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Skeletal ligaments can be characterised as mechanical stabilisers of diarthrodial joints for proper articulation, they typically span joints to connect articulating bones (Brukner and Khan, 2017). At the bony attachments, ligaments present with calcification merging into the bony surfaces from structural composition alternating of the fibrous tissue. Ligaments are mainly composed of dense fibrous collagens (Erisken et al., 2020) and cells arranged nearly parallel along the longitudinal axis to withstand tensile forces (Bray et al., 2005). The main function of ligaments is to maintain and provide passive stability in the musculoskeletal system. Injury occurs when a heavy force is applied to a joint and increases passive tension in the ligament on the gapped side of the joint, consequently the collagen fibres begin to yield resulting in an acute injury (Brukner and Khan, 2017). Often ligaments are not homogenous therefore are able to provide functional heterogeneity within otherwise homogeneous tissue (Erisken et al., 2020). Within the ligament tissue there is a complex network of cellular processes linked by gapped junctions which allows communication by cell-to-cell transfer (Frank, 2004).
Generally, ligaments are inserted into bone either directly or indirectly. Direct insertions such as the femoral insertion of the MCL, occur when the fibres attach directly into the bone. Indirect insertion is when the superficial fibres of the ligament are attached to the periosteum of the bone and the deeper fibres are attached directly to the bone (Woo et al., 2006).
Ligaments have a vascular overlaying layer named the epi ligament which merges into the periosteum of the bone near the attachment site of the ligament (Frank, 2004). The arrangement of the fibres within the epi ligament relates to the greater mobility and the resistance to stress that it can withstand. The key role of the epi ligament is to assist in the healing process of the ligament as it is rich with Type III and V fibres, acting as doner cells which is essential for scar tissue remodelling (Stamenov et al., 2019).
[bookmark: _Hlk55658264]Ligamentous tissue is hypovascular with approximately 2% of the tissue composed of blood vessels (Frank, 2004). Resultantly the ligaments greatest blood supply arises from epiligamentous vessels (Bray et al., 2005). Ligaments are composed of closely packed collagen fibre bundles which are organised in a parallel fashion to provide stability (Woo et al., 2006). Ligaments cells co mingle with collagen fibres and interconnect from one end of the ligament to the other, this is termed the cellular matrix. The cellular matrix facilitates the transfer of information throughout the ligament structure and coordinates the biochemical and biomechanical information (Bray et al., 2005). In the ligament, elastin makes up only 4-7% of the dry tissue weight. Although, elastin too plays an important role in the mechanics of the ligament with the biopolymer elastin providing support with stress during multiaxial deformation as an isotropic matrix providing global resistance (Henninger, et al., 2019)	Comment by Sophie Campbell-cross: Reference at end
Ligaments are designed to transfer loads from bone to bone along the longitudinal direction of the ligaments enabling joints to maintain smooth movement and restrain excessive joint displacements under high loads (Woo et al., 2006). Injury results from a transfer of energy to the tissue and how the mechanical properties respond to stress-strain relation, ultimate strength, and physical load (Bahr, 2005). Under low loading conditions ligaments are usually compliant due to ‘crimped’ collagen fibres and their viscoelastic properties (Woo et al,. 2006). When ligaments are held at a constant stress level, the strain placed on the tissue increases which is identified as creep (Duenwald et al,. 2009). Creep plays a biomechanical role relating to the ligaments loading state; with increased loading likely resulting in some areas of the ligament uncrimping, allowing the ligament to elongate without sustaining damage (Frank, 2004). Creep occurs when a low-level stress is applied over a long period of time causing deformation resulting in a permanent change to the ligament (Hoglum, 2012). Although excessive creep can result in significant joint laxity and become unable to properly support the joint, leading to instability and pain (Hauser, 2013). Collagen fibres are recruited when the load placed on the ligament increases, the fibres straighten and elongate until the fibres are no longer crimped giving rise to the stress strain curve. (Provenzano et al., 2001). Stress is the load of which is applied to the tissue while strain is the amount of deformation occurred after a stress is implied (Hoglum, 2016). As seen in Figure 1 a stress–strain curve represents the mechanical properties that ligamentous tissue can obtain (Jung et al., 2009). Ligaments are subject to forces applied parallel to the cross section of the tissue. When all fibres become almost linear from an applied load, the ligaments continue to absorb energy until tensile failure resulting in a partial or complete ligament rupture (Hauser, 2013). 
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Figure 1: An examples of a ligament stress-strain curve (Freeman and Kwansa, 2008).
The stress/strain curve has three separate regions: the toe region, the linear region, and the region of yield (Figure 1).  The toe region reflects "un-crimping" and is characterised by a low slope. The linear region is where the collagen fibres are being straightened in the direction of tensile strength and represented with an increased slope. The yield region is characterised by a decrease in the slope and represents ligament failure (Freeman and Kwansa, 2008).
Injury to a ligament results in a drastic change in its structure and physiology and ligament function is restored by the formation of scar tissue that is inferior to the tissue it replaces. (Frank, 2004). Knee and ankle ligaments are the most injured since the joints are weight bearing under high stress and susceptible to rapid change of direction and shear forces (Brukner and Khan, 2017).
Injuries sustained to the ligaments are classified by three degrees, grade one being a mild structural damage with slight tenderness, grade two is classified as a partial rupture and grade three is a complete rupture of the ligament (Şimşek and Angin, 2020). Ligament injuries can result in disruptions with joint mobility and stability, possibly resulting in damage to other structures in and around the joint due to abnormal force transmission (Hauser, 2013). Risk factors for upper extremity ligament injury include decreased glenohumeral range of motion, scapular dyskinesis, and decreased shoulder strength. Lower extremity injury risk factors include decreased coordination, decreased neuromuscular control during jump landing, and decreased muscle strength in the lower extremity. In some cases, broken ligament tissue is not modifiable to primary repair so surgical reconstruction may be needed by re-attaching the two ends of the torn ligament to each other (Brukner and Khan, 2017).
As identified in Table 1 ligaments heal via a distinct series of cellular events that take place in three sequential phases: an acute inflammatory stage, a proliferative stage, and a remodelling stage (Chamberlain et al 2009). Within minutes of injury, the acute inflammatory process begins and lasts for the next 48 to 72 hours (Hauser, 2013). An influx of immune cells extracts debris from damaged tissue and secretes cytokines to trigger the inflammation response (Buschmann and Bürgisser, 2017). In the area between the disrupted ends, vascularity, and blood flow increases (Frank, 2004) initiating clot formation. The inflammatory stage is preceded by the proliferative process which consists of fibroblasts, extra macrophages, and endothelial cells. Within the injured region, these cells form a granulated tissue to act as a temporary matrix during healing, defined as "scar tissue". Scar tissue has lower biomechanical characteristics and is vulnerable to re-rupture (Buschmann and Bürgisser, 2017). With more defects, this scar tissue is initially very disorganized. The collagen becomes reasonably well aligned with the long axis of the ligament following a few weeks of healing. (Frank, 2004). The final stage of healing is remodelling. During this stage, the earlier infiltration of fibroblasts, inflammatory cells, and endothelial cells decreases to basal levels. This healing process continues in ligaments for several months, so that scar-like neo-ligamentous tissue is still present 2 years post injury (Buschmann and Bürgisser, 2017). During this stage, defects in the scar are filled in, but with some significant variations in structure and function. Although, the matrix becomes more ligament-like over time (Frank, 2004). The remodelling process can proceed for several months to years, during which time tissue synthesis and tissue degradation continually overturns the collagen and ligament matrices (Hauser, 2013). There are methods of treatment to facilitate tissue regeneration to align the product with the native ligament, such as gene transfer therapy which restricts the predisposition to recurring trauma. (Brukner and Khan, 2017).




Table 1: The ligament healing process time frame (Houglum, 2016).
	Phase
	Time
	Activity

	Inflammation
	First few hours
	Accumulation of fluid at the injured site.

	
	24 hours
	Infiltration of monocytes and macrophages

	
	48-72 hours
	Extracellular matrix is produced by Fibroblasts

	Proliferation
	1-2 weeks
	Random collagen fibres are seen

	
	6 weeks
	Matrix structures replace the blood clot 

	Remodelling
	6 weeks - 12 months
	Diminishing macrophages and fibroblasts

	
	Up to 6 months
	Stabilisation of collagen concentration with collagen type I replacing collagen type III


	
	40-50 weeks
	Restoration of near-normal tensile strength



As seen in Table 2, during the inflammatory phase, the primary objective for rehabilitation is to prevent disruption of new tissue. To mitigate tissue damage and relieve acute pain, relative rest and modalities including ice, compression, elevation are primary treatment choices (Haff and Triplett, 2016). Although immobilising a joint with a ligament injury, can cause adverse side effects, such as subsequent reduction in collagen synthesis. (Hauser, 2013). During the proliferative phase, rehabilitation involves strengthening of the uninjured extremities and proximal and distal areas of the injury. To allow increased collagen synthesis and avoid loss of joint motion, low-load stresses are gradually introduced (Haff and Triplett, 2016).  Regulated and early resumption of activity can promote repair and restoration of function. Motion itself increases blood flow to the joint, supplying nutrients and metabolites required for healing while cells inside the ligament sense tissue strains under loading conditions and react by modifying the tissue (Hauser, 2013). To hasten new tissue development ultrasound and electrical stimulation can be implemented. Submaximal isometric exercise help to preserve neuromuscular function at a low intensity without aggravating the newly formed collagen. Neuromuscular control is typically compromised after an injury therefore variations in surface stability, vision, and speed can be utilised to enhance neuromuscular control after injury such as balance boards and stability balls. During the remodelling process, the primary objective is to maximize tissue function and transitioning back to activity or functionality and should be tailored to the patient’s individual goals. In the final stage, increased collagen fibre alignment and fibre hypertrophy should be activated by progressive tissue loading (Haff and Triplett, 2016).  
Table 2: Rehabilitation and Reconditioning Goals and Strategies Table (Haff and Triplett, 2016).  
	Phase
	Goal

	Inflammatory
	Relative rest

	
	No active exercise of injured area

	
	Maintenance of CV and surrounding MSK

	Proliferative
	Prevention of atrophy and joint deterioration

	
	Balance and proprioceptive training

	
	Submaximal isometric, isokinetic and isotonic exercises

	Remodelling
	Optimization of tissue function

	
	Progressive loading

	
	Closed chain kinetic exercises

	
	Velocity specific muscle activity

	
	Joint angle-specific strengthening



Rehabilitation traditionally focuses on time although an approach based on performance can prove to be more widely applicable and less confining. Achieving clinical milestones specific to the injured area is a measure of capability for progression while ensuring that no progress is made too quickly (Manal and Snyder-Mackler, 1996).





	ACL Guidelines

	Time Frame
	Clinical Milestones
	Activity

	Days 1-3
	Walking without aid
	Gait training 

	
	Quadriceps contraction
	Wall slides

	Week 2
	Full knee extension
	Stair climber

	
	Flexion > 110º
	Step exercises

	
	Walking with full extension
	 

	Week 4
	Quadricep strength > 50%
	Tibiofemoral mobilization with rotation

	
	Flexion within 10 ° *
	Patellofemoral mobilization in flexion

	Week 6-8
	Normal gait pattern
	Begin running progression

	
	Quad strength >80%*
	Progress exercise in intensity and duration

	Week 12
	Maintaining or gaining quadriceps strength
	Sports specific exercises

	
	Knee outcome survey > 70%
	Agility exercises

	
	*Compared with uninvolved limb
	


Table 3: Criterion based post-operative ACL rehabilitation programme (Manal and Snyder-Mackler, 1996).

Whilst creating a rehabilitation programme, it is imperative to consider the individual needs required by the patient and rehabilitate the ligament fit for purpose. The needs required by a basketball player in comparison to an elderly patient sustaining a ligament injury will differ substantially and should be reflected within the rehabilitation process. Although both patients require rehabilitation for functional movements, an athlete will require sport specific rehabilitation suitable for return to play (Haff and Triplett, 2016).  
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