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Abstract

Anterior cruciate ligament (ACL) is one of the primary stabilizers of the knee joint,

preventing anterior tibial translation and contributing to rotational stability. ACL rupture is

among the most common injuries in young athletes, although it may occur in individuals of

any age. In recent years, the incidence of ACL injuries has increased due to greater

participation in sports and physically active lifestyles, leading to growing demand for

effective treatment methods.
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Currently, anterior cruciate ligament reconstruction (ACLR) is considered the standard

treatment approach. The procedure typically uses autografts harvested from the patient’s own

tendons, although allografts and synthetic ligaments may also be utilized. Advances in the

understanding of ligament biology and healing mechanisms have contributed to the

development of newer primary repair techniques aimed at preserving native ACL tissue and

proprioceptive function while reducing donor-site morbidity and enabling earlier

rehabilitation.

Although ACLR has been extensively studied and refined over decades, newer repair methods

still require further long-term clinical evaluation. Each treatment strategy presents specific

advantages and limitations, and none completely eliminates the risk of graft failure or

post-traumatic osteoarthritis. This review summarizes the biological phases of ACL healing

and discusses current treatment options in relation to these processes.

Keywords: ACL; ligamentization; ACL rupture; ACL reconstruction; ACL repair; allografts;

synthetic ligaments

I. Background

With increasing awareness of the benefits of physical activity and improved access to sports,

there has been a noticeable rise not only in the number of individuals engaging in exercise but

also in the incidence of sports-related injuries. Among these, rupture of the anterior cruciate

ligament (ACL) is one of the most common and clinically significant injuries. As the ACL

plays a vital role in maintaining the stability and dynamic function of the knee joint, its

damage often leads to substantial impairments, including joint pain, restricted range of motion,

and the characteristic sensation of the knee “giving way.”

Over the years, a substantial number of research has emerged concerning ACL anatomy,

biomechanics, mechanisms of injury, and healing processes, as well as various approaches to

rupture management. Despite all this knowledge and advances in surgical techniques, optimal

treatment strategies remain a topic of ongoing debate. This paper aims to review the major

healing processes and their phases associated with ACL rupture to critically evaluate current

treatment methods, highlighting their respective advantages and limitations.
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II. Methodology

Search Strategy

A literature review was conducted using databases such as PubMed, Google Scholar, and

Wiley Online Library. The review covered publications from 1992 to May 2026. The search

included a combination of keywords such as: “ACL,” “ACL rupture,” “ACL repair,”

“treatment,” “ligamentization” “ACL rupture”, “ACL reconstruction”, “ACL repair”,

“allografts”, “synthetic ligaments”, and “histological.”

Inclusion/Exclusion Criteria

Articles included in this literature review had to meet the following criteria: human-based

studies, access to full text, inclusion of ACL rupture cases in studies, case-control studies, and

the article written entirely in English.

Study Selection

A manual review of the article list obtained using the search strategy was conducted. Based

on the inclusion and exclusion criteria, the articles were assessed for their relevance. Full texts

of the selected articles were then thoroughly reviewed and analyzed for common patterns and

findings.

III. ACL: anatomy, structure and function

The ACL is a key structure located within the knee joint capsule. It originates from the

anterior intercondylar area of the tibia, posterior to the anterior attachment of the medial

meniscus, and extends superiorly, posteriorly, and laterally. It then inserts onto the posterior

part of the medial surface of the lateral femoral condyle. The ACL serves as one of the four

primary stabilizing ligaments of the knee joint, alongside the medial collateral ligament

(MCL), lateral collateral ligament (LCL), and posterior cruciate ligament (PCL). Together

with the PCL, the ACL lies within the joint capsule, forming a cross-like (cruciate)
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configuration. Despite being intracapsular, both the ACL and PCL are enclosed within their

own synovial membranes and epiligament (EL) mostly consisting of vascular vessels and

connective tissue[1, 2, 3].

The primary function of the ACL is to restrain anterior translation of the tibia relative to the

femur and to limit internal tibial rotation. It provides approximately 85–87% of the restraining

force against anterior tibial translation, depending on the degree of knee flexion. In addition,

the ACL works synergistically with the PCL to contribute to joint stability and to protect the

articular cartilage and menisci from excessive mechanical stress [4].

From a histological perspective, the ACL consists predominantly of type I collagen

(approximately 90%) and type III collagen (approximately 10%). It is organized into two

functional bundles: the larger anteromedial (AM) bundle and the smaller posterolateral (PL)

bundle. The AM bundle plays a greater role in resisting forces during knee flexion, whereas

the PL bundle is more active during extension. In some cases, a third intermediate bundle has

been described, located between the AM and PL bundles [2, 5, 6].

The ACL typically measures approximately 27–38 mm in length and 10–12 mm in width,

while the AM and PL bundles measure approximately 6–7 mm and 5–6 mm in width,

respectively. However, these dimensions vary depending on the degree of knee flexion at the

time of measurement [6].

Additionally, collagen fibers within the bundles differ in both size and orientation. While

some fibers run transversely, the majority are oriented obliquely to the long axis of the ACL

and often follow a spiral pattern. This structural organization enhances the ligament’s ability

to resist multidirectional stresses during dynamic activities. Moreover, the ACL contains

elastin and oxytalan fibers, as well as a parenchyma rich in fibroblasts and mechanoreceptors,

contributing to its viscoelastic properties and proprioceptive function [4, 5].

IV. ACL rupture: mechanism and risk factors

ACL tears occur most commonly in athletes, although they are also prevalent among

recreationally active individuals. The majority of injuries result from non-contact mechanisms,

typically involving a pivoting movement in which the tibia translates anteriorly relative to the

femur while the knee is slightly flexed and positioned in valgus alignment. This combination
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of anterior shear force and rotational loading places substantial stress on the ACL and is

considered the primary mechanism of injury. In contrast, contact mechanisms - such as a

direct blow to the lateral aspect of the knee - are less common but still clinically relevant [7,

8].

Sports most frequently associated with ACL injuries are those that involve rapid changes of

direction, pivoting, or jumping, including football, basketball, and skiing. More recently, with

the increasing popularity of activities such as climbing, a rise in injuries related to falls has

also been observed. Epidemiological data suggest that approximately 70–80% of ACL

injuries occur through non-contact mechanisms, highlighting the importance of

neuromuscular control and movement biomechanics in both injury causation and prevention

[8, 9].

Clinical symptoms following ACL rupture typically include acute pain and rapid onset of

joint swelling due to hemarthrosis. Many patients report hearing or feeling a characteristic

“pop” at the moment of injury. Hemarthrosis contributes to reduced range of motion, while

functional instability often presents as the sensation of the knee “giving way.” Several clinical

tests are commonly used to assess ACL integrity, including the Lachman test, anterior drawer

test, and pivot shift test. Among these, the Lachman test is considered the most sensitive in

the acute setting. However, magnetic resonance imaging (MRI) remains the primary

non-invasive modality for confirming ACL rupture and assessing associated injuries [9, 10].

Due to the stabilizing role of the ACL and PCL, ACL ruptures are frequently associated with

damage to other intra-articular structures, particularly the menisci and articular cartilage. The

rotational component of the injury mechanism predisposes to damage of the medial meniscus

(MM) more often than to the lateral meniscus (LM), especially in chronic instability.

Meniscal tears can be classified into several common types, including radial, longitudinal,

horizontal, bucket-handle, flap, and complex tears and they can also influence later choice of

treatment. In addition, MRI frequently reveals bone marrow oedema, commonly referred to as

“bone bruising,” which reflects the impact forces sustained during injury. Extra-capsular

structures such as the MCL and LCL may also be involved, with MCL injuries occurring

more frequently in combination with ACL tears due to common valgus position of the knee

during the incidence [7, 8, 9, 11, 12].
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Risk Factors

Over decades of research, numerous risk factors for ACL rupture have been identified. One of

the most consistently reported is sex-related difference, with females demonstrating a

significantly higher risk compared to males. Reported female-to-male ratios range from

approximately 2.7:1 to 4.5:1. This disparity is thought to arise from a combination of

anatomical, biomechanical, and neuromuscular factors. For example, female athletes often

exhibit altered movement patterns, such as increased knee valgus angles and reduced knee

and hip flexion during landing and cutting manoeuvres, which increase strain on the ACL [10,

13, 14] Additionally, differences in quadriceps-to-hamstring strength ratios and

neuromuscular control may contribute to decreased dynamic stabilization of the knee joint [8,

10, 11, 13].

Joint laxity and generalized hypermobility have also been implicated as contributing factors,

particularly in female populations. The influence of hormonal factors remains an area of

ongoing investigation. Although there is no clear consensus, several studies suggest that the

risk of ACL injury may be higher during the follicular or preovulatory phase of the menstrual

cycle. During these phases, elevated oestrogen levels may reduce ligament stiffness and

increase laxity. Furthermore, relaxin - a hormone which production is stimulated by oestrogen

- has been shown to bind to ligamentous tissue, promoting degradation of type I collagen, the

primary structural component of the ACL. Relaxin also stimulates the production of matrix

metalloproteinases, which further contribute to ligament weakening. Some evidence suggests

that women using oral contraceptive pills (OCPs) may have lower circulating relaxin levels,

potentially offering a protective effect; however, the relationship between hormonal factors

and ACL injury risk remains inconclusive and requires further investigation [8, 15].

ACL rupture can occur across all age groups, but it is most frequently observed in individuals

between 16 and 30 years of age, reflecting peak levels of sports participation. This high level

of activity is also associated with an increased risk of re-injury. However, with a growing

proportion of individuals over 40 years of age maintaining active lifestyle, the incidence of

ACL tears in this population is also increasing. In older patients, concomitant injuries -

particularly involving the posterior horn of the medial meniscus - are more commonly

observed [11, 16]. Additionally, fatigue and imbalances in quadriceps and hamstring muscle

strength have been identified as modifiable risk factors, as they can impair neuromuscular
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control and increase susceptibility to injury [17]. Other recognized risk factors include

anatomical variations such as a narrow intercondylar notch, increased posterior tibial slope,

and poor neuromuscular coordination.

V. Diagnosis

Arthroscopy is considered the gold standard for the definitive diagnosis of ACL rupture, as it

allows direct visualization of intra-articular structures. However, magnetic resonance imaging

(MRI) plays a crucial role in the initial, non-invasive assessment of suspected ACL injuries.

MRI not only confirms the presence of a tear but also provides detailed information regarding

associated injuries to menisci, cartilage, and surrounding structures [18, 19, 20].

ACL tears can be classified as partial or complete ruptures. Partial tears are characterized by

preservation of some ligament fibres and carry a risk of progression to complete rupture,

particularly in physically active individuals. However, there is no universally accepted

definition of a partial tear, and its diagnosis often depends on a combination of imaging

findings and clinical assessment [18, 19].

Based on the location of the tear, the Sherman classification is commonly used to categorize

complete ACL ruptures into five types: proximal avulsion (Type I, with >90% of ligament

length preserved distally), proximal tear (Type II, 75–90%), midsubstance tear (Type III,

25–75%), distal tear (Type IV, 10–25%), and distal avulsion (Type V, <10%). This

classification is clinically relevant, as it may help guide treatment decisions, particularly in

determining the feasibility of ACL repair versus reconstruction [20, 21, 22].

VI. ACL healing – mechanism and spontaneous healing

After an injury, a healing process is initiated. Extra-articular ligaments typically heal through

three overlapping phases: inflammation, proliferation, and remodelling, ultimately resulting in

scar tissue formation. However, the anterior cruciate ligament (ACL), due to its intra-articular

location and exposure to synovial fluid, demonstrates a distinct healing response. Four phases

are often described: an inflammatory phase, epiligamentous reparative phase, proliferative

phase, and remodelling phase [23]. These processes involve synovial lining activation,
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neovascularization, inflammatory cell infiltration, as well as structural changes such as

hyalinization and calcification, alongside myofibroblast proliferation [23].

The primary natural response to ACL injury is inflammation, triggered by exposure of

subsynovial tissues following ligament rupture. Clinically, this is characterized by the

classical signs of inflammation: increased temperature (calor), redness (rubor), pain (dolour),

swelling (tumour), and impaired function (functio laesa). The joint often presents with

hemarthrosis due to vascular disruption. A cascade of cytokines and growth factors is released,

including interleukins and tumour necrosis factor-alpha, which increase vascular permeability

and facilitate immune cell migration to the injury site. These processes are essential for

clearing cellular debris and initiating tissue repair [23, 24].

The epiligamentous reparative and proliferative phases occur concurrently as the torn ends of

the ACL attempt to heal. The epiligament, a connective tissue layer surrounding the ACL,

contains a high density of fibroblasts. These cells proliferate and synthesize extracellular

matrix components, particularly type I and type III collagen, as well as matrix

metalloproteinases that regulate tissue remodelling. However, the intra-articular environment

presents a major limitation to healing. Synovial fluid inhibits the formation of a stable

fibrin-platelet clot, which normally serves as a scaffold for cell migration and collagen

deposition in extra-articular ligaments. Angiogenesis plays a critical role during this stage, as

revascularization is necessary for nutrient delivery and cellular activity. Despite the relatively

poor vascular supply of the ACL, neovascularization is essential not only for tissue repair but

also for reinnervation, which contributes to the restoration of proprioceptive function [23, 24,

25]. Emerging evidence also suggests that biological augmentation strategies, such as

platelet-rich plasma (PRP) injection, may enhance this phase by promoting a more favourable

healing environment.

The final phase is remodelling, during which the initially formed scar tissue undergoes

structural and functional adaptation. The ACL stumps can connect or remain separated. In

each situation the ligament adjusts to new joint motion. Collagen fibres become more

organized and aligned along the direction of mechanical stress, improving the tensile

properties of the tissue. Mechanical loading through rehabilitation exercises is crucial in this

phase, as it stimulates ligament adaptation and enhances functional recovery. This process

also contributes to the restoration of proprioception and joint stability. Importantly,

neurophysiological adaptations occur at the level of the central nervous system, including
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changes in motor control, reflex pathways, and muscle activation patterns, which are essential

for full functional recovery [26].

Spontaneous healing of the ACL remains a subject of ongoing debate. It has been

hypothesized that partial tears may have a greater capacity for healing, as preserved fibres can

act as a structural scaffold while maintaining some degree of vascular and neural supply.

Clinical and imaging studies suggest that certain factors increase the likelihood of

spontaneous healing, including proximal (femoral-sided) single-bundle tears (as proximal

attachment have more blood vessel), reduced posterior tibial slope, and limited anterior tibial

translation (more physiological bones alignment), all of which contribute to greater joint

stability [26, 27]. However, complete tear in some cases can also heal, but the number are

varying from 14% of patients up to 53% of patients. [27, 28]. True rate is hard to estimate

because ACL is usually evaluated in patients at different time points after the injury. There is

also lack of studies with control group as the surgery is usually preferable treatment.

Nevertheless, one of the non-surgical treatment called “Cross Bracing Protocol” seem to have

promising results. According to it, the knee is immobilized at 90° of flexion for 4 weeks and

gradually increased until 12 weeks when the brace is removed [29]. This positioning creates

less space between femur and tibia, which makes it easier for the ACL to heal.

VII. ACL rupture treatment methods

Knee joint instability following ACL rupture predisposes patients to secondary injuries

involving the joint structures, particularly the medial meniscus (MM) and articular cartilage.

In the long term, these injuries may lead to the earlier development of osteoarthritis, resulting

in pain, reduced mobility, and decreased quality of life, especially in younger and physically

active individuals [30, 31]. Therefore, the aim of treatment is not only to restore mechanical

knee stability, but also to enable return to daily activities and sports participation while

optimizing long-term functional outcomes and quality of life [32, 33]. Over the years, several

surgical approaches have been developed to restore ACL function. The main treatment

methods include ACL reconstruction (ACLR) using autografts or allografts, as well as

primary ACL repair techniques focused on restoring the continuity of the native ligament.
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ACL Reconstruction with autograft

Anterior Cruciate Ligament Reconstruction (ACLR) is currently considered the standard

surgical treatment for ACL rupture and is widely performed, particularly in the United States

and European countries [32]. The procedure involves harvesting a tendon graft from the

patient, preparing it to resemble the native ACL, and securing it between the femur and tibia

using fixation devices such as screws or cortical buttons. Numerous surgical techniques exist

to achieve graft stability, depending on surgeon preference, graft type, and patient-specific

factors.

ACLR is associated with relatively low failure rates, where failure is typically defined as graft

re-rupture or persistent postoperative knee instability [33]. Due to the braided structure of

tendon grafts, their initial tensile strength may exceed that of the native ACL. However, the

biomechanical properties of the graft change considerably during the maturation process [34].

The three most commonly used autografts are Bone–Patellar Tendon–Bone (BPTB) autograft,

often regarded as the “gold standard” because of its strong bone fixation and favourable

long-term stability, Hamstring Tendon (HT) autograft, usually utilizing the semitendinosus

and gracilis tendons braided into multiple strands, most commonly four, and Quadriceps

Tendon (QT) autograft, which can vary in thickness and graft preparation technique [5, 35, 36,

37].

The advantages and disadvantages of these grafts are summarized in Table 1. Less commonly

used graft sources include the Tensor Fasciae Latae, Achilles tendon, and Peroneus Longus

tendon autografts [38]. Allografts may also be used, particularly in revision surgeries or in

patients wishing to avoid donor-site morbidity; however, they are associated with slower

incorporation and, in some studies, higher failure rates in young active populations [39, 40,

41].
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Table 1. Strengths and Weaknesses of each autograft type

Strengths Weaknesses

Bone–Patellar
Tendon–Bone
Autograft
(BPTB)

Bone-to-bone healing enables faster
graft integration within bone tunnels
High initial fixation strength and
stiffness, often comparable to or
exceeding the native ACL
Lower rates of anterior knee laxity
postoperatively
Reduced risk of graft failure and
re-rupture in high-demand patients
High return-to-sport rates (≈70%
return to pre-injury level)

Donor-site morbidity, including
anterior knee pain and pain during
kneeling
Potential long-term quadriceps
weakness
Risk of complications such as
patellar fracture, patellar
tendinopathy, or tendon rupture
Increased incidence of
patellofemoral osteoarthritis in
long-term follow-up
Limited use in paediatric patients
due to risk of growth plate injury

Hamstring
Tendon
Autograft
(HT)

Lower incidence of anterior knee pain
and kneeling discomfort compared to
BPTB
Preservation of the extensor
mechanism
High tensile strength, particularly
with quadrupled graft constructs
Smaller surgical incision and
improved cosmetic outcome
Lower risk of patellar-related
complications

Slower graft incorporation due to
tendon-to-bone healing
Potential for persistent hamstring
weakness, particularly in knee
flexion
Morphological changes such as
muscle atrophy, fatty infiltration,
and tendon retraction
Slightly increased anterior laxity
compared to BPTB in some studies

Quadriceps
Tendon
autograft (QT)

Larger graft diameter, which may
reduce risk of graft failure
Lower donor-site morbidity compared
to BPTB – lower risk of injury to the
infra-patellar branch of the saphenous
nerve and lower risk of intra-patellar
scarring as patella is not used
Reduced risk of anterior knee pain
relative to patellar tendon harvest
Can be harvested with or without a
bone block, allowing surgical
flexibility
Increasing evidence supports
comparable clinical outcomes to
BPTB and HT

Lower incidence of anterior knee
pain
Limited long-term outcome data
compared to BPTB and HT
Potential donor-site morbidity,
including quadriceps weakness
Technically more demanding
harvesting procedure
Risk of postoperative quadriceps
inhibition or delayed recovery of
strength
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Although ACL reconstruction may appear to provide an immediate mechanical solution, graft

healing and remodelling is a prolonged biological process. Following fixation, the tendon

graft undergoes ligamentization, a transformation process during which the graft gradually

acquires characteristics resembling those of the native ACL. This process typically lasts 1–2

years and consists of several overlapping phases [42].

During the first 4 weeks after surgery, an early necrotic phase occurs because the tendon

tissue is not naturally adapted to the intra-articular environment. Native tendon cells undergo

apoptosis and are progressively replaced by fibroblasts and mesenchymal stem cells migrating

from the bone tunnels. Simultaneously, collagen fibres begin to reorganize, resulting in a

temporary decrease in the mechanical properties of the graft [43].

Between approximately 4 and 12 weeks postoperatively, the proliferative phase takes place,

characterized by intense revascularization and cellular proliferation. During this stage,

collagen remodelling becomes more pronounced, and large-diameter collagen fibrils are

gradually formed. Despite these changes, the graft is considered biomechanically weakest

during this period, making it particularly susceptible to re-rupture [43]. Appropriate

rehabilitation and controlled joint motion are therefore essential, as they stimulate synovial

fluid circulation, improve vascular supply, and promote tissue remodelling [18].

The final stage is the ligamentization phase, during which vascularity decreases and collagen

fibre orientation gradually begins to resemble that of the native ACL. Nevertheless, the graft

never fully reproduces the complex ultrastructure and variability of fibre diameters observed

in an intact ligament. There is no clearly defined endpoint of ligamentization, although most

studies suggest that substantial remodelling continues for at least one year following surgery

[43].

ACL Repair

In recent years, ACL repair techniques have gained increasing popularity due to the growing

emphasis on minimally invasive and tissue-preserving surgical procedures [44, 45, 46, 47].

Unlike reconstruction, ACL repair aims to preserve the native ligament tissue, including its

proprioceptive nerve fibres, while avoiding graft harvesting and graft-related complications

such as donor-site morbidity, muscle weakness, or anterior knee pain.

ACL repair is chosen as preferable treatment most often in case of proximal ACL ruptures

classified as Sherman type I or II tears, as these injuries possess greater healing potential due
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to preservation of vascular and neural structures within the ligament stump [45, 46]. The

biological healing process following repair resembles spontaneous ACL healing.

The three principal ACL repair techniques include Dynamic Intraligamentary Stabilization

(DIS), Bridge-Enhanced ACL Repair (BEAR), Internal Brace Ligament Augmentation

(IBLA).

Because these techniques are relatively new and require specialized surgical equipment,

further long-term comparative studies are still needed to evaluate their effectiveness relative

to ACL reconstruction. Early evidence suggests that ACL repair may allow faster recovery

and earlier return to sport due to preservation of native tissue and less invasive surgical

trauma. However, several studies indicate that ACLR may still demonstrate lower re-rupture

rates because tendon grafts may provide greater mechanical strength than a healed native

ligament [45].

Dynamic Intraligamentary Stabilization (DIS) aims to maintain close approximation of the

torn ACL ends to create optimal healing conditions. A spring-based stabilization device is

inserted into a tibial tunnel, while a polyethylene cord is passed through the ACL remnants to

maintain ligament stump contact during healing. The spring mechanism continuously

counteracts anterior tibial translation caused by ACL deficiency while maintaining consistent

tension throughout knee motion [46]. This dynamic stabilization may support biological

healing and facilitate earlier rehabilitation and return to sport. In selected cases, the implant

may later be removed.

Bridge-Enhanced ACL Repair (BEAR) was developed to biologically stimulate healing

between the torn ends of the ACL by creating a scaffold within the rupture gap. The implant,

typically composed of bovine collagen, is saturated with the patient’s autologous blood before

implantation. Since synovial fluid inhibits spontaneous clot formation within the ACL, the

collagen scaffold enriched with blood provides cytokines, platelets, and growth factors that

promote tissue healing [47]. Over time, the scaffold becomes infiltrated by host cells and is

gradually resorbed while newly formed collagen tissue develops. This process generally

occurs within approximately 8 weeks following surgery and allows early initiation of

rehabilitation.

Internal Brace Ligament Augmentation (IBLA) involves suturing the torn ACL remnants

together and reinforcing them with high-strength suture tape. The tape functions as a
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secondary stabilizer that protects the healing ligament during early mobilization and

rehabilitation [48]. By sharing mechanical loads with the healing tissue, IBLA may reduce

stress on the repaired ACL while preserving native ligament structures and proprioceptive

function.

Allografts

Another option for ACL reconstruction is the use of allografts. These grafts are typically

obtained from cadaveric donors and most commonly include patellar tendon, hamstring

tendon, Achilles tendon, and tibialis tendon grafts [36]. The harvesting and preparation

techniques are similar to those used for autografts; however, allografts allow for the excision

of longer tissue segments without donor-site morbidity in the recipient.

Despite these advantages, several important limitations must be considered. Differences in

graft size between donor and recipient may create challenges in graft matching. Tissue banks

help address this issue by storing and processing donor grafts, although legal regulations

regarding tissue banking vary between countries. Additional concerns include the potential

transmission of infectious diseases, immunologic incompatibility, and the weakening of graft

mechanical properties caused by sterilization procedures such as gamma irradiation [36].

Because allografts consist of foreign tissue, biological incorporation and remodelling

generally occur more slowly than in autografts. Nevertheless, the healing process follows

similar phases to autograft ligamentization, during which the graft acts as a scaffold for

cellular infiltration, revascularization, and collagen remodelling. Some allografts may also

include bone blocks, which can improve graft fixation and facilitate bone-to-bone healing.

Numerous studies comparing autografts and allografts have reported higher failure rates in

allograft reconstructions, particularly in younger and highly active patients. Some reports

suggest failure rates may be approximately three times higher than those observed with

autografts [36]. Consequently, allografts are generally recommended for older patients,

revision surgeries, or individuals with lower physical activity demands, most commonly those

older than 30 years of age.

Artificial ACL

Due to the limitations associated with graft harvesting and donor-site morbidity, artificial

ligaments have emerged as an alternative option for ACL reconstruction. Synthetic grafts
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eliminate the need for tendon harvesting and avoid complications related to allograft

sterilization and tissue availability. Additionally, their use may reduce operative time and

allow earlier rehabilitation.

Early generations of artificial ACLs were associated with high failure rates and poor

long-term outcomes. However, significant technological advancements have led to the

development of newer synthetic ligaments, particularly the Ligament Advanced

Reinforcement System (LARS), which is composed of Polyethylene Terephthalate (PET)

fibres [49, 50, 51, 52]. The LARS ligament consists of intra-articular and extra-articular

components. The intra-articular portion is designed to mimic the anatomical arrangement of

the native ACL, containing longitudinal fibres that replicate the rotational characteristics of

ACL bundles. In contrast, the extra-articular segments contain transverse fibres that improve

mechanical fixation, which remains one of the principal challenges in synthetic ligament

surgery.

Although primary fixation using screws or cortical buttons is essential for stability,

osseointegration also contributes to long-term fixation success. One major concern associated

with artificial ligaments is the generation of wear particles and debris, which may lead to graft

deterioration and mechanical failure, particularly because synthetic materials lack intrinsic

healing potential. Foreign body reactions may also occur, potentially leading to aseptic

synovitis characterized by joint swelling, pain, and restricted range of motion. To improve

biological integration, current research focuses on bioactive coatings and porous scaffold

structures that stimulate bone ingrowth around the extra-articular portions of the graft.

Similarly, the intra-articular fibres are intentionally less densely packed to permit infiltration

of synovial cells and connective tissue into the synthetic structure [50, 51].

Current evidence suggests that LARS demonstrates superior short- and mid-term outcomes

compared with earlier synthetic ACL designs, particularly in studies with follow-up periods

up to 5 years. However, evidence regarding long-term durability and complication rates

remains limited, and further research is necessary to establish their long-term effectiveness

and safety [50, 51, 52].
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VIII. Discussion

This review focuses on the mechanisms of healing and treatment strategies for ACL rupture.

Regardless of the treatment method, the primary objective remains restoration of knee

stability and function. However, there is still considerable debate regarding the extent to

which restoration of ACL integrity influences long-term patient outcomes, including return to

daily activities, sports participation, and development of post-traumatic osteoarthritis.

Several studies have demonstrated that, irrespective of the treatment method used, patients

frequently continue to experience knee pain, functional limitations, reduced recreational

activity, and impaired quality of life more than 5 years after ACL injury [32]. It has even been

suggested that ACL rupture may “age” the knee joint by approximately 30 years [53].

Although restoration of mechanical stability appears insufficient to completely prevent

osteoarthritis, some evidence indicates that early surgical intervention combined with

appropriate rehabilitation may delay its development and later progression.

Numerous studies have compared the effectiveness of different surgical techniques, often

reporting promising clinical outcomes. Nevertheless, many investigations are limited by

relatively small sample sizes, short follow-up periods, and heterogeneity in patient

populations and rehabilitation protocols. Additionally, randomized studies including untreated

control groups are uncommon because withholding treatment may be considered unethical.

Assessment of healing and recovery is further complicated by patient-specific variables such

as age, activity level, associated injuries, and biological healing potential [32, 33, 35].

Another challenge in evaluating treatment effectiveness is the lack of a universally accepted

definition of successful recovery. In some studies, success is defined as restoration of knee

stability or absence of graft re-rupture over a defined follow-up period, commonly 5 years.

Other studies use return to sport (RTS) as the primary outcome measure. However, RTS itself

remains difficult to standardize, as it may refer either to participation in any physical activity

or return to the same preinjury level of athletic performance. Additional outcome measures

include patient-reported quality of life, functional scores, and the incidence of osteoarthritis.

Each treatment method possesses specific advantages and disadvantages. Non-operative

treatment has gained increasing attention in recent years due to a better understanding of the

ACL healing process and growing interest in tissue-preserving strategies. This trend is also
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reflected in the development of modern ACL repair techniques such as BEAR, DIS, and

IBLA, which aim to promote biological healing while preserving native tissue.

For many years, ACL reconstruction was considered the gold standard of treatment, and

consequently its benefits and complications are relatively well documented. In comparison,

allograft-based procedures and synthetic ligaments have historically received less attention,

although increasing numbers of studies are now evaluating their outcomes. Despite promising

early results for newer techniques, long-term evidence is still limited. Importantly, no

currently available treatment method is entirely failure-proof, and graft or ligament re-rupture

may occur even many years after treatment.

Although rehabilitation was only briefly discussed in this review, it remains a fundamental

component of ACL treatment. Surgery alone does not restore full knee function. Successful

recovery requires a comprehensive rehabilitation program aimed at restoring muscle strength,

neuromuscular control, proprioception, range of motion, and functional stability. Close

cooperation between the patient, physiotherapist, and surgical team is therefore essential for

optimal outcomes.

IX. Conclusions

Current research demonstrates that ligaments, particularly the ACL, are dynamic biological

structures with a complex healing capacity influenced by the intra-articular environment.

Over the years, multiple treatment strategies have been developed, including reconstruction

techniques, primary repair methods, allograft procedures, synthetic ligaments, and

non-operative approaches that are based on ACL healing potential or simply mimicking its

function.

The choice of treatment depends on numerous factors, including patient age, activity level,

type and location of injury, expectations regarding return to sport, and surgeon experience.

Although substantial progress has been made in understanding ACL healing and improving

surgical techniques, important limitations remain within the current literature. Therefore,

further high-quality long-term studies are necessary to better determine the optimal treatment

strategies and long-term outcomes following ACL injury.
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