of graft impingement after ACLR. The hourglass-shaped graft was also able to simultaneously restore both knee stability and graft force to levels resembling the intact knee at the knee flexion angle of 30°. The graft was developed by measuring the area of the native bone insertion sites and ACL isthmus and then blending these areas to create a smooth graft model. This development method is both accurate and easy to replicate, making it suitable for clinical applications in cases where the bone insertion sites and ACL isthmus can be measured in vivo. It should be noted that increasing the Young’s modulus of the hourglass graft restricted knee movement and increased graft force, indicating that choosing suitable mechanical properties based on the required graft size is critical for the success of ACLR surgery. Also, given that an hourglass-shaped graft may be difficult to obtain directly from human tissue, allografts or artificial grafts may be a more suitable way for applying this method to clinical practice.
This study has some limitations. 1) The Young’s moduli of the grafts were obtained from literature, but the reported properties of grafts in literature can vary considerably and so the moduli used in this study may be different from those used in clinical practice. As shown by this study, larger graft elasticity resulted in lower knee laxity and greater graft force. This study suggests that the mechanical properties of ACL grafts should be carefully evaluated and selected for ACLR to adequately restore knee functionality. 2) All grafts were considered to have isotropic material properties. However, in clinical practice, the graft properties is anisotropic and can undergo minor changes during implantation due to its viscoelasticity. Nevertheless, the main function of the ACL is to bear tensile forces and the loading conditions used in this study primarily act to tension the ACL and grafts. Assigning isotropic properties to the ligaments should have little effect on the main findings of this study. The models in this study did not consider graft viscoelasticity, which may result in a stiffer joint than a physical knee. As such, future studies may further explore the effect of viscoelasticity on graft functionality after ACLR. 3) The internal tibial rotation (ITR) may be over-constrained in this FE model in comparison to the native ACL because the longitudinal fibers of the ligament were not considered, and thus the rotations of fibers could not be simulated. This may result in a lower simulated ITR of the knee. 4) Only a static loading condition was considered. Effectiveness of using the hourglass-shaped graft may vary in different knee flexions and different loadings such as dynamic loadings representing different daily activities. Future studies should further evaluate its effectiveness under more complex loading environments. 5) Different fixation techniques may lead to variation in the stiffness of the bone-graft-bone complex. In the current study, a good fixation between the graft and bone tunnel was assumed, which permits no relative motion between them. Such a completely rigid fixation neglected the graft sliding along the longitudinal axis of the bone tunnels and may result in a lower knee laxity after ACLR than the real situation.
In the current clinical practice, auto-grafts are often more convenient to use and can reduce the risk of immune reactions, but they can also compromise knee functionality, as shown in the current study. The currently used graft size is usually depending on the used tendon. We thus look forward to future developments of advanced biotechniques for better processing allografts and biomaterials to produce more effective artificial grafts for better restoring the joint functionality.
5 CONCLUSION
At the knee flexion angle of 30°, the hourglass-shaped graft was better able to restore joint stability and graft force after ACLR than columnar grafts. The hourglass graft might also be beneficial for reducing the risk of impingement on the femoral notch. The findings of this study provide information on designing and choosing suitable grafts depending on the conditions of the native knee, and thus may improve the clinical outcome of ACLR.
This study provides innovative concepts for designing and choosing suitable grafts for ACLR, especially when using allografts or artificial grafts, and thus may improve the clinical outcome of ACLR.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.
AUTHOR CONTRIBUTIONS
HW, CF, and C-KC conceived and designed the study. HW, MT, QS, and KH collaborated in developing finite element models and conducting the simulations. MT and HW processed and analyzed the data. HW, CF, and C-KC interpreted the data. All authors participated in preparation, revision and approval of the version to be published.
FUNDING
This work was supported by the National Natural Science Foundation of China (grant number 32101050) and the China Postdoctoral Science Foundation (grant number 2021M702129).
ACKNOWLEDGMENTS
We would like to thank Colin McClean for his assistance with editing this manuscript.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Arokoski, J. P. A., Jurvelin, J. S., Vaatainen, U., and Helminen, H. J. (2000). Normal and pathological adaptations of articular cartilage to joint loading. Scand. J. Med. Sci. Sports 10 (4), 186–198. doi:10.1034/j.1600-0838.2000.010004186.x
 Ayanoglu, T., Arikan, E., Yilmaz, O., Gokkus, H., Kaya, Y. E., and Ozturan, K. E. (2022). Investigating the magnetic resonance imaging cross-section area that best correlates with intraoperative hamstring autograft size. Acta Orthop. Traumatol. Turc. 56 (5), 311–315. doi:10.5152/j.aott.2022.21183
 Barenius, B., Ponzer, S., Shalabi, A., Bujak, R., Norlen, L., and Eriksson, K. (2014). Increased risk of osteoarthritis after anterior cruciate ligament reconstruction A 14-year follow-up study of a randomized controlled trial. Am. J. Sports Med. 42 (5), 1049–1057. doi:10.1177/0363546514526139
 Beveridge, J. E., Proffen, B. L., Karamchedu, N. P., Chin, K. E., Sieker, J. T., Badger, G. J., et al. (2019). Cartilage damage is related to ACL stiffness in a porcine model of ACL repair. J. Orthop. Res. 37 (10), 2249–2257. doi:10.1002/jor.24381
 Butler, D. L., Grood, E. S., Noyes, F. R., Zernicke, R. F., and Brackett, K. (1984). Effects of structure and strain measurement technique on the material properties of young human tendons and fascia. J. Biomech. 17 (8), 579–596. doi:10.1016/0021-9290(84)90090-3
 Cheng, R. S., Wang, H. Z., Dimitriou, D., Jiang, Z., Cheng, C. K., and Tsai, T. Y. (2022). Central femoral tunnel placement can reduce stress and strain around bone tunnels and graft more than anteromedial femoral tunnel in anterior cruciate ligament reconstruction. Int. J. Numer. Method. Biomed. Eng. 38 (5), e3590. doi:10.1002/cnm.3590
 Cheng, R. S., Wang, H. Z., Jiang, Z., Dimitriou, D., Cheng, C. K., and Tsai, T. Y. (2021). The femoral tunnel drilling angle at 45° coronal and 45° sagittal provided the lowest peak stress and strain on the bone tunnels and anterior cruciate ligament graft. Front. Bioeng. Biotechnol. 9, 797389. doi:10.3389/fbioe.2021.797389
 Chivot, M., Pioger, C., Cognault, J., Sharma, A., Pailhe, R., Cavaignac, E., et al. (2020). Every layer of quadriceps tendon's central and medial portion offers similar tensile properties than Hamstrings or Ilio-Tibial Band Grafts. J. Exp. Orthop. 7 (1), 50. doi:10.1186/s40634-020-00261-7
 Han, H. S., and Lee, M. C. (2019). Anatomic anterior cruciate ligament reconstruction using the quadriceps tendon. Ann. Jt. 4 (1), 2. doi:10.21037/aoj.2018.12.10
 Hashemi, J., Chandrashekar, N., Jang, T., Karpat, F., Oseto, M., and Ekwaro-Osire, S. (2007). An alternative mechanism of non-contact anterior cruciate ligament injury during jump-landing: In-vitro simulation. Exp. Mech. 47 (3), 347–354. doi:10.1007/s11340-007-9043-y
 Howell, S. M., Usafr, M. M., Clark, J. A., and Farley, T. E. (1991). A rationale for predicting anterior cruciate graft impingement by the intercondylar roof - a magnetic-resonance-imaging study. Am. J. Sports Med. 19 (3), 276–282. doi:10.1177/036354659101900312
 Hung, C-C., Chen, W-C., Yang, C-T., Cheng, C-K., Chen, C-H., and Lai, Y-S. (2014). Interference screw versus endoscrew fixation for anterior cruciate ligament reconstruction: A biomechanical comparative study in sawbones and porcine knees. J. Orthop. Transl. 2 (2), 82–90. doi:10.1016/j.jot.2014.02.001
 Kanamori, A., Woo, S. L. Y., Ma, C. B., Zeminski, J., Rudy, T. W., Li, G. A., et al. (2000). The forces in the anterior cruciate ligament and knee kinematics during a simulated pivot shift test: A human cadaveric study using robotic technology. Arthrosc. J. Arthrosc. Relat. Surg. 16 (6), 633–639. doi:10.1053/jars.2000.7682
 Komzak, M., Hart, R., Nahlik, D., and Vysoky, R. (2021). In vivo knee rotational stability 2 years after the ACL reconstruction using a quadriceps tendon graft with bone block and bone-patellar tendon-bone graft. Arch. Orthop. Trauma Surg. 142 (8), 1995–1999. doi:10.1007/s00402-021-04195-2
 Kutzner, I., Heinlein, B., Graichen, F., Bender, A., Rohlmann, A., Halder, A., et al. (2010). Loading of the knee joint during activities of daily living measured in vivo in five subjects. J. Biomech. 43 (11), 2164–2173. doi:10.1016/j.jbiomech.2010.03.046
 Musahl, V., Nazzal, E. M., Lucidi, G. A., Serrano, R., Hughes, J. D., Margheritini, F., et al. (2022). Current trends in the anterior cruciate ligament part 1: Biology and biomechanics. Knee Surg. Sports Traumatol. Arthrosc. 30 (1), 20–33. doi:10.1007/s00167-021-06826-y
 Orsi, A. D., Canavan, P. K., Vaziri, A., Goebel, R., Kapasi, O. A., and Nayeb-Hashemi, H. (2017). The effects of graft size and insertion site location during anterior cruciate ligament reconstruction on intercondylar notch impingement. Knee 24 (3), 525–535. doi:10.1016/j.knee.2017.02.010
 Pujol, N., Queinnec, S., Boisrenoult, P., Maqdes, A., and Beaufils, P. (2013). Anatomy of the anterior cruciate ligament related to hamstring tendon grafts. A cadaveric study. Knee 20 (6), 511–514. doi:10.1016/j.knee.2012.10.006
 Sakane, M., Fox, R. J., Woo, S. L. Y., Livesay, G. A., Li, G., and Fu, F. H. (1997). In situ forces in the anterior cruciate ligament and its bundles in response to anterior tibial loads. J. Orthop. Res. 15 (2), 285–293. doi:10.1002/jor.1100150219
 Schmucker, M., Haraszuk, J., Holmich, P., and Barfod, K. W. (2021). Graft failure, revision ACLR, and reoperation rates after ACLR with quadriceps tendon versus hamstring tendon autografts: A registry study with review of 475 patients. Am. J. Sports Med. 49 (8), 2136–2143. doi:10.1177/03635465211015172
 Smeets, K., Bellemans, J., Scheys, L., Eijnde, B. O., Slane, J., and Claes, S. (2017). Mechanical Analysis of Extra-Articular Knee Ligaments. Part two: Tendon grafts used for knee ligament reconstruction. Knee 24 (5), 957–964. doi:10.1016/j.knee.2017.07.011
 Snaebjornsson, T., Senorski, E. H., Ayeni, O. R., Alentorn-Geli, E., Krupic, F., Norberg, F., et al. (2017). Graft diameter as a predictor for revision anterior cruciate ligament reconstruction and KOOS and EQ-5D values A cohort study from the Swedish national knee ligament register based on 2240 patients. Am. J. Sports Med. 45 (9), 2092–2097. doi:10.1177/0363546517704177
 Song, Y. H., Debski, R. E., Musahl, V., Thomas, M., and Woo, S. L. Y. (2004). A three-dimensional finite element model of the human anterior cruciate ligament: A computational analysis with experimental validation. J. Biomech. 37 (3), 383–390. doi:10.1016/s0021-9290(03)00261-6
 Wan, C., Hao, Z., and Wen, S. (2012). Influence of various mechanical properties of anterior cruciate ligament on finite element simulation of knee joint. J. Med. Biomechanics 27 (4), 375–380. 
 Wang, H. Z., Kang, H. J., Yao, J., Cheng, C. K., and Woo, S. L. Y. (2019). Evaluation of a magnesium ring device for mechanical augmentation of a ruptured ACL: Finite element analysis. Clin. Biomech. (Bristol, Avon. 68, 122–127. doi:10.1016/j.clinbiomech.2019.06.002
 Wang, H. Z., Zhang, B., and Cheng, C. K. (2020). Stiffness and shape of the ACL graft affects tunnel enlargement and graft wear. Knee Surg. Sports Traumatol. Arthrosc. 28 (7), 2184–2193. doi:10.1007/s00167-019-05772-0
 Wang, H. Z., Zhang, M., and Cheng, C. K. (2020). A novel protection liner to improve graft-tunnel interaction following anterior cruciate ligament reconstruction: A finite element analysis. J. Orthop. Surg. Res. 15 (1), 232. doi:10.1186/s13018-020-01755-x
 Wang, H. Z., Zhang, M., and Cheng, C. K. (2020). Changing the diameter of the bone tunnel is more effective than changing the tunnel shape for restoring joint functionality after ACL reconstruction. Front. Bioeng. Biotechnol. 8, 173. doi:10.3389/fbioe.2020.00173
 Wang, H. Z., Zhang, Z. Y., Qu, Y., Shi, Q. Y., Ai, S. T., and Cheng, C. K. (2022). Correlation between ACL size and dimensions of bony structures in the knee joint. Ann. Anat. - Anatomischer Anzeiger 241, 151906. doi:10.1016/j.aanat.2022.151906
 Wilson, T. W., Zafuta, M. P., and Zobitz, M. (1999). A biomechanical analysis of matched bone-patellar tendon-bone and double-looped semitendinosus and gracilis tendon grafts. Am. J. Sports Med. 27 (2), 202–207. doi:10.1177/03635465990270021501
 Yao, J., Wen, C. Y., Cheung, J. T. M., Zhang, M., Hu, Y., Yan, C. H., et al. (2012). Deterioration of stress distribution due to tunnel creation in single-bundle and double-bundle anterior cruciate ligament reconstructions. Ann. Biomed. Eng. 40 (7), 1554–1567. doi:10.1007/s10439-012-0517-4
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Wang, Fang, Tao, Shi, He and Cheng. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/inline_12.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Hourglass-shaped grafts are superior to conventional grafts for restoring knee stability and graft force at knee flexion angle of 30° following anterior cruciate ligament reconstruction: A finite element analysis		1 Introduction

		2 Materials and methods		2.1 Finite element model of the human knee joint

		2.2 Simulation groups, boundary and loading conditions, and evaluation indicators

		2.3 ACL reconstruction using columnar grafts with different diameters

		2.4 ACL reconstruction using columnar grafts with different material elasticity

		2.5 ACL reconstruction using hourglass-shaped grafts





		3 Results		3.1 Evaluation of risk of notch impingement

		3.2 Evaluation of knee stability and graft force using columnar grafts with different diameters

		3.3 Evaluation of knee stability and graft force using columnar grafts with different elasticity

		3.4 Evaluation of knee stability and graft force using hourglass-shaped grafts with different elasticity

		3.5 Comparing the restoration of knee stability and graft force between the conventional columnar graft and hourglass-shaped graft with the same elasticity

		3.6 Effect of the position for graft fixation inside the bone tunnel on the main outcomes





		4 Discussion

		5 Conclusion

		Data availability statement

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		References









OPS/images/inline_11.gif





OPS/images/inline_14.gif





OPS/images/inline_13.gif





OPS/images/math_2.gif
=7 X 100% @






OPS/images/inline_10.gif





OPS/images/inline_1.gif







OPS/images/inline_9.gif






OPS/images/inline_8.gif






OPS/images/math_1.gif
[0





OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers i

Bioengineering and Biotechnology





OPS/images/fbioe-10-967411-g005.gif
== Intact knee

- Conventional ACLR D8

7 Convenonst ACLR D0

. Gonvenonal ACLR D10
Comventonal ACLR D11

= RGLR wing howrelas-shaped gatt.

AT MR VR Acuent
o





OPS/images/fbioe-10-967411-g006.gif
e s
TN

T T T e e





OPS/images/fbioe-10-967411-g003.gif
by
[TTTITIRnT





OPS/images/fbioe-10-967411-g004.gif





OPS/images/fbioe-10-967411-t003.jpg
ITR () VIR() graft force (N)
Intact knee with the native ACL 42 121 09 128
ACLR using an Hourglass-shaped graft with a Young's modulus of 129.4 MPa 42 117 09 129
ACLR using an Hourglass-shaped graft with a Young's modulus of 168.0 MPa 41 116 08 142
ACLR using an Hourglass-shaped graft with a Young's modulus of 362.2 MPa 41 13 05 169






OPS/images/fbioe-10-967411-t001.jpg
Intact knee with the native ACL

Diameter of columnar graft in ACLR (mm)
(Young's modulus of the graft = 129.4 MPa)

ATT (mm ITR () VIR (

42 121 09
75 47 121 13 111
8 45 119 13 13
85 45 1.8 13 116
9 45 117 12 n7
95 44 116 12 119
10 44 115 12 119
10.5 43 113 12 122
11 43 1.2 iz 124
115 42 110 11 129
12 40 108 10 133






OPS/images/fbioe-10-967411-t002.jpg
mm) [TR() VIR() ACL/graft

force (N)

Intact knee with the native ACL % ¥ 09

* Diameter of columnar graft in ACLR (mm) (Young’s modulus of the graft = 129.4 MPa) 75 47 w11 111

8 45 119 13 113

85 45 ous | 13 116

R 17 12 17

95 44 116 o 119

10 w ous o2 119

ws| 43 13 12 122

uoas w2 o2 124

115 42 110 11 129

2| a0 | s 10 133

Diameter of columnar graft in ACL reconstruction (mm) (Young's modulus of the graft = 25 a4 ous B 115
168.0 MPa) |

8 43 116 12 116

85 a3 115 12 120

9 42 114 12 122

95 42 s o2 124 ‘

o a2 T 127

105 41 wo | 1 129

1 41 109 11 134

ws| a0 107 10 139

12 38 104 09 147

Diameter of columnar graft in ACL reconstruction (mm) (Young's modulus of the graft = 25 a2 uo 127
362.2 MPa) T

8 36 110 10 132

85 36 108 10 139

o | 36 s | 09 | 142

95 36 105 09 147

10 36 103 09 152

105 36 100 08 157






OPS/images/inline_5.gif





OPS/images/cover.jpg
, frontiers ‘ Frontiers in Bioengineering and Biotechnology

Hourglass-shaped grafts are
superior to conventional grafts
for restoring knee stability and
graft force at knee flexion angle
of 30° following anterior
cruciate ligament
reconstruction: A finite element
analysis





OPS/images/inline_4.gif





OPS/images/inline_7.gif





OPS/images/inline_6.gif





OPS/images/fbioe-10-967411-g001.gif





OPS/images/inline_19.gif





OPS/images/fbioe-10-967411-g002.gif
5

S 7summe

o> 10NAL





OPS/images/inline_3.gif





OPS/images/inline_2.gif





OPS/images/inline_16.gif





OPS/images/inline_15.gif





OPS/images/inline_18.gif





OPS/images/inline_17.gif





