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Abstract Grafts placed too anteriorly on the femur are
reportedly a common cause of failure in anterior cruciate
ligament reconstruction. Some studies suggest more ana-
tomic femoral tunnel placement improves kinematics. The
ability of the transtibial technique and a tibial tunnel-inde-
pendent technique (placed transfemorally outside-in) to
place the guide pin near the center of the femoral attach-
ment of the anterior cruciate ligament was compared in 12
cadavers. After arthroscopic placement of the guide pins,
the femur was dissected and the three-dimensional geom-
etry of the femur, anterior cruciate ligament footprint, and
positions of each guide pin were measured. The transtibial
guide-pin placement was 7.9 &+ 2.2 mm from the center of
the footprint (near its anterior border), whereas the inde-
pendent technique positioned the guide pin 1.9 £ 1.0 mm
from the center. The center of the footprint was within
2 mm of an anteroposterior line through the most posterior
border of the femoral cartilage in the notch and a prox-
imodistal line through the proximal margin of the cartilage
at the capsular reflection. More accurate placement of the
femoral tunnel might reduce the incidence of graft failure
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and might reduce long-term degeneration observed after
reconstruction although both would require clinical
confirmation.

Introduction

Although many patient followup studies report good out-
comes in the short-term after anterior cruciate ligament
(ACL) reconstruction, some problems remain. Long-term
studies have reported a high incidence of joint degeneration
(as much as 52% to 56% 12 to 13 years after surgery) [36,
42] and an estimated 8% to 10% of ACL reconstructions
result in recurrent instability and graft failure [18, 23, 51].
Furthermore, studies have suggested that the ability of
current reconstruction techniques to prevent degenerative
changes compared with nonoperative treatment is limited
[11, 13-15, 36]. Although many mechanisms likely con-
tribute to this degeneration (for example, traumatic injury
to other soft tissues at the time of ACL rupture), numerous
authors suggest the inability of the reconstruction to restore
normal joint kinematics is an important factor [17, 34, 39,
50, 53, 54].

Many authors believe improper femoral tunnel place-
ment is a common reason for failure of an ACL
reconstruction [3, 19, 21, 25, 29, 37, 46, 54]. Frequently,
the grafts are placed too far anteriorly on the femur,
resulting in a vertically oriented graft [5, 9, 16, 25, 29, 56].
Several in vitro studies suggest a graft placed too far
anteriorly on the femur results in excessive tension in the
graft in flexion, which could lead to graft failure [8, 56].
Furthermore, a vertically oriented graft does not reproduce
the oblique orientation of the ACL, which could limit the
ability of the reconstruction to restore the abnormal kine-
matics observed after ACL deficiency [9, 30, 44]. Grafts
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placed near the center of the ACL attachment site on the
femur more closely restore normal knee translation and
rotation than a more vertically oriented graft [30, 35, 44].

The transtibial technique, in which the femoral tunnel is
drilled through the tibial tunnel, is commonly used in ACL
reconstruction [5, 19, 29, 46]. However, several studies
have suggested that the transtibial technique might not be
able to center the graft near the anatomic center of the
ACL, owing to constraints imposed by the tibial tunnel [5,
9, 29]. Techniques where the femoral tunnel is placed
independently of the tibial tunnel might allow for better
placement of the femoral tunnel. Therefore, the objective
of this study was to assess the ability of different recon-
struction techniques to place the femoral guide pin near the
center of the ACL attachment on the femur in a cadaver
model. Two different techniques of guide-pin placement
were compared: a single-incision transtibial technique in
which the femoral guide pin was placed through a tibial
tunnel (transtibial technique) and a two-incision technique
[54] in which the femoral guide pin was placed transfem-
orally from the outside, independently of the tibial tunnel
(independent technique, Fig. 1).

We hypothesized the independent technique would
allow for closer placement of the guide pin to the center of
the ACL compared with the transtibial technique. In
addition, because the independent technique used in this
study relies on visually identifying the center of the ACL
stump, our secondary objective was to quantify the location
and shape of the ACL on the femur, so anatomic landmarks
could be identified for placing the femoral tunnel in cases
in which the remnant of the ACL is missing.

Fig. 1 In the independent technique, a two-incision technique was
used to place the femoral guide pin transfemorally from the outside-
in, independently of the tibial tunnel. The target of the independent
guide was placed at the center of the anterior cruciate ligament
(ACL), as judged visually by the surgeon.
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Materials and Methods

This study used a repeated-measures design in which the
guide-pin placement of the independent technique and the
transtibial technique were compared in the same cadaveric
knee. We used 12 fresh-frozen cadaver knees (six left, six
right; mean age, 66 = 17 years) in this study. Knees with
excessive osteoarthritis, obvious cartilage defects, or his-
tory of trauma or surgery were excluded from the study.
The cruciate ligaments of all of the specimens were intact
during arthroscopic inspection.

An a priori power analysis was performed to determine
the appropriate number of specimens required to detect a
difference in the distance from the center of the ACL to
each of the guide pins. We assumed that a difference in
guide-pin placement less than 2 mm would not be clini-
cally meaningful, and assumed a standard deviation of
2 mm in the difference between the tunnel placements.
With a repeated measures design and o = 0.05, at least 10
specimens were needed to provide 80% power.

We performed arthroscopy using standard anteromedial
and anterolateral portals. The ACL was identified and
transected, leaving the femoral and tibial attachments
intact. We performed minimal notchplasty only when
necessary to observe the entire undisturbed ACL femoral
footprint. A 30° arthroscope was placed in both portals to
provide a detailed view of the ACL footprint, aiding in
better estimation of the size and shape of the footprint.

Next, we performed the independent technique using a
90°-femoral guide (Fig. 1) (RetroDrill; Arthrex, Naples,
FL) [54]. With the knee at 90° flexion, the femoral guide
was inserted through the anteromedial portal and posi-
tioned as closely as possible to the center of the anatomic
footprint of the entire ACL femoral origin as assessed
visually by the surgeon. A small stab incision on the lateral
thigh just anterior to the lateral epicondyle and through the
iliotibial band allowed insertion of the guide-pin sleeve to
the bone. Then we advanced a guide pin inside the joint
until it reached the 90°-femoral guide at the center of the
ACL stump. The guide pin was withdrawn until the inner
end was no longer visible inside the joint and the retrograde
system was removed. This system used no hooks to con-
strain the position of the target point of the guide.

Next, we used a transtibial reconstruction guide (Arthrex)
to place the femoral tunnel site. A PCL Oriented Placement
Marking Hook (Arthrex) was attached to the Adapter C-Ring
(placed in 50°) [6] and inserted through the anteromedial
portal with the knee in 90° flexion. We placed the 7-mm tip
extension of the marking hook against the base of the pos-
terior cruciate ligament. The guide was angled to position the
guide sleeve 1 cm above the pes anserinus and 2 ¢cm medial
of the tibial tubercle [38] to obtain sufficient tunnel length for
the graft and form an approximately 65° angle [28, 45] with
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the tibial plateau in the coronal plane. The guide pin exited
through the marking hook 7 mm from the posterior cruciate
ligament. We removed the guide sleeve, marking hook, and
guide and then confirmed correct pin positions. An §-mm-
diameter full-thickness cannulated drill was used to create
the tibial tunnel. We used a 7-mm offset guide to identify the
posterior wall of the lateral femoral condyle. The guide pin
was inserted through the offset guide into a flexed knee as
close as possible to the center of the ACL and advanced with
the drill to exit the anterolateral femoral cortex. We left the
independent and the transtibial pins in their respective
femoral tunnels.

Then the femur and tibia were dissected of all soft tis-
sues, except for cartilage and the attachment site of the
ACL. The tibial tunnel was visually inspected to ensure
that it was placed appropriately. We withdrew the guide
pins from the femur completely and sutures were passed
through each hole to identify the two tunnels. The speci-
men was then rigidly fixed in a clamp (Fig. 2), and we
recorded the bony and cartilage geometry using a three-
dimensional (3-D) digitizing stylus with an accuracy of
0.1 mm (Microscribe; Immersion Corp, San Jose, CA).
Evenly spaced points on the bony and cartilage surfaces
were recorded in 3-D in solid modeling software (Rhi-
noceros; McNeel and Associates, Seattle, WA). We also
carefully recorded the border of the cartilage and bone.
This cloud of points then was used to generate a 3-D
surface model of each knee (Fig. 2).

Fig. 2 A 3-D digitizing stylus
(top) was used to generate 3-D
models of the femur, including
the cartilage border and ACL
attachment site (bottom). In this
specimen, the independent tech-
nique placed the guide pin near
the centroid of the ACL, whereas
the transtibial technique resulted
in placement anterior and prox-
imal to the center of the ACL.

Digitizing
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Anterior

|

Posterior

Independent
ACL Center

We then used the stylus to reproduce the attachment site
of the ACL. The outside border of the ligament attachment
site was measured first. Next, we measured evenly spaced
points across the surface of the ACL. A surface was fit to
these points to define the attachment site of the ACL. Next,
the geometric center of the entire ACL attachment site was
calculated in 3-D using the solid modeling software. We
then recorded points around the circumference of the hole
formed by the guide pin using the stylus. The geometric
centroid then was calculated and was used to define the
location of the guide pin in 3-D space (Fig. 2).

These 3-D models were used to establish anatomic
coordinate systems to measure the position of the guide
pins relative to the center of the ACL. We determined the
proximodistal direction from a cylinder fit to the long axis
of the femoral shaft. The transverse plane was defined as a
plane perpendicular to the proximodistal direction. The
anterior direction then was drawn perpendicular to a line
tangent to both femoral condyles in the transverse plane.
We calculated the distance between each tunnel site and
the intact ACL using this coordinate system.

Next, we determined the average position and shape of
the ACL attachment. The position of the center of the ACL
was determined relative to an anatomic landmark that we
defined as the intersection of the most posterior point
on the cartilage bone border and the most proximal point
on the cartilage visible in the notch (Fig. 3). We deter-
mined the average shape of the ACL in the sagittal plane

Femur

Proximal Transtibial

!

Independent

ranstibial
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Fig. 3 Position of an anatomic
reference point relative to the
center of the ACL was measured.
The anatomic landmark was
defined as the intersection of
the most posterior point on the
cartilage-bone border and the
most proximal point on the car-
tilage visible in the notch. In
addition, the shape and position
of the ACL was measured in the
sagittal plane (mean =+ standard
deviation).

by aligning the center of the footprint of each ACL. Radial
lines intersecting at the center of the ACL footprint were
drawn in 6° increments. We averaged the distance from the
center of the ACL to the intersection of the radial lines with
the border of each ACL to form an average ACL border
(Fig. 3).

All data were checked for normality using the Shapiro-
Wilk test. The 3-D distances from the location of the guide
pins placed using the transtibial and independent tech-
niques to the center of the ACL attachment site were
compared using a paired t-test. In addition, a paired t-test
was used to compare the components of the distance
between the guide pins in the anteroposterior and prox-
imodistal directions.

Results

The independent technique allowed for placement of the
guide pin closer (p = 0.00001) to the center of the ACL
compared with the transtibial technique (Fig. 4). The tran-
stibial technique placed the guide pin 7.9 £ 2.2 mm
(mean =+ standard deviation) from the center of the ACL,
whereas the independent technique was 1.9 £ 1.0 mm
from the center of the ACL. The transtibial technique
resulted in more anterior (p = 0.006) and proximal
(p = 0.01) placement of the guide pin compared with the
transfemoral technique (Fig. 5). The guide pin placed using
the transtibial technique was anterior to the center of the
ACL by 5.1 £ 1.7 mm, whereas the transfemoral technique
resulted in a position that was anterior by 0.3 + 1.4 mm.
The guide pin placed using the transtibial technique was
3.6 £ 3.9 mm proximal to the center of the ACL, whereas
the transfemoral technique was 1.0 &= 1.1 mm distal to the
center of the ACL.
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Fig. 4 The independent technique placed the guide pin closer to the
center of the ACL compared with the transtibial technique
(p = 0.000012, mean + standard deviation).

On average, the center of the ACL was within 2 mm
from the anatomic reference point. This reference point
was 1.8 = 0.9 mm posterior and 0.2 = 1.4 mm distal to
the center of the ACL in the sagittal plane (Fig. 5). The
average shape of the ACL in the sagittal plane was not
elliptical (Fig. 3). Instead, it widened in the anteroposterior
direction, moving proximally to distally. Its widest
dimension in the anteroposterior direction was an average
of 11.6 mm and 16.8 mm in the proximodistal direction.
The ACL was close to the cartilage border with synovial
lining between the fibers of the ACL and the cartilage
border. The border of the ACL was 2.6 & 0.7 mm from the
posterior border of the cartilage in the anteroposterior
direction and 4.5 £ 1.0 mm from the most proximal point
on the cartilage visible from the notch. The center of the
ACL was 8.6 £ 0.8 mm and 11.7 & 1.2 mm from these
two points, respectively.
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Fig. 5 The transtibial technique placed the guide pin anterior
(p = 0.006) and proximal (p = 0.01) to the independent technique.
The anatomic reference point, defined as the position of the
intersection of an anteroposterior line through the most posterior
border of the femoral cartilage and a proximodistal line through the
proximal margin of the cartilage at the capsular reflection, was within
2 mm of the center of the ACL.

Discussion

Inaccurate femoral tunnel placement is a common cause of
failure in ACL reconstruction [3, 18, 19, 21, 25, 29, 46]
with the graft often being placed too far anteriorly. An
anteriorly oriented graft does not restore the oblique ori-
entation of the ACL and has limited ability to restore
normal knee stability [30, 44]. Recent cadaver studies have
suggested a graft placed near the center of the ACL more
closely restores knee kinematics than an anteriorly placed
graft [35, 44]. Therefore, anatomic graft placement is likely
important given the inability of current reconstruction
techniques to restore normal kinematics and is believed an
important factor contributing to the long-term development
of osteoarthritis after ACL reconstruction [17, 39, 48, 50].
We compared the ability of the transtibial technique and a
tibial tunnel independent technique to anatomically place
the femoral tunnel near the center of the ACL footprint and
hypothesized the independent technique would allow for
closer placement of the guide pin to the center of the ACL
compared with the transtibial technique. Because the
independent technique relies on visually identifying the
center of the ACL stump, we quantified the location and
shape of the ACL on the femur, so anatomic landmarks
could be identified for placing the femoral tunnel in cases
in which the remnant of the ACL is missing.

This study has some limitations. One limitation was that
it was performed in older cadavers, with transtibial and
independent guide-pin placement performed in the same
knee. However, every effort was made to make the surgery
as realistic as possible. Surgery was performed using a full

arthroscopic surgical setup, using the same approaches as
used clinically. After placing the independent guide pin, it
was withdrawn until no longer visible, so that its placement
did not bias placement of the transtibial guide pin. There-
fore, we do not believe that our conclusions regarding
tunnel placement would change during clinical ACL sur-
gery. We also did not divide the ACL into functional
bundles [20]. From the stump of the ACL, it was difficult to
distinguish two or three distinct functional bundles.
Instead, the ACL appeared to be a continuous structure
consisting of many different fiber bundles of different
lengths and orientations. Although we did not separate the
ACL stump into two or three bundles, the data generated
from this study are important, as anatomic femoral tunnel
placement has been a concern in single- and double-bundle
ACL reconstructions [16, 55], and whether a single- or
double-bundle reconstruction should be performed remains
controversial [1, 10, 26, 41, 43, 47, 49, 52] and is outside
the scope of this study. Finally, we do not know how much
difference in placement will substantially alter the risk of
either graft failure or long-term degeneration; both would
require clinical confirmation.

Although we aimed for placement of the guide pin in the
middle of the attachment site [7, 16, 54], optimal graft
placement for restoring normal motion under physiologic
loading conditions is unknown. Cadaver studies suggest
that placing the graft closer to the center of the attachment
site might improve knee kinematics compared with an
anterior graft placement. For example, several cadaver
studies reported placement of the graft in a more oblique or
lateral position improves rotatory knee stability [35, 44,
52]. One of these studies reported that under rotary loads,
an oblique, anatomically placed single-bundle graft repro-
duced intact knee kinematics, whereas a more vertically
oriented graft did not [44]. Both grafts reproduced anterior
laxity under anterior tibial loads [44]. In another study
under combined rotary loads, no differences in tibial
rotation and anterior translation were detected between a
double-bundle reconstruction and a laterally placed single-
bundle reconstruction [52]. Under anterior tibial loads, no
differences in anterior laxity were detected below 60° [52],
a range of flexion where the quadriceps load the ACL [27,
33]. Although more patient studies are needed to evaluate
the effects of ACL reconstruction on kinematics under
physiologic loading conditions, these cadaver studies sug-
gest that more anatomic placement of the femoral tunnel
might help to more closely restore normal knee motion.
This is likely important because abnormal knee kinematics
generally are believed an import factor in the degenerative
changes observed after ACL injury [17, 34, 39, 50, 52, 54].

Difficulties placing the femoral tunnel in the ACL
footprint using single-incision transtibial tunnel techniques
have been reported [5, 9, 29]. Arnold et al. [5] reported the
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anatomic attachment site of the ACL could not be reached
with a femoral aiming guide through a standard tibial
tunnel. The closest position that could be reached was at
the margin of the anatomic attachment site, deep and high
in the notch [5]. In the current study, we also had difficulty
placing the guide pin near the center of the ACL attach-
ment using the transtibial technique in every specimen. The
transtibial tunnel was drilled at 65° in the coronal plane
[28, 45] to enable placement of the guide pin lower on the
wall of the notch. Using the offset guide in the over-the-top
position allowed the femoral guide pin to be positioned at a
desired distance from the posterior cortex but did not define
the femoral tunnel location completely. We rotated the
guide to place the tunnel lower on the lateral wall of the
notch. However, on average, guide pins placed using the
transtibial technique were within 1 mm of the anterior
border of the ACL. The limited ability of the transtibial
technique to place the guide pin in the footprint is likely the
result of the constraints of the tibial tunnel and also partly
attributable to constraints imposed by the guide hooks
used.

Tunnels placed too far anteriorly on the femur report-
edly have poor clinical outcomes [2, 21, 25, 44, 54].
Anteriorly placed grafts may lead to notch impingement or
graft stretching [25, 37, 56]. Several biomechanical studies
show tunnels placed at the 11 o’clock position restore
anterior tibial stability under anterior tibial loads but fail to
control rotational stability [35, 44]. In addition, a graft
placed too far anteriorly could result in a vertically oriented
graft [5, 9, 16, 25, 29, 56]. A vertically oriented graft is
unlikely to restore the oblique orientation of the ACL [9,
32, 44, 54] and might provide inadequate restraint to the
increased internal rotation [4, 12, 17] and medial tibial
translation [12, 31] observed in patients with ACL defi-
ciency. Altered kinematics after ACL injury are thought to
predispose the knee to degenerative changes [4, 17, 39, 40,
50].

The independent, two-incision technique allowed for
placement of the guide pin within 2 mm of the center of the
ACL footprint. The center of the ACL was assessed visu-
ally by the surgeon and was placed independently of a
tibial tunnel. This technique has the advantage that the
tunnel can be centered in the ACL footprint, low on the
wall of the notch, without the constraint of a guide through
the tibial tunnel. Although we used outside-in placement
through the lateral femur in this study, other approaches,
including that from a medial anterior portal, front entry
through an anterior portal, or rear entry through a posterior
approach, can be used to achieve independent placement.
All of these aim for a position chosen by the surgeon to
optimize tunnel location with respect to ACL anatomy.

Although the independent technique could place the
guide pin near the center of the ACL footprint with a
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visible remnant, it may be difficult to observe the ACL
remnant in some patients (eg, patients with chronic injuries
or in the case of revision ACL surgery) [22]. Previous
studies have used radiographic techniques to reference the
location of the ACL [7, 21, 46]. In the current study, we
found the ACL attachment site was centered near the
intersection of an anteroposterior line passing through the
most posterior point on the cartilage-bone border and a
proximodistal line passing the most proximal corner of the
cartilage visible in the notch (Fig. 3). These landmarks are
visible during standard arthroscopy, are independent of
knee flexion angle, and potentially allow for placement of
the guide pin within 2 mm of the ACL. Others have used a
clock-face analogy to describe placement of the graft
arthroscopically [9, 52, 56]. Despite its widespread use, the
clock-face description might be difficult to reproduce
because of the 3-D geometry of the ACL and variability
associated with fitting a circular clock face to the noncir-
cular intercondylar notch [54].

Anatomic studies have indicated a high variability in
the shape of the ACL attachments [22]. Previous studies
describe the femoral ACL footprint as an oval [47],
semicircular [20], rounded triangular [5], or a more cir-
cular [24] shape. Accounting for the 3-D geometry of the
ACL footprint, as performed in our study, might provide
a more realistic description of the ACL because of its
attachment on the curved surface of the intercondylar
notch. We observed shape qualitatively more similar to
that depicted by Harner et al. [24]. The ACL footprint
was not strictly elliptical; instead, it widened in the
anteroposterior direction moving proximally to distally.

With an intact ACL footprint, the ACL femoral guide
pin can be placed within 2 mm of the center of the ACL
using the independent technique. The transtibial technique
was less consistent, with the guide pin being placed too
far anteriorly, approximately 7 mm from the center of the
ACL attachment site. If there is no ACL stump, the
femoral guide pin can be placed to within 2 mm of the
geometric center of the ACL using the intersection of a
vertical line through the most posterior edge of the car-
tilage border and a horizontal line through the most
proximal point of the cartilage border in the notch. More
anatomic placement of the femoral tunnel might help
reduce the incidence of graft failure and might prevent the
long-term degenerative changes observed after ACL
reconstruction, although these would require clinical
confirmation.
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