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5 Points on
Rationale for Strategic Graft Placement in 
Anterior Cruciate Ligament Reconstruction: 
I.D.E.A.L. Femoral Tunnel Position
Andrew D. Pearle, MD, David McAllister, MD, and Stephen M. Howell, MD

In the United States, surgeons perform an estimated 200,000 
anterior cruciate ligament reconstructions (ACLRs) each 
year. Over the past decade, there has been a surge in interest 

in defining anterior cruciate ligament (ACL) anatomy to guide 
ACLR. With this renewed interest in the anatomical features of 
the ACL, particularly the insertion site, many authors have ad-
vocated an approach for complete or near-complete “footprint 
restoration” for anatomical ACLR.1,2 Some have recommended 
a double-bundle (DB) technique that completely “fills” the 
footprint, but it is seldom used. Others have proposed central-
izing the femoral tunnel position within the ACL footprint in 
the hope of capturing the function of both the anteromedial 
(AM) and posterolateral (PL) bundles.1,3,4 Indeed, a primary 
surgical goal of most anatomical ACLR techniques is creation 
of a femoral tunnel based off the anatomical centrum (center 
point) of the ACL femoral footprint.3,5 With a single-bundle 
technique, the femoral socket is localized in the center of the 

entire footprint; with a DB technique, sockets are created in 
the centrums of both the AM and PL bundles.

Because of the complex shape of the native ACL, however, 
the strategy of restoring the femoral footprint with use of 
either a central tunnel or a DB approach has been challenged. 
The femoral footprint is 3.5 times larger than the midsubstance 
of the ACL.6 Detailed anatomical dissections have recently dem-
onstrated that the femoral origin of the ACL has a stout anterior 
band of fibers with a fanlike extension posteriorly.7 As the ACL 
fibers extend off the bony footprint, they form a flat, ribbon-
like structure 9 to 16 mm wide and only 2 to 4 mm thick.2,8 
Within this structure, there is no clear separation of the AM 
and PL bundles. The presence of this structure makes sense 
given the anatomical constraints inherent in the notch. Indeed, 
the space for the native ACL is narrow, as the posterior cruci-
ate ligament (PCL) occupies that largest portion of the notch 
with the knee in full extension, leaving only a thin, 5-mm 
slot through which the ACL must pass.9 Therefore, filling the 
femoral footprint with a tubular ACL graft probably does not 
reproduce the dynamic 3-dimensional morphology of the ACL. 

In light of the discrepancy between the sizes of the femoral 
footprint and the midsubstance of the native ACL, it seems 
reasonable that optimizing the position of the ACL femoral 
tunnel may be more complex than simply centralizing the 
tunnel within the footprint or attempting to maximize foot-
print coverage. In this article, we amalgamate the lessons of 
4 decades of ACL research into 5 points for strategic femoral 
tunnel positioning, based on anatomical, histologic, isometric, 
biomechanical, and clinical data. These points are summarized 
by the acronym I.D.E.A.L., which refers to placing a femoral 
tunnel in a position that reproduces the Isometry of the native 
ACL, that covers the fibers of the Direct insertion histologically, 
that is Eccentrically located in the anterior (high) and proximal 
(deep) region of the footprint, that is Anatomical (within the 
footprint), and that replicates the Low tension-flexion pattern of 
the native ACL throughout the range of flexion and extension.

1
Anatomy Considerations
In response to study results demonstrating that some 
transtibial ACLRs were associated with nonanatomi-
cal placement of the femoral tunnel—resulting in 

vertical graft placement, PCL impingement, and recurrent rota-
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tional instability10-16—investigators have reexamined both the 
anatomy of the femoral origin of the native ACL and the ACL 
graft. Specifically, a large body of research has been devoted 
to characterizing the osseous landmarks of the femoral origin 
of the ACL17 and the dimensions of the femoral footprint.3 In 
addition, authors have supported the concept that the ACL 
contains 2 functional bundles, AM and PL.5,17 Several osseous 
landmarks have been identified as defining the boundaries of 
the femoral footprint. The lateral intercondylar ridge is the 
most anterior aspect of the femoral footprint and was first 
defined by Clancy.18 More recently, the lateral bifurcate ridge, 
which separates the AM and PL bundle insertion sites, was 
described19 (Figure 1A).

These osseous ridges delineate the location of the femoral 
footprint. Studies have shown that ACL fibers attach from the 
lateral intercondylar ridge on the anterior border of the femoral 

footprint and extend posteriorly to the cartilage of the lateral 
femoral condyle (Figure 1B).

ACL fibers from this oblong footprint are organized such 
that the midsubstance of the ACL is narrower than the femo-
ral footprint. Anatomical dissections have demonstrated that, 
though the femoral footprint is oval, the native ACL forms a 
flat, ribbonlike structure 9 to 16 mm wide and only 2 to 4 
mm thick as it takes off from the bone.8,20 There is a resulting 
discrepancy between the femoral footprint size and shape and 
the morphology of the native ACL, and placing a tunnel in the 
center of the footprint or “filling the footprint” with ACL graft 
may not reproduce the morphology or function of the native 
ACL. Given this size mismatch, strategic decisions need to be 
made to place the femoral tunnel in a specific region of the 
femoral footprint to optimize its function.

2
Histologic Findings
Histologic analysis has further clarified the relation-
ship between the femoral footprint and functional 
aspects of the native ACL. The femoral origin of the 

ACL has distinct direct and indirect insertions, as demonstrated 
by histology and 3-dimensional volume-rendered computed 
tomography.21 The direct insertion consists of dense collagen 
fibers anterior in the footprint that is attached to a bony depres-
sion immediately posterior to the lateral intercondylar ridge.19 
Sasaki and colleagues22 found that these direct fibers extended a 
mean (SD) of 5.3 (1.1) mm posteriorly but did not continue to 
the posterior femoral articular cartilage. The indirect insertion 
consists of more posterior collagen fibers that extend to and 
blend into the articular cartilage of the posterior aspect of the 
lateral femoral condyle. Mean (SD) width of this membrane-like 

Figure 1. (A) Lateral intercondylar ridge defines anterior (high-
est) region of femoral footprint. Anterior cruciate ligament (ACL) 
footprint fibers extend along but not anterior to this bony ridge. 
Bifurcate ridge separates anteromedial and posterolateral regions 
of femoral origin of native ACL. (B) Purple shading locates femoral 
footprint of native ACL, which is oblong in shape and extends 
from lateral intercondylar ridge anteriorly to articular cartilage 
posteriorly. Illustrations by Scott Holladay. 

Figure 2. Histologically, femoral footprint of native anterior 
cruciate ligament (ACL) can be divided into direct and indirect 
insertions. Solid red locates direct insertion of native ACL anterior 
within femoral footprint along lateral intercondylar ridge. Striped 
red locates indirect insertion of native ACL, histologically a fanlike 
extension of fibers that extend to posterior articular cartilage. 
Illustration by Scott Holladay.

A

B

AJO 
DO NOT COPY



5 Points on Rationale for Strategic Graft Placement in Anterior Cruciate Ligament Reconstruction

www.amjorthopedics.com  June 2015 The American Journal of Orthopedics®  255

A. D. Pearle et al

tissue, located between the direct insertion and the posterior 
femoral articular cartilage, was found by Sasaki and colleagues22  
to be 4.4 (0.5) mm anteroposteriorly(Figure 2). This anterior 
band of ACL tissue with the direct insertion histologically 
corresponds to the fibers in the anterior, more isometric re-
gion of the femoral footprint. Conversely, the more posterior 
band of fibers with its indirect insertion histologically cor-
responds to the more anisometric region and is seen macro-
scopically as a fanlike projection extending to the posterior  
articular cartilage.7

The dense collagen fibers of the direct insertion and the 
more membrane-like indirect insertion regions of the femoral 
footprint of the native ACL suggest that these regions have 
different load-sharing characteristics. The direct fibers of the 
insertion form a firm, fixed attachment that allows for gradual 
load distribution into the subchondral bone. From a biome-
chanical point of view, this attachment is extremely important, 
a key ligament–bone link transmitting mechanical load to the 
joint.23 A recent kinematic analysis revealed that the indirect 
fibers in the posterior region of the footprint, adjacent to the 
posterior articular cartilage, contribute minimally to restraint 
of tibial translation and rotations during stability examina-
tion.24 This suggests it may be strategically wise to place a tunnel 
in the direct insertion region of the footprint—eccentrically 
anterior (high) in the footprint rather than in the centrum.

3
Isometric Considerations
Forty years ago, Artmann and Wirth25 reported that a 
nearly isometric region existed in the femur such that 
there is minimal elongation of the native ACL during 

knee motion. The biomechanical rationale for choosing an iso-
metric region of an ACL graft is that it will maintain function 
throughout the range of flexion and extension. A nonisometric 
graft would be expected to slacken during a large portion of 
the flexion cycle and not restrain anterior translation of the 
tibia, or, if fixed at the wrong flexion angle, it could capture 
the knee and cause graft failure by excessive tension. These 2 
theoretical undesirable effects from nonisometric graft place-
ment are supported by many experimental and clinical studies 
demonstrating that nonisometric femoral tunnel placement 
at time of surgery can cause recurrent anterior laxity of the 
knee.26-28 Multiple studies have further clarified that the iso-
metric characteristics of an ACL graft are largely determined by 
femoral positioning. The most isometric region of the femoral 
footprint is consistently shown to be localized eccentrically 
within the footprint, in a relatively narrow bandlike region 
that is proximal (deep) and anterior (along the lateral inter-
condylar ridge within the footprint)19,29,30 (Figure 3).

A large body of literature has demonstrated that a tunnel 
placed in the center of the femoral footprint is less isometric 
than a tunnel in the more anterior region.25,29,31,32 Indeed, the 
anterior position (high in the footprint) identified by Hefzy 
and colleagues29 demonstrated minimal anisometry with 
1 to 4 mm of length change through the range of motion. In 
contrast, a central tunnel would be expected to demonstrate 
5 to 7 mm of length change, whereas a lower graft (in the 

PL region of the footprint) would demonstrate about 1 cm 
of length change through the range of motion.31,32 As such, 
central grafts, or grafts placed in the PL portion of the femoral 
footprint, would be expected to see high tension or graft forces 
as the knee is flexed, or to lose tension completely if the graft 
is fixed at full extension.32

Importantly, Markolf and colleagues33 reported that the na-
tive ACL does not behave exactly in a so-called isometric fash-
ion during the last 30° of extension. They showed that about  
3 mm of retraction of a trial wire into the joint during the last 
30° of extension (as measured with an isometer) is reasonable 
to achieve graft length changes approximating those of the in-
tact ACL. Given this important caveat, a primary goal for ACLR 
is placement of the femoral tunnel within this isometric region 
so that the length change in the ACL graft is minimized to  
3 mm from 30° to full flexion. In addition, results of a time-
zero biomechanical study suggested better rotational control 
with anatomical femoral tunnel position than with an isomet-
ric femoral tunnel34 placed outside the femoral footprint. There-
fore, maximizing isometry alone is not the goal; placing the 
graft in the most isometric region within the anatomical femoral 
footprint is desired. This isometric region in the footprint is 
in the histologic region that corresponds to the direct fibers. 
Again, this region is eccentrically located in the anterior (high) 
and proximal (deep) portion of the footprint.

4
Biomechanical Considerations
Multiple cadaveric studies have investigated the re-
lationship between femoral tunnel positioning and 
time-zero stability. These studies often demonstrated 

superior time-zero control of knee stability, particularly in 
pivot type maneuvers, with a femoral tunnel placed more cen-
trally in the femoral footprint than with a tunnel placed outside 
the footprint.34-37 However, an emerging body of literature is 

Figure 3. Light blue shading locates most isometric region of 
femoral footprint of native anterior cruciate ligament anteriorly 
(high) and proximally (deep) along region of lateral intercondylar 
ridge. Illustration by Scott Holladay.
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finding no significant difference in time-zero stability between 
an anteriorly placed femoral tunnel within the anatomical foot-
print (eccentrically located in the footprint) and a centrally 
placed graft.38,39 Returning to the more isometric tunnel posi-
tion, still within the femoral footprint, would be expected to 
confer the benefits of an anatomically based graft position with 
the advantageous profile of improved isometry, as compared 
with a centrally placed or PL graft. Biomechanical studies40 
have documented that ACL graft fibers placed posteriorly (low) 
in the footprint cause high graft forces in extension and, in 
some cases, graft rupture (Figure 4). Accordingly, the impor-
tance of reconstructing the posterior region of the footprint 
to better control time-zero stability is questioned.41

In addition to time-zero control of the stability examina-
tion, restoring the low tension-flexion pattern in the ACL graft 
to replicate the tension-flexion behavior of the native ACL is a 
fundamental biomechanical principle of ACLR.15,33,42,43 These 
studies have demonstrated that a femoral tunnel localized an-
terior (high) and proximal (deep) within the footprint better 
replicates the tension-flexion behavior of the native ACL, as 
compared with strategies that attempt to anatomically “fill the 
footprint.”40 Together, these studies have demonstrated that 
an eccentric position in the footprint, in the anterior (high) 
and proximal (deep) region, not only maximizes isometry 
and restores the direct fibers, but provides favorable time-zero 
stability and a low tension-flexion pattern biomechanically, 
particularly as compared with a tunnel in the more central or 
posterior region of the footprint.

5
Clinical Data
Clinical studies of the traditional transtibial ACLR 
have shown good results.44,45 However, when the 
tibial tunnel in the coronal plane was drilled vertical 

with respect to the medial joint line of the tibia, the transtibi-
ally placed femoral tunnel migrated anterior to the anatomi-
cal femoral footprint, often on the roof of the notch.10,14 This 
nonanatomical, vertical placement of the femoral tunnel led 
to failed normalization of knee kinematics.46-50 Indeed, a high-
er tension-flexion pattern was found in this nonanatomical 
“roof” position for the femoral tunnel as compared with the 
native ACL—a pattern that can result in either loss of flexion 
or recurrent instability.13,15,51

Clinical results of techniques used to create an anatomical 
ACLR centrally within the footprint have been mixed. Registry 
data showed that the revision rate at 4 years was higher with 
the AM portal technique (5.16%) than with transtibial drilling 
(3.20%).52 This higher rate may be associated with the more 
central placement of the femoral tunnel with the AM portal 
technique than with the transtibial technique, as shown in 
vivo with high-resolution magnetic resonance imaging.12 Re-
cent reports have documented a higher rate of failure with DB 
or central ACLR approaches than with traditional transtibial 
techniques.53 As mentioned, in contrast to a more isometric 
position, a central femoral tunnel position would be expected 
to demonstrate 5 to 7 mm of length change, whereas mov-
ing the graft more posterior in the footprint (closer to the 
articular cartilage) would result in more than 1 cm of length 
change through the range of motion.31,32 As such, these more 
central grafts, or grafts placed even lower (more posterior) in 
the footprint, would be expected to see high tension in exten-

Figure 4. Mean curves of resultant force of native anterior cruciate 
ligament (ACL) and single-bundle (SB) and double-bundle (DB) 
ACL reconstructions during passive knee flexion with no applied 
tibial force (error bars indicate standard deviation). Mean resultant 
force of each DB-ACL reconstruction was greater (P < .05) than 
that of native ACL reconstruction but similar to that of SB-ACL 
reconstruction. Reprinted with permission from The Journal of 
Bone and Joint Surgery, American Edition, vol. 91, issue 1, pages 
107-118, Markolf KL, Park S, Jackson SR, McAllister DR, Anterior-
posterior and rotatory stability of single and double-bundle 
anterior cruciate ligament reconstructions. Copyright 2009 The 
Journal of Bone and Joint Surgery, Inc. 
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Figure 5. Black circle locates ideal placement of femoral tunnel 
in single-bundle anterior cruciate ligament (ACL) reconstruction. 
I.D.E.A.L. acronym reminds surgeons to place ACL graft in a 
femoral tunnel position that reproduces Isometry of native ACL, 
that covers fibers of Direct insertion, that is Eccentrically located 
in anterior (high) and proximal (deep) region of footprint, that is 
Anatomical (within femoral footprint), and that replicates Low 
tension-flexion pattern of native ACL throughout range of flexion 
and extension. Illustration by Scott Holladay.
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sion (if fixed in flexion), or to lose tension completely during 
flexion (if the graft is fixed at full extension).32 This may be a 
mechanistic cause of the high failure rate in the more posterior 
bundles of the DB approach.54

Together, these clinical data suggest that the femoral tun-
nel should be placed within the anatomical footprint of the 
ACL. However, within the footprint, a more eccentric femoral 
tunnel position capturing the isometric and direct region of 
the insertion may be preferable to a more central or posterior 
(low region) position.

Summary
Anatomical, histologic, isometric, biomechanical, and clinical 
data from more than 4 decades collectively point to an optimal 
position for the femoral tunnel within the femoral footprint. 
This position can be summarized by the acronym I.D.E.A.L., 
which refers to placing a femoral tunnel in a position that 
reproduces the Isometry of the native ACL, that covers the 
fibers of the Direct insertion histologically, that is Eccentrically 
located in the anterior (high) and proximal (deep) region of 
the footprint, that is Anatomical (within the footprint), and 
that replicates the Low tension-flexion pattern of the native 
ACL throughout the range of flexion and extension (Figure 5).

In vivo and in vitro studies as well as surgical experience 
suggest a need to avoid both (a) the nonanatomical vertical 
(roof) femoral tunnel placement that causes PCL impinge-
ment, high tension in the ACL graft in flexion, and ultimately 
graft stretch-out with instability and (b) the femoral tunnel 
placement in the posterior (lowest) region of the footprint 
that causes high tension in extension and can result in graft 
stretch-out with instability.13,15,39,40 The transtibial and AM por-
tal techniques can both be effective in properly placing the 
femoral tunnel and restoring motion, stability, and function 
to the knee. Their effectiveness, however, depends on correct 
placement of the femoral tunnel. We think coming studies will 
focus on single-bundle ACLR and will be designed to improve 
the reliability of the transtibial and AM portal techniques for 
placing a femoral tunnel in keeping with the principles sum-
marized by the I.D.E.A.L. acronym.
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