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Abstract

Background Treating ACL injuries in prepubescent

patients requires balancing the risk of chondral and menis-

cal injuries associated with delaying treatment against the

risk of growth disturbance from early surgical reconstruc-

tion. Multiple physeal respecting techniques have been

described to address this vulnerable population; however,

none restore the native ACL attachments while keeping the

graft and fixation entirely in the epiphysis.

Description of Technique We describe a technique of all-

epiphyseal ACL reconstruction for use in prepubescent

skeletally immature patients. Intraoperative CT scanning

with three-dimensional (3-D) reconstruction was used to

confirm the precise localization of the all-epiphyseal fem-

oral and tibial tunnels. The femoral tunnel is drilled

entirely in the epiphysis of the lateral femoral condyle. The

tibial tunnel is drilled from inside-out to the level of the

tibial physis using a retrograde drill. Fixation of the soft

tissue graft is achieved with a retrograde interference screw

in the tibia and an interference screw in the femur.

Patients and Methods Case examples are presented for

three boys aged 10–12, Tanner Stage 1 development, with

a minimum followup of 1 year.

Results All three patients had stable knees based on

Lachman and KT-1000 testing and no evidence of growth

disturbance. All had full ROM and symmetric strength for

knee flexion and extension. All patients returned to their

sports activities using a custom ACL brace.

Conclusions Although longer-term followup will be

necessary, this technique provides for an anatomic all-

epiphyseal-based ACL reconstruction using intraoperative

3-D imaging to minimize the risk of growth disturbance.

Level of Evidence Level IV, therapeutic study. See the

Guidelines for Authors for a complete description of levels

of evidence.

Introduction

ACL injuries are being seen with increasing frequency in

skeletally immature patients [22, 24]. The natural history of

nonoperative treatment of this injury is poor with chronic

instability leading to chondral and meniscal injuries [1, 16,

20, 28, 31, 32, 35]. However, traditional surgical stabil-

ization, with grafts placed through tunnels drilled across

the physis, risks iatrogenic damage to the physis, which

may produce a growth disturbance. This risk increases with

increasing amounts of growth remaining.

Growth disturbances after ACL reconstruction in this

population have been associated with some form of graft
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fixation or bony graft material across the physis or involve

damage to the perichondral ring [24–26]. Based on animal

models [12, 36, 39] and these clinical examples, the fol-

lowing general principles now are accepted [23, 24]:

fixation should not cross the physis, drill holes across the

physis should be centrally located and as small as possible,

and tensioning a soft tissue graft across a physis should be

avoided if a large amount of growth remains.

Multiple techniques for surgical stabilization of the

ACL-deficient knee in prepubescent patients have been

described [1–11, 13–16, 18, 19, 21, 27–30, 34, 37, 38, 40,

42, 43]. All try to balance the advantages of an anatomic

reconstruction with the risk of physeal injury and have

advantages and disadvantages. Although techniques have

been described for reconstructing the ACL without drilling

tunnels across the physis, none of these techniques provide

for a reconstruction that places the graft in the native

footprint of the ACL while strictly adhering to the princi-

ples described by using all-epiphyseal fixation of the graft.

We describe a new technique for ACL reconstruction in

prepubescent skeletally immature patients that adheres to

the generally accepted principles of adult ACL recon-

struction, but theoretically minimizes the risk to the

growing physis by avoiding any fixation, drill holes, or

tensioning of the graft across the physis.

Surgical Technique

Arthroscopy is performed through standard anteromedial

working and anterolateral viewing arthroscopy portals. The

diagnosis of complete intrasubstance tear of the ACL is

confirmed. All associated meniscus disorders are addressed.

We routinely use a combination of all-inside, inside-out,

and outside-in techniques as dictated by the tear.

The residual ACL is removed and the tibial and femoral

footprints are identified and cleared of excess soft tissue.

An outside-in femoral guide, set at 958, is placed through

the medial portal into the notch. A 1.5- to 2-cm incision is

made over the lateral femur just anterior and distal to the

lateral epicondyle and blunt dissection is performed to the

level of the bone. The 958-femoral guide then is used to

pass a guide wire parallel to the physis in the epiphysis to

the center of the femoral ACL footprint (Fig. 1). The

femoral guide is removed, leaving the wire in place.

A Retrodrill (Arthrex, Naples, FL) then is used to drill

the all-epiphyseal tibial tunnel (Fig. 1A). Based on the size

of the graft, the appropriate size Retrodrill cutting blade is

placed over the center of the anatomic footprint of the ACL.

The cannulated guide pin for the Retrodrill is advanced to

capture the cutting blade from the targeting guide. The

Retrodrill is drawn back slowly for a distance of approxi-

mately 17 mm, or approximately 3 mm less than the

distance measured on MRI (approximately 20 mm) from

the tibial ACL footprint to the physis. The position of the

Retrodrill and the femoral guide pin are adjusted, if nec-

essary, using fluoroscopic guidance. The scout images from

the localization process of the O-arm can be used for this.

A limited-cut, low-dose radiation, intraoperative CT

scan then is performed with an O-arm (Medtronic, Inc,

Minneapolis, MN) to confirm (1) an all-epiphyseal place-

ment of the tibial drill hole and the femoral guide wire; (2)

anatomic entry points for the tunnels; and (3) an adequate

distance from the physis to prevent damage (Fig. 2). Once

confirmed, the femoral tunnel is drilled using standard

cannulated reamers from an outside-to-inside approach.

Direct arthroscopic observation of the femoral tunnel then

is performed to ensure that the femoral physis has not been

violated. The Retrodrill in the tibia is carefully advanced

back into the joint. The cutting blade is uncoupled and the

cannulated Retrodrill guide pin is left in place.

For graft harvest and preparation, an all soft tissue graft

is used. Autologous quadrupled hamstrings, gracilis, and

semitendinosus, are preferred; however, according to the

preference of the patient and family, allograft tendon can

be used. Hamstring tendons are harvested using standard

techniques. The graft is prepared by whipstitching the ends

of the tendon and then looping them over a Number 5

Ethibond suture (Ethicon, Somerville, NJ). A 20-mm

length centered about the looped end also is whipstitched to

help prevent graft rolling and damage from the interference

screw. The prepared graft is sized, wrapped in damp gauze,

and pretensioned to 15 pounds.

For graft passage, the inner portion of the cannulated

Retrodrill guide pin is removed and a Fiberstick (Arthrex,

Naples, FL) suture passed up the cannulated guide pin to

the joint. The suture is retrieved from the femoral tunnel

and the cannulated Retrodrill guide pin removed from the

tibia (Fig. 1B). The suture limbs from the looped portion of

the graft and a Nitinol wire (Arthrex, Naples, FL) for the

Retroscrew screwdriver then are shuttled from the femoral

side to the tibial side using the previously passed Fiberstick

suture (Fig. 1C). The Nitinol wire is retained in the tibial

tunnel, retrieved from the femoral tunnel, and brought out

the anteromedial portal to place it in the anterior portion of

the tibial tunnel. The graft then is advanced into the knee

through the femoral tunnel and firmly seated in the tibial

tunnel by pulling the Number 5 Ethibond suture on the

looped end of the graft (Fig. 1D).

For graft fixation, the Retroscrew screwdriver is advanced

up to the tibial tunnel over the Nitinol wire to the joint and

positioned anterior to the graft. The Nitinol wire is removed

and a Fiberstick suture placed up the screwdriver to the joint

and retrieved out the anteromedial portal. An appropriately

sized Retroscrew (Arthrex) then is placed on the Fiberstick

suture and a mulberry knot tied behind it. For most
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procedures, a 20 mm 9 9-mm Retroscrew has been used in

a 9-mm tibial tunnel. Through an expandable cannula, the

Retroscrew is advanced into the joint, flipped onto the

screwdriver, and screwed into place while holding the graft

tensioned and firmly seated in the tibial tunnel. Finally, the

knee is cycled numerous times, brought into full extension,

and reduced with a gentle posterior drawer. The femoral side

is fixed with an interference screw while applying 15 pounds

of tension to the graft with a graft tensioner (Fig. 1E). The

wounds are irrigated and closed in layers followed by soft

dressings and a knee brace locked in maximum extension.

Cryotherapy and continuous passive motion are used for

the first 2 weeks postoperatively. Weightbearing is

restricted to touch-down weightbearing for 6 weeks with

the brace locked in extension for ambulation during that

time. Formal physical therapy with an accelerated ACL

protocol is initiated approximately 2 weeks postoperatively

and continued until approximately 4 months. Modifications

are made for the restricted weightbearing status for the first

6 weeks. Given the young age of these patients, it is

important to identify therapists who are capable and

motivated to work with patients this age. The therapy also

is modified according to the patients’ maturity and ability

to comply with restrictions. Return to sports is allowed

approximately 6 to 9 months after surgery when formal

strength and functional testing are at least 90% of the

contralateral side. Functional ACL bracing during sports

activities is recommended for approximately 2 years after

reconstruction. Routine followup with radiographs is per-

formed on a yearly basis until skeletal maturity. Angular

deformity is assessed radiographically and clinically and

leg length is assessed clinically.

Case Reports

Three case examples are presented. All of the patients and

their families consented to presentation of their cases per-

formed by the senior author (Theodore Ganley, MD).

Fig. 1A–E The all-epiphyseal ACL reconstruction technique is

shown. (A) A guide wire is placed in the distal femoral epiphysis

parallel to the physis to the center of the femoral attachment point of

the ACL. A Retrograde drill (Arthrex, Naples FL) is used in the tibia

to create a tunnel in the tibial epiphysis. Proper placement can be

confirmed with an intraoperative CT scan. (B) The femoral tunnel is

drilled. A passing suture is placed up the cannulated guide pin of the

Retrodrill and retrieved out the femoral tunnel. (C) The passing suture

is used to bring a Nitinol wire and the lead sutures of the graft through

the knee. The femoral end of the Nitinol wire then is retrieved out the

medial portal. (D) The lead sutures on the graft are used to pull the

graft through the femoral tunnel and into the tibial tunnel. (E) The

Nitinol wire then is used to aid in placement of the tibial Retroscrew

(Arthrex, Naples FL). The knee is brought into extension and the graft

tensioned and secured in the femur with an interference screw.

b
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Patient 1 was a healthy 12-year-old boy who presented

to us with a left knee injury that he sustained by a twisting

mechanism playing basketball 2 years before. He was

diagnosed with a complete rupture of the ACL and was

managed by an outside surgeon with a regime of activity

modification, bracing, and functional rehabilitation. He

continued to experience episodes of instability and there-

fore was referred to us for additional evaluation and

treatment. Physical examination and repeat MRI confirmed

the diagnosis of an ACL tear with an associated medial

meniscus tear. Understanding the risks and benefits, the

patient and his family elected he undergo surgical recon-

struction. At the time of reconstruction, Tanner staging

revealed Stage 1 physical development and wrist radio-

graphs revealed a bone age of 12 years [17, 41]. An

all-epiphyseal reconstruction was performed as detailed

previously with allograft posterior tibialis tendon per the

preference of the patient and his family. Arthroscopic all-

inside medial meniscus repair also was performed.

Patient 2 was a healthy 10-year-old boy who sustained

an intrasubstance ACL tear from a minimal contact injury

while playing football. This was confirmed with physical

examination and MRI. He experienced recurrent instability

with daily activity despite bracing. Understanding the risks

and benefits, the patient and his family elected he undergo

surgical reconstruction using the all-epiphyseal technique

with autograft hamstrings as described previously. His

bone age based on wrist radiographs was 10 years and

Tanner staging revealed Stage 1 physical development at

the time of reconstruction.

Patient 3 was a healthy 12-year-old boy who sustained

an injury to his left knee during football practice. An in-

trasubstance ACL tear and a lateral meniscus tear were

confirmed with physical examination and MRI. He also

experienced recurrent instability with daily activity despite

bracing, and understanding the risks and benefits, he and

his parents elected he undergo surgical reconstruction. At

the time of reconstruction, wrist radiographs showed a

bone age of 12 years and he had Tanner Stage 1 physical

development. He underwent ACL reconstruction using the

all-epiphyseal technique with autograft hamstrings as de-

scribed previously and an all-inside lateral meniscus repair.

At 1-year followup, no patient had any evidence of

an angular deformity measured radiographically or any

Fig. 2A–C (A) This intraoperative photograph shows the knee with

the femoral guide-wire and tibial Retrodrill in place in preparation for

3-D intraoperative scanning. 3-D ghost images are obtained. When

rotated in real time intraoperatively, accurate and safe localization can

be assessed easily, as seen in these (B) lateral and (C) AP views, in

relation to the undulating physes. Adjustments can be made at this

time based on this imaging and limited rescanning performed to

confirm accurate placement.

c
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discrepancy in the leg length measured clinically (Fig. 3).

All had full ROM and symmetric strength for knee flexion

and extension. Lachman and pivot shift testing were nor-

mal, and KT-1000 arthrometry showed no more than 1 mm

side-to-side difference with manual maximum displace-

ment testing. Strength testing and functional dynamic

testing (ie, hop test) were greater than 90% compared with

the uninjured side. All patients returned to their sports

activities using a custom ACL brace. No evidence of

meniscal retear or repair failure was observed.

Discussion

Multiple physeal-sparing techniques for ACL reconstruc-

tion have been described. The technique described by

Guzzanti et al. involves an eccentric 6-mm tibial tunnel

drilled from the central proximal tibia, proximal to the

physis, through the epiphysis and to the tibial eminence

[18]. The femoral attachment is prepared with a shallow

drill site in the distal epiphysis. An autograft hamstring

graft is left attached distally, brought into the knee through

the tibial tunnel, looped over and fixed to the femur over a

staple. The graft is brought out of the tibial tunnel and sewn

to itself and to the anterior tibial periosteum distal to the

physis. This procedure was tolerated well by five skeletally

immature patients with no reported cases of growth dis-

turbance and no issues of recurrent instability at a

minimum followup of 4 years (average, 5.7 years; range,

4–7 years).

Anderson described a similar technique using intra-

operative fluoroscopic imaging to ensure all-epiphyseal

placement of distal femoral and proximal tibial tunnels

[2, 3]. The femoral tunnel is drilled using fluoroscopic

guidance in a similar fashion to the tunnel used in the

technique described here, being all epiphyseal and par-

allel to the distal femoral physis. The tibial tunnel is

similar to that used by Guzzanti et al. [18]. The doubled

hamstring autograft is looped over an Endobutton and

washer on the femoral side and, similar to the Guzzanti

technique, secured distal to the proximal tibial physis

with a screw post [2, 3, 18]. Surgeries were performed

on 12 patients with a mean followup of 4.1 years. The

authors reported good objective clinical results with no

failures.

Micheli et al. [30] and Kocher et al. [24] reported on a

physeal-sparing technique in which a strip of iliotibial band

is harvested, left attached at Gerdy’s tubercle, passed

through the notch of the knee in the over-the-top position,

and then out of the anterior aspect of the knee under the

transverse meniscal ligament through a shallow trough in

the anterior tibial plateau. The graft is secured to the

anterior tibial periosteum distal to the physis. Although this

is a nonanatomic reconstruction, good functional outcomes

have been reported with a low failure rate approaching

those of adult reconstructions.

Fig. 3A–B These (A) AP and (B)

lateral radiographs were obtained

6 months postoperatively.
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The surgical technique we describe uses new technology

for localizing tunnels, drilling tunnels, and graft fixation to

achieve an all-epiphyseal ACL reconstruction. Although

this is a procedure recommended for experienced arthros-

copists, we believe these incremental advances have made

the procedure less demanding technically. In addition, we

believe it offers several advantages over the currently

described techniques.

The femoral tunnel described by Anderson [2, 3] is

similar to the tunnel described here; however, we favor the

placement and fixation methods we describe. The undu-

lating nature of the distal femoral physis makes it difficult

to assess the true relationship of the guide wire to the

physis with fluoroscopic imaging only. Intraoperative CT

with 3-D reconstruction does not necessarily help with

placement of the guide wire. However, it does allow for

accurate assessment of the distance to the physis along the

entire length of the guide wire. Thus, although intraoper-

ative 3-D imaging is not necessary, we favor the more

accurate confirmation of placement afforded by the 3-D

imaging. In terms of fixation on the femoral side, we use a

23-mm interference screw with the graft under tension.

Tunnel length in the femur has not been an issue. Fixation

with a staple, as in the technique of Guzzanti et al. [18],

seems less biomechanically sound, and in our experience,

is less amenable to placement in the proper anatomic

location. Although fixation with an Endobutton over a

washer on the lateral cortex, as in the Anderson technique

[2, 3], is as biomechanically sound as the interference

screw fixation described here, it provides a longer graft

length for potential stretch of the all soft tissue graft [2, 3].

In terms of the tibial tunnel, although the techniques of

Guzzanti et al. [18] and Anderson [2, 3] are more anatomic

than the techniques of Micheli et al. [30] and Kocher et al.

[23, 24], they are more technically demanding and have a

lower margin of error [2, 3, 18, 22, 23, 30]. The obliquity

of the tibial tunnel makes the intraarticular opening oblong

and can accentuate any misplacement of the tunnel. We

believe the retrodrilling technique described here allows

for accurate placement of a tibial tunnel that is more ver-

tically and perhaps more centrally located [33]. The central

portion of the tibial physis is crossed with the 3-mm guide

wire of the Retrodrill, but because no fixation crosses the

physis and the insult to the physis is central and small, the

risk of inducing a growth disturbance is minimized.

However, the need for the tibial tunnel to be at least 20 mm

to accommodate the tibial Retroscrew does limit the size of

the knees that can be addressed with this technique.

The main disadvantage of this technique is that it

requires advanced technology and the use of the O-arm in

the operative suite. Operative time for this procedure is

only slightly longer than that of a conventional recon-

struction. It takes no longer to prepare the knee, drill the

tunnels, or pass and fix the graft than a conventional ACL

reconstruction. With experience and a well-trained staff,

intraoperative CT imaging can be obtained in 10 to

15 minutes and provides 3-D imaging for the tibial and

femoral tunnels. In our experience, fluoroscopic imaging

with perfect alignment in two planes to properly observe

the coronal and sagittal undulations of the distal femoral

physis in relation to the guide wire takes approximately the

same amount of time. Therefore, there are no increased

direct costs to the patient or in terms of OR time. There is

certainly an upfront cost to the institution for this instru-

mentation, but this can be split over the many services that

use the scanner. However, once available, there are not

increased costs for its preferential use over conventional

fluoroscopy. Therefore, it is reasonable for those without

access to intraoperative 3-D imaging to perform this

technique using fluoroscopic guidance. Thus, if available,

given the increased confidence in the safety of the tunnel

placement, we believe use of the O-arm is justified.

Unfortunately, for our young athletes, the incidence of

primary ACL injuries in prepubescent skeletally immature

patients is increasing [22, 24]. The poor natural history of

intermediate and long-term nonoperative treatment of this

injury [1, 16, 20, 28, 31, 32, 35] has resulted in physeal-

respecting ACL reconstruction being a more common

operative procedure. In this population, however, every

effort must be made to minimize growth arrest. Current

instrumentation and technology has allowed us to improve

on existing techniques by creating an all-epiphyseal ACL

reconstruction using a more traditional tibial tunnel with

confirmation of graft and tunnel placement using 3-D

imaging. We believe this novel procedure offers the

arthroscopist familiar with the techniques described the

opportunity to manage the ACL-deficient but skeletally

immature patient with a physeal-respecting reconstruction.
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