
Anterior cruciate ligament injury in children: update of

current treatment options

Leslie S. Beasley, MD, and Steven C. Chudik, MD

As our society’s interest in competitive athletics has grown, so
has the participation of our youth. Unfortunately, along with this
increase in participation has come a predictable increase in
rate of injury. More specifically, anterior cruciate ligament injury
in the skeletally immature individual is being recognized with
increasing frequency and currently poses an unsolved clinical
problem. Conservative management of midsubstance anterior
cruciate ligament tears in the skeletally immature population
has been shown to have an unfavorable prognosis related to
functional knee instability, subsequent meniscal tears, and the
development of early degenerative arthritis. Despite poor
outcomes following conservative treatment, many orthopaedic
surgeons have been reluctant to perform anterior cruciate
ligament reconstructions in skeletally immature patients due to
the potential for physeal injury and resultant growth
disturbance. Although there is growing evidence in the
literature suggesting that anterior cruciate ligament
reconstruction in the adolescent population may be safely
performed using anatomic, transphyseal techniques, there are
insufficient data to provide concrete guidelines in treatment of
anterior cruciate ligament injuries in the prepubescent
population. Management of these injuries, therefore, must be
based on the physiologic and skeletal maturity of the child.
Anterior cruciate ligament reconstruction in the skeletally
immature individual still poses a clinical problem with the
safest and most effective techniques still evolving. Curr Opin

Pediatr 2003, 15:45–52 © 2003 Lippincott Williams & Wilkins, Inc.

Midsubstance tears of the anterior cruciate ligament

(ACL), once thought to be uncommon injuries in chil-

dren and adolescents, are being reported with increasing

frequency [1••,2–13]. Unfortunately, the management

of these injuries in children still remains controversial.

Conservative management of ACL injuries in children

has been shown in several clinical studies to carry a dis-

mal prognosis. Children are active by nature and are un-

able to comply with the activity modifications necessary

for successful conservative management. The functional

knee instability associated with their ACL insufficiency

has been shown to lead to the subsequent development

of meniscal tears and early degenerative arthritis

[1••,6,14–16]. On the other hand, the standard tech-

niques for ACL reconstruction require anatomic, intra-

articular placement of an ACL graft through drill holes

placed across both the distal femoral and proximal tibial

physes. These techniques directly injure a portion of the

growing physes and can potentially result in growth dis-

turbance. Therefore, managing ACL injuries in the skel-

etally immature patient requires a deep respect for the

unique anatomy and physiology of the growing pediatric

knee, a thorough understanding of the outcome of con-

servative management of these injuries, and a continu-

ally evolving knowledge of the past, present, and upcom-

ing basic science and clinical data available on surgical

options for reconstruction.

Background
Anatomy

The normal ACL is an intra-articular but extra-synovial

structure in the knee. Proximally, it originates from the

posterior aspect of the medial surface of the lateral femo-

ral condyle. Distally, the ACL inserts anterior and lateral

to the anterior tibial spine (Fig. 1) [17].

Recently, Behr et al. [18••] used 12 fresh-frozen human

fetal specimens and 13 skeletally immature knees (aged

5–15 years) to define the spatial relation of the ACL to

the epiphyseal side of the distal femoral physis. They

found that the femoral origin of the fetal ACL developed

as a confluence of ligament fibers with periosteum at 20

weeks gestation and established a secure epiphyseal at-

tachment by 36 weeks. They also verified that the femo-

ral origin of the ACL remained an epiphyseal structure

from fetal development through skeletal maturity and

that the average distance of the ACL origin site was 2.66

± 0.18 mm distal to the femoral physis (Fig. 2). Proximity

of the ACL origin to the posterolateral portion of the
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distal femoral physis poses significant technical difficul-

ties with regard to reconstructing the ACL. Staying all

epiphyseal is challenging as well with regard to proximity

to the physis and sparse amount of epiphyseal bone

available in the highly cartilaginous immature distal femur.

Shea et al. [19••] investigated differences in ACL

anatomy between adults and children and using MR im-

ages. They concluded that although skeletally immature

subjects may have smaller dimensions of the tibia and

ACL, the region of the tibial attachment of the ACL is

proportional in the sagittal plane to that of adult subjects.

Therefore, when reconstruction of an ACL in a skel-

etally immature patient is performed, the smaller dimen-

sions of the tibia need to be considered; however, ana-

tomic landmarks can still be relied upon for graft

placement.

Physeal physiology

About 65% of the total growth of the lower limb comes

from the physes about the knee; the distal femoral physis

contributes about 37% and the proximal tibial physis

about 28%. Therefore, if the physis is injured when the

child has a significant amount of growth remaining, there

is the potential for the development of marked deformity.

A series of studies in rabbits have documented that drill-

ing a hole measuring 7% to 9% of the cross-sectional area

of the physis is sufficient to cause a growth disturbance

[20–22]. Fortunately, the relative tunnel size necessary

to perform ACL reconstruction in humans has been es-

timated to be only 3% to 4% of the cross-sectional area of

the physis. Other basic science studies have shown that

placement of soft-tissue graft material within a tunnel

drilled across the growth plate can prevent bone forma-

tion within the tunnels and may further prevent growth

disturbances even within larger holes [23]. Other studies

have shown that filling the holes with threaded screws or

cancellous bone graft, as would be done in adult ACL

reconstruction with bone patellar tendon bone graft,

will bridge the physis and could cause growth distur-

bance [24,25].

When performing an anatomic ACL reconstruction, the

graft is typically placed in a tunnel through the center of

the tibial physis, whereas on the femoral side, the tunnel

is placed eccentrically across the femoral physis either

through a drill hole or in the over-the-top position. Be-

cause only femoral growth abnormalities have been re-

ported clinically [7,26,27], it appears that placing an ec-

centric hole or graft in the femur is more likely to affect

physeal growth than drilling a central tunnel in the tibial

physis. It is unclear whether this difference is due to

Figure 1. Native ACL in a pediatric knee

Sagittal view of a skeletally immature knee demonstrating the proximity of the
ACL origin to the distal femoral physis. Reprinted with permission from Andrish
JT [2].

Figure 2. Histologic section of the immature distal femur

Section of the distal femur of a fetal specimen stained with hematoxylin and
eosin demonstrating the distance between the ACL origin (large curved arrow)
and the physeal plate (small straight arrow). Reprinted with permission from Behr
et al. [18].
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factors inherent to the femoral and tibial physes or rather

the location of the insult (central or eccentric). Basic

science studies have shown that creating central physeal

injuries by drilling may not result in subsequent growth

deformities, whereas creating peripheral injuries of simi-

lar size can cause significant growth deformity [28,29].

A more recent animal study has used a tensioned soft-

tissue graft in conjunction with an anatomic transphyseal

ACL reconstruction technique to cause a physeal growth

disturbance [30••]. They reported that compression

alone from a tensioned graft across the physis can also be

detrimental to physeal growth. In addition, they felt that

only the eccentrically placed femoral graft asymmetri-

cally limited femoral growth, whereas the centrally

placed tibial graft did not appear to affect tibial growth.

Despite our lack of a complete understanding of the

mechanisms and causative factors involved in growth dis-

turbances, clinical and basic science data suggest that

placing relatively small tunnels (7%–9% of the physeal

area) across the physis that are centrally located and

filled with soft tissue are less likely to result in growth

disturbance, whereas, the placement of larger, more ec-

centric tunnels filled with cancellous bone or placed un-

der significant tension are more likely to lead to growth

arrest.

Clinical presentation and evaluation
History and physical examination

Obtaining an accurate history and performing a thorough

physical exam are much more difficult in children as

compared with adults. Harvell et al. [10], Angel and Hall

[3,14], and Kloeppel-Wirth et al. [31] found that when

compared with arthroscopic assessment, even the best

attempts at an accurate history and physical examination

correlated poorly with a correct preoperative diagnosis in

children with acute knee injuries. Angel and Hall [14]

found that a physician had a 56% chance of making the

correct diagnosis in a pediatric acute knee hemarthrosis

(blood-filled joint) based on clinical grounds alone. Har-

vell et al. documented only 55% of preoperative clinical

diagnoses in children with acute knee hemarthroses to

be confirmed at surgery [10].

Older patients may articulate a typical history suggestive

of an ACL tear. Often times they will describe a distinct

“pop” heard at the time of the injury, followed by the

feeling that something shifted in the knee. This is usu-

ally followed by the onset of a painful effusion and the

inability to return to play. They also may be able to recall

the exact mechanism of injury to the knee, which usually

does not involve an impact to the knee but rather a

noncontact deceleration, or changing-direction maneu-

ver. Unfortunately, children usually cannot provide such

a detailed account of the injury.

For the first few weeks after the injury, the physical

examination may be limited secondary to a painful effu-

sion, resulting in the patient’s inability to cooperate with

the exam. Important aspects of the knee examination

include detecting an effusion, determining the range of

motion, and localizing tenderness, specifically along the

joint lines, the physes, or over the collateral ligaments.

Laxity must be assessed in all planes and differentiated

from the physiologic laxity, which can be significant in

children, especially girls [4]. The contralateral knee

should serve as a baseline if it has not also sustained a

previous injury. Provocative maneuvers including Lach-

man, anterior drawer, and pivot shift testing should be

performed on both knees, with close attention paid to

quality of the endpoint (Fig. 3). The knee should also be

tested against varus and valgus stresses. Qualitative and

quantitative differences between knees should be re-

corded. Due to the limited reliability of the initial clinical

examination, magnetic resonance imaging (MRI), exam

under anesthesia, and arthroscopy can help yield a more

definitive diagnosis [12].

Several studies have been done arthroscopically evaluat-

ing acute knee injuries presenting with hemarthroses in

pediatric patients [10–12,14]. Anterior cruciate ligament

injuries were found in up to 62% of these patients, with

associated meniscal tears in up to 58%. These studies

underline both the significance of a hemarthrosis in a

child’s knee as well as the frequency of associated intra-

articular pathology.

Assessment of skeletal maturity

The risk for potential growth disturbance after ACL re-

construction is inversely proportional to the amount of

growth remaining in a child and a standard assessment of

maturity can be useful. The significance of assessing

Figure 3. The Lachman test

The Lachman test is the most definitive and easily performed test for ACL tears.
The knee should be positioned at 20–30° of flexion. The upper hand stabilizes
the distal thigh; the lower hand, with the thumb on the tibial tubercle, translates
the tibia forward on the femur. Reprinted with permission from the ACL Study
Group Website, www.aclstudygroup.com.
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skeletal maturity lies in the fact that an injury to a physis

in a child who is Tanner stage 1 or 2 with wide-open

physes and has 10 cm of growth left may have greater

implications than an injury to a physis in a child who is

Tanner stage 4 or 5 and is nearly skeletally mature with

minimal growth remaining. Clinical studies have shown

[1••,8,32–34••] that adult-type ACL reconstruction us-

ing either hamstring tendons or bone patellar tendon

bone graft passed through both the femoral and tibial

physes can be performed without a risk of growth dis-

turbance in older children close to skeletal maturity.

In younger children, skeletal maturity is highly variable

and does not always correlate with chronologic age. De-

termining the patient’s skeletal maturity directly or in-

directly by some standard means can provide the physi-

cian with some objective information to help counsel the

parents about the potential risks of growth disturbance.

The patient should be assessed physiologically for signs

of secondary sexual characteristics such as menarche and

the development of axillary and pubic hair, as described

by Tanner and Davies [35]. History of recent changes in

shoe size, an adolescent growth spurt, and the height of

their parents or siblings can all be useful indicators of

skeletal maturity. Additionally, the patient can be as-

sessed radiographically, most often done by the evalua-

tion of a hand and wrist x-ray for bone age.

Radiographic assessment

In children, as in adults, imaging of an injured knee

should begin with plain radiographs. The four standard

views include anteroposterior, lateral, skyline, and tun-

nel views. Plain x-rays can be used to assess malforma-

tion of the tibial spine or femoral notch, which can be

associated with congenital absence of the cruciate liga-

ments, as well as to diagnose Salter-Harris fractures and

tibial eminence fractures. If needed, stress views of the

affected knee or comparison views of the contralateral

knee can be obtained [36].

Magnetic resonance imaging is considered the gold stan-

dard in imaging ACL tears in adults, with sensitivity and

specificity reported near 100% [37,38]. Its diagnostic role

in children has been only slightly less predictable (Fig. 4)

[39,40]. Some advantages lie in the fact that it can elu-

cidate associated intra-articular injuries that commonly

confound an ACL tear (ie, meniscal pathology, osteo-

chondral lesions, and collateral ligament injuries). Unfor-

tunately, some young children may not be able to remain

still for the test, occasionally requiring sedation. Binfield

and Williams [13] reported on the diagnostic accuracy for

a total of 301 knee MRI scans versus arthroscopy in pa-

tients aged 16 or less. In their series, they found that

MRI was a safe and accurate method of assessing the

injured immature knee and patients did not usually re-

quire sedation or anesthesia. Our experience is that cur-

rent high-quality MR is very accurate in diagnosing ACL

tears, similar to that in adults, and sedation is infre-

quently necessary. Some tertiary centers are starting to

perform physeal sequences to assess maturity; however,

standards are still yet to be established.

Treatment
Conservative care

Several studies have documented the poor results

associated with conservative treatment of ACL tears

in children as well as the preponderance of associated

intra-articular pathology, most often meniscal tears.

Conservative treatment has typically consisted of

three parts: activity modification, a rehabilitation pro-

gram, and, occasionally, bracing. Activity modifica-

tion specifically requires the restriction of high-level

acceleration/deceleration sports that require a rapid

change of direction [41]. This is very difficult to impose

on children, as many of their daily activities include rec-

reational running and playing. The rehabilitation pro-

gram should aim to re-establish a normal quadriceps and

hamstring ratio [42] as well as focus on range of motion,

strengthening, and proprioception. Patients should have

Figure 4. MRI of an acute ACL tear in a skeletally immature

knee

Sagittal plane MRI of an acute ACL tear in a skeletally immature knee, notable for
the discontinuity of the ligament in its midsubstance.
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regained at least 90% of their normal strength on Cybex

testing and passed functional progression tests prior to

returning to athletics. Many physicians recommend that

an ACL functional brace should then be fitted and used

for sporting activities [43].

Kannus and Jarvinen [6], McCarroll et al. [43], Angel and
Hall [3], Graf et al. [15], Mizuta et al. [16], Janarv et al.
[28], and most recently, Aichroth et al. [1••] have all

reported on children and adolescents with ACL ruptures

that were treated conservatively. Concomitant meniscal

tears were found in up to 72% of these patients, with a

high rate of subsequent tears over time. Nearly all pa-

tients in these studies with complete ACL tears devel-

oped functional instability, or “giving way.” These au-

thors demonstrated that conservative treatment of this

injury in this age group led to progressive instability of

the knee despite activity modification, rehabilitation,

and bracing. This instability led to deterioration in func-

tion, further meniscal injury, and osteochondral damage.

They felt that a more aggressive approach to disruption

of the ACL in the skeletally immature individual was

indicated.

Operative treatment

As a result of over a decade of studies documenting poor

results associated with conservative management of com-

plete ACL tears in the skeletally immature population,

there has been increased attention in recent years paid to

surgical reconstruction of this ligament. However, with

the concern of growth disturbance from physeal viola-

tion, early techniques avoided the physes and included

primary repair [4,5] of the ligament and nonanatomic

reconstructions [28,44–47], both of which have failed to

consistently restore stability to the knee. More current

techniques attempt to restore the anatomic intra-articular

position of the ACL while minimizing injury to the phy-

ses about the knee.

In the literature, a number of different surgical tech-

niques have been reported to successfully restore stabil-

ity to the knee and avoid growth disturbances

[1••,7,8,27,32–34••,48]. Over-the-top and transphyseal

techniques have been the most popular. The over-the-

top technique involves passing a graft through a central

tibial tunnel across the tibial physis, then up through the

femoral notch and around the posterior aspect of the

lateral femoral condyle. The graft is then fixed to the

lateral aspect of the distal femoral metaphysis, thus cross-

ing but not directly violating the femoral physis (Fig. 5).

Transphyseal reconstructions are the most anatomic and

isometric and mimic the technique used in adults. In

this procedure, the graft is passed through drill holes

across both the distal femoral and proximal tibial physes

(Figure 6).

Despite reports of clinical success using these tech-

niques, most of these studies provide short-term follow-

up and fail to document the skeletal maturity of their

subjects using a standardized method. Thus, it is diffi-

cult to extrapolate their results to other patients and

make any concrete recommendations about the safety,

timing, and long-term outcome of these techniques.

Growth disturbances

Although there has been great fear of growth disturbance

following ACL reconstructions in children with open

physes, there are few documented reports in the litera-

ture. Furthermore, most reports of growth disturbance

have been attributable to errors in surgical technique.

Surgical errors have included inadvertent hardware fixa-

tion across the physis, bone grafting across the physis

with the bone plugs of a bone patellar tendon bone graft,

and excessively large tunnels [49••]. There are two other

reported growth disturbances that occurred in patients

who underwent a “no-longer-in-use” nonanatomic lateral

extra-articular tenodesis. From the report, it is unclear

whether technical error or an asymmetric tenodesis

across the distal femoral physis was at fault for the alter-

ation in growth.

Future directions

Recently, Anderson [50••] presented the results of a

novel technique for ACL reconstruction used in a group

of young patients. Twelve patients, average age 13, un-

Figure 5. Over-the-top ACL reconstruction

Partial transphyseal ACL reconstruction in which a central patellar or hamstring
tendon graft is passed through a tunnel across the tibial physis and in the over
the top femoral position. (Reprinted with permission from Stanitski CL [36].

ACL injury in children Beasley and Chudik 49



derwent anatomic, physeal-sparing ACL reconstruction

using quadruple hamstring grafts. They were followed

for an average of 4.2 years. He reported good subjective

and objective outcomes with no significant limb-length

inequality. The average growth of patients in this group

was 16.3 cm, confirming that they were skeletally imma-

ture at the time of surgery. He concluded that this was a

safe and effective technique for preadolescent patients.

To date, there have been few prospective studies to

compare reconstructive techniques in which the physi-

ologic and skeletal maturity of patients undergoing ACL

reconstructions has been adequately documented. Infor-

mation presented at the 2002 ACL Study Group Meet-

ing by Paletta marks the first of such studies [51••].

Paletta presented a comparison of ACL reconstruction

techniques in skeletally immature patients using ham-

string autograft tendons. Fourteen children, aged 10 to

13, were reconstructed. All males were Tanner stage 1, 2,

or 3 with skeletal age <13, and all females were preme-

narchal with skeletal age <14. In all reconstructions, the

tibial tunnel was transphyseal. In 6 of 14, the femoral

limb was placed in the over-the-top position, and in the

remaining 8, it was placed through a transphyseal femo-

ral tunnel. At a minimum follow-up of 2 years, no pa-

tients demonstrated significant leg length discrepancies

or angular deformities. Objective measurements of sta-

bility were superior in the transphyseal femoral tunnel

group; however, subjectively and in regards to level of

return-to-sports activity, both the techniques yielded

good results. Both techniques were demonstrated to be

safe in this skeletally immature age group.

With the increasing number of skeletally immature chil-

dren sustaining ACL tears, and the basic science and

clinical experiences we have to date, there will need to

be further studies to clearly delineate the safest and most

efficacious management of these injuries in the prepu-

bescent child.

Conclusions and current recommendations
The literature has convincingly demonstrated poor out-

comes following conservative treatment of ACL injuries

in the active skeletally immature patient related to the

development of functional instability, subsequent

meniscal tears, and degenerative arthritis. There still ex-

ists substantial controversy and practice variation with

regard to management of ACL injuries in skeletally im-

mature patients. The treatment of midsubstance ACL

injuries in the pediatric population should depend on the

physiologic and skeletal maturity of the child. There is

growing evidence in the literature suggesting that ACL

reconstruction in the adolescent population may be

safely performed with anatomic, transphyseal tech-

niques, using even bone patellar tendon bone graft cross-

ing the physis. Unfortunately, there is insufficient data

available to provide concrete guidelines in treatment of

ACL injuries in the prepubescent population. Most au-

thors would attempt conservative management with

close follow-up of these injuries initially. If the child

continues to have episodes of instability associated with

the ACL insufficiency, surgical reconstruction should be

performed before irreversible damage occurs to the

knee. The safest and most effective technique for recon-

struction is still evolving, and hopefully a combination of

well-organized basic science and clinical studies can pro-

vide the answer.
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Figure 6. Transphyseal ACL reconstruction

Complete transphyseal ACL reconstruction in which a
patellar tendon graft is placed through tibial and femoral
tunnels. Reprinted with permission from Stanitski CL [36].
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