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Abstract
Anterior cruciate ligament (ACL) injuries are among the most frequent knee 
pathologies, with athletes—particularly females and those in pivot-heavy sports 
such as soccer, basketball, volleyball, and skiing—at increased risk. The success of 
ACL reconstruction is multifactorial, relying on individualized graft selection, 
surgical precision, patient-specific characteristics, and optimized rehabilitation. 
Despite the availability of various graft options—hamstring tendon, bone-patellar 
tendon-bone, and quadriceps tendon—no single type has demonstrated clear 
superiority, reinforcing the need for patient-tailored approaches based on 
anatomical, functional, and age-related factors. Surgical techniques continue to 
evolve, with adaptations such as physeal-sparing methods for skeletally immature 
patients and minimally invasive procedures aimed at reducing morbidity and 
improving recovery. Rehabilitation is a critical determinant of functional out-
comes. Current evidence supports immediate mobilization, early weight-bearing, 
and initiation of neuromuscular and strength training, while routine use of 
continuous passive motion and bracing is discouraged, except in multi-ligament 
injuries. Prehabilitation is recommended, though accelerated rehabilitation 
remains controversial. Implant choice and fixation strategy are also essential to 
long-term success. The use of materials that reduce the risk of chronic complic-
ations and support biological integration is increasingly favored. Nevertheless, 
rare mechanical failures emphasize the need for accurate tunnel placement, 
appropriate implant selection, and vigilant postoperative monitoring. Outcomes 
are further influenced by patient-specific variables, including bone quality, 
metabolic status, and physical activity levels. Optimal ACL reconstruction results 
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from a comprehensive, patient-centered strategy that integrates surgical accuracy, individualized rehabilitation, 
and continuous follow-up to minimize complications and enhance recovery.

Key Words: Anterior cruciate ligament reconstruction; Athletic injuries; Graft survival; Rehabilitation; Patient-centered care; 
Surgical procedures; Minimally invasive; Treatment outcome
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Core Tip: Optimal outcomes in anterior cruciate ligament reconstruction depend on more than technical precision, they 
require a personalized approach accounting for patient-specific anatomy, sport demands, comorbidities, and psychological 
readiness. This review offers a comprehensive synthesis of current best practices across graft choice, surgical technique, 
rehabilitation, and postoperative monitoring to guide individualized clinical decision-making.
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INTRODUCTION
Anterior cruciate ligament (ACL) reconstruction (ACLR) has undergone a paradigm shift in recent years, evolving from a 
technically focused procedure to a multifaceted, patient-centered intervention. While surgical innovation remains central, 
modern ACLR increasingly emphasizes shared decision-making (SDM), individualized rehabilitation strategies, and 
outcome alignment with patient-defined goals[1].

ACL injuries affect an estimated 200000 to 250000 individuals annually in the United States alone, with rising incidence 
globally due to increased participation in high-impact sports[2,3].

Historically, ACLR progressed from open surgical techniques in the 1970s and 1980s to arthroscopically assisted 
methods, enabling more precise graft placement and reduced morbidity. The introduction of anatomic single- and 
double-bundle reconstructions in the early 2000s marked a turning point, ushering in a new focus on biomechanical 
restoration. Over 100000 ACL reconstructions are performed annually in the United States, with return-to-sport (RTS) and 
long-term joint preservation as primary goals[4].

Graft selection and fixation methods remain central to the surgical debate. Meta-analyses suggest subtle differences in 
graft failure rates, anterior laxity, donor site morbidity, and time to return to sport, highlighting the importance of 
tailoring graft choice to patient-specific factors including age, sport, skeletal maturity, and prior knee pathology[5-7].

Contemporary approaches now integrate patient factors—such as age, sport level, comorbidities, and psychosocial 
drivers—into every aspect of care. This evolution compels a redefinition of what constitutes surgical success in ACL 
injuries.

This editorial proposes a reorganized and integrative view of ACLR through the lens of patient specificity, 
encompassing graft selection, prehabilitation, comorbid risk factors, and functional expectations.

PREHABILITATION AND PATIENT OPTIMIZATION
Modern ACLR begins well before the incision. Prehabilitation—a preparatory phase focusing on range of motion, 
quadriceps strength, and psychological readiness—has demonstrated significant benefits in enhancing postoperative 
recovery, including improved neuromuscular control and pain reduction[1,8]. Achieving key preoperative benchmarks, 
such as minimal effusion, full knee extension, and quadriceps strength index ≥ 80%, correlates with improved outcomes 
post-surgery[9]. Patient education during this phase is equally important. Empowering patients with realistic timelines, 
rehabilitation goals, and complication risk profiles fosters adherence and reduces psychological barriers to recovery[10-
13].

Despite promising evidence, the implementation of structured prehabilitation remains variable across clinical settings, 
often limited by time, cost, and patient adherence. Nonetheless, it serves as a proactive strategy during surgical waiting 
periods and should be considered integral to comprehensive care.

GRAFT AND IMPLANT SELECTION: BALANCING EVIDENCE AND INDIVIDUALIZATION
The debate surrounding the optimal graft type for ACLR remains unresolved. Bone-patellar tendon-bone (BPTB) grafts 
are associated with strong fixation and low graft laxity but carry increased risks of anterior knee pain and patellofemoral 
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complications[14,15]. Hamstring autografts offer lower donor site morbidity but may result in increased laxity in young, 
high-demand athletes[16]. Quadriceps tendon (QT) autografts have emerged as a promising alternative, providing a 
favorable balance between strength and morbidity, though long-term data remain limited[3,17].

Implant technology has evolved alongside graft strategies. Metallic interference screws provide superior mechanical 
strength, but bioabsorbable materials—such as polylactic acid derivatives—support biological integration and eliminate 
the need for removal. However, these materials can produce acidic degradation byproducts, potentially provoking local 
inflammation[9,14]. Incorporation of buffering agents and composite materials like hydroxyapatite has shown promise in 
mitigating these effects while enhancing osteointegration[15,16]. The choice between metallic and bioabsorbable implants 
should be guided by patient age, bone quality, and functional demands. The development of bioabsorbable implants 
represented a significant advancement in orthopedic surgery. These materials, designed to degrade over time, aim to 
provide temporary support during the healing process and eliminate the potential need for implant removal[18]. To date, 
the most commonly utilized bioabsorbable polymers in orthopedic applications, including ACL reconstruction, are 
polyglycolic acid (PGA), poly-L-lactic acid, poly-D, L-lactic acid, and their copolymers[19]. Despite the use of bioa-
bsorbable implants in ACL reconstruction offers significant biological advantages, these benefits come with inherent 
mechanical limitations. Compared to metallic implants, bioabsorbable materials showed inferior mechanical properties 
that must be carefully considered in the context of biomechanical demands during the healing process[20,21]. The 
mechanical reliability of bioabsorbable implants is also significantly influenced by their degradation kinetics. PGA, for 
example, begins to lose mechanical strength within the first 7 days, with substantial degradation observed by the fourth 
week[22]. The evolution of bioabsorbable implants in orthopedics offers promising advantages in terms of tissue 
integration and the potential to reduce long-term complications associated with permanent hardware. However, 
challenges related to mechanical strength, degradation profiles, and inflammatory responses must be addressed through 
continued research and innovation. A nuanced understanding of these factors, coupled with personalized patient care 
should guide the optimal selection and application of implant materials tailored to individual patient needs.

TAILORED TECHNIQUES
Graft selection in ACLR remains a pivotal decision point, significantly influencing biomechanical outcomes, donor-site 
morbidity, and revision risk. BPTB grafts are favored for their strong fixation and bone-to-bone healing, especially in elite 
athletes, but carry a risk of anterior knee pain and patellofemoral dysfunction[8,9]. Hamstring tendon (HT) grafts are 
popular due to lower donor-site morbidity, yet may be associated with increased laxity and slower incorporation[14].

QT grafts have emerged as a promising compromise, offering customizable thickness and robust strength with lower 
harvest morbidity[15-17]. Mechanistically, BPTB autografts achieve superior initial fixation due to cortical bone healing 
on both ends, while HT and QT grafts rely on tendon-to-bone integration—a biologically slower process influenced by 
tunnel vascularity and collagen remodeling[23]. The QT's centrally located collagen alignment and flat morphology have 
shown favorable resistance to multidirectional shear and torsion, aligning biomechanically with the native ACL's role in 
rotational control[24].

Long-term comparative data suggest equivalent or superior outcomes for QT grafts in revision cases and in patients 
with anterior knee sensitivity or failed prior autografts[3]. As a result, many surgeons now consider QT autografts a 
viable first-line choice across diverse patient profiles (Table 1).

COMORBIDITIES, SEX-SPECIFIC FACTORS, AND RISK STRATIFICATION
ACL injury risk and postoperative recovery trajectories are modulated by systemic and demographic factors such as 
obesity, diabetes, and hormonal influences. Obese adolescents have been shown to experience higher complication rates, 
including graft failure and impaired proprioception, likely due to altered joint mechanics and inflammation-mediated 
healing delays[25]. Beyond simple body mass index (BMI), higher body fat percentage and lower muscle mass predict 
worse function after ACLR. Patients with greater whole-body lean mass had stronger quadriceps and better hop 
performance, whereas higher fat mass was associated with poorer patient-reported knee function and strength metrics
[26]. Obesity in particular has been studied: Overweight/obese patients often achieve similar overall outcome scores and 
RTS rates as normal-weight individuals, although obese patients tend to report slightly lower International Knee 
Documentation Committee (IKDC) scores and have a higher risk of post-traumatic osteoarthritis[27,28] Notably, 
overweight patients paradoxically had lower revision and contralateral ACL rupture rates[29], perhaps reflecting 
different activity levels. However, obesity is associated with perioperative challenges: A recent large database analysis 
found that obesity independently predicted longer hospital stays and a higher likelihood of non-routine discharge after 
ACLR[30].

Similarly, patients with diabetes mellitus face a significantly increased risk of postoperative infection, delayed wound 
healing, and inferior functional outcomes[28]. In a multicenter cohort, diabetes increased odds of post-ACLR infection 
nearly 19-fold compared to non-diabetics[31]. Therefore, in diabetic patients surgeons should strive for optimal glycemic 
control pre- and post-operatively and consider using BTB autograft when appropriate, as this graft type is associated with 
lower infection odds than hamstrings[32]. Beyond infection, however, diabetes does not seem to worsen long-term ACLR 
outcomes: In a multicenter study Herzberg et al[32] showed that diabetic patients reached slightly lower self-reported 
scores than non-diabetics but maintained higher activity levels and did not undergo more additional surgeries[33]. Other 
comorbid conditions (smoking, rheumatoid disease, etc.) should similarly be optimized preoperatively since they can 
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Table 1 Comparison of anterior cruciate ligament graft options: Patient profiles, benefits, and limitations

Graft type Ideal patient profile Advantages Limitations

Bone–patellar 
tendon–bone

High-demand athletes; patients 
needing strong fixation

Bone-to-bone healing; lower graft failure 
rates; time-tested

Anterior knee pain; risk of patellar fracture; 
extensor mechanism dysfunction

Hamstring tendon Patients prioritizing lower donor-site 
morbidity

Less anterior knee pain; easy harvest; good 
cosmesis

Possible increased laxity; slower graft 
integration; hamstring weakness

Quadriceps tendon Revision cases; patients with previous 
graft issues

Customizable size; reduced harvest site pain; 
strong biomechanical properties

Less studied long-term; potential for 
quadriceps weakness

Allograft Low-demand, older patients; revision 
or multiple ligament injuries

Shorter operative time; no donor-site 
morbidity

Higher failure rates in young athletes; 
delayed incorporation

impair graft incorporation and wound healing.
Sex-specific considerations are increasingly recognized as clinically relevant in ACL injury and reconstruction. Female 

athletes exhibit higher baseline ligament laxity and biomechanical risk profiles, partly due to hormonal fluctuations 
affecting collagen elasticity and neuromuscular control[32,34]. The menstrual cycle, particularly the ovulatory phase, has 
been associated with an elevated ACL injury risk, although results remain heterogeneous across cohorts[34]. These 
findings warrant consideration of hormonal phase in both timing of surgery and rehabilitation pacing. Furthermore, 
estrogen-mediated inhibition of collagen crosslinking may contribute to differential remodeling rates between male and 
female patients[35].

Bone quality is emerging as a critical determinant in ACLR success. Following ACL rupture, localized osteopenia 
develops rapidly, particularly in the subchondral bone of the injured knee, where reductions in bone mineral density 
have been consistently documented[36]. Prolonged delays in surgical intervention exacerbate this loss, with chronic ACL 
deficiency further accelerating bone demineralization. These changes compromise the biomechanical integrity of the 
femoral and tibial tunnels, increasing the risk of intraoperative complications such as screw pull-out, tunnel widening, or 
fracture[37]. To mitigate these risks, preoperative assessment of bone quality—via dual-energy X-ray absorptiometry or 
computed tomography (CT)—should be considered in selected patients. Early surgical timing, ideally within three 
months of injury, may also help preserve bone health and facilitate more secure graft fixation[38]. In patients with known 
osteopenia or osteoporosis, proactive bone optimization strategies—including supplementation with calcium and vitamin 
D, or pharmacologic therapy when indicated—should be initiated before surgery.

Regarding younger patients, graft choice in pediatric ACLR tends toward soft-tissue tendons (hamstring or iliotibial 
band) rather than bone plugs to avoid physeal insult. In contrast, middle-aged and older adults (≥ 40–50 years) have 
historically been managed nonoperatively due to osteoarthritis concerns, but current evidence supports offering ACLR to 
those who are active. A recent meta-analysis from Herzberg et al[32] found that patients ≥ 50 years achieve comparable 
IKDC and Lysholm score improvements and knee laxity reduction as younger patients, with no increase in complication 
rate. Thus age alone should not be a contraindication to ACLR; however, clinicians should counsel older patients about 
concomitant degenerative changes and may favor less aggressive rehab to accommodate slower healing.

Incorporating these variables into risk stratification tools is a growing priority. Machine learning–assisted predictive 
models, although still in early stages, have shown promise in forecasting graft failure, rerupture risk, and RTS outcomes 
based on integrated clinical and demographic data[29]. Algorithms leveraging BMI, glycemic status, joint laxity indices, 
graft choice, and neuromuscular assessments could enable preoperative tailoring of surgical and rehabilitation strategies. 
Beyond AI, clinical scoring systems such as the KOOS and IKDC, when paired with frailty or endocrine markers, may 
enhance long-term planning for older or systemically compromised patients.

POSTOPERATIVE REHABILITATION AND PSYCHOSOCIAL RECOVERY
The success of ACLR relies as much on rehabilitation as on surgical execution. Criterion-based progression models have 
supplanted time-based milestones, emphasizing quadriceps symmetry, neuromuscular control, and dynamic stability[10,
11]. Historically, prolonged bracing and continuous passive motion (CPM) devices were standard in ACLR rehabilitation. 
However, randomized trials have demonstrated that routine bracing does not improve long-term outcomes and may 
delay neuromuscular control and psychological readiness. Similarly, CPM has not shown superior benefits in pain 
control, range of motion recovery, or patient satisfaction compared to active rehabilitation and is now largely discouraged 
except in specific cases such as complex multi-ligament injuries or patients with meniscal repairs[39,40].

A critical goal of contemporary rehabilitation is protecting the healing graft while avoiding the deleterious effects of 
disuse. Early weight-bearing, guided by pain tolerance and joint effusion, promotes mechanotransduction, reduces 
muscle atrophy, and enhances proprioceptive feedback. Quadriceps strength restoration is particularly important, as 
persistent deficits have been linked to poor function, altered gait mechanics, and elevated risk of re-injury[41]. 
Neuromuscular electrical stimulation (NMES), especially in the first 6–8 postoperative weeks, has demonstrated efficacy 
in preserving quadriceps activation and mitigating arthrogenic muscle inhibition[42].

Psychological readiness is another critical factor in recovery. Fear of reinjury, low self-efficacy, and poor motivation are 
independently associated with delayed return to sport and suboptimal functional outcomes[35]. Addressing these 
variables through guided counseling, structured goal-setting, and continuous education can positively influence recovery 
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trajectories.

RETURN TO SPORT, PATIENT SATISFACTION AND LONG-TERM CONSIDERATIONS
True patient-centered ACL reconstruction begins with SDM, where surgeon and patient collaboratively weigh surgical 
options, graft types, risks, and recovery timelines based on scientific evidence and individual goals[43]. Current literature 
shows that SDM improves treatment satisfaction, enhances adherence, and may even lead to better surgical outcomes[44]. 
Yet, clinical inertia and structural inefficiencies often prevent SDM from being systematically adopted[29]. Patient-
centered care also involves longitudinal support. A study by Cronström et al[45] noted that only 55% of young athletes 
return to their pre-injury level of sport within two years of surgery, and mental readiness often lags behind physical 
rehabilitation[46]. This underscores the importance of embedding mental health support into the continuum of care, 
rather than treating it as ancillary or optional.

RTS decisions remain a focal point of debate. Traditionally, time-based protocols (e.g., 6 months post-op) were used as 
surrogates for readiness. However, this approach has proven inadequate, as nearly one-third of ACLR patients 
experience a second injury within two years of RTS, with the highest risk observed in athletes under 20 years of age[47]. 
Instead, functional milestones—such as > 90% limb symmetry index for hop tests and strength, psychological readiness 
[ACL-Return to Sport after Injury (RSI) score > 65], and movement quality during sport-specific tasks—have gained 
prominence in contemporary RTS criteria[48].

The RTS process now incorporates a multidimensional framework encompassing physical capacity, movement quality, 
and psychological readiness. Validated tools such as the ACL-RSI scale support identification of psychological barriers, 
allowing clinicians to intervene before physical readiness is compromised[48]. Additionally, limb symmetry indices (> 
90% for strength and hop performance), sport-specific movement assessments, and fatigue resilience are increasingly 
employed to guide RTS clearance. However, the precise volume and intensity thresholds required to drive neuro-
muscular adaptation and minimize reinjury remain inadequately defined.

Adjunct modalities—including NMES, cryotherapy, and aquatic therapy—have demonstrated variable efficacy. While 
some support their role in early-phase recovery and patient satisfaction, their long-term contribution to functional 
outcomes is less clear[49,50].

Returning to sport is often fraught with ambiguity. High-level athletes may face external pressures that compromise 
biological healing and psychological readiness[44]. Conversely, recreational athletes may prioritize function over 
performance, altering graft demands and rehabilitation goals[51,52].

Outcome disparities between patient populations emphasize the importance of tailored endpoints. Patient-reported 
outcome measures such as the IKDC and KOOS scores provide nuanced insights into subjective recovery, enabling 
clinicians to calibrate return-to-play decisions[53]. Female athletes, in particular, benefit from sex-specific training 
modifications that address underlying neuromuscular deficits and hormonal variability[20].

CONCLUSION
ACLR must evolve to reflect a dynamic integration of surgical technique, individualized rehabilitation, and patient-
reported goals. By tailoring decisions—ranging from graft selection to surgical timing and postoperative progression—to 
the specific demands, physiology, and psychology of the individual, orthopedic surgeons can improve both biomech-
anical outcomes and patient satisfaction.

The era of one-size-fits-all ACL reconstruction is rapidly coming to a close. A contemporary ACLR paradigm must 
prioritize precision over convention. While technical excellence remains essential, success is increasingly defined by 
return-to-function timelines, sport-specific readiness, and patient-perceived recovery. This evolution invites the 
orthopedic community to embrace individualization as a scientific imperative, not just a philosophical ideal.

Future clinical pathways should integrate demographic data, hormonal profiles, comorbidity indexes, and machine 
learning–enhanced risk models to inform every phase of treatment—from prehabilitation through RTS clearance. This 
requires a shift from reactive to predictive care, where treatment plans are proactive, data-driven, and aligned with what 
recovery means to each patient.

Ultimately, the ACLR landscape must reflect a new standard: Restoration of the person, not just reconstruction of the 
ligament. The integration of evidence-based customization, patient education, and interdisciplinary follow-up holds the 
key to maximizing long-term success, minimizing complications, and redefining what it means to “recover” from an ACL 
injury in the modern orthopedic era.
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