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Introduction

Anterior cruciate ligament (ACL) injury in the skeletally 
immature patient is a controversial area in sports trauma.1 
ACL tears have been considered rare injuries in younger 
patients, but the increasing participation in contact sports 
activity, especially at the competitive level, a greater 
awareness of the injured athlete, and the availability of 
more effective and less invasive diagnostic methods, have 
found an increase in ACL injuries in children and adoles-
cents.2–4 However, the gold standard treatment for these 
patients remains controversial, and we are torn between 
maintaining a conservative stance or being more interven-
tional. Proposing rest and a protocol for incorporation into 
sports practice underestimates the meniscal and chondral 
injuries that could occur due to secondary instability. It is 
the price to avoid possible iatrogenic physeal injuries, 
with a possible dysmetria and alteration of the axes.5–8 On 
the other hand, new types of surgery gaining popularity 
minimize risk of physeal plate damage and help restoring 
joint stability, preventing possible future meniscal and 
chondral lesions.9–16

The pediatric knee

The ACL image can be visualized starting from the eighth 
week of gestation, together with the rest of the intra- articular 
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structures. Around the 24th week, collagen fibers are 
observed in the intercondylar notch that run from the perios-
teum of the femoral condyle to the proximal tibia. The 
definitive and organized anchorage of the ACL to the sub-
chondral bone is observed at week 36.17,18

The infant knee has interesting anatomical characteris-
tics. Evidently, it presents growth cartilages (physis) and 
the epiphyses of the infant knee present a high percentage 
of cartilaginous tissue. But the growth is not only longitu-
dinal, generated by the physis; there is also a growth in 
thickness, latitudinal, both physeal and epiphyseal, the  
latter generated by the articular cartilage. The physes near 
the knee are more fertile and responsible for 65%–70% of 
the total longitudinal growth of the lower extremity.19 Any 
alteration of the physeal function will produce growth dis-
orders, triggering asymmetries and angular deformities.

The distance from the physeal plate to the femoral 
attachment of the ACL remains constant during growth, 
being approximately 3 mm.20 However, the distance from 
the tibial attachment to the proximal tibial physis varies 
slightly during growth.21 Variations according to age and 
sex have also been observed in terms of the position and 
angulation of the tibial insertion of the ACL with a slightly 
more horizontal ligament in younger age stabilizing around 
the age of 18 years.22

The intercondylar notch grows and widens consider-
ably until the age of 11 years, then subtly until skeletal 
maturity.23 The presence of the lateral intercondylar 
ridge or “resident’s ridge” is less frequent and less 
defined, being observed in 44%–63% of patients younger 
than 12 years of age.24,25

The size of the two fascicles, antero-medial and pos-
tero-lateral, of the ACL varies according to the height and 
weight of the patients during growth.26 There is little infor-
mation on the biomechanics of the ACL in immature 

patients; in animal studies, age-related changes have been 
observed, and differences in laxity in relation to age and 
sex have also been observed.27–29

The knee environment of pediatric and adolescent 
patients is also different compared with adults in terms of 
response to a traumatic injury. Interestingly, a recent study 
showed a better regulation of the acute inflammatory 
response in skeletally immature patients, supporting the 
thesis of a higher healing potential of young subjects.30

Epidemiology

The actual prevalence of ACL tears is unknown. Some 
small studies were carried out at the end of the last century. 
In one of them, they observed an incidence of 16 per 1000 
in high school athletes, especially in girls with early spe-
cialization in sports.31 Beck et al.32 found that the incidence 
of ACL tears in pediatric patients has increased over the last 
20 years. Higher incidence was observed in girls, with a 
peak incidence during high school years. Gender-related 
incidence studies described a significant decline in the inci-
dence of ACL tears among males aged 14 to 18; in contrast, 
the incidence of ACL tears in female subjects remained 
relatively stable (Figure 1).33 Several factors are associated 
to the higher incidence of ACL lesion in the female sex: 
hyperlaxity, higher Q angle, larger size of the femoral inter-
condylar notch, and a smaller ligament in diameter, in 
addition to hormonal and neuromuscular factors.29,34–38

An epidemiologic analysis of a New York State admin-
istrative database revealed that the rate of ACL reconstruc-
tion in children less than 20 years of age had increased 
nearly threefold over a 20-year period and indicated that 
adolescents and teenagers represent the largest per capita 
demographic of ACL reconstructions.39 (33) In another 
registry, the Pediatric Health Information System, it has 

Figure 1. Gender-related incidence of ACL injury.39
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been observed that ACL reconstructions showed 5.7-fold 
increases over 10 years.40 This trend has been increasing 
between 2016 and 2021; there were fewer than expected 
during the COVID-19 pandemic. There was a 30% 
decrease in the number of Anterior Cruciate Ligamente 
Reconstructions (ACLRs) overall from the pre-pandemic 
to the intra-pandemic times. Notably, there has been a dis-
parate impact of the pandemic on patients depending on 
their race and insurance status.41

In Europe, the European Society for Sports 
Traumatology, Knee Surgery and Arthroscopy. (ESSKA) 
has promoted the Pediatric Anterior Cruciate Ligament 
Initiative (PAMI) registry, which began in 2018 and has 
recently presented the preliminary results of the recruit-
ment and follow-up experience of the first 100 patients.42 
The nationwide population-based study observed that the 
incidence of pediatric ACL injury increased during the 
18-year study period; nearly twofold increase was noted 
during the last 10 years of the study period in Finland.43

Shea et al. suggested that a greater awareness and a 
more accurate diagnosis, together with a higher participa-
tion of children in competitive sports and sports specializa-
tion at an early age, concurred to this increased trend in 
ACL reconstruction surgeries in pediatric and adolescent 
patients.3,44,45

Studying the incidence rate in relation to gender and 
sports, we can observe that the incidence of ACL injury is 
influenced also by the nature of player-to-player contact 
inherent in the sport. Female athletes had greater ACL 
injury rates than male athletes in contact and fixed-object 
and high impact rotational landing sports (Figure 2).46 
Bram et al.47 in a systematic review and meta-analysis con-
cluded that the risk of ACL injuries overall approached 

nearly 1 per 10,000 for female athletes, who were almost 
1.5 times as likely as male athletes to suffer an ACL injury 
across all adolescent sports. A multisport female athlete 
was estimated to have a nearly 10% risk of ACL injuries 
over her entire high school or secondary school career. 
Specifically, male and female adolescents playing soccer, 
basketball, lacrosse, and football appeared at particular 
risk of injuries.47

Anatomical factors related to increased risk of ACL tear 
have also been observed, such as increased tibial slope, 
narrow intercondylar notch, and patella alta.48–50

Clinical evaluation of the pediatric 
patient with ACL tear

Previous studies have identified combined multi-planar 
loading including anterior tibial shear, knee valgus, and 
internal tibial rotation to be the worst-case scenario and 
primary mechanism of non-contact ACL injury. A hyper-
extension of the knee with a valgus or rotational force has 
also been described.51

The clinical history is usually revealing as patients 
report that after a turn with the foot fixed, they noticed a 
clicking sound in the knee sometimes audible even by the 
closest players.52 The effusion and joint swelling are imme-
diate, and the pain is variable, but usually increases, in the 
days after the injury. In general, the sensation of instability 
is less frequent than in skeletally mature patients.

Physical examination usually shows joint effusion, with 
diffuse pain and limited range of motion. In the event of a 
traumatic effusion, arthrocentesis is an option for both 
pain relief and diagnostic tool. Hemarthrosis in pediatric 
patients has been found in 10%–65% of ACL tears due to 

Figure 2. ACL incidence rate in relation to gender and sports.47
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acute trauma; this finding should suggest a possible cruci-
ate ligament tear.31,53

The maneuvers to assess the stability of the knee are the 
same as in adults. The uninjured knee should also be exam-
ined to evaluate healthy joint characteristics and have a 
comparison with the injured leg.54 Although in the acute 
setting patients usually present an involuntary muscular 
defense that does not allow an accurate exploration, a sec-
ond evaluation after some days is recommended in case of 
difficulties at the first visit. The most used clinical maneu-
vers are the Lachmann test, the pivot-shift, together with 
anterior and posterior drawers with internal and external 
tibial rotation. It is important to notice that in ACL injured 
patients, the pivot-shift test is positive up to 98% of the 
time after anesthesia, while in conscious patients it only 
reaches 35% of the cases.15

In the evaluation of pediatric patients, it is mandatory to 
evaluate the degree of maturity using the Tanner scale.55 
Dysmetria of the lower extremities and the angular altera-
tions prior to the intervention are also important to explore 
to have a baseline evaluation.

Imaging

An X-ray should be a routine test to rule out osteo- 
cartilaginous injuries and physeal fractures (Figure 3). A 
baseline knee radiograph is also useful to initially evalu-
ate the skeletal maturity of the patient: open, closing, and 
closed physis are the three main class.56

Magnetic resonance imaging is the method of choice to 
evaluate an injured knee with a clinical suspect of ACL 
tear (Figure 4). Primary findings are an abnormal signal 
intensity of the ACL, discontinuity of the ligament, and 
Blumensaat’s angle of >9.5° (Figure 5).57 Secondary cri-
teria include lateral compartment bone bruise, anterior 
tibial displacement, uncovered posterior horn of the  
lateral meniscus, change in the posterior cruciate line, and 
pos terior cruciate angle <115° (Figure 6). In the study 

published by Lee et al.,57 the magnetic resonance imaging 
(MRI) sensitivity was 95%, and specificity was 88%. 
Moreover, the MRI is also useful to define ACL pattern of 
lesion.

A good MRI quality of image is also important to define 
the level of the ACL lesion. A classification proposed  
by Van Der List et al.58 describe five categories based on 
tear location in terms of distal remnant expressed as a per-
centage of ligament length: (1) proximal avulsion tears 
(Type I, > 90%), (2) proximal tears (Type II, 75%–90%), 
(3) midsubstance tears (Type III, 25%–75%), (4) distal 
tears (Type IV, 10%–25%), or (5) distal avulsion tears 
(Type V, <10%). The characterization of the ACL tear 
level is important to take in consideration ACL repair sur-
gery in case of proximal ACL tears.59

In Type I and V is also important to distinguish two 
other categories: soft tissue ACL lesion or bony avulsion 
tear. Distal bony avulsion tears are further graded accord-
ing to the Meyers–McKeever classification modified by 
Zaricznyj.60 In open physis patients with normal radio-
graphs, it is important also to consider the presence of a 
chondral spine avulsion; the avulsed fragment may appear 
as a double-POsterior Cruciate Ligament (PCL) sign.41

MRI is also the most accurate imaging method to detect 
the presence of concomitant meniscal and chondral inju-
ries with a high degree of reliability.61 The prevalence of 
bone bruises in pediatric patients with ACL tears is high, 
close to 70% of the cases.62 Bone bruise without ACL 
injury or partial injuries have been observed frequently in 
this age group.63,64 The area and the distribution pattern of 
bone bruises are similar among different ages.

The preoperative evaluation of a skeletally immature 
patient with ACL tear should be completed with a radio-
graphic assessment of skeletal age using the Greulich and 
Pyle method by counting the ossification nuclei of the 
carpal bones in a dorsal-palmar radiograph of the non- 
dominant hand.65 Other locations such as the pelvis, the 
elbow, and the calcaneus have also been used.66–68 The 

Figure 3. (a) Radiographic lateral view of knee after trauma with a spinal avulsion. (b) Radiographic anteroposterior view of an 
osteochondral lesion of the medial femoral condyle.
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knee MRI is also useful to assess the bone age; an Atlas of 
skeletal development of the knee was recently published 
and is demonstrated to provide a precise estimation of the 
residual bone growth.69

In addition, it is recommended to obtain standing  
full-length lower limb radiograph to explore potential 
preoperative limb length discrepancy and angular 
alterations.15,70

Figure 4. MRI of the knee. (a) Normal ACL images. (b) ACL tear.

Figure 5. Primary findings that suggest an ACL injury are abnormal signal intensity of the ACL (a), discontinuity of the ligament (b), 
a Blumensaat’s angle > 9.5° (c).
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In conclusion, a careful evaluation is essential to deter-
mine knee stability after trauma, especially in very young 
patients. The diagnostic process needs to follow precise 
steps to assess the presence of ligament injuries, tear level, 
and concomitant injuries, along with measuring skeletal 
maturity. All clinical information must be mixed with the 
patient’s sport level and parent’s considerations to probe 
the delicate treatment decision process.
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