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The tibial attachment

of the anterior cruciate ligament
in children and adolescents:
analysis of magnetic resonance imaging

Abstract Recent studies have
demonstrated that skeletally imma-
ture athletes with an ACL injury may
require surgical reconstruction if
they return to high-demand sports.
This study used MRI to compare the
anatomy of the ACL in skeletally
immature and adult subjects. Mea-
surements were recorded in the sagit-
tal plane for the anterior-posterior di-
mension of the proximal tibia, and
the anterior, center, and posterior
limits of the ACL, and the roof incli-
nation angle of the femur. These val-
ues were compared to established
reference values for adult knee
anatomy. In skeletally immature
women (n=7) the ACL anterior limit,
center and posterior limit, and roof
inclination angle were 28%, 46%,
63%, and 38°, respectively, com-
pared to 28%, 44%, 60%, and 35° in

adult women. In skeletally immature
men (n=15) the ACL anterior limit,
center, posterior limit, and roof incli-
nation angle were 27%, 43%, 59%,
and 40°, respectively, compared to
28%, 44%, 59%, and 37° in adult
men. In the younger subjects the
overal dimensions of the proximal
tibia were smaller than that in adults,
but the anatomical landmarks for the
ACL were proportional. If ACL re-
construction is performed in skele-
tally immature subjects, the smaller
dimensions of the tibia need to be
considered, and the use of anatomi-
cal landmarks is an important factor
in graft placement
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Introduction

The incidence of middle-substance anterior cruciate liga-
ment (ACL) tearsin children is unknown, although stud-
ies have provided evidence that this injury is now recog-
nized more frequently in children and adolescents[1, 2, 8,
10, 11, 12, 13, 14, 16, 19, 20, 21, 26, 28, 42, 43, 46, 47,
50, 52, 53, 54, 57, 65, 69, 75]. Recent studies of skeletally
immature subjects with ACL tears have demonstrated that
nonoperative treatment results in poor outcomes, espe-
cialy in children who return to sports [3, 20, 26, 57].
Historically, ACL reconstruction in children has not
been recommended, because of concerns about potential
physeal injuries from placement of transphyseal drill

holes. Theoretically, these physeal injuries could lead to
leg length discrepancy and/or angular deformity [7, 27,
44, 68, 77]. Many studies have advocated physeal -sparing
techniques, although these techniques can result in
nonanatomical graft placement, which may compromise
the long-term stability of the knee [1, 12, 56, 60, 66, 72].
Recent studies have developed algorithms for treating
ACL injury in skeletally immature patients, which include
surgical reconstruction in carefully selected patients[1, 6,
12, 39, 45, 46, 49, 52, 53, 55, 56, 59, 66, 70].

Successful anterior cruciate reconstruction requires
precise anatomical placement of the graft [30, 37]. The
anatomy of the insertion of the ACL on the tibial plateau
is well defined in the literature for adults [4, 17, 23, 24,
25, 61, 62]. The purpose of this study was to compare the



103

anatomy of the ACL insertion in skeletally immature pa-
tients to that in adults.

Materials and methods

A database of children who underwent diagnostic magnetic reso-
nance imaging (MRI) was reviewed. In all selected cases the phy-
seal plates were open, and there were no injuries of the tibial
plateau or ACL. The study consisted of 22 patients (mean age
12.4+1.1 years): 15 men (mean age 12.7, range 11-15) and
7 women (mean age 12.3 years, range 12-14). Scan dates ranged
from early 1996 to late 1998 (Tables 1, 2).

The methods of Staubli and Rauschning [73] were used to ana-
lyze the MRI data and to determine the measurements of the ACL
and proximal tibia. Staubli and Rauschning [73] employed mag-
netic resonance arthrography (MRA) using intra-articular gado-
pentate dimeglumine. Our patients underwent MRI without the use
of intra-articular contrast. The following measurements were taken
from the sagittal images, measured at the midpoint of the ACL in
the sagittal plane (Fig. 1):

¢ Total anterior-posterior dimension of the proximal tibia

* ACL anterior limit: distance from the anterior aspect of thetibia,
to the anterior fibers of the ACL on the tibia plateau

¢ ACL center: calculated by determining the midpoint between
the ACL anterior and posterior limits

e ACL posterior limit: distance from the anterior aspect of the
tibia, to the posterior fibers of the ACL on the tibia plateau

» Roof inclination angle: measured on the sagittal image in which
the ACL was best visualized in the intercondylar notch

The values for skeletally immature subjects obtained in our study
were compared to the published MRA values for adult men and
women, described by Staubli and Rauschning [73] (Fig.1). Sub-
jects were separated by sex. The anatomical data on adults derived
from the study by Staubli and Rauschning [73] did not include
standard deviations for the MRA images. Because of this the val-
ues for standard deviations are reported here only for skeletally im-
mature subjects.

anterior AL 1.20 ca| — ——
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’
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Fig.1 Total anterior-posterior dimension of the proximal tibia
ACL anterior limit: distance from the anterior aspect of thetibia, to
the anterior fibers of the ACL on the tibia plateau: ACL posterior
limit: distance from the anterior aspect of the tibia to the posterior
fibers of the ACL on the tibia plateau

MRI protocol

Patients were scanned on either aGE SignaL X 1.5 T (Milwaukee,
Wis., USA) or a Siemens Symphony 1.5 T (Erlangen, Germany).
All images were obtained with the patient in supine position, knee
in extension, and externally rotated approximately 15°. T1-weighted
spin-echo sagittal images were obtained in al patients (TR range
400-800, TE range 7-20). T2-weighted spin-echo or fast spin-
echo fat saturation sagittal, coronal, and axial images were aso ob-
tained in each patient (TR range 3000-6000, TE range 85-100).
Slice thickness was 3.0 mm and gap width was 1.0 mm. Matrix
size was 256x256. The images were then downloaded to an inde-
pendent workstation for analysis. The T1- and T2-weighted sagit-
tal images were preferred for anatomical measurements. All linear
and angular measurements were made with standard workstation
tools with values obtained recorded for later analysis. In some pa-
tients specia cartilage sequences were obtained with reconstruc-
tion in the sagittal plane. On the GE Signa these were three-di-
mensional fast spoiled gradient recall fat suppression sequences
and on the Siemens Symphony three-dimensional fast low-angle
shot fat suppression sequences.

Radiographic measurement protocol

Measurements of the ACL and tibial plateau were made using an
electronic cursor on an AGFA workstation. The anterior-posterior
distances were measured by the criterion of Staubli and Rausch-
ning [73] and included the posterior horn of the tibia. This mea-
surement was taken on the sagittal slice that best bisected the ACL
(Fig.1). The distances from the anterior border of the tibia to the
anterior and posterior point of ACL insertion were also measured.
The roof inclination angle was also measured electronically but on

Fig.2 Roof inclination angle. The roof inclination angle was mea-
sured on the sagittal image in which the ACL was best visualized
in the intercondylar notch
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the sagittal image in which the ACL was visible in the intercondy-
lar notch (Fig. 2).

Results
Women

In the skeletally immature women in our series the ante-
rior-posterior width of the tibia was 4.83+0.24 cm, com-
pared to adult values of 4.90 cm. The ACL anterior limit
was 1.37+0.19 cm (28% of the total width of the tibia)
for the skeletally immature, compared to adult values of
1.34 cm (28% of the total width of the tibia). The ACL
center was 2.21+0.21 cm (46% of the total width of the
tibia) for the skeletally immature, compared to adult val-
ues of 2.14 cm (44% of the total width of the tibia). The
ACL posterior limit was 3.05+0.34 cm (63% of the total
width of the tibia) for the skeletally immature, compared
to adult values of 2.94 cm (60.0% of the total width of the
tibia). The roof inclination angle was 38.4+1.4° for the
skeletally immature, compared to adult values of 35.2°
(Table 1).

Men

In the skeletally immature men in our series the anterior-
posterior width of the tibia was 4.98+0.56 cm, compared
to adult values of 5.37 cm. The ACL anterior limit was
1.38+0.21 cm (28% of the total width of the tibia) for the
skeletally immature, compared to adult values of 1.52 cm
(28% of the total width of thetibia). The ACL center was
2.16+0.27 cm (43% of the total width of the tibia) for the
skeletally immature, compared to adult values of 2.37 cm

Tablel Women

(44% of the total width of the tibia). The ACL posterior
limit was 2.94+0.35 cm (59% of the total width of the
tibia) for the skeletally immature, compared to adult val-
ues of 3.21 cm (59% of the total width of the tibia). The
roof inclination angle was 40.1+3.1° for the skeletally im-
mature, compared to adult values of 36.8° (Table 2).

The ACL landmarks for adult patients (anterior limit,
center, and posterior limit) were compared to those ob-
tained for the skeletally immature patients (Fig.3). Al-
though the overall dimensions of the skeletally immature
patients are smaller than those of the adult patients, the
ACL landmarks occur at proportionally similar anatomi-
cal regions as those in adults.

Discussion

The results of our study demonstrate that skeletally imma-
ture knees have similar proportional ACL attachment
anatomy as that of adults (Fig.3). The absolute dimen-
sions of the proximal tibia are smaller in younger patients,
and this anatomical difference needs to be considered if
ACL reconstruction is planned in skeletally immature pa-
tients. When adjusted for size, the ACL anterior limits,
center, and posterior limit are similar when comparing
adults to skeletally immature individuals.

The results of this study demonstrate some variation in
the anatomical parameters of the ACL attachment. Anatom-
ical variation is to be expected in studies of this type due
to differences between subjects and the inherent limita-
tions of this measurement technique. MRI images for the
knee usually generate sagittal widths of 3.0-4.5 mm. In
most cases the ACL can be visualized on two or perhaps
three sequential images, and the best image was selected
for measurement. Because of the width of the sections

Subject Age Sex APtibia Widthof Distance Percent Distance Distance Percent Distance Distance Percent Roof
no. (years) measured ACL from tibia from from of from from tibia inclination
mid-ACL attachment anterior plateau anterior anterior anterior anterior anterior plateau angle
site tibiato anterior tibiato tibiato tibiato tibiato tibiato anterior where
anterior to ACL mid- mid- mid- posterior posterior to ACL is
fibers ACL ACL ACL fibers  fibers posterior visiblein
of ACL of ACL of ACL fibers the notch
of ACL
1 12 F 472 181 131 28 1.86 222 47 24 312 66 39
2 12 F 459 112 1.36 30 164 192 42 191 2.48 54 36
3 12 F 493 1.44 1.26 26 1.67 1.98 40 2.08 2.70 55 40
4 12 F 497 2.05 1.42 29 2.05 2.45 49 2.67 3.47 70 39
5 13 F 524 141 1.78 34 212 2.48 47 245 3.19 61 40
6 14 F 481 1.95 1.25 26 1.86 222 46 2.46 3.20 66 39
7 14 F 456 1.98 121 27 1.83 2.20 48 2.45 3.19 70 38
Mean 12.7 4.83 1.68 1.37 28 1.86 221 46 2.35 3.05 63 38
SD 1.0 0.24 0.35 0.19 3 0.18 0.21 3 0.26 0.34 7 1
Staubli 415 4.90 1.34 28 44 60 35

averages
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Table2 Men
Subject Age Sex APtibia Widthof Distance Percent Distance Distance Percent Distance Distance Percent Roof
no. (years) measured ACL from tibial from from of from from tibia inclination
mid-ACL attachment anterior plateau anterior anterior anterior anterior anterior plateau angle
site tibiato anterior tibiato tibiato tibiato tibiato tibiato anterior where
anterior to ACL mid- mid- mid- posterior posterior to ACL is
fibers ACL ACL ACL fibers  fibers posterior visiblein
of ACL of ACL of ACL fibers thenotch
of ACL
1 11 M 478 1.47 1.26 26 1.68 2.00 42 2.1 2.73 57 40
2 11 M 355 1.07 0.92 26 1.23 1.45 41 1.53 1.99 56 37
3 11 M 437 1.65 121 28 171 2.04 47 2.2 2.86 65 44
4 11 M 525 1.79 1.47 28 1.99 2.37 45 2.51 3.26 62 37
5 12 M 471 1.45 1.19 25 1.61 1.91 41 2.03 2.64 56 41
6 12 M 523 174 151 29 2.01 2.38 46 25 3.25 62 44
7 12 M 5.62 1.63 1.62 29 2.06 244 43 25 3.25 58 41
8 12 M 523 122 1.69 32 197 2.30 44 2.24 291 56 44
9 12 M 5.46 151 147 27 1.88 2.22 41 2.29 2.98 55 41
10 13 M 481 1.56 1.40 29 1.84 2.18 45 2.28 2.96 62 42
11 13 M 557 1.60 1.52 27 1.96 2.32 42 2.4 3.12 56 44
12 13 M 470 1.59 1.10 23 1.59 1.90 40 2.07 2.69 57 37
13 13 M 459 1.60 131 29 1.78 211 46 2.24 291 63 40
14 14 M  5.62 1.72 161 29 2.09 2.47 44 2.56 3.33 59 33
15 15 M 525 1.89 1.36 26 1.93 231 44 25 3.25 62 40
Mean 12.3 4.98 1.6 1.38 28 1.8 2.16 43 2.3 2.94 59 40
SD 1.2 0.56 0.2 0.21 2 0.2 0.27 2 0.3 0.35 3 3
Staubli  35.4 5.37 28 2.37 44 321 59 37
Averages
Fig.3 Agevs. ACL limit mea- Age vs. ACL Limit
surements (males)
Measurements
Age
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used for imaging, the generated image might not have
been provided the most accurate image of the limits of the
ACL, leading to measurement variability between sub-
jects. This problem becomes more notable in younger
subjects, as the overall dimensions of the knee decrease.
Although our study analyzed patients older than 10 years,

we noted that it is difficult to obtain more than one or two
adequate sagittal images that represents the ACL in pa-
tients less than 10 years of age.

Although there are limitations to using the MRI to ob-
tain anatomical data, this modality facilitates anatomical
studies in pediatric patients. Gross anatomical studies on



106

young patients are difficult to perform because the avail-
ability of specimensin these age groups is very limited.

Staubli and Rauschning [ 73] have provided anatomical
studies of the ACL in adult patients. These studies used
anatomical specimens and MRI analysis to define the
anatomy of the ACL. Howell and coworkers [29, 30, 31,
32, 33, 34, 35, 36, 37] have emphasized the importance of
tibial tunnel placement to prevent graft impingement on
the intercondylar notch. In particular, the work of thesein-
dividuals and others has helped define the precise anatom-
ical placement of ACL grafts, which is a prerequisite to
successful ACL reconstruction [41].

Injury of the ACL is common in adult athletes, and re-
cent studies show that thisinjury is now being recognized
more frequently in young athletes. Although epidemio-
logical information on ACL tears in skeletally immature
athletes is limited, the number of articles related to knee
injuries in skeletally immature athletes has increased sig-
nificantly over the past 10 years[1, 2, 3, 8, 10, 12, 13, 14,
16, 19, 20, 21, 26]. A recent review of data on insurance
claims for youth soccer programs throughout the United
States demonstrated a significant increase in the incidence
of ACL tearsat the age of 12 yearsin women and 14 years
in men [69]. Improved diagnostic studies and an increase
in the awareness of these injuries will lead to increased
recognition of thisinjury in younger athletes.

Several studies of the natural history of nonsurgical
treatment of ACL tears in skeletally immature athletes
have demonstrated poor outcomes. Studies by Graf et al.
[26], McCarrol et al. [52], Muzuta et al. [57], and Press-
man et a. [65] have demonstrated problems with recur-
rent instability, meniscal tears, and osteochondral injuries
in untreated ACL tears in young athletes. These problems
are especially common in athletes who return to high-de-
mand sports. Advocates of ACL reconstruction in skele-
tally immature athletes cite the poor outcome in nonsurgi-
cally treated athletes who return to sport [2, 20, 26, 57].

The treatment of ACL injuries in young patients has
been controversial because of concerns about physeal in-
juries, which have the potential for angular deformity and
lower extremity length inequality [44, 45, 68, 75]. Ford
and Key [22] have demonstrated that physeal injury in the
distal femur in rabbits can produce significant angular de-
formity and shortening if the physeal injury occurs at the
periphery. They also show that a small centrally located
physeal injury ismuch lesslikely to produce growth com-
plications. Animal studies by Guzzanti et al. [27], Ono et
a. [63], and Edwards et al. [18] have demonstrated the
potential for growth abnormalities in the proximal tibial
physis, in the absence of physeal arrest. In both studies
growth abnormalities occurred after ACL reconstruction
in skeletally immature rabbits or beagles.

In contrast to studies demonstrating physeal arrest after
ACL reconstruction, a study by Stadelmaier et al. [71]
demonstrated that placement of a soft tissue graft into

physeal drill holes prevents formation of an o0sseous
bridge across the physis. Janarv et a. [40] has reported
similar findings in an animal model. Despite the concerns
related to physeal arrest there are very few reports of these
complications after ACL reconstruction [7, 15, 44, 45].
Koman and Sanders [44] report a single case of develop-
ment of distal femoral valgus after hamstring ACL recon-
struction. The femoral fixation used in this case consisted
of a transfixation pin, which crossed the lateral aspect of
the femoral physis. This pin acted as a Blount physeal sta-
ple, producing partial arrest of the lateral physis. Lip-
scomb and Anderson [45] have aso reported a physeal
complication related to the use of staples. Both of these
studies describe physeal arrest complications on the femoral
side only.

The treatment of ACL injury in skeletally immature
athletes will remain controversial because of the potential
for physeal injury. Several preliminary studies have sug-
gested that ACL reconstruction in skeletally immature pa-
tients can be performed safely [1, 6, 12, 39, 45, 46, 49, 52,
53, 55, 56, 59, 66, 70]. Additional studies on the efficacy
and safety of treatment methods for ACL reconstruction
in the young patient will provide additional evidence that
ACL reconstruction is safe in younger patients.

Graft placement is an important factor in successful
outcome of ACL reconstruction, and the smaller anatomi-
cal dimensions must be considered in immature patients.
Several studies have demonstrated the importance of graft
placement in determining the outcome of ACL recon-
structive surgery, including the effect of tunnel position
on graft impingement [5, 30, 31, 32, 33, 35, 36, 37, 64, 67,
78], range of mation [9, 74, 76], and final outcome [41,
74]. Adult studies have described the anatomical location
of the tibial tunnel with reference to the posterior cruciate
ligament and the posterior edge of the anterior horn of the
lateral meniscus [38, 48, 58]. Attention to these anatomi-
ca landmarks is of importance, especialy in skeletally
immature individual s with smaller anatomical dimensions
of the knee.

Additional research on the natural history and treat-
ment of ACL injuries in skeletally immature athletes is
necessary. Injuries of the ACL in skeletally immature ath-
letes are a common problem, and the current algorithms
for ACL injury treatment will continue to evolve [1, 2, 6,
7,12, 15, 21, 39, 46, 47, 49, 51, 52]. Skeletally immature
individuals have smaller knee anatomical dimensions than
adults, although the anatomy in younger patients is pro-
portionally comparable to that in adults. Future studies
will need to further define the appropriate indications for
ACL surgical reconstruction in patients with open physes.

Acknowledgements We thank Sherman S. Coleman, M.D. for
his review of the manuscript and Drew Taylor for help with com-
piling the MRI database.



107

References

1.Andrews M, Noyes FR, Barber-Westin
SD (1994) Anterior cruciate ligament
allograft reconstruction in the skele-
tally immature athlete. Am J Sports
Med 22:48-54
2.Angel KR, Hall DJ (1989) Anterior
cruciate ligament injury in children and
adolescents. Arthroscopy 5:197—200
3.Angel KR, Hall DJ (1989) The role of
arthroscopy in children and adoles-
cents. Arthroscopy 5:192—-196
4. Arms SW, Pope MH, Johnson RJ,
Fischer RA, Arvidsson, |, Eriksson E
(1984) The biomechanics of anterior
cruciate ligament rehabilitation and
reconstruction. Am J Sports Med 12:
8-18
5.Arnoczky SP (1983) Anatomy of the
anterior cruciate ligament. Clin Orthop
172:19-25
6. Aronowitz ER, Ganley TJ, Goode JR,
Gregg JR, Meyer JS (2000) Anterior
cruciate ligament reconstruction in
adolescents with open physes. Am J
Sports Med 28:168-175
7.Barber FA (2000) Anterior cruciate lig-
ament reconstruction in the skeletally
immature high-performance athlete:
what to do and when to do it? Arthro-
scopy 16:391-392
8.Barrack RL, Bruckner JD, Kneidl J, In-
man WS, Alexander AH (1990) The
outcome of nonoperatively treated
complete tears of the anterior cruciate
ligament in active young adults. Clin
Orthop 259:192-199
9.Bents RT, Jones RC, May DA, Snearly
WS (1998) Intercondylar notch en-
croachment following anterior cruciate
ligament reconstruction: a prospective
study. Am JKnee Surg 11:81-88
10.Bergstrom R, Gillquist J, Lysholm J,
Hamberg P (1984) Arthroscopy of the
knee in children. J Pediatr Orthop 4:
542-545
11.Bradley GW, Shives TC, Samuelson
KM (1979) Ligament injuriesin the
knees of children. J Bone Joint Surg
Am 61:588-591
12.Brief LP (1991) Anterior cruciate liga-
ment reconstruction without drill holes.
Arthroscopy 7:350-357
13.Brief LP (1994) Anterior cruciate liga-
ment injuries in patients with open
physes. Am J Sports Med 22:569
14.Chick RR, Jackson DW (1978) Tears
of the anterior cruciate ligament in
young athletes. J Bone Joint Surg Am
60:970-973
15.Clark R (2000) Anterior cruciate liga-
ment reconstruction in the skeletally
immature high-performance athlete:
what to do and when to do it? Arthro-
scopy 16:393-394

16.Delee JC, Curtis R (1983) Anterior
cruciate ligament insufficiency in chil-
dren. Clin Orthop 172:112-118

17.Dodds JA, Arnoczky SP (1994)
Anatomy of the anterior cruciate liga-
ment: a blueprint for repair and recon-
struction. Arthroscopy 10:132-139

18. Edwards TB, Greene CC, Baratta RV,
Zieske A, Willis RB (2001) The effect
of placing atensioned graft across
open growth plates. A gross and histo-
logic analysis. J Bone Joint Surg Am
83:725-734

19.Eiskjaer S, Larsen ST (1987)
Arthroscopy of the knee in children.
Acta Orthop Scand 58:273-276

20. Engebretsen L, Svenningsen S, Benum
P (1988) Poor results of anterior cruci-
ate ligament repair in adolescence.
Acta Orthop Scand 59:684-686

21.Fehnel DJ, Johnson R (2000) Anterior
cruciate injuries in the skeletally imma-
ture athlete: areview of treatment out-
comes. Sports Med 29:51-63

22.Ford LT, Key JA (1956) A study of ex-
perimental trauma to the distal femoral
epiphysisin rabbits. J Bone Joint Surg
Am 38:84-92

23.Furman W, Marshall JL, Girgis FG
(1976) The anterior cruciate ligament.
A functiona analysis based on post-
mortem studies. J Bone Joint Surg Am
58:179-185

24.Fuss FK (1989) Anatomy of the cruci-
ate ligaments and their function in ex-
tension and flexion of the human knee
joint. Am J Anat 184:165-176

25.Girgis FG, Marshall JL, Monajem A
(1975) The cruciate ligaments of the
knee joint. Anatomical, functional and
experimental analysis. Clin Orthop
106:216-231

26. Graf BK, Lange RH, Fujisaki CK,
Landry GL, Saluja RK (1992) Anterior
cruciate ligament tears in skeletally im-
mature patients: meniscal pathology at
presentation and after attempted con-
servative treatment. Arthroscopy
8:229-233

27.Guzzenti V, FalcigliaF, Gigante A,
Fabbriciani C (1994) The effect of in-
tra-articular ACL reconstruction on the
growth plates of rabbits. J Bone Joint
Surg Br 76:960-963

28.Haus J, Refior HJ (1993) The impor-
tance of arthroscopy in sports injuries
in children and adolescents. Knee Surg
Sports Traumatol Arthrosc 1:34-38

29.Howell SM (1992) Arthroscopic roof-
plasty: a method for correcting an ex-
tension deficit caused by roof impinge-
ment of an anterior cruciate ligament
graft. Arthroscopy 8:375-379

30.Howell SM (1998) Principles for plac-
ing the tibial tunnel and avoiding roof
impingement during reconstruction
of atorn anterior cruciate ligament.
Knee Surg Sports Traumatol Arthrosc
6 [Suppl 1]: S49-S55

31.Howell SM, Barad SJ (1995) Knee ex-
tension and its relationship to the slope
of the intercondylar roof. Implications
for positioning the tibial tunnel in ante-
rior cruciate ligament reconstructions.
Am J Sports Med 23:288-294

32.Howell SM, Clark JA (1992) Tibial
tunnel placement in anterior cruciate
ligament reconstructions and graft im-
pingement. Clin Orthop 283:187-195

33.Howell SM, Berns GS, Farley TE
(1991) Unimpinged and impinged an-
terior cruciate ligament grafts: MR sig-
nal intensity measurements. Radiol ogy
179:639-643

34.Howell SM, Clark JA, Blasier RD
(1991) Serial magnetic resonance
imaging of hamstring anterior cruciate
ligament autografts during the first
year of implantation. A preliminary
study. Am J Sports Med 19:42-47

35.Howell SM, Clark JA, Farley TE
(1991) A rationale for predicting ante-
rior cruciate graft impingement by the
intercondylar roof. A magnetic reso-
nance imaging study. Am J Sports Med
19:276-282

36.Howell SM, Clark JA, Farley TE
(1992) Serial magnetic resonance study
assessing the effects of impingement
on the MR image of the patellar tendon
graft. Arthroscopy 8:350-358

37.Howell SM, Taylor MA (1993) Failure
of reconstruction of the anterior cruci-
ate ligament due to impingement by
the intercondylar roof. J Bone Joint
Surg Am 75:1044-1055

38. JacksonDW, Gasser S| (1994) Tibial
tunnel placement in ACL reconstruc-
tion. Arthroscopy 10:124-131

39.Janarv PM, Nystrom A, Werner S,
Hirsch G (1996) Anterior cruciate liga-
ment injuries in skeletally immature
patients. J Pediatr Orthop 16:673-677

40. Janarv PM, Wikstrom B, Hirsch G
(1998) The influence of transphyseal
drilling and tendon grafting on bone
growth: an experimental study in the
rabbit. J Pediatr Orthop 18:149-154

41.Khalfayan EE, Sharkey PF, Alexander
AH, Bruckner JD, Bynum EB (1996)
The relationship between tunnel place-
ment and clinical results after anterior
cruciate ligament reconstruction. Am
J Sports Med 24:335-341

42.King SJ (1997) Magnetic resonance
imaging of knee injuriesin children.
Eur Radiol 7:1245-1251



108

43.King SJ, Carty HM, Brady O (1996)
Magnetic resonance imaging of knee
injuriesin children. Pediatr Radiol 26:
287-290

44. Koman JD, Sanders JO (1999) Valgus
deformity after reconstruction of the
anterior cruciate ligament in a skele-
tally immature patient. A case report.
JBone Joint Surg Am 81:711-715

45. Lipscomb AB, Anderson AF (1986)
Tears of the anterior cruciate ligament
in adolescents. J Bone Joint Surg Am
68:19-28

46.Lo IK, Kirkley A, Fowler PJ, Miniaci
A (1997) The outcome of operatively
treated anterior cruciate ligament dis-
ruptions in the skeletally immature
child. Arthroscopy 13:627—634

47.Lo IK, Bell DM, Fowler PJ (1998) An-
terior cruciate ligament injuriesin the
skeletally immature patient. Instr
Course Lect 47:351-359

48. Manifold SG, Cushner FD, Scott WN
(2001) Anterior cruciate reconstruction
with bone-patellar tendon-bone auto-
graft: Indications, technique, complica-
tions, and management. In: Insall JN,
Scott WN (eds) Surgery of the knee:
Churchill Livingstone, New Y ork,
pp 665-680

49.Matava MJ, Siegel MG (1997) Arthro-
scopic reconstruction of the ACL with
semitendinosus-gracilis autograft in
skeletally immature adolescent pa-
tients. Am J Knee Surg 10:60-69

50.Matelic TM, Aronsson DD, Boyd DW
Jr, LaMont RL (1995) Acute hemar-
throsis of the knee in children. Am
J Sports Med 23:668-671

51.McCarroll JR, Shelbourne KD, Porter
DA, Rettig AC, Murray S (1994) Patel-
lar tendon graft reconstruction for mid-
substance anterior cruciate ligament
rupture in junior high school athletes.
An agorithm for management. Am
J Sports Med 22:478-484

52.McCarroll JR, Shelbourne KD, Patel
DV (1995) Anterior cruciate ligament
injuries in young athletes. Recommen-
dations for treatment and rehabilitation.
Sports Med 20:117-127

53.McCarroll JR, Rettig AC, Shelbourne
KD (1988) Anterior cruciate ligament
injuries in the young athlete with open
physes. Am J Sports Med 16:44-47

54.Micheli LJ (1986) Pediatric and ado-
lescent sports injuries: recent trends.
Exerc Sport Sci Rev 14:359-374

55.Micheli LJ, Metzl JD, Di Canzio, J,
Zurakowski, D (1999) Anterior cruci-
ate ligament reconstructive surgery in
adolescent soccer and basketball play-
ers. Clin J Sport Med 9:138-141

56.Micheli LJ, Rask B, Gerberg L (1999)
Anterior cruciate ligament reconstruc-
tion in patients who are prepubescent.
Clin Orthop 364:40-47

57.Mizuta H, Kubota K, Shiraishi M, Ot-
suka Y, Nagamoto N, Takagi K (1995)
The conservative treatment of com-
plete tears of the anterior cruciate liga-
ment in skeletally immature patients.
JBone Joint Surg Br 77:890-894

58.Morgan CD, Kalmam VR, Grawl DM
(1995) Isometry testing for anterior
cruciate ligament reconstruction revis-
ited. Arthroscopy 11:647-659

59.Mylle, J, Reynders P, Broos P (1993)
Transepiphysial fixation of anterior
cruciate avulsion in a child. Report of a
complication and review of the litera-
ture. Arch Orthop Trauma Surg 112:
101-103

60. Nakhostine M, Bollen SR, Cross MJ
(1995) Reconstruction of mid-sub-
stance anterior cruciate rupture in ado-
lescents with open physes. J Pediatr
Orthop 15:286-287

61. Odensten M, Gillquist J (1985) Func-
tional anatomy of the anterior cruciate
ligament and arationale for reconstruc-
tion. J Bone Joint Surg Am 67:257—
262

62. Odensten M, Gillquist J (1986) A mod-
ified technique for anterior cruciate lig-
ament (ACL) surgery using a new drill
guide for isometric positioning of the
ACL. Clin Orthop 213:154-158

63.0no, T, Wada, Y, Takahashi, K,
Tsuchida, T, Minamide, M, MoriyaH
(1998) Tibial deformities and failures
of anterior cruciate ligament recon-
struction in immature rabbits. J Orthop
Sci 3:150-155

64. Petsche TS, Hutchinson MR (1999)
Loss of extension after reconstruction
of the anterior cruciate ligament. JAm
Acad Orthop Surg 7:119-127

65. Pressman AE, Letts RM, Jarvis JG
(1997) Anterior cruciate ligament tears
in children: an analysis of operative
versus nonoperative treatment. J Pediatr
Orthop 17:505-511

66. Robert H, Bonnard C (1999) The pos-
sibilities of using the patellar tendon in
the treatment of anterior cruciate liga-
ment tears in children. Arthroscopy
15:73-76

67.Romano VM, Graf BK, Keene JS,
Lange RH (1993) Anterior cruciate lig-
ament reconstruction. The effect of tib-
ial tunnel placement on range of mo-
tion. Am J Sports Med 21:415-418

68. Sanders JO (2000) Anterior cruciate
ligament reconstruction in the skele-
tally immature high-performance ath-
lete: what to do and when to do it?.
Arthroscopy 16:392—393

69. Shea KG, Wang J, Pfeiffer R (2001)
Age related risk factors for ACL injury
in pediatric and adolescent soccer play-
ers — differences between male and fe-
males. Presented at the American
Academy of Orthopaedic Surgeons
Annua Meeting, San Francisco

70.Simonian PT, Metcalf MH, Larson RV
(1999) Anterior cruciate ligament in-
juries in the skeletally immature pa-
tient. Am J Orthop 28:624—648

71. Stadelmaier DM, Arnoczky SP, Dodds
J, Ross H (1995) The effect of drilling
and soft tissue grafting across open
growth plates. A histologic study. Am
J Sports Med 23:431-435

72. Stanitski CL (1995) Anterior cruciate
ligament injury in the skeletally imma-
ture patient: diagnosis and treatment.
JAm Acad Orthop Surg 3:146-158

73. Staubli HU, Rauschning W (1994) Tib-
ial attachment area of the anterior cru-
ciate ligament in the extended knee po-
sition. Anatomy and cryosectionsin
vitro complemented by magnetic reso-
nance arthrography in vivo. Knee Surg
Sports Traumatol Arthrosc 2:138-146

74.Tomczak R. J, Hehl G, Mergo PJ,
Merkle E, Rieber A, Brambs HJ (1997)
Tunnel placement in anterior cruciate
ligament reconstruction: MRI analysis
as an important factor in the radiologi-
cal report. Skeletal Radiol 26:409-413

75.Vahasarja V, Kinnuen P, Serlo W
(1993) Arthroscopy of the acute trau-
matic knee in children. Prospective
study of 138 cases. Acta Orthop Scand
64:580-582

76.Watanabe BM, Howell SM (1995)
Arthroscopic findings associated with
roof impingement of an anterior cruci-
ate ligament graft. Am J Sports Med
23:616-625

77.Wester W, Canale ST, Dutkowsky JP,
Warner WC, Beaty JH (1994) Predic-
tion of angular deformity and leg-
length discrepancy after anterior cruci-
ate ligament reconstruction in skele-
tally immature patients. J Pediatr Orthop
14:516-521

78.Yaru NC, Daniel DM, Penner D (1992)
The effect of tibial attachment site on
graft impingement in an anterior cruci-
ate ligament reconstruction. Am J Sports
Med 20:217-220



