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ABSTRACT
[bookmark: _Hlk29883309]Background
Today, the relative contribution of each ligamentous structure in the stability of the subtalar joint is still unclear. The purpose of this study is to assess the material properties of the different ligamentous structures of the subtalar joint. 

Methods
Eighteen paired fresh-frozen cadaveric feet were used to obtain bone–ligament–bone complexes of the calcaneofibular ligament (CFL), the cervical ligament (CL) and the anterior capsular ligament-interosseous talocalcaneal ligament complex (ACaL-ITCL). The samples were subjected to uniaxial testing to calculate their respective stiffness and failure load.

Results
The stiffness of ACaL-ITCL complex (mean: 150±51 N/mm, 95% confidence interval (CI): 125.0-176.6 N/mm) was significantly higher than both CFL (mean: 55.8±23.0 N/mm, CI: 43.8-67.7 N/mm) and CL (mean: 63.9±38.0 N/mm, CI: 44.4-83.3 N/mm). The failure load of both the ACaL-ITCL complex (mean:382.5±158 N, CI: 304.1-460.8 N) and the CFL (mean:320.4±122.0 N, CI: 257.5-383.2 N) were significantly higher than that of the CL (mean:163.5±58.0 N, CI: 131.3-195.7 N). The injury pattern demonstrated a partial rupture in all CFL and ACaL-ITCL specimens and in 60% of the CL specimens.

Conclusion
The CFL, CL and ACaL-ITCL show significant differences in their intrinsic mechanical properties. Both the CFL and CL are more compliant ligaments and seem to be involved in the development of subtalar instability. Based on the material properties, a gracilis tendon graft seems more appropriate than a synthetic ligament to reconstruct a CL or CFL. A partial rupture was the most commonly seen injury pattern in all ligaments. A fibular avulsion of the CFL was only rarely seen. The injury patterns need further investigation as they are important to optimize diagnosis and treatment.


Clinical relevance / highlights: 
· The ACaL-ITCL is a rather stiff ligament with a relative high failure load. This supports the function of apposition of the calcaneus to the talus. The CFL and CL are less stiff ligaments which may be beneficial in the adaptation of the subtalar joint to the ground. The anatomical and biomechanical properties of the CL make this ligament more vulnerable to injury. 
· The material properties of the subtalar ligaments that have been quantified in this study are important to optimize graft choice when considering ligament reconstruction. A gracilis tendon graft seems more appropriate to reconstruct a CL or CFL than a stiffer synthetic ligament.
· A partial rupture of the subtalar ligaments was the most common injury pattern after uniaxial loading to failure. This high occurrence of partial lesions may complicate diagnosis of injuries when imaging techniques are used.
· The injury pattern of the CFL corresponded less commonly to fibular avulsions. Further research about injury patterns is needed as the surgical technique should be adapted accordingly.
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INTRODUCTION
The presence of persistent symptoms is a common and disabling complication after a lateral ankle sprain [1]. An important part of these symptoms are related to pathological laxity or ligamentous instability. Anatomically, two forms of ligamentous instability can be distinguished: talocural instability and subtalar instability [2]. Ankle instability has been well documented in the literature and experts agree on several aspects of diagnosis and treatment [3]. The anatomy and the characteristics of two most commonly involved ligaments, the anterior talofibular ligament (ATFL) and calcaneofibular ligament (CFL), are well known [4,5].

In contrast to ankle instability, literature addressing subtalar instability is rather limited. Different ligaments are involved in the physiopathology of subtalar instability but the relative contribution of each ligamentous structure is still unclear [6,7]. Until so far, the material properties of intrinsic subtalar ligaments have not yet been reported. In addition to the anatomical characteristics, material properties are valuable to understand the importance and function of these structures. These properties are also important when considering an anatomical reconstruction in patients with subtalar instability. In clinical practice, graft materials are often chosen because of their availability, size, structural and biomechanical properties such as failure load. To enhance the effectiveness of the various surgical techniques, it is essential to know the intrinsic characteristics of ligaments in order to mimic them with the appropriate graft material.
[bookmark: _Hlk94122500]This study aimed to provide a detailed characterization of the material properties of the different ligamentous structures related to subtalar instability: CFL, the cervical ligament (CL), the anterior capsular ligament (ACaL) and the interosseous talocalcaneal ligament (ITCL). As some earlier studies assessed the material properties of the CFL and ATFL, we aimed to include both ligaments to be used as a reference point. Our hypothesis was that subtalar ligaments are heterogeneous in nature and possess distinct material properties. 




METHODS
Specimens
Twenty fresh-frozen foot were obtained via the Human Body Donation Programme of the university. Two specimens were used for a pilot test to optimize the protocol. The study group included 18 specimens with a mean age of 79.8 years (range: 65-88 years) and consisted of bilateral samples of 4 female and 5 male specimens. First, the ankles were assessed macroscopically. Specimens were excluded in case of signs of injury such as scars due to surgery, bony deformations due to osteoarthritis, ATFL lesions, musculoskeletal pathologies or deformities. Next, the paired use of the specimens allowed us to compare the intact state of ligaments during dissection. In case of any doubt the specimens were excluded.

Sample preparation
The specimens were segmented at the tibia and kept frozen and stored at -20°C until they were tested. They were thawed at room temperature 24h prior to dissection. A meticulous dissection was performed, by an experienced foot and ankle surgeon (FM), to identify the different ligaments: CFL, CL, ACaL and ITCL. 
[bookmark: _Hlk29892445][bookmark: _Hlk29885746]First, all fascia and soft tissue structures were dissected from around the hind- and midfoot. Next, the forefoot was removed by transecting along the talonavicular calcaneocuboid joint. The origin, insertion, and fiber orientation of the different structures were identified based on anatomical descriptions [8,9]. Length of the ligaments was measured in a position of in situ maximal passive tension with the ankle in a neutral position. A micro sagittal saw and a 1-mm osteotome were used to cut the bones to extract the required bone-ligament-bone complexes. The ACaL and the ITCL were removed together as one ligamentous complex because of their nearby location [9]. The CL could be removed as a separate bone-ligament-bone complex. Once isolated, the samples were wrapped in a saline soaked gauze, placed in freezer bags, and stored at −20°C until the time of testing.

Mechanical testing
Twenty-four hours prior to testing, each sample was thawed at room temperature. A pilot test allowed to optimize the testing protocol. Testing of both the CFL and ATFL in the same sample seemed not possible because of technical reasons. One option was to separate both origins on the fibula. As both origins are confluent, this seemed impossible without weakening the footprint.  The other option was keeping both origins in one bone block and sequential testing. This was neither possible because the alignment could not be adapted for the second test as the bone blocks were fixed in the clamps. Therefore, priority was given to the CFL and thus the ATFL was removed from the study protocol. Measurement of the ligament cross-sectional area did not result in reliable results. The shape of the ACaL-ITCL and CL is very irregular in the different planes. This prohibited the selection of a consistent measurement point. In addition, the access to the ligaments was obstructed by the large bone blocks relative to the small ligaments. Complete exposure of these ligaments resulted in damage of the ligament or the bone block.
Preparation of the test aimed to align each bone-ligament-bone complex to simulate its anatomical orientation in the neutral position of the ankle with the ligament aligned along the load axis of the testing device. Each sample’s bone block of a dedicated ligament was embedded into a custom metal pot using an epoxy resin (Fig. 1). In case of small bone blocks, K-wires were used to reinforce structure in the resin. The CL and CFL were clearly visible, which allowed us to fix the specimens in pots in the normal anatomical position. The fiber alignment of the ACaL-ITCL was less visible. To keep the insertion and origin of both ligaments intact,  larger bone blocks were retained. Consequently, only a part of the ligament was visible during testing and mobility was limited to the physiologic range of motion. The visible part and the large bone blocks were helpful recognize the anatomy and to position the ligament in the most anatomical position. The limited mobility allowed us to adapt the position to the middle of the range of motion of inversion/eversion and plantarflexion/dorsiflexion. The pots were then attached to a custom pot mechanism that was designed to reorient the ligament in the vertical axis to prevent non-physiologic alignment during potting. Each bone-ligament-bone complex was mounted into a dynamic material testing device (TA Instruments Electro-Force, Eden Prairie, MN), equipped with a 3 kN load-cell (±1% of reading output), to perform the testing. The cylindric soft-tissue clamps and fixation system allowed to adapt rotation and to translate in all directions to improve the ligament orientation in testing frame. By applying very small tension some self-alignment was possible before locking. Finally, rotation was corrected by positioning the sample to the position with least tension before starting the experiment. Testing order of the different samples was randomized to avoid potential bias.
A preload of 2 N was applied to each sample to eliminate slack length and to improve the alignment. The preloading was used as the ‘zero position’ and the initial length of the samples were measured using a digital calliper (accuracy of ±0.02 mm, Mitutoyo 500-457, Sakado, Japan). Fifteen cycles of preconditioning between 2N and a load corresponding to strain of 3.5% were performed at a frequency of 1 Hz. After preconditioning, the testing frame was returned to its zero position and the samples were allowed to recover for 600 s. Next, a load of 15 N was hold for 5 seconds to remove potential creep. Finally, the samples were ramp loaded to failure at a rate of 200mm/min and the data were acquired at 1000 Hz during the entire experiment. Throughout the experiment, the sample was kept moist with saline to ensure the viscoelastic nature of ligaments during the testing.

Measurements and statistics
Custom Matlab code (Mathworks Inc, USA) was used to compute the stiffness and failure load.
All statistical analyses were performed in R-Studio (v1.4, Boston, MA, USA), and the significance level was set at 0.05 for all observations. The outlier’s detection test for each sample was performed using the interquartile range, Tukey fence method. A linear mixed model, with paired feet and specimen identity included as random effect, was used for either failure load or stiffness. Both histogram and Q-Q plot showed normal distribution. Moreover, the Shapiro-Wilk test was performed to check the normal distribution of the residuals for failure load (p=0.87) and stiffness (p=0.095). In order to compare the ACaL-ITCL complex, CFL and CL, Tukey's HSD posthoc was applied. For statistically different groups, the Cohen’s d effect size (ES, large ≥ 0.8 and small ≤ 0.2) was additionally computed.
Besides the stiffness and failure load, the injury pattern was assessed in all samples. The failure location was assessed making a distinction between mid-substance injuries and injuries at the level of the ligament insertion or origin. In addition, a distinction was made between partial and complete ruptures. Partial ruptures were defined as ruptures with still significant tissue connection and a loss of maximal force. Complete ruptures were defined as ruptures without significant tissue continuity and not able to resist any force. 
[bookmark: _Hlk77679409]Ethical approval was obtained from the Institutional Review Board at KU Leuven. This study was registered at the Belgian National Council for Bioethics (number NH019 2020-09-02). 

RESULTS
Material properties
Assessment of the material properties of the subtalar ligaments revealed some significant differences in stiffness, failure load and elongation at failure (Fig. 2).
The stiffness of the ACaL-ITCL complex (mean: 150±5.01 N/mm, 95% confidence interval (CI): 125-176.6 N/mm) was significantly higher than that of both the CFL (mean: 55.8±23.0 N/mm, CI: 43.8-67.7 N/mm, p<0.0001, ES: 2.4) and the CL (mean: 63.9±38.0 N/mm, CI: 44.4-83.3 N/mm, p<0.0001, ES: 1.9).
The failure load of both the ACaL-ITCL complex (mean:382.5±158.0 N, CI: 304.1-460.8 N, p<0.0001, ES: 1.8) and the CFL (mean:320.4±122.0 N, CI: 257.5-383.2 N, p=0.0004, ES: 1.6) were significantly higher than that of the CL (mean:163.5±58.0 N, CI: 131.3-195.7 N). 
The elongation at failure was 6.1±0.9 mm for the CFL, 3.0±1.1 mm for the CL, and 2.6±0.8 mm for the ACaL-ITCL. This corresponds to a strain of 31.4±6.8 % for the CFL, 20.2±6.2 % for the CL, and 21.2±6.6 % for the ACaL-ITCL. The differences between ACaL-ITCL and CFL and between CFL and CL were significant (p<0.001).

Injury pattern
All studied ligaments were consistently present in all specimens. Successful testing was performed in 17/18 CFL samples, 15/18 CL samples and 18/18 ACaL-ITCL samples. One CFL and 1 CL were damaged during dissection. Two CL samples failed at bone level during testing and were excluded.
The CFL had an average length of 19.7±2.4 mm. The location of rupture was the calcaneal insertion in 13 out of 17 cases (76.5%), mid-substance in 1 case (5.9%) and the fibular origin in 3 out of 17 cases (17.6%). In all cases, the experiment resulted in a partial rupture with still significant tissue continuity despite a loss of tension (Fig. 3).
The CL had an average length of 13.9±2.1 mm. The location of rupture was the calcaneal insertion in 3 out of 15 cases (20.0%), mid-substance in 10 cases (66.7%) and the talar origin in 2 out of 15 cases (13.3%). In 9 out of 15 cases (60.0%), the experiment resulted in a partial rupture with still significant tissue continuity despite a loss of force.
The ACaL-ITCL complex had an average length of 11.0±2.5 mm. The location of rupture was the calcaneal insertion in 4 out of 18 cases (22.2%), mid-substance in 12 cases (66.7%) and the talar origin in 2 out of 17 cases (11.1%). In all cases, the experiment resulted in a partial rupture with still significant tissue continuity despite a loss of force.


DISCUSSION
The most important finding of this study is the significant difference in mechanical properties of the investigated subtalar ligaments. The different ligaments are heterogeneous in nature, which supports our initial hypothesis. These results are useful to improve the understanding of the pathophysiology of these ligaments. This information is also valuable to improve the surgical technique when a ligament reconstruction is considered.
The findings in this study allow a comparison with data from the limited literature. Some previous studies have assessed failure load and stiffness of the CFL and ATFL (Table 1). The findings about the CFL are similar as the results of our study. Therefore, earlier findings about  both ligaments are interesting to use as a reference point. Previous studies demonstrated a higher failure load of the CFL compared to the ATFL [5,10–12]. The mean failure load of the CFL in this study (320.4±122.0 N) falls within the range reported in previous studies (296.0–345.7 N). Although lesions of the CL and ITCL are not uncommon, no earlier studies have assessed the material properties of the CL and ACaL-ITCL [13,14]. The failure load of the CL was found to be significantly lower than the failure load of the CFL. The failure load of the CL (mean: 163.5±58.0 N) from this study falls within the range of the failure loads of the ATFL reported in the literature (130.0-263.6 N). Besides the failure load, our study also assessed the stiffness of the ligaments. 
The stiffness of the subtalar ligaments has rarely been reported in literature and data are mostly limited to the ATFL [15–17]. The findings in our study show a significantly higher stiffness of the ACaL-ITCL compared to the CFL and CL, while the CFL and CL have a comparable stiffness. Our results of the CFL (mean: 55.8 N) correspond to the findings of Rochelle [4] (mean: 45.8 N) but are much higher than the one reported by Siegler [10] (12.7 N). The stiffness of the ACal-ITCL was high (150.0 N) compared to reported stiffness values of other ankle ligaments, but comparable to the measured stiffness of gracilis grafts [29] (131.7 N).

The findings in this study are important to improve our understanding of the pathophysiology of lateral ankle and subtalar instability. In a study including 150 patients selected for a surgical stabilisation procedure, Tourné et al. found lesions of the intrinsic subtalar ligaments in 30% of patients [13]. A recent anatomical study identified consistent anatomical characteristics of the intrinsic subtalar ligaments: CL, ACaL and ITCL [9]. In this study, the CL was found to have similar dimensions as the ATFL and CFL, suggesting an important function in the stability of the subtalar joint [9]. The current study allows to combine the material properties with earlier literature on the anatomical characteristics and when combined they give us some insight in potential ligament function.
The ACaL-ITCL complex consists of two parts: the ITCL and the ACaL [9]. The ITCL is located in the tarsal canal, this corresponds with the centre of the subtalar joint nearby the axis of rotation [18]. Several studies have demonstrated that the ITCL has a major role in maintaining the apposition of the subtalar joint [18,19]. The ACaL is located more laterally in the sinus tarsi. The footprints of the ACaL-ITCL complex are orientated in a similar direction more perpendicular to the axis of rotation of the subtalar joint [9]. The ACaL-ITCL complex gets tensioned in a balanced way when performing an anterior translation of the calcaneus relative to the talus. However, when performing an inversion movement more tension is applied on the laterally located fibers of the ACaL [20]. 
The higher stiffness and higher load to failure of the ITCL compared to the CL and CFL supports its function in maintaining the apposition of the subtalar joint. The findings of abnormalities of the ACaL on MR images in patients with suspected subtalar instability may be explained by its more lateral location and higher risk to injury during an inversion movement [21,22].
The CL is located rather distant from the axis of rotation of the subtalar joint with its footprints parallel to the axis of rotation of the subtalar joint [9]. An inversion movement causes a more balanced tension in all bundles of the CL than in the ACaL-ITCL complex. This confirms the earlier hypothesis that the CL provides most of the protection against excessive inversion [20,23,24]. The lower stiffness of the CL may be beneficial in the adaptation of the subtalar joint to the ground. The lower load to failure of the CL, comparable to the ATFL, poses the CL at risk for rupture during the same inversion movement causing an ankle sprain. The CFL footprint is also located rather distant from the axis of rotation and gets tensioned during inversion [9]. As in the CL, the low stiffness of the CFL may also be beneficial in the adaptation to the ground. The higher load to failure and the higher elongation at failure of the CFL compared to the  CL may decrease the risk to injury during an inversion movement.

The findings about injury patterns and material properties are relevant for clinical practice, as these can improve medical imaging-based diagnosis and surgical techniques.
First, in this study uniaxial loading to failure resulted in a partial rupture of the CFL and  ACaL-ITCL in all tested samples, and in 58.8% of the samples of the CL. This corresponds to ligaments losing their property to resist tensile forces while the anatomical continuity remains. This anatomical continuity may be important to guide the healing process. However, the question is if this results in a full restoration of the ligament properties. The current findings may also explain the almost normal visual aspect of the ligaments during diagnostic imaging techniques such as ultrasound and MRI. Also during peroperative assessment, the visual presence of the ligament may misguide the interpretation of the remaining stabilising capacities. 
[bookmark: _Hlk94359147][bookmark: _Hlk94600394][bookmark: _Hlk94359053]Second, this study also assessed the location of the rupture in uniaxial loading. The exact location of a ligament rupture is important when surgical repair is considered. The fixation method needs to be adapted according to the location of the rupture. The rupture of the CL and ACaL-ITCL occurred in most samples at the mid-substance level while the CFL ruptured in 76.5% of the tests at the calcaneal insertion. These findings are similar to the studies of Nigg et al. and Rochelle et al. demonstrating only a minor part of fibular avulsions [5,11]. The failure mechanism of a ligament is an important consideration prior to a ligament repair being performed as the fixation method may differ depending on whether the ligament needs reattaching to bone or to ligament [5]. Some reservations need to be made as the lab conditions with uniaxial loading differ from the in vivo conditions during an inversion sprain. Detailed studies about the injury pattern of the CFL in vivo are lacking and further research is needed. Several studies demonstrate a high occurrence of CFL injuries in association with ATFL lesion [25–27]. The CFL is an important ligament and repair or reconstruction is strongly recommended [28–30]. In case of a repair, the clinician should not assume that all CFL injuries are fibular avulsions. Therefore, the surgical technique should be adapted accordingly.
Third, surgical treatment should focus on restoration of anatomical and biomechanical properties of the most important ligaments. A ligament repair and a ligament reconstruction are the most commonly used surgical techniques. A repair corresponds to a suture of the torn ligaments [31]. In smaller band-shaped ligaments, such as the ACaL and CL, a repair of a mid-substance rupture may be technically difficult. Alternatively, a ligament reconstruction can be performed. This corresponds to a replacement of the deficient tissue with other tissue [31]. The anatomical and biomechanical properties of the CL make this ligament more vulnerable to injury. This corresponds to the findings of Tourné et al. who report a high occurrence of CL lesions [13]. Therefore, reconstruction of the CL may be considered in patients with persistent subtalar instability since it seems to play a role as a secondary stabilizer of the subtalar joint.
Finally, graft materials are often chosen because of their size, structural properties and availability. To enhance the effectiveness of the various surgical techniques, it is essential to know the material properties of the ligaments in order to mimic these with the appropriate graft. The results of this study allow to compare the properties of the ligaments with those of graft tissue used for ligament reconstruction. The CFL is commonly reconstructed using a gracilis graft fixed in bone tunnels [31–33]. Raoulis et al. tested a gracilis graft in the knee and found a mean stiffness of 21.38 N/mm (range 19.8–23.3, SD 1.44) [34]. Based on the measured material properties, a tendon graft seems to approach the characteristics of the CL and CFL. Recently, synthetic grafts have also been used [35]. Hopkins et al. investigated the biomechanical properties for the InternalBrace (Arthrex, Inc., Naples, FL, USA) [36]. They found a stiffness of 200 N/mm and a load to failure of 238 N. Cyclic loading with 10,000 cycles of 69 N, 138 N, and 207 N showed the InternalBrace maintained stiffness, but fatigued earlier than the suture button. The relative high stiffness of this synthetic ligament may be less appropriate in the use of CL and CFL reconstruction. 

This study has several limitations that should be considered when interpreting its results.
First, the assessment of the material properties was limited to the stiffness, failure load and elongation at failure. Other properties of the tested ligaments, which might provide better understanding of the dynamic tissue behaviour, could not be assessed. The cross-sectional area could not be obtained in a reliable way for all ligaments as the shape of the ACaL and CL is very irregular in the different planes, which prohibited the selection of a consistent measurement point. In addition, the access to the ligaments was obstructed by the large bone blocks relative to the small ligaments. Direct access to the ligament would result in damage of the ligament or the bone block.
Second, only the axial tensile properties of the samples were tested, although the in vivo loading of these tissues is more complex. Reservations should therefore be made regarding the physiologic injury mechanisms and interpreting the findings related to the injury patterns.
Finally, the age of the specimens in this study was clearly higher than the average age of patients who have instability problems of the ankle. However, this limitation also applies to other studies which have quantified material properties of ankle ligaments. Aging might affect the material properties of ligaments and tendons. A recent study on patellar tendon allografts [37] found that aging did decrease the ultimate tensile strength of the tendon, but did not affect other properties, such as strain, stiffness, elastic modulus, creep displacement, or creep strain.

Conclusion
This study demonstrated that the subtalar ligaments, i.e., the CFL, CL and ACaL-ITCL, have distinct material properties. The ACaL-ITCL is a rather stiff ligament with a relative high failure load which supports its apposition function of the calcaneus to the talus. Interestingly, the CFL and CL are more compliant ligaments which may be beneficial in the adaptation of the subtalar joint to the ground. The CL seems to play a role as a secondary stabilizer of the subtalar joint. Therefore, a reconstruction of the CL in addition to the CFL may be considered in patients with persistent subtalar instability. Based on the material properties, a gracilis tendon graft seems more appropriate to reconstruct a CL or CFL than a stiffer synthetic ligament.
A partial rupture was the most common injury pattern of the tested ligaments after uniaxial loading to failure. This high occurrence of partial lesions may complicate diagnosis of injuries when imaging techniques are used. The injury pattern of the CFL corresponded less commonly to fibular avulsions. Further research about injury patterns is needed as the surgical technique should be adapted accordingly.

Funding
This study was supported by the EFAS (European Foot and Ankle Society) Research Foundation-MEDARTIS Research Grant for any "Foot & Ankle Disorders" and the research grant of the BVOT (Belgische Vereniging voor Orthopedie en Traumatologie). 

Conflict of interest
The authors declare that they have no conflict of interest. 


REFERENCES
[1]	Michels F, Wastyn H, Pottel H, Stockmans F, Vereecke E, Matricali G. The presence of persistent symptoms 12 months following a first lateral ankle sprain: A systematic review and meta-analysis. Foot Ankle Surg 2021. https://doi.org/https://doi.org/10.1016/j.fas.2021.12.002.
[2]	Usuelli FG, Mason L, Grassi M, Maccario C, Ballal M, Molloy A. Lateral ankle and hindfoot instability: A new clinical based classification. Foot Ankle Surg 2014;20:231–6. https://doi.org/10.1016/j.fas.2014.05.003.
[3]	Michels F, Pereira H, Calder J, Matricali G, Glazebrook M, Guillo S, et al. Searching for consensus in the approach to patients with chronic lateral ankle instability: ask the expert. Knee Surgery, Sport Traumatol Arthrosc 2018;26:2095–102. https://doi.org/10.1007/s00167-017-4556-0.
[4]	Matsui K, Takao M, Tochigi Y, Ozeki S. Anatomy of anterior talofibular ligament and calcaneofibular ligament for minimally invasive surgery : a systematic review. Knee Surgery, Sport Traumatol Arthrosc 2017;25:1892–902. https://doi.org/10.1007/s00167-016-4194-y.
[5]	Rochelle DC, Herbert A, Ktistakis I, Redmond AC, Chapman GJ, Brockett CL. Mechanical characterisation of the lateral collateral ligament complex of the ankle at realistic sprain-like strain rates. J Mech Behav Biomed Mater 2020;102:103473. https://doi.org/10.1016/j.jmbbm.2019.103473.
[6]	Michels F, Clockaerts S, Van Der Bauwhede J, Stockmans F, Matricali G. Does subtalar instability really exist? A systematic review. Foot Ankle Surg 2020;26. https://doi.org/10.1016/j.fas.2019.02.001.
[7]	Li L, Gollhofer A, Lohrer H, Dorn-Lange N, Bonsignore G, Gehring D. Function of ankle ligaments for subtalar and talocrural joint stability during an inversion movement - An in vitro study. J Foot Ankle Res 2019;12:1–8. https://doi.org/10.1186/s13047-019-0330-5.
[8]	Matsui K, Oliva XM, Takao M, Pereira BS, Gomes TM, Lozano JM, et al. Bony landmarks available for minimally invasive lateral ankle stabilization surgery: a cadaveric anatomical study. Knee Surgery, Sport Traumatol Arthrosc 2017;25. https://doi.org/10.1007/s00167-016-4218-7.
[9]	Michels F, Matricali G, Vereecke E, Dewilde M, Vanrietvelde F, Stockmans F. The intrinsic subtalar ligaments have a consistent presence, location and morphology. Foot Ankle Surg 2021;27:101–9. https://doi.org/10.1016/j.fas.2020.03.002.
[10]	Siegler S, Block J SC. The mechanical characteristics of the collateral ligaments of the human ankle joint. Foot Ankle Int Int 1988;8:234–42.
[11]	Nigg BM, Skarvan G, Frank CB YM. Elongation and forces of ankle ligaments in a physiological range of motion. Foot Ankle 1990;11:30–40.
[12]	Attarian DE, McCrackin HJ, Devito DP, McElhaney JH, Garrett WEJ. A biomechanical study of human lateral ankle ligaments and autogenous reconstructive grafts. Am J Sports Med 1985;13:377–81. https://doi.org/10.1177/036354658501300602.
[13]	Tourné Y, Mabit C, Moroney PJ, Chaussard C, Saragaglia D. Long-term follow-up of lateral reconstruction with extensor retinaculum flap for chronic ankle instability. Foot Ankle Int 2012;33:1079–86. https://doi.org/10.3113/FAI.2012.1079.
[14]	Tourné Y, Besse J, Mabit C. Chronic ankle instability . Which tests to assess the lesions ? Which therapeutic options ? 2010. https://doi.org/10.1016/j.otsr.2010.04.005.
[15]	Waldrop NE, Wijdicks CA, Jansson KS, Laprade RF, Clanton TO. Anatomic suture anchor versus the broström technique for anterior talofibular ligament repair: A biomechanical comparison. Am J Sports Med 2012;40:2590–6. https://doi.org/10.1177/0363546512458420.
[16]	Clanton TO, Viens NA, Campbell KJ, Laprade RF, Wijdicks CA. Anterior talofibular ligament ruptures, part 2: Biomechanical comparison of anterior talofibular ligament reconstruction using semitendinosus allografts with the intact ligament. Am J Sports Med 2014;42:412–6. https://doi.org/10.1177/0363546513509963.
[17]	Bohnsack M, Sürie B, Kirsch L, Wülker N. Biomechanical properties of commonly used autogenous transplants in the surgical treatment of chronic lateral ankle instability. Foot Ankle Int 2002;23:661–4. https://doi.org/10.1177/107110070202300714.
[18]	Cahill DR. 1965 Cahill tarsal sinus and canal.pdf. Anat Rec 1965:1–18.
[19]	Tochigi Y, Amendola A, Rudert MJ, Baer TE, Brown TD, Hillis SL, et al. The role of the interosseous talocalcaneal ligament in subtalar joint stability. Foot Ankle Int 2004;25:588–96. https://doi.org/10.1177/107110070402500813.
[20]	Bonnel F, Toullec E, Mabit C, Tourné Y. Chronic ankle instability: Biomechanics and pathomechanics of ligaments injury and associated lesions. Orthop Traumatol Surg Res 2010;96:424–32. https://doi.org/10.1016/j.otsr.2010.04.003.
[21]	Yoon DY, Moon SG, Jung H, Kim NR. Differences Between Subtalar Instability and Lateral Ankle Instability Focusing on Subtalar Ligaments Based on Three Dimensional Isotropic 2018;00:1–8. https://doi.org/10.1097/RCT.0000000000000717.
[22]	Kim TH, Moon SG, Jung HG, Kim NR. Subtalar instability: Imaging features of subtalar ligaments on 3D isotropic ankle MRI. BMC Musculoskelet Disord 2017;18:1–9. https://doi.org/10.1186/s12891-017-1841-5.
[23]	Pisani G. Chronic laxity of the subtalar joint. Orthopedics 1996;19:431–7. https://doi.org/10.3928/0147-7447-19960501-13.
[24]	Karlsson J, Eriksson BI, Renström PA. Subtalar ankle instability: A review. Sport Med 1997;24:337–46. https://doi.org/10.2165/00007256-199724050-00005.
[25]	van den Hoogenband CR, van Moppes FI, Stapert JW, Greep JM. Clinical diagnosis, arthrography, stress examination and surgical findings after inversion trauma of the ankle. Arch Orthop Trauma Surg 1984;103:115–9. https://doi.org/10.1007/BF00389583.
[26]	Broström L. Sprained ankles. 3. Clinical observations in recent ligament ruptures. Acta Chir Scand 1965;130:560–9.
[27]	Debieux P, Wajnsztejn A, Mansur NSB. Epidemiology of injuries due to ankle sprain diagnosed in an orthopedic emergency room. Einstein (Sao Paulo) 2020;18:eAO4739. https://doi.org/10.31744/einstein_journal/2020AO4739.
[28]	Michels F, Pereira H, Calder J, Matricali G, Glazebrook M, Guillo S, et al. Searching for consensus in the approach to patients with chronic lateral ankle instability: ask the expert. Knee Surgery, Sport Traumatol Arthrosc 2018;26. https://doi.org/10.1007/s00167-017-4556-0.
[29]	Boey H, Verfaillie S, Natsakis T, Vander Sloten J, Jonkers I. Augmented Ligament Reconstruction Partially Restores Hindfoot and Midfoot Kinematics After Lateral Ligament Ruptures. Am J Sports Med 2019;47:1921–30. https://doi.org/10.1177/0363546519848421.
[30]	Hunt KJ, Pereira H, Kelley J, Anderson N, Fuld R, Baldini T, et al. The Role of Calcaneofibular Ligament Injury in Ankle Instability Implications for Surgical Management 2018:1–7. https://doi.org/10.1177/0363546518815160.
[31]	Guillo S, Bauer T, Lee JW, Takao M, Kong SW, Stone JW, et al. Consensus in chronic ankle instability: Aetiology, assessment, surgical indications and place for arthroscopy. Orthop Traumatol Surg Res 2013;99:S411–9. https://doi.org/10.1016/j.otsr.2013.10.009.
[32]	Michels F, Cordier G, Guillo S, Stockmans F. Endoscopic Ankle Lateral Ligament Graft Anatomic Reconstruction. Foot Ankle Clin 2016;21. https://doi.org/10.1016/j.fcl.2016.04.010.
[33]	Glazebrook M, Stone J, Matsui K, Guillo S, Takao M, Batista J, et al. Percutaneous Ankle Reconstruction of Lateral Ligaments (Perc-Anti RoLL). Foot Ankle Int 2016;37. https://doi.org/10.1177/1071100716633648.
[34]	Raoulis VA, Hantes ME, Fyllos A, Chiotelli MD, Kermanidis AT, Malahias M-A, et al. Biomechanical comparison of two medial patellofemoral ligament reconstruction techniques: Quadriceps tendon fixation versus single-tunnel patella fixation with gracilis autograft did not differ in load to failure and stiffness. Knee 2021;33:169–75. https://doi.org/10.1016/j.knee.2021.09.007.
[35]	Lewis TL, Joseph A, Patel A, Ahluwalia R, Ray R. Modified Broström repair with suture tape augmentation for lateral ankle instability: A systematic review. Foot Ankle Surg 2021;27:278–84. https://doi.org/10.1016/j.fas.2020.12.004.
[36]	Hopkins J, Nguyen K, Heyrani N, Shelton T, Kreulen C, Garcia-Nolen T, et al. InternalBrace has biomechanical properties comparable to suture button but less rigid than screw in ligamentous lisfranc model. J Orthop 2020;17:7–12. https://doi.org/10.1016/j.jor.2019.06.020.
[37]	Shelton TJ, Delman C, McNary S, Taylor JR, Marder RA. Aging Decreases the Ultimate Tensile Strength of Bone–Patellar Tendon–Bone Allografts. Arthrosc - J Arthrosc Relat Surg 2021;37:2173–80. https://doi.org/10.1016/j.arthro.2021.02.042.
[38]	St Pierre RK, Rosen J, Whitesides TE, Szczukowski M, Fleming LL, Hutton WC. The Tensile Strength of the Anterior Talofibular Ligament. Foot Ankle Int 1983;4:83–5.
[39]	Wytrykowski K, Swider P, Reina N, Murgier J, Laffosse JM, Chiron P, et al. Cadaveric Study Comparing the Biomechanical Properties of Grafts Used for Knee Anterolateral Ligament Reconstruction. Arthrosc - J Arthrosc Relat Surg 2016;32:2288–94. https://doi.org/10.1016/j.arthro.2016.03.004.


Figures
[image: ]
Fig. 1 Setup with cylindric soft-tissue clamps and fixation system allowing to adapt ligament orientation in testing frame
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Fig. 2 Box and whisker plots for (a) stiffness (N\mm), (b) failure load (N) and (c) elongation at failure (mm) of ACaL-ITCL, CFL and CL are shown. The symbol ‘*’ indicates the range of p-value between 0.05 and 0.001, ‘**’ shows p-value lower than 0.001.
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Fig. 3 CFL, partial rupture during load to failure a. Before rupture b. After rupture confirmed by loosening of the tension, the ligament is slightly thinner and slightly longer


Table 1 Comparison of the mechanical properties from the current study with previously reported data

	Study 
	Structure
	n
	Ultimate failure load (N)
	Stiffness (N/mm)

	Injury pattern

	St Pierre 1983 [38]
	ATFL
	36
	206.6±127.7
	NR
	18 talar avulsion, 16 mid-substance, 2 unclear

	Attarian 1985 [12]
	ATFL
CFL
	12
16
	138.9±23.5(SEM)
345.7±55.2(SEM)
	NR
	NR

	Siegler 1988 [10]
	ATFL
CFL
PTFL
	20
	231±129
307±142
418±191
	14.18±7.93
12.66±4.29
16.43±5.55
	ATFL: bone avulsion 58%
CFL: bone avulsion 70%

	Nigg 1990 [11]
	ATFL
CFL
	3
	130±63
296±31
	NR
	ATFL: fibular avulsion 66%, mid-substance 33%
CFL: calcaneal avulsion 66%, fibular avulsion 33%

	Bohnsack 2002 [17]
	ATFL
	13
	<200
	29.5±16.2
	NR

	Waldrop 2012 [15]
	ATFL
	6
	160.9±72.2
	12.4±4.1 
	talar avulsion 66%, mid-substance 33%


	Clanton 2013 [16]
	ATFL
SemiT graft
	6
6
	154.0±63.7
170.7±54.8
	14.5±4.4
23.1±9.3
	ATFL: talar avulsion 100%

	Wytrykowski 2016 [39]

	Two strand gracilis graft
	13
	200.7±48.7
	131.7±43.7
	

	[bookmark: _Hlk94113541]Rochelle 2019 [5]
	ATFL
CFL
PTFL
	6
	263.6±164.3
367.8±79.8 
351.4±110.8
	44.7±16.6
45.8±19.0
59.0±10.7
	ATFL: fibular avulsion 66%, mid-substance 33%
CFL: fibular avulsion 33%, mid-substance 66%
PTFL: fibular avulsion 33%, mid-substance 66%

	Current study
	CFL
CL
ACaL-ITCL
	18
	320.4±122.0 
163.5±58.0 
382.5±158.0
	55.8±23.0 
63.9±38.0
150±51.0
	CFL: calcaneal avulsion 76.5%, mid-substance 5.9%, fibular avulsion 17.6%
CL: calcaneal avulsion 20%, mid-substance 66.7%, talar avulsion 13.3%
ACaL-ITCL: calcaneal avulsion 22.2%, mid-substance 66.7%, talar avulsion 11.1%



All data are presented as mean ± standard deviation. PTFL: posterior talofibular ligament, NR: not reported
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