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Abstract
Intrasubstance anterior cruciate ligament (ACL) injuries in children and adolescents were once considered rare occurrences, with tibial eminence avulsion fractures generally regarded as the pediatric ACL injury equivalent. However, with increased single-sport focus, less free play, and year-round training at younger ages, intrasubstance ACL injuries in children and adolescents are being diagnosed with increased frequency. As in the adult, a knee devoid of ligamentous stability predisposes the pediatric patient to meniscal and chondral injuries and early degenerative changes. Management of ACL injuries in skeletally immature patients includes physeal-sparing, partial transphyseal, and complete transphyseal ACL reconstruction. Complications include iatrogenic growth disturbance resulting from physeal violation.

 In the past 20 years, sports injuries in pediatric and adolescent athletes have dramatically increased. Approximately 38 million young athletes participate in organized sports annually in the United States. Of these, nearly 2 million high school students and almost twice as many athletes aged <14 years are treated for a sports-related injury each year. This new epidemic of sports-related injuries can be partially attributed to the dramatic surge in the number of participants since the passage of Title IX, along with increased emphasis on year-round competition, single-sport concentration, and more intense training.












Injuries to the anterior cruciate ligament (ACL) were once thought to be a rare phenomenon in pediatric athletes. Midsubstance tears were believed to occur only in adults, and the tibial eminence fracture was considered to be the pediatric equivalent of the ACL tear in adults. The incidence of midsubstance tears in pediatric patients has grown considerably, especially in sports that involve cutting, pivoting, and collision.

In a recent study of high school athletes, female soccer players were found to have the highest rate of ACL injury, with an incidence of 14.08 per 100,000 exposures; male football players had the second highest rate, with 13.87 injuries per 100,000 exposures. Stanitski et al noted that 47% of preadolescent and 65% of adolescent athletes presenting with an acute hemarthrosis of the knee were ultimately diagnosed with acute ACL rupture.

Management of ACL injuries in the skeletally immature athlete is challenging. In adults, the traditional arthroscopically assisted placement of osseous tunnels for ACL reconstruction is highly effective in preventing instability. This technique is usually avoided in younger patients with significant growth remaining because drilling across the growth plate carries a potential risk of growth disturbance and angular deformity. Historically, the approach for managing ACL tear in a young patient consisted of activity modification and bracing until the onset of skeletally maturity, at which point a traditional transphyseal ACL reconstruction could safely be performed. However, nonsurgical management commonly leads to recurrent instability, resulting in secondary injuries to the surrounding articular cartilage and menisci. Several physeal-sparing ACL reconstruction techniques have been developed to stabilize the knee and minimize the risk of physeal disruption.

History
A focused history is required before proceeding to physical examination. Chronicity, mechanism of injury (ie, contact versus noncontact), and resulting symptoms are critical pieces of information. For the young child, most of these questions are directed toward the parent or guardian, but it is important to engage the child, as well, to develop rapport. Any history of swelling or effusion in the knee requires further investigation. The presenting signs and symptoms of an ACL tear in pediatric patients are similar to those experienced by adults. The athlete may experience a pop at the time of injury. Nearly half of all ACL injuries are associated with a hemarthrosis, which ensues between 6 and 12 hours after the injury. Up to 70% of these injuries occur through a noncontact mechanism, and instability may recur if the young athlete continues to play on a ruptured ACL. 

Physical Examination
Proper physical evaluation is paramount in diagnosing pediatric knee injuries. Performance of the physical examination can be a challenge because pediatric patients are often anxious and guarded. Examination of the uninjured knee can be helpful for demonstrating clinical maneuvers and determining normal joint laxity. Visualization and gentle palpation are used to detect any underlying effusion. Palpatory evaluation of the knee should include the distal femoral and proximal tibial physes, medial and lateral joint lines, patella, patellar retinaculum, and tibial tubercle apophysis. When normal range of motion (ROM) is compromised, a concomitant injury to the meniscus and/or cartilage should be considered. The collateral ligaments should be evaluated at zero degrees and 30°. A proper Lachman test is critical to assess anterior tibial translation and end point firmness. The pivot shift test is beneficial in reproducing the sense of instability; however, it may not be well tolerated following acute injury.

Imaging
Imaging of the injured knee is essential in devising a treatment plan. Initial AP, lateral, notch, and sunrise radiographs of the injured knee are helpful in assessing osseous structures and skeletal maturity. MRI is indicated to evaluate for partial versus complete ACL injuries, define associated ligamentous pathology, and assess for suspected meniscal derangement. MRI is not absolutely indicated for the patient with a definitively positive and asymmetric Lachman and pivot shift examination, no additional ligamentous laxity, and full knee ROM. With proper sequencing, MRI has 95% sensitivity for detecting ACL tears in pediatric patients

Maturity Assessment
Surgical management is guided by the patient’s skeletal, physiologic, and chronologic maturity. Chronologic age serves as a rough estimate; the skeletal and physiologic age may be quite different. The Tanner staging system is best utilized to classify a patient’s physiologic maturity. Assessment of secondary sex characteristics and questions concerning menarche are useful in determining physiologic age. Skeletal maturity can be determined by a variety of methods. Our preference is to obtain a PA radiograph of the left hand and wrist for comparison with the Greulich and Pyle atlas.

Child athletes who are being considered for ACL reconstruction can be classified as either prepubescent or pubescent. The prepubescent patient has physiologic findings consistent with Tanner stages 1 and 2 and a bone age of <12 years in boys and <11 years in girls. The pubescent patient has physiologic findings consistent with Tanner stages 3 and 4 and a bone age of 13 to 16 years in boys and 12 to 14 years in girls.

Nonsurgical Management
Historically, nonsurgical treatment options for skeletally immature patients with ACL tears consisted of activity modification, functional bracing, and physical rehabilitation. The rationale for this approach was to allow the patient to mature skeletally before performing transphyseal ACL reconstruction, thereby minimizing the risk of physeal violation and potential growth deformity. This nonsurgical approach is best used in the highly compliant, low-demand patient who has no additional intra-articular pathologies or who has a partial ACL tear. Partial tears have been found to occur in 61% of adolescents with ACL injuries. Diagnosis of a partial tear based on physical examination alone is difficult. Instability maneuvers (eg, Lachman test, pivot shift test) may be negative initially even when 75% of the ligament is torn. MRI in the oblique coronal plane is useful in quantifying the percentage of intact fibers.

To date, Kocher et al have performed the only study on partial ACL tears in the adolescent patient. The study included 45 patients aged <18 years. The diagnosis was made using physical examination, MRI, and arthroscopic evidence consistent with partial tear of the ACL. At a minimum 2-year follow-up, 31% of patients underwent subsequent ACL reconstruction. Risk factors associated with failed nonsurgical management included tears involving >50% of the midsubstance ligament width, tears predominantly involving the posterolateral bundle, a mildly positive pivot shift test, and older chronologic and skeletal age. The authors of that study concluded that partial ACL tears in children and adolescents aged ≤14 years with near normal Lachman and pivot shift tests may be managed nonsurgically.

Conservative management of skeletally immature patients with complete ACL injuries has been less successful. The high noncompliance rate is associated with secondary damage of the menisci and/or articular cartilage, and a large percentage of patients eventually require surgical reconstruction. In a recent systematic literature review, Vavken and Murray compared 47 studies that reported the clinical outcomes of surgical and nonsurgical management of skeletally immature patients with complete ACL tears (minimum follow-up, 6 months). The authors concluded that in the skeletally immature patient with a complete ACL rupture, surgical intervention produces superior clinical outcomes with regard to future stability and secondary injury prevention. Moreover, the specific procedure chosen for surgical stabilization appears to have less clinical impact than does the selection of surgical treatment in itself. In a cohort study, Lawrence et al found that delaying management of a complete ACL injury with subjective knee instability for >12 weeks correlated with a significant increase in the amount of irreparable medial meniscal tears and lateral compartment chondral injuries.


Surgical Management
Historical Review
Traditional surgical techniques for adult ACL reconstruction include the creation of transphyseal tunnels followed by graft tensioning and fixation. In the skeletally immature patient, conventional tunnel placement and graft tensioning risks iatrogenic growth disturbance caused by physeal violation. Multiple animal and human clinical series have documented such growth disturbances. More recent animal studies have investigated the effect of small tunnels and soft-tissue grafts on physeal bar formation and subsequent growth arrest.

Stadelmaier et al compared physeal defects with and without the use of soft-tissue interposition grafts in eight skeletally immature dogs. The authors concluded that the presence of soft-tissue grafts in the transphyseal tunnels prevented physeal bar formation. These results have been verified in subsequent animal studies, which also noted that transphyseal tunnels that occupy <5% of the physeal cross-sectional area do not appear to cause growth disturbance. However, when >7% to 9% of the cross-sectional area of the physis is violated, growth disturbance is possible even in the presence of a soft-tissue graft. 

Clinical reports of growth disturbance are rare. Lipscomb and Anderson reported one case of growth disturbance following transphyseal hamstring ACL reconstruction out of a total of 24 patients aged 12 to 15 years. Koman and Sanders a case report on one 14-year-old boy who experienced growth disturbance following transphyseal hamstring ACL reconstruction. Kocher et al surveyed members of the Herodicus Society regarding growth disturbance after skeletally immature ACL reconstruction and noted 15 additional cases of growth disturbance. Those authors concluded that associated risk factors for growth disturbance included fixation hardware across the physis, large tunnels (≥12 mm), lateral extra-articular tenodesis, dissection in proximity to the perichondrial ring of LaCroix, and suturing near the tibial tubercle.

More recent clinical studies have examined the use of MRI to characterize physeal injury after transphyseal ACL reconstruction in skeletally immature patients. Kercher et al19<https://www.jaaos.org/content/21/2/78.full#ref-20> reviewed 31 patients aged 10 to 15 years with MRI and custom three-dimensional modeling following transphyseal ACL reconstruction. The authors concluded that, with 8-mm tunnels, <3% of the cross-sectional area of the physis was violated. Moreover, using a custom computerized model of the physis, they documented that tunnel diameter was potentially more offensive to the physis than was drill angle.

Anatomic positioning of the femoral tunnel with the use of single- or double-bundle techniques is becoming the standard in adult ACL reconstruction. The anatomic placement of the femoral tunnel is drilled at a more oblique angle that, if performed in a skeletally immature patient, places the lateral physis at an increased risk of injury. Shea et al used a computer-aided three-dimensional model to incorporate the drilling of an anatomic double-bundle ACL femoral tunnel in 10 pediatric knees using a variety of drill-hole diameters. They demonstrated that, by using this technique, the average physeal volume removed—as a percentage of the total physeal volume—was between 3.7% and 6.5%. The authors concluded that anatomic double-bundle drill-hole placement during ACL reconstruction produces a zone of physeal injury that appears to increase the risk of abnormal growth in the distal femoral physis postoperatively.

Yoo et al21 reviewed the postoperative magnetic resonance images of 43 skeletally immature patients who underwent transphyseal ACL reconstruction (mean age, 14.8 years; range, 12.4 to 16.5 years). The average bone tunnel–to–growth plate cross-sectional area ratio was <3%. Five patients developed MRI-documented focal physeal disruption without a perceived clinical growth disturbance (11.6%). The authors of the study noted that, although transphyseal reconstruction of the ACL may not be a benign procedure in younger children with substantial growth potential, they were able to safely perform this procedure in adolescents with limited growth remaining in this series.

Surgical Techniques
The great majority of ACL tears in skeletally immature athletes occur in adolescents with limited growth remaining. Treatment traditionally includes transphyseal ACL reconstruction with minimal risk of growth disturbance. Surgical management of these injuries in the preadolescent patient is the subject of much debate, given the substantial growth remaining, the poor prognosis of nonsurgical management, and the consequences of potential growth arrest.

Graft Selection
There has been considerable controversy regarding the use of autograft versus allograft tissue in ACL reconstruction. In a recent study, the Multicenter Orthopaedic Outcomes Network patient database was analyzed to evaluate graft choice and the risks associated with failure and graft rupture. Patients between ages 10 and 19 years were found to have the highest percentage of graft failures regardless of graft type. Moreover, the odds of graft rupture were four times higher with allograft reconstruction than with autograft reconstruction.

Physeal-sparing Techniques
As previously noted, current evidence suggests that surgical stabilization is the preferred management for ACL rupture in skeletally immature patients, with physeal-sparing techniques used in preadolescent patients and transphyseal techniques used in adolescent patients. Both techniques carry a beneficial safety profile and minimal risk of growth disturbance.

Poor results have been reported following early extra-articular reconstruction in preadolescent patients. Similar reports of ACL repair during that time noted considerable clinical laxity and functional instability. More recent studies investigating ACL repair in large animal models have indicated promising results with the use of a bioactive and biocompatible scaffold in the form of a clot that could be placed in the wound site to enhance cellular proliferation and biosynthesis at the torn ACL edges. > Human clinical studies are necessary prior to implementing widespread clinical applications.

A variety of physeal-sparing techniques has been reported. In 2003, Guzzanti et al reported the results of a new technique described to manage five Tanner stage 1 ACL tears (mean chronologic age, 11.15 years; mean bone age, 10.9 years). In this technique, the hamstring tendons were kept intact at their distal attachment, passed through a transepiphyseal tibial tunnel, looped over a staple at the femoral ACL origin, brought back through the tibial tunnel, and sutured onto themselves. The authors reported no functional instability, 1.8 mm of graft laxity, and no cases of growth disturbance. Anderson described an all-intraepiphyseal technique in patients with a mean age of 13.3 years, in which autograft hamstring tendon was passed through the distal femoral epiphysis and fixed with an EndoButton (Smith & Nephew) over the lateral femoral condyle. The remaining portion of the graft was then passed through an all-epiphyseal tibial tunnel and fixed with a post distal to the proximal tibial physis. The author reported no functional instability, no evidence of growth disturbance or limb-length discrepancy, and 1.5 mm of clinical laxity at 2- to 8-year follow-up. Finally, Kocher et al> described a physeal-sparing combined intra- and extra-articular reconstruction technique in 44 prepubescent patients using autogenous iliotibial band graft (mean chronologic age, 10.3 years). This procedure is a modification of the combined intra- and extra-articular reconstruction described by MacIntosh and Darby in 1976. Although it was initially thought to be a temporizing procedure until adult-type reconstruction could be performed after skeletal maturity, the data of Kocher et al a low revision rate (4.5%) and clinical laxity rate as well as a high rate of functional stability and return to prior levels of sport.

Three distinct physeal-sparing techniques have been described, all with excellent clinical results and no reported evidence of growth disturbance. Kennedy et al performed a biomechanical evaluation of each technique to determine which most closely restored native knee kinematics. In a controlled laboratory setting, six cadaver knees were subjected to static AP, varus, and internal rotation forces at zero degrees, 15°, 30°, 45°, 60°, and 90° of knee flexion. Displacement and rotation of the tibia with respect to the femur were measured in the intact knee after ACL disruption and after ACL reconstruction using all-epiphyseal, transtibial over-the-top, and iliotibial band physeal-sparing techniques. The authors concluded that, although all physeal-sparing reconstruction techniques restored some stability to the knee, the iliotibial band reconstruction best restored AP stability and rotation control; however, it appeared to slightly over-constrain the knee to rotational forces at some flexion angles.

Partial Transphyseal Technique
 The partial transphyseal technique is a hybrid of physeal-sparing reconstruction and traditional transphyseal procedures performed in adults. Traditionally, hamstring or bone–patellar tendon–bone grafts are used. Either the distal femoral or the proximal tibial physis is left undisturbed, thereby minimizing the risk of growth arrest. Smaller bone tunnels (6 to 8 mm) and more vertical tunnels are used to limit to <5% the overall cross-sectional area of physis that is interrupted.

Lipscomb and Anderson detailed their experience with partial transphyseal reconstruction techniques using transtibial physeal drilling only and autogenous semitendinosus and gracilis tendons in 24 skeletally immature patients (mean age, 13 years; range, 11 to 15 years). At an average 35-month follow-up, 20 of 24 patients had returned to similar activity and sporting levels. Clinical laxity of 1.8 mm was noted, and one patient suffered a 2-cm limb-length discrepancy.

Andrews et al reported on eight patients with open physes who underwent partial transphyseal ACL reconstruction using either fascia lata or Achilles allograft (mean age, 13.5 years; range, 10 to 15 years). Tibial tunnels were drilled through the proximal tibial physis, and the graft material was secured in the over-the-top position and affixed on the femoral side. At a follow-up of 58 months, 38% of patients had >3 mm of clinical laxity, and 13% reported poor results. No clinically significant limb-length discrepancies were noted.

Lo et al described five skeletally immature patients (mean age, 12.9 years; range, 8 to 14 years) who underwent partial transphyseal reconstruction using transtibial physeal drilling only and soft-tissue autografts. At a mean 7.4-year follow-up, no patient had >3 mm of clinical laxity, one patient reported a poor result, and no evidence of limb-length discrepancy was noted.

Complete Transphyseal Reconstruction
Complete transphyseal reconstruction strongly resembles adult-type ACL reconstruction, with some differences, including smaller, more vertical tunnels; no hardware or bone blocks at the level of the closing physis; and metaphyseal fixation. This procedure is typically performed on adolescents with little to no growth remaining. Some authors advocate its use in even younger, more skeletally immature patients. 

Earlier work by Lipscomb and Anderson14 and Matava and Siegel > touted the success of complete transphyseal ACL reconstruction using autograft hamstring tendons. Lipscomb and Anderson reported one case of limb-length discrepancy, which measured 2 cm. More recently, other authors have reported success with complete transphyseal reconstruction using autograft material. McCarroll et al reported 92% return to sport with no growth disturbances in 60 patients treated with autograft bone–patellar tendon–bone reconstruction. Aronowitz et al reported similar postoperative outcomes in 19 patients aged 11 to 15 years who were treated with Achilles allograft.
> In 2007, Kocher et al reported on their results of 61 knees in 59 skeletally immature pubescent adolescents (Tanner stage 3) (mean chronologic age, 14.7 years) who were managed with a transphyseal reconstruction technique involving autogenous quadrupled hamstrings tendon and metaphyseal fixation. Two patients (3%) underwent revision ACL reconstruction because of late graft failure. No cases of angular deformities were noted radiographically, and no limb-length discrepancy was noted clinically. The authors concluded that transphyseal reconstruction of the ACL with use of autogenous quadrupled hamstring tendons and metaphyseal fixation provides excellent functional outcome in the skeletally immature pubescent patient, with a low revision rate and minimal risk of growth disturbance.

 Two recent studies tout the success of complete transphyseal ACL reconstruction. Cohen et al performed complete transphyseal ACL reconstructions on 26 skeletally immature patients with autogenous hamstring tendons using metaphyseal fixation away from both the distal femoral and proximal tibial physis (mean age, 13.3 years; range, 11 to 15 years). At a mean follow-up of 45 months, good clinical outcomes were noted, and there were no growth abnormalities. Liddle et al noted similar results using a similar technique in 17 patients with a mean age of 12.1 years (range, 9.5 to 14 years). In this study, one patient had 5° valgus deformity compared with the contralateral limb at a mean 44-month follow-up.

Postoperative Management
Proper rehabilitation after ACL reconstruction in the skeletally immature patient is paramount to ensure an excellent outcome and a successful and timely return to sports. Child and adolescent athletes can pose a challenge to traditional physical therapists who specialize in working with adult patients. Thus, it is important to work with a therapist who has experience with young patients and who can make therapy sessions both engaging and beneficial. Activity restrictions and compliance with graduated activity levels are critical to successful outcomes. Compliance can be problematic in this age group, and patients must be carefully monitored at school and home by teachers, parents, and caretakers.

Wright and Fetzer published a systematic review of 12 randomized controlled trials on bracing after ACL reconstruction (predominantly in adults) and reported that there was no conclusive evidence that use of a brace had any effect on pain, ROM, graft stability, or protection from subsequent injury. However, these authors strongly encouraged bracing following ACL reconstruction in children and adolescents, whose risk taking and behavior are markedly more haphazard than that of adult patients. The duration and type of bracing method used is at the surgeon’s discretion because there are no true evidence-based guidelines.

Authors’ Recommended Management
A recent systematic review clearly demonstrated the benefit and safety profile of ACL reconstruction in the skeletally immature patient. Our current treatment algorithm is predicated on the patient’s skeletal, chronologic, and physiologic age, as well as on the extent of the ACL tear.

Patients with partial tears involving <50% of the entire ACL diameter are treated nonsurgically with activity modification, physical therapy, and bracing. The patient with a clinically stable knee on examination and stress maneuvers typically can return to sport approximately 3 to 6 months following the initial injury.

Complete ACL ruptures are managed surgically even in the very young patient. In prepubescent patients (ie, Tanner stages 1 and 2) (bone age: boys, ≤12 years; girls, ≤11 years), we prefer a physeal-sparing combined intra- and extra-articular reconstruction using autogenous iliotibial band. Adolescent patients with growth remaining (ie, Tanner stages 3 or 4) (bone age: boys, 13 to 16 years; girls, 12 to 14 years) are treated with complete transphyseal reconstruction using autogenous quadrupled hamstring tendons with smaller, more vertical tunnels and metaphyseal fixation. In older adolescent patients with closing physes (ie, Tanner stage 5) (bone age: males, >16 years; females, >14 years), we prefer to perform an anatomic adult-type ACL reconstruction with autogenous quadrupled hamstring or bone–patellar tendon graft and interference screw or aperture fixation.

Patients are placed in a ROM brace for 6 weeks postoperatively. Patients treated with iliotibial band ACL reconstruction are restricted to toe-touch weight bearing for 6 weeks, whereas patients treated with a transphyseal technique are restricted to toe-touch weight bearing for only 2 weeks. Progressive rehabilitation consisting of ROM, closed-chain quadriceps and hamstring strengthening, patellar mobilization, and modalities are used for the first 3 months postoperatively. Initiation of straight-line jogging and plyometrics begins at 3 months after reconstruction. A full return to cutting and pivoting activities and sports is allowed at approximately 6 months postoperatively. An ACL brace is advised during sports activities for the first 2 years postoperatively.


Summary
ACL ruptures in skeletally immature patients are becoming more common with increased single-sport concentration, year-round participation, and less time spent in free play. It is the role of pediatric sports medicine providers to properly diagnose and manage these injuries. Nonsurgical management, including activity modification, bracing, and physical therapy, is best used for patients with partial tears involving <50% of the ACL diameter. In patients with complete ruptures, chronologic, physiologic, and skeletal maturity must be assessed to appropriately address the injury. Treatment options are predicated on assessment of the patient’s maturity and include physeal-sparing, partial and complete transphyseal, and adult-type anatomic ACL reconstruction. Postoperative management includes weight-bearing and activity modifications, bracing, and a progressive physical therapy protocol emphasizing ROM, closed-chain strengthening, and a gradual and measured return to sport-specific maneuvers. Surgical complications are rare.
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