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Abstract
Anterior cruciate ligament (ACL) reconstruction is among the most 

frequently performed orthopedic procedures in sports medicine in the 
United States. Although advances in surgical techniques and rehabilitation 
protocols have improved short-term outcomes, long-term complications 
remain common. Recurrent ACL injury, contralateral ligament rupture, 
persistent symptoms, and the development of post-traumatic osteoarthritis 
represent significant challenges affecting patient outcomes and healthcare 
utilization. Large multicenter registries, including the Multicenter 
Orthopaedic Outcomes Network (MOON), have provided valuable 
insights into long-term outcomes following ACL reconstruction. In 
parallel, advances in musculoskeletal imaging and artificial intelligence 
are increasingly contributing to improved diagnosis, prognostication, 
and surgical planning. This review examines the epidemiology of ACL 
injuries in the United States, biomechanical mechanisms of injury, 
outcomes following reconstruction, reinjury patterns, contralateral injury 
risk, osteoarthritis progression, and emerging technological innovations in 
sports medicine.
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Introduction
Anterior cruciate ligament (ACL) injury represents one of the most 

common and clinically significant knee injuries in athletic populations. 
The ligament plays a central role in maintaining both translational and 
rotational stability of the knee joint, and rupture often leads to functional 
instability, impaired athletic performance, and long-term joint degeneration 
if left untreated [1,2]. Consequently, ACL reconstruction has become the 
standard surgical treatment for symptomatic instability in young and active 
individuals. In the United States, approximately 200,000 to 250,000 ACL 
injuries occur annually, with more than 175,000 reconstructions performed 
each year [3,4]. The increasing participation of adolescents and young 
adults in organized sports has contributed to a rising incidence of ACL 
injuries over recent decades [5]. Although reconstruction typically restores 
knee stability, long-term outcomes remain heterogeneous. Recurrent ACL 
injury, contralateral ligament rupture, persistent pain, and the development 
of post-traumatic osteoarthritis (PTOA) remain common clinical challenges 
[6]. Large multicenter cohort studies and national registries have greatly 
expanded understanding of the natural history of ACL injury. Among these, 
the Multicenter Orthopaedic Outcomes Network (MOON) has provided 
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valuable long-term data regarding predictors of graft failure, 
functional recovery, and degenerative joint disease [3,31]. 
In parallel, advances in imaging and computational analysis 
are transforming sports medicine research. Machine learning 
and artificial intelligence techniques are increasingly used 
to analyze imaging datasets, predict outcomes, and improve 
surgical planning [55-60].

Epidemiology of ACL Injury
ACL injuries represent a substantial proportion of sports-

related knee trauma. Population-based studies have estimated 
incidence rates ranging from 30 to 78 ACL injuries per 
100,000 persons annually, with significantly higher rates 
observed among athletes participating in pivoting sports [4]. 
Young athletes between the ages of 15 and 35 represent the 
most affected population. Participation in sports involving 
cutting, pivoting, and jumping movements—such as soccer, 
basketball, football, and skiing—dramatically increases 
injury risk [7]. Sex differences in ACL injury incidence have 
been extensively documented. Female athletes participating 
in comparable sports demonstrate two- to eight-fold higher 
ACL injury rates than their male counterparts [5]. These 
differences are thought to arise from a complex interaction 
of anatomical, hormonal, neuromuscular, and biomechanical 
factors [8,28]. From a healthcare perspective, ACL injuries 
represent a major economic burden. The direct surgical 
costs of ACL reconstruction in the United States exceed two 
billion dollars annually, excluding additional expenditures 
related to rehabilitation, imaging, revision procedures, and 
management of long-term osteoarthritis [6].

Biomechanical Mechanisms of ACL Injury
Understanding the biomechanical mechanisms 

responsible for ACL rupture has been essential for improving 
both injury prevention strategies and surgical reconstruction 
techniques. The ACL functions primarily as a restraint to 
anterior tibial translation while also contributing to rotational 
stability of the knee joint [29]. During dynamic athletic 
movements such as landing or cutting, complex forces are 
transmitted through the knee, placing substantial stress on 
the ligament. Most ACL injuries occur through non-contact 
mechanisms, typically involving a combination of valgus 
knee collapse, internal tibial rotation, and anterior tibial 
translation during rapid deceleration or landing maneuvers 
[7]. High-speed video analysis of athletic injuries has 
confirmed that these mechanisms frequently occur when the 
knee is near full extension and the athlete attempts to rapidly 
change direction. Neuromuscular factors play a critical 
role in modulating these forces. Athletes demonstrating 
quadriceps dominance, poor trunk control, or inadequate hip 
strength may experience increased anterior tibial shear forces 
during landing tasks [8,67]. These deficits have become 
central targets of neuromuscular injury prevention programs. 

Anatomical factors also contribute to injury risk. Increased 
posterior tibial slope has been associated with greater anterior 
tibial translation during weight-bearing activities, thereby 
increasing strain on the ACL [9]. Other structural features, 
including intercondylar notch morphology and ligamentous 
laxity, may further influence susceptibility to injury.

 
Figure 1: Biomechanical mechanism of non-contact anterior 
cruciate ligament injury. The typical injury pattern involves valgus 
knee collapse, internal tibial rotation, and anterior tibial translation 
during rapid deceleration or landing.

Clinical Outcomes After ACL Reconstruction
Overall, ACL reconstruction results in significant 

improvements in knee stability and functional performance. 
Patient-reported outcome measures such as the International 
Knee Documentation Committee (IKDC) score and the Knee 
Injury and Osteoarthritis Outcome Score (KOOS) typically 
demonstrate substantial postoperative improvement. Despite 
these favorable results, return-to-sport outcomes remain 
variable. Systematic reviews indicate that approximately 65–
75% of patients return to some level of sport participation, 
whereas only 50–60% return to their preinjury level of 
competition [10]. Multiple factors influence return-to-sport 
outcomes, including persistent neuromuscular deficits, 
psychological readiness, and fear of reinjury [74]. Persistent 
knee pain is also relatively common following reconstruction. 
Data from large cohorts suggest that 20–25% of patients 
report clinically significant knee pain several years after 
reconstruction [11].
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Graft Failure and Recurrent ACL Injury
Graft rupture remains one of the most concerning 

complications following ACL reconstruction. Failure rates 
reported in the literature generally range between 5% and 
13%, although higher rates are observed in younger athletes 
returning to high-risk sports [12,45]. Age represents one of 
the strongest predictors of graft failure. Athletes younger 
than 20 years who return to pivoting sports may experience 
reinjury rates approaching 20–25% within several years after 
surgery [13].

Technical factors also contribute to graft failure. Tunnel 
malposition remains a common cause of graft rupture, 
emphasizing the importance of anatomic reconstruction 
techniques that replicate native ACL insertion sites [14,70]. 
Revision ACL reconstruction presents additional challenges. 
Compared with primary reconstruction, revision procedures 
are associated with worse functional outcomes, lower rates 
of return to sport, and increased risk of additional knee 
pathology [15,73].

Contralateral ACL Injury
In addition to graft rupture, injury to the contralateral 

knee represents an important complication following ACL 
reconstruction. Several studies have demonstrated that the 
risk of contralateral ACL injury may equal or exceed the risk 
of ipsilateral graft failure among young athletes returning 
to sport [16]. Biomechanical studies suggest that persistent 
asymmetries in strength, neuromuscular control, and landing 
mechanics may increase stress on the uninjured limb [17,69]. 
These findings underscore the importance of comprehensive 
rehabilitation programs emphasizing bilateral neuromuscular 
training and symmetrical movement patterns.

Post-Traumatic Osteoarthritis
Post-traumatic osteoarthritis represents one of the most 

significant long-term consequences of ACL injury. Even 
when surgical reconstruction restores mechanical stability, 
degenerative joint changes frequently develop over time. 
Longitudinal studies have demonstrated that radiographic 
osteoarthritis develops in 30–50% of patients within 10–15 
years after ACL reconstruction [18,47]. Meniscal injury is 
one of the strongest predictors of osteoarthritis progression 
[19,81]. The pathogenesis of PTOA is multifactorial. Acute 
injury to the menisci, articular cartilage, and subchondral bone 
initiates inflammatory pathways that may persist long after 
ligament reconstruction [20,50]. Altered joint biomechanics 
following ACL rupture may further contribute to abnormal 
load distribution across the tibiofemoral joint [30,62]. 
Advanced imaging techniques have revealed early structural 
changes in cartilage and subchondral bone following ACL 
injury, suggesting that degenerative processes may begin 
soon after the initial trauma [21,54].

Emerging Role of Artificial Intelligence
Artificial intelligence and machine learning technologies 

are increasingly being integrated into orthopedic research and 
clinical practice. These technologies offer powerful tools for 
analyzing complex clinical datasets and identifying patterns 
associated with surgical outcomes. Deep learning algorithms 
applied to magnetic resonance imaging have demonstrated 
high diagnostic accuracy for detecting ACL tears and 
associated knee injuries [56,57]. Automated image analysis 
may assist radiologists and surgeons in identifying subtle 
structural abnormalities that might otherwise be overlooked. 
Machine learning models have also been developed to 
predict postoperative outcomes after ACL reconstruction. 
By integrating clinical variables, imaging findings, and 
biomechanical data, these models may help identify patients 
at increased risk for graft failure or osteoarthritis progression 
[58,76]. Artificial intelligence is also being explored in 
surgical navigation. Computer vision algorithms capable 
of recognizing anatomical landmarks during arthroscopy 
may improve tunnel placement accuracy during ACL 
reconstruction [59]. As clinical registries and imaging 
databases continue to expand, the integration of artificial 
intelligence with longitudinal outcome data may enable more 
personalized approaches to ACL injury management.

 
Figure 2: Pathophysiologic pathway from ACL rupture to post-
traumatic osteoarthritis, highlighting the contribution of meniscal 
injury and altered joint biomechanics.
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Study Sample Size Follow-up Key Findings

MOON cohort >3500 10 years Predictors of reinjury and osteoarthritis

Kaiser Permanente ACL registry >20,000 5–10 years Revision rates and graft outcomes

NCAA Injury Surveillance System thousands ongoing Sport-specific injury epidemiology

Table 1: Major U.S. ACL Cohort Studies.

Category Risk Factor Mechanism Clinical Relevance

Patient 
Demographics

Young age (<25 years) Higher activity level and return to high-risk 
sports

Strongest predictor of graft rupture and 
contralateral ACL injury

Female sex Neuromuscular and anatomical factors 
(valgus mechanics, hormonal influence) Higher risk, particularly in pivoting sports

High activity level Exposure to cutting and pivoting 
movements Increased cumulative stress on graft

Anatomical 
Factors

Increased posterior tibial slope Increased anterior tibial translation during 
weight-bearing Associated with higher graft failure rates

Narrow intercondylar notch Mechanical impingement risk May increase graft stress

Generalized ligamentous laxity Reduced passive joint stability Higher reinjury risk

Surgical 
Factors

Tunnel malposition Non-anatomic graft placement alters 
biomechanics

One of the most common causes of graft 
failure

Graft choice (allograft vs autograft) Allografts may demonstrate slower biologic 
incorporation Higher failure rates in young athletes

Graft size (<8 mm) Reduced structural strength Associated with higher rupture rates

Rehabilitation 
Factors

Early return to sport (<9 months) Incomplete graft maturation and 
neuromuscular recovery Significantly increases reinjury risk

Quadriceps weakness Altered knee loading during landing and 
cutting Persistent biomechanical asymmetry

Neuromuscular deficits Poor dynamic knee control Increased valgus loading patterns

Biomechanical 
Factors

Dynamic knee valgus Increased ACL strain during landing Common in athletes with poor hip control

Asymmetrical landing mechanics Increased load on reconstructed knee Predictive of second ACL injury

Trunk control deficits Altered center-of-mass mechanics Contributes to valgus collapse

Psychological 
Factors

Fear of reinjury Alters movement mechanics and return-to-
sport behavior

Associated with delayed or abnormal 
functional recovery

High psychological readiness 
without objective recovery Premature return to sport Increased injury risk

Sport-Specific 
Factors

Participation in pivoting sports Cutting, jumping, and deceleration forces Highest reinjury rates observed in soccer, 
basketball, and football

Competitive athletes Higher intensity and frequency of play Greater exposure to reinjury mechanisms

Table 2: Risk Factors for Second ACL Injury After Reconstruction.
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Future Directions
Future advances in ACL injury management will likely 

arise from multidisciplinary collaboration among orthopedic 
surgeons, radiologists, biomechanical engineers, and 
data scientists. Biologic augmentation strategies aimed at 
improving graft integration and ligament healing are actively 
being investigated. In addition, improved rehabilitation 
protocols emphasizing neuromuscular recovery and 
symmetrical movement patterns may help reduce reinjury 
risk. The integration of imaging biomarkers with artificial 
intelligence algorithms may allow clinicians to identify 
patients at risk for post-traumatic osteoarthritis and implement 
early interventions to preserve joint health.

Conclusion
ACL reconstruction remains a cornerstone of modern 

sports medicine, enabling many athletes to regain knee 
stability and return to physical activity. Nevertheless, 
recurrent injury, contralateral ligament rupture, and post-
traumatic osteoarthritis remain important long-term 
challenges. Advances in biomechanics, imaging technology, 
and artificial intelligence provide new insights into the 
mechanisms underlying these outcomes and may ultimately 
improve prevention, surgical treatment, and long-term joint 
preservation.
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