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Ligaments 
Many ligaments are anatomically distinct, dense, homogeneous and relatively avascular. Ligaments connect bone to bone, and present as discrete extra-articular structures, providing the structural strength to withstand and transmit forces imposed onto the body (Reynolds et al., 2017). The tissue is composed mainly of water (65-70% of total weight), which contributes to the viscoelastic mechanical behaviour of the tissue. The remaining one-third of dry weight is a constituent of mostly type 1 collagen (70-80%), elastin (10-15%), proteoglycans (1-3%), extracellular matrix (ECM). There are also a low number of fibroblasts, which are the predominant cell type arranged in rows between bundles of parallel collagen fibrils (Torniainen et al., 2019). 

Water and proteoglycans are crucial to the gliding function of fibres in the tissue matrix, providing lubrication and spacing of collagen fibres. When viewed histologically under unloaded conditions, the collagen fibres display a crimp pattern showing a wavy, layered, well-organised appearance along the longitudinal direction. The wavy configuration of the fibrils contributes to the mechanical response of ligaments, transmitting forces along this longitudinal axis and providing the tissues with an excellent axial tensile load-bearing capacity (Tang et al., 2017). 

Ligaments have an anisotropic structure and ability to tolerate a tensile force far superior to other forces applied to the tissue (Davis and De Vita, 2014). The unique properties of the function of a ligament, allows them to maintain smooth normal joint motion requiring low loads. In response to high loads, stiffness increases dramatically limiting excessive joint displacements. Tissue failure is caused by trauma at high loading rates, a significant societal burden causing disability and pain. When a ligament is exposed to a functional tensile load associated with activities of daily living (ADL), they do not routinely fail because they are strong enough to avoid trauma and stiff enough not to deform significantly. Ligaments exhibit time and history-dependent viscoelastic behaviour which could be attributed to the complex interactions of tissue constituents such as collagen, proteoglycans, water, and ground substance (Ristaniemi et al., 2018). Viscoelastic properties are important and clinically relevant, e.g. during ADL tissues can soften over time, reducing susceptibility to damage related to fatigue.

Furthermore, ligaments are susceptible to anabolic metabolic processes and functional, structural adaptations in response to increased activity and mechanical influences (Hartman et al., 2013). These functional characteristics are challenging to measure in patients, yet studies in various animal models have revealed essential results. Healing ligaments have decreased strength compared to normal ligaments, leaving healing ligaments vulnerable to damage accumulation during normal daily activities at functional stresses (Thornton and Bailey, 2012).

Articular ligaments are viscoelastic materials presenting a stress relaxation, creep and hysteresis occurrence. The stress-strain behaviour under uniaxial tension is distinguished by an initial non-linear region of increasing stiffness, expressed as the toe-region, followed by a linear region, then the onset of failure (Fig. 1)(Shearer, 2015). Each region correlates with concurrently occurring mechanisms within different length scales. Tropocollagen molecule extension during phase 1, change in periodicity in phase 2 and sliding between collagen fibrils in phase 3, which is controlled by the interspersed proteoglycan matrix (Karunaratne et al., 2018). The toe-phase is distinguished by a disproportionate increase in elongation of the tissue with low load due to uncrimping, resisting the applied force (Stanković et al., 2016). At the end of the toe-phase, the strain has reported being approximately 4%, well within the functional safety limits of ligaments. 

At the linear region, the ligament leads more or less a linear fashion elongation in response to loading. Throughout this phase, the collagen fibres stretch becoming more parallel to each other. The slope in this region is described as the stiffness, signifying the resistance of a ligament to elongation against tensile loading (Wan et al., 2014). 

The elastin component of ligaments is an extremely hydrophobic protein characterised by a high degree of reversible extensibility, with the ligament able to return to its original length during unloading with small forces applied without any permanent damage (Ristaniemi et al., 2018). When the linear region surpasses more fibres are gradually involved in providing tension, and there is a corresponding gradual increase in the stiffness of the ligament (Wan et al., 2014). The stiffness saturates to a constant value once all the collagen fibres have been uncrimped. With continued stretching the fibres progressively break as their tolerance exceeds. Eventually, this can accumulate into complete ligament rupture. The highest point in the load-deformation curve is the ultimate tensile strength, and the area around the curve indicates the energy absorption capacity of the ligament (Smeets et al., 2017).

Ligament sprains vary in acuteness from mild injuries involving tearing of only a few fibres to complete tear where continuity and its stabilising role is entirely lost. Lundblad et al. expresses that on the number of fibres torn and the subsequent magnitude of joint instability, a ligament sprain is categorised into three grades representing increased injury severity. A grade I is classified as a mild injury, grade II, a moderate sprain lesion, grade III, severe sprain full lesion. Throughout observation and clinical examination for a grade I sprain, minimal intrinsic and adjacent oedema is identified and tenderness with pain locally on palpation. A ligament stress test would reveal a normal range and end feel. Furthermore, the patient will experience pain and discomfort in the surrounding area with a minimal functional deficit. Significant tenderness and pain on palpation around the injured ligament would demonstrate a grade II sprain. A considerable amount of inflammation is seen involving the whole joint and a moderate functional deficiency.

Moreover, a grade III sprain presenting with a complete tear and complete disruption of fibres resulting in no pain due to simultaneous disruption of nociceptors (Song et al., 2017). Rapid swelling due to haemarthrosis is present with a significantly expanded joint play on ligament stress test with no observable endpoint. For example, a LAS caused by a rapid inversion combined with plantarflexion of the ankle occurs during dynamic movements, such as a cutting manoeuvre poorly executed with abnormal foot placement. The anterior talofibular ligament (ATFL) which is a frequently incurred injury among the general population, limits plantar flexion and inversion. Therefore, the ATFL becomes vulnerable if in this position and will be most susceptible to damage during a LAS.

We predominantly see 3 phases throughout the healing process, inflammation, proliferation and maturation. After a few hours, Chamberlain et al. demonstrates that blood fills the gap, and a hematoma develops to bridge the torn end, this area is then infiltrated by inflammatory cells including erythrocytes, leukocytes, lymphocytes that secrete cytokines and growth factors to start the healing process. Additionally, monocytes, macrophages, vascular endothelial growth factors infiltrate the area. At 48-72 hours, fibroblasts begin to appear and become significant in number, producing the extracellular matrix. Neutrophils and mitotic cells peak between 1 and 5 days after injury. There are some non-collagen proteins in the extracellular matrix that are present in small quantities, vital for wound healing. Cellular proliferation phase features inflammation reaction, and vascular granulation tissue formation with the arrival of fibroblasts slowly populating the injured area and synthesise primarily type III Collagen and to a lesser extent, type I collagen. Granulation expands via creeping substitution into the adjacent tissues. Type I procollagen and decorin primarily localise outside the creeping substitution borders resulting in reduced amounts overall as creeping develops (Chamberlain et al., 2009). After 1-2 weeks, ECM continues to be synthesised by fibroblasts and macrophages forming a vascular neo-ligament. Apoptotic cells predominate from day 9 to day 28.

The rate of collagen synthesis reaches its peak at about three weeks after injury. Studies, incorporating quantitative collagen fibrils analysis, indicate that early mobilisation in the first three weeks could be detrimental to collagen orientation. However, after this time-frame mobilisation could increase the tensile strength of the repairing ligament, therefore strengthening of the injured tissue can begin. The remodelling phase of ligament healing starts from week six and continues to week 26 or even up to 1 year, furthermore the injured ligament may never fully recover its mechanical properties (Chamberlain et al., 2011). The water content of the ligament returns to normal while total collagen content remains slightly increased. The scar tissues continue to mature slowly and approximate the properties of the normal tissues. Up to 40-50 weeks after injury we will see near-normal tensile strength restored.

Ligaments provide passive restraint to shear forces at joints. Consequently, ligament injuries affected by this force can lead to osteoarthritis (OA), joint instability and pain (Karunaratne et al., 2018). A scenario in the existence of a high risk anterior cruciate ligament (ACL) injury, is landing on an extended knee. In support of this mechanism, in vivo studies have shown that the ACL is elongated when the knee is extended. Therefore, knee extension represents a position in which the ACL is taut, resulting in a higher tendency for injury in the presence of an excessive anterior shear force acting on the tibia (Englander et al., 2019).

The ligament goes through rapid deterioration during immobilisation; the degenerative effects of muscle atrophy is seen with acute and chronic injuries that result in immobilisation, such as ligament injuries. Additionally, loss of strength is a significant risk factor for OA, the most common disease responsible for reduced function. Psychological factors experienced by people after major joint injuries can include anger, anxiety, depression, kinesiophobia, or lack of confidence. Recent systematic reviews report that positive psychological responses such as confidence, self-efficacy, optimism, increased motivation, lower fear increase the likelihood of returning to active lifestyles (Everhart et al., 2015).
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(Shearer, 2015)

Figure 1 - Representation of a typical ligament stress-strain behaviour. 
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