
Abstract Although the treatment of anterior cruci-

ate ligament (ACL) tears in skeletally immature pa-

tients is still controversial, several studies have

advocated ACL reconstruction in selected patients to

prevent secondary injury. The proximal tibial physis is

a structure at risk during ACL reconstruction in

young patients, and physeal growth complications

have been reported after surgery in this area. The

relationship between the ACL and the proximal tibial

physeal/apophyseal regions is poorly understood. This

study examined the MRI anatomy of the ACL and

the proximal tibia apophysis and epiphysis. MRIs of

59 skeletally immature knees were reviewed (Average

age = 12.75 years, range 6–15) to define the anatomy

of the epiphyseal and apophyseal regions. Measure-

ments were recorded in three parasagittal planes: (1)

at the lateral border of the patellar tendon, (2) the

lateral edge of the ACL insertion, and (3) the medial

edge of the ACL insertion. A single three-dimen-

sional (3D) computed tomography (CT) scan was

used to evaluate the position of standard drill holes

used in ACL reconstruction to assess for potential

degree of injury to the epiphyseal and apophyseal

growth plates. In the parasagittal planes, the average

height of the epiphysis was 19.6, 20.7, and 21.5 mm at

the lateral border of the patellar tendon, the lateral

border of the ACL, and the medial border of the

ACL, respectively. At the level of the same land-

marks, the apophysis extended below the physis at an

average of 20.2, 16.8, and 7.0 mm, respectively.

Expressed as a percentage of epiphysis height this was

an average of 104, 82, and 33%, respectively. Exam-

ination of 3D CT images revealed that variations in

drill hole placement had effects on the volume of

injury to the proximal tibial physis and apophysis.

Drill holes that started more medial, distal, and with a

steeper angle of inclination reduced the amount of

physis and apophysis violated when compared with

holes placed more lateral, proximal, and with a shal-

low angle of inclination. The proximal tibial physis

and apophysis is vulnerable to injury by drill hole

placement during ACL reconstruction in skeletally

immature patients. This paper defines the anatomic

relationship of the apophyseal and epiphyseal regions

of the physis in the proximal tibia. The volume of

injury to the physis can be reduced by avoiding tunnel

placement that is too lateral or too proximal on the

tibia. A better understanding of these relationships

may guide the placement of tibial drill holes, which

have a lower risk of producing significant physeal

damage.
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Introduction

The incidence of mid-substance anterior cruciate liga-

ment (ACL) tears in children is unknown, although

studies have provided evidence that this injury is now

recognized more frequently in children and adoles-

cents [1–4]. Historically, ACL reconstruction in chil-

dren has not been recommended because of concerns

about potential physeal injuries from placement of

transphyseal drill holes. Theoretically, these physeal

injuries could lead to premature physeal closure with

subsequent leg length discrepancy and/or angular

deformity.

Recent studies of skeletally immature patients with

ACL tears have demonstrated that non-operative

treatment results in poor outcomes, especially in chil-

dren that return to sports [5–7]. Because of the poor

outcomes after ACL injury in young patients, some

authors have advocated physeal-sparing techniques.

These techniques may result in non-anatomic graft

placement and the long-term function of these grafts is

unknown [1, 8–11].

Recent studies have developed algorithms for

treating ACL injury in skeletally immature patients,

which include surgical reconstruction in carefully

selected patients [1, 8–10, 12–21]. Some of these studies

have advocated the placement of standard ACL

reconstruction drill holes in the tibia and femur, even

in patients with open physes.

The purpose of this study was to define the rela-

tionship between the ACL, and the proximal tibial

epiphysis and apophysis in skeletally immature

patients. The hypothesis was that the medial border of

the tibial apophysis tapers close to the medial edge of

the ACL. This relationship between the medial border

of the ACL and tibial apophysis suggests that drill hole

placement during ACL reconstruction can be per-

formed without significant damage to the most

peripheral and vulnerable region of the apophysis.

Material and methods

A database of pediatric patients who underwent diag-

nostic MRI for various clinical indications was

reviewed. In all cases, the physeal plates were open and

there were no injuries of the tibia tuberosity or

apophysis. The study consisted of 59 patients, 41 males

(ages 11–15), and 18 females (ages 6–15). The average

age for all patients was 12.75 years ± 2.4. Scan dates

ranged from 1996 to 2002. The dimensions of the

physis, epiphysis, and the apophysis were assessed in

three parasagittal planes. Measurements were

recorded at the following parasagittal locations, using

the image of the knee, which most closely defined these

regions: (1) lateral border of the of the patellar tendon,

(2) lateral edge of the ACL insertion, and (3) medial

edge of the ACL insertion.

In each patient and parasagittal plane, the epiphy-

seal height and the combined epiphyseal and apophy-

seal height were recorded (Fig. 1).

In order to further elucidate the implications of

various drill-hole placements, a computed tomogra-

phy (CT) scan from a 9-year-old female was used as a

representative model to estimate physeal damage

because of drill holes in three-dimensional (3D)

space. This patient was chosen for detailed analysis

because of the presence of open physes. Virtual drill

holes were superimposed on the image. The rela-

tionships between the drill hole path and physis

location were examined.

MRI protocol

Patients were scanned on either GE Signa LX 1.5 T

(Milwuakee, WI, USA), a Seimens Symphony 1.5 T

(Erlangen, Germany) or a 0.3 T Hitachi Aries II

(Hitachi Corporation, Osaka, Japan). All images were

obtained with the patient in the supine position, knee

in extension, and externally rotated approximately 15�.

T1-weighted spin-echo (TR range/TE range, 400–800/

7–20) sagittal images were obtained in all patients.

Proton density and T2-weighted spin-echo or fast spin-

echo images were also obtained in each patient. These

images had the TR ranging from 3,000 to 6,000 ms and

TE from 30 to 100 ms. Slice thickness was 3.0–4.0 mm

and gap width was 0.5–1.0 mm. Matrix size was

256 · 256. The T1- and T2-weighted sagittal images

were preferred for anatomical measurements. The

images were downloaded to an independent worksta-

tion for analysis.

CT protocol

A CT scan (Toshiba Aquilion Multi-slice CT, TSX-

101A, Toshiba Corporation, Tokyo, Japan) from a

9-year-old female patient was analyzed. The patient

was positioned supine, with the knee supported and

secured with sponges. The patient was shielded. The

scan technique used 0.5 s rotation speed and a pitch

with 1.0-mm reconstructions in both bone and standard

soft tissue reconstruction algorithms. Multi-planar
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reformations were performed on a Toshiba Multi slice

scan system image processor. The series were trans-

ferred to a Vitrea II workstation (Vital Images,

Plymouth, MN, USA) for further data manipulations

and reformations.

Two-dimensional radiographic measurement protocol

Standard workstation tools were used to make mea-

surements of the epiphysis and apophysis. The height

of the epiphysis and apophysis were determined by

drawing a straight reference line perpendicular to the

axis of the tibia (Fig. 1). The reference line was drawn

through the most proximal point of the tibia. Measur-

ing distally to the physis gave the height of the epiph-

ysis and measuring the distance to the most distal

aspect of the apophysis gave the combined height of

the epiphysis and the apophysis.

A representative MRI series and 3D CT scan were

analyzed with a superimposed drill hole similar to that

used in ACL reconstruction. The images were

reviewed for potential injury to the apophyseal and

epiphyseal regions of the physis.

3D analysis protocol

Using a Vitrea II workstation (Vital Images, Plymouth,

MN, USA), 2D axial images were used to create a 3D

computerized model. Contour lines were drawn to

define the region of the epiphysis. An ellipse was sized

to the best approximation of the drill bit, and it was

placed on the appropriate axial image to represent the

location of the ACL insertion on the tibial plateau. A

second ellipse was placed on a more distal axial slice to

represent where a drill would be inserted and place-

ment was verified in the sagittal and coronal planes.

The ellipses were connected electronically, and the

resulting image demonstrated a simulated drill hole

path.

Results

In the sagittal plane, the average height of the epiph-

ysis was 19.6 ± 3.0, 20.7 ± 2.4, and 21.5 ± 2.6 mm at

the lateral border of the patellar tendon, the lateral

edge of the ACL insertion, and the medial edge of

the ACL insertion, respectively. The apophysis

extended below the physis 20.2 ± 4.3, 16.8 ± 5.1, and

7.0 ± 4.5 mm at the lateral border of the patellar ten-

don, the lateral edge of the ACL insertion, and the

medial edge of the ACL insertion, respectively. As a

percentage of epiphysis height, the average at each of

the three parasagittal planes were 104, 82, and 33%,

respectively.

In all three sagittal planes, the apophysis extended

below the physis. The apophysis tapers medially, with a

rapid taper occurring at or just medial to the medial

border of the ACL. In most patients, the MRI slice

medial to the slice corresponding to the medial border

of the ACL insertion showed no difference in height of

the apophyseal portion of the epiphysis. Thus, the

medial border of the ACL closely defines the medial

extent of the apophysis in the sagittal plane. In some

patients, there was not a measurable extension of the

apophysis distal to the epiphysis in the parasagittal

plane that corresponded to the medial border of the

ACL. Complete measurements of the tibial apophysis

appear in Table 1, and the distal extension of the

apophysis as a percentage of the height of the epiphysis

is plotted in Fig. 2.

A representative MRI image with open physes was

analyzed in sagittal and coronal planes with superim-

posed drill holes. Figures 3 and 4 show the placement

of a drill hole in the sagittal and coronal planes,

respectively. The tibial tuberosity extends more distally

in the region lateral to a tibial drill hole typically used

for ACL reconstruction. Thus, a drill hole placed in a

more lateral position had the potential to damage a

larger portion of the apophyseal region of the physis.

Fig. 1 Measurements of
epiphysis, and
epiphysis + apophysis in
three sagittal planes. [left to
right: (1) lateral border of the
patellar tendon, (2) lateral
border of the anterior
cruciate ligament (ACL)
insertion, and (3) medial
border of the ACL insertion]
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Table 1 Complete data table

Age M/F R/L Lateral border of patellar tendon Lateral border of ACL Medial border of ACL

Epiphysis
height
(mm)

Apophysis
height
(mm)

Distal
extention of
apophysis
(%)

Epiphysis
height
(mm)

Apophysis
height
(mm)

Distal
extention of
apophysis
(%)

Epiphysis
height
(mm)

Apophysis
height
(mm)

Distal
extention of
apophysis
(%)

1 15Y, 11M F R 18 21 117 18 16 89 15 4 27
2 15Y, 01M F R 17 17 100 20 16 80 21 12 57
3 14Y, 04M F L 20 22 110 22 20 91 23 5 22
4 14Y, 02M F R 20 29 145 22 8 36 19 15 79
5 14Y, 01M F R 20 22 110 19 23 121 20 12 60
6 14Y, 01M F R 20 23 115 19 22 116 20 6 30
7 13Y, 11M F L 18 22 122 18 22 122 21 11 52
8 13Y, 11M F L 20 27 135 20 21 105 22 16 73
9 13Y, 10M F L 21 16 76 24 15 63 23 0 0
10 13Y, 04M F R 18 19 106 19 23 121 20 16 80
11 13Y, 01M F L 20 21 105 19 16 84 20 4 20
12 12Y, 11M F R 18 19 106 19 17 89 21 8 38
13 11Y, 09M F R 16 14 88 17 5 29 18 0 0
14 11Y, 02M F L 14 20 143 16 10 63 17 6 35
15 11Y, 02M F R 19 22 116 21 21 100 22 6 27
16 11Y, 01M F L 21 22 105 22 17 77 21 4 19
17 10Y, 11M F R 16 17 106 18 18 100 22 4 18
18 09Y, 07M F R 19 23 121 21 18 86 23 6 26
1 15Y, 11M M L 24 17 71 19 3 16 22 1 5
2 15Y, 06M M L 22 15 68 22 21 95 22 11 50
3 15Y, 05M M R 23 21 91 22 17 77 24 8 33
4 15Y, 05M M R 22 23 105 23 17 74 24 3 13
5 15Y, 03M M L 18 21 117 19 25 132 20 10 50
6 14Y, 12M M L 20 25 125 20 15 75 23 6 26
7 14Y, 11M M R 20 21 105 24 21 88 27 18 67
8 14Y, 09M M R 22 26 118 23 14 61 22 9 41
9 14Y, 09M M L 21 22 105 23 20 87 25 12 48
10 14Y, 08M M L 20 29 145 22 24 109 26 43 15
11 14Y, 08M M R 26 25 96 24 23 96 24 19 79
12 14Y, 08M M L 24 24 100 24 19 79 23 13 57
13 14Y, 07M M R 21 23 110 25 13 52 25 4 16
14 14Y, 03M M R 25 27 108 22 19 86 25 6 24
15 14Y, 02M M L 21 22 105 24 11 46 25 5 20
16 14Y, 02M M L 20 17 85 20 22 110 19 10 53
17 13Y, 10M M R 22 22 100 23 22 96 21 2 10
18 13Y, 10M M L 24 17 71 23 23 100 25 14 56
19 13Y, 07M M L 22 12 55 22 12 55 26 1 4
20 13Y, 06M M R 20 16 80 22 18 82 21 5 24
21 13Y, 02M M R 21 27 129 26 10 38 25 3 12
22 13Y, 01M M R 20 22 110 22 19 86 20 7 35
23 12Y, 12M M L 19 15 79 18 27 150 18 8 44
24 12Y, 10M M L 23 23 100 22 19 86 24 4 17
25 12Y, 08M M L 24 19 79 24 17 71 23 11 48
26 12Y, 03M M R 20 12 60 20 20 100 22 10 45
27 11Y, 12M M R 14 15 107 20 14 70 18 5 28
28 11Y, 04M M R 20 22 110 21 14 67 20 7 35
29 11Y, 03M M R 15 22 147 20 21 105 20 5 25
30 10Y, 06M M R 18 25 139 21 16 76 22 6 27
31 10Y, 01M M R 21 23 110 21 21 100 22 3 14
32 09Y, 12M M R 18 21 117 18 15 83 21 6 29
33 09Y, 10M M R 21 13 62 23 13 57 18 5 28
34 09Y, 05M M L 13 18 138 18 9 50 18 2 11
35 08Y, 10M M L 20 19 95 19 16 84 22 7 32
36 08Y, 08M M L 16 17 106 20 10 50 21 6 29
37 08Y, 03M M R 13 15 115 16 15 94 15 2 13
38 08Y, 02M M L 13 14 108 14 12 86 17 6 35
39 07Y, 11M M R 18 14 78 20 7 35 22 1 5
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Table 1 continued

40 07Y, 10M M L 17 18 106 21 14 67 22 4 18
41 06Y, 03M M L 20 14 70 20 16 80 22 10 45
Ave. 12Y, 07M 19.6 20.2 104 20.7 16.8 82 21.5 7.0 33
Std. 02Y, 05M 3.0 4.3 22 2.4 5.1 26 2.6 4.5 20

Fig. 2 Scatter plot showing
extension of apophysis in
three sagittal planes
correlated with age.
Extension of the apophysis is
expressed as a percentage or
epiphysis height. Sagittal
images from top to bottom
are: lateral border of the
patellar tendon, the lateral
border of the anterior
cruciate ligament (ACL)
insertion, and the medial
border of the ACL insertion

Fig. 3 Sagittal images of the
tibial tuberosity with
superimposed drill hole (left
to right: medial to lateral).
The dotted red line represents
the central directions of the
drill hole, and the yellow
circle represents the position
of the periphery of the drill
hole

Fig. 4 Coronal images of the
tibial tuberosity with
superimposed drill hole (left
to right: anterior to posterior).
The dotted red line represents
the central directions of the
drill hole, and the yellow
circle represents the position
of the periphery of the drill
hole
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By moving the drill hole medially, as shown in Fig. 4,

the apophysis is spared.

A representative sagittal CT image was analyzed

with respect to the placement of drill holes in the

proximal tibia (Figs. 5, 6). Two separate drill hole

paths, with exit points at the anatomic insertion of the

ACL on the tibial plateau, were superimposed on this

CT image. The first hole has a starting position that is

more proximal and with a shallower angle of incli-

nation than the second hole. The modified starting

point is more distal, with a steeper angle of inclina-

tion. The first drill hole violates a larger volume of

the apophyseal portion of the physis, and the viola-

tion is in a more peripheral (anterior) region of the

physis. The second drill hole avoids the apophyseal

portion of the physis, and crosses the physis in a more

central region.

Discussion

The treatment of ACL injuries in young patients has

been controversial because of concerns about physeal

injuries, which have the potential for angular deformity

and lower extremity length inequality [13, 22, 23].

Despite the concerns related to physeal arrest, there

are very few reports of complications after transphy-

seal ACL reconstruction in skeletally immature

patients [13, 24, 25]. Koman and Sanders reported a

single case of distal femoral valgus after hamstring

ACL reconstruction. The femoral fixation used in this

case consisted of a transfixation pin across the lateral

aspect of the femoral physis [26] (edited per reviewer’s

comments).

A recent study by Kocher et al. found 15 previously

undocumented deformities secondary to ACL recon-

struction. This study suggests that ACL reconstruction

does have the potential for clinically significant physeal

and apophyseal injuries in skeletally immature patients

[27]. Of these cases, all but one was because of the

placement of interference screws, staples, transfixation

pins, or bony plugs across the physis, large (12 mm)

drill holes or suturing to the periosteum. There was one

reported leg length discrepancy secondary to ACL

reconstruction wherein no transphyseal hardware or

bone plugs were implicated. The patient was an

11-year-old girl whose ACL reconstruction involved

6-mm drill holes and a hamstring allograft.

To prevent injury to the physis of the distal tibia and

proximal femur, techniques for ACL reconstruction

have been described that avoid the physis. Methods

that avoid drilling across the physis include the over-

the-top tibial [8–10, 28], and over-the-top femoral

approaches [1, 9, 10, 14]. These extra-articular recon-

structions employ non-anatomic placement of grafts.

The clinical results of patients treated with these

techniques demonstrate good outcomes for most

patients; however, the follow-up measures in many of

these studies were limited. Questions about the long-

term function of grafts in non-anatomic positions have

Fig. 5 Sagittal image of inferiorly placed drill hole (teal) in
relation to more proximal placement (red). The more proximal
first drill hole crosses a larger portion of the apophyseal portion
of the physis, and the violation of the physis/apophysis is in a
more peripheral (anterior) portion of the physis. The second drill
hole avoids the apophyseal portion of the physis, and crosses the
physis in a more central region

Fig. 6 Three-dimensional representation of a drill hole, placed
in a more medial and inferior position, which avoids violating the
tibial apophysis
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been raised [1, 11, 24, 29], although a recent study by

Kocher et al. demonstrated good results of these grafts

at longer follow-up [30].

Anderson has described a technique that uses

epiphyseal placement of both tibial and femoral drill

holes, which avoids the use of transphyseal graft

placement. This report includes adequate follow-up

(2–8.2 years), and this technique did not suffer from

physeal complications in this group of 12 patients [31]

(edited per reviewer’s comments).

Other studies on ACL reconstruction in adolescent

athletes have not demonstrated significant complica-

tions related to transphyseal reconstructive techniques

[1, 14, 15, 20, 29]. Lipscomb and Anderson performed

transphyseal ACL reconstruction in 11 patients with

open physes, and reported no leg-length discrepancies

secondary to transphyseal drill holes [13]. Matava and

Siegel [21] and Lo et al. [14] also reported highly suc-

cessful transphyseal ACL reconstructions in skeletally

immature athletes.

Some authors argue that the rare complications

from a physeal arrest after ACL surgery are less det-

rimental contrasted with likely subsequent meniscal or

chondral injuries in the non-surgically treated,

ACL-deficient knee [24]. This argument is based upon

several factors: (1) deformities secondary to physeal

arrest can be corrected by osteotomy with minimal risk

of complications [24, 26], (2) long-term studies of un-

treated ACL tears in active [12] and athletic [3, 6, 7, 15,

32, 33] pediatric patients demonstrate poor outcomes,

(3) ACL reconstruction may reduce future meniscal

and/or chondral injuries [34], and (4) ACL recon-

struction may prevent, delay, or reduce the onset of

degenerative osteoarthritis [34, 35], although this is

controversial.

In a recent survey of orthopedic surgeons who treat

pediatric ACL injuries, it was found that 77% of

respondents operatively treat ACL injuries in children

[27]. More studies of surgical anatomy in skeletally

immature patients [36–38], and the development of

techniques to minimize the risk of clinically significant

physeal and apophyseal injuryies are needed. The risk

of proximal tibial deformity is a significant concern,

and the development of recurvatum after proximal

tibial surgery or trauma is well defined in the literature

[27, 39].

This study demonstrated several anatomic findings:

(1) the tibial apophysis is a lateral structure, when

analyzed with respect to the angle of orientation for a

traditional tibial drill hole used for ACL reconstruc-

tion, (2) the medial border of the insertion of the ACL

is very close to the medial edge of the tibial apophysis,

and (3) the apophysis tapers rapidly from the lateral to

medial direction. The 3D reconstruction used in this

study demonstrated that: (1) a drill hole can be placed

in a medial position, away from the medial edge of

the patellar tendon and tibial apophysis and reduce the

volume of injury to the most peripheral region of the

apophysis, and (2) this drill hole can still be in proper

position for ACL reconstruction. Furthermore, based

on the anatomy of the apophysis (3) a tibial drill hole

with a shallow angle of inclination has the potential to

damage more of the apophysis.

This study has several limitations. Although non-

invasive, MRI scanning loses a small amount of pre-

cision because of signal averaging between slices.

Although the best slice was chosen for the anatomic

regions analyzed in this study, some anatomic preci-

sion is sacrificed. This may account for some of the

variability seen in the data. CT scans offer more

precise resolution for osseous structures and 3D

reconstruction from CT imaging is becoming readily

available to the clinician. However, CT scanning

requires exposing the pediatric patient to radiation

which is preferably avoided unless critical to patient

care.

Further anatomic studies of the pediatric knee

should aim to develop a better understanding of the

complex physeal/apophyseal anatomy. 3D imaging

techniques may provide additional anatomic detail to

reduce the volume of physeal/apophyseal injury.

Conclusion

This study found that the anatomy of the proximal tibia

is a complex structure, and that medial aspect of the

apophysis tapers rapidly near the medial border of the

ACL. Based on the anatomy of the tibial physis and

apophysis shown in this study, it was also found that

minor variation in the starting position of tibial drill

holes in the proximal tibia can reduce the volume of

injury to the proximal tibial apophysis and epiphysis. A

surgical technique that avoids the peripheral (anterior)

portion of the tibia apophysis by using a drill hole that

is placed medial and inferior to the edge of the

apophysis will minimize the volumetric damage to the

physis in the skeletally immature knee. This has the

potential to reduce the risk for clinically significant

physeal/apophyseal damage during ACL reconstruc-

tion.
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