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Abstract

Purpose To examine the role of the posterior fan-like extension of the ACL’s femoral footprint on the ACL failure load.
Methods Sixteen (n=16) fresh frozen, mature porcine knees were used in this study and randomized into two groups
(n=28): intact femoral ACL insertion (ACL intact group) and cut posterior fan-like extension of the ACL (ACL cut group).
In the ACL cut group, flexing the knees to 90°, created a folded border between the posterior fan-like extension and the
midsubstance insertion of the femoral ACL footprint and the posterior fan-like extension was dissected and both areas were
measured. Specimens were placed in a testing machine at 30° of flexion and subjected to anterior tibial loading (60 mm/
min) until ACL failure.

Results The intact ACL group had a femoral insertion area of 182.1+ 17.1 mm?. In the ACL cut group, the midsubstance
insertion area was 113.3 + 16.6 mm?, and the cut posterior fan-like extension portion area was 67.1 +8.3 mm?. The failure
load of the ACL intact group was 3599 +457 N and was significantly higher (» <0.001) than the failure load of the ACL
cut group 392 +83 N.

Conclusion Transection of the posterior fan-like extension of the ACL femoral footprint has a significant effect on the failure
load of the ligament during anterior loading at full extension. Regarding clinical relevance, this study suggests the impor-
tance of the posterior fan-like extension of the ACL footprint which potentially may be retained with remnant preservation
during ACL reconstruction. Femoral insertion remnant preservation may allow incorporation of the fan-like structure into
the graft increasing graft strength.
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Introduction

The goal of anterior cruciate ligament (ACL) reconstruction
is to restore the intact tissue’s function. Towards this aim,
anatomic ACL reconstruction attempts to recreate the native
ACL’s dimensions, collagen orientation and insertion sites
[13, 16] and anatomical studies have been done to assess
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these factors and also to gain an understanding of the liga-
ment’s form and function.

For these reasons, the ACL has been the subject of many
anatomical studies, and recent studies have used advances in
technology to better control knee loading during measure-
ment and more accurately characterize the complex tissue
morphology. Most studies have described the native ACL as
having an hourglass shape with direct midsubstance attach-
ments and thin, membranous, peripheral attachments, at
both the femoral and tibial insertion sites [1, 3, 5, 6, 8, 10].
Harner et al., used a digital measurement system to quantify
the ACL dimensions and found that the cross-sectional areas
at the femoral and tibial insertion areas were over three times
larger that of the midsubstance cross-sectional area [6]. A
recent study employing a laser measurement system and
controlled knee loading has also found enlargement of the
tissue at the insertion sites with the cross-sectional area of
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the midsection being less than half the area of the insertion
sites [3]. The tissue at the femoral attachment was described
as dense midsubstance fibers attach to a narrow oval area on
the lateral condyle and there is a fan-like extension of fib-
ers spreading out towards the posterolateral condyle which
increase the area of the insertion site [14]. There is, how-
ever, still some debate on the ligament morphology with one
study characterizing the ACL as being flat and ribbon-like
near the femoral insertion [15]. With most studies finding an
hourglass like shape of the ligament and the reconstruction
goal of restoring the native ACL anatomy, this has led to
interest in the functional basis for the morphology.

Recent studies have attempted to determine the function
of the flared morphology by trying to assess the load trans-
mission through different regions of the insertion site by test-
ing the knee with the tissue intact, then cutting a portion of
the insertion site and retesting the knee. Using this approach,
Kawaguchi et al. and Nawabi et al. both concluded that the
posterior fan-like extension of the ACL femoral insertion
carries only a small portion of the load and contributes little
to the anterior—posterior and rotatory stability of the knee [7,
12]. From these results they suggested that placement of the
ACL graft should be at the midsubstance or high (anterior)
portion of the insertion site.

While previous studies have concluded that the fan-like
extension of the ligament bears little load, the purpose of
this study is to examine the role of the ACL’s femoral inser-
tion site morphology on the failure of the ligament using a
porcine model. It was hypothesized that the posterior fan-
like extension of the ACL’s femoral insertion plays a signifi-
cant role in increasing the ligament failure load. This would
indicate the structural importance of the posterior fan-like
extension of the ACL footprint which potentially may be
retained with remnant preservation during ACL reconstruc-
tion and if incorporated could increase graft strength.

Materials and methods

Sixteen (n=16) fresh frozen, mature porcine knees were
used in this study [2]. The porcine analog allows for better
control of specimen size, weight and age, where age is a
known factor in the human ACL strength [17]. Moreover,
the goal of this study was not to determine specific values of
ACL failure loads, but to assess the relative effect of cutting
of a ligament’s fan-like extension on the failure load.

After disarticulation at the hip joint, skin and subcutane-
ous layers were removed, and the knee joint capsule was left
intact. The specimens were stored at — 20 °C and thawed at
room temperature the night before testing [11, 18]. Before
testing, the femur and the tibia were sectioned approximately
10 cm from the joint line and potted in epoxy for mounting
in aluminum grips.
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For testing, the knees were fixed in aluminum grips,
placed in a custom-made testing fixture, and then mounted
to a material testing machine at 30° of flexion (full exten-
sion in the porcine knee) (Fig. 2b). The knees were
removed, the soft tissue structures other than the ACL
were dissected, the condyles removed, and for the ACL
cut group the posterior fan-like extension of the ACL was
cut. The knees were placed back in the testing machine
and subjected to anterior tibial loading with other motions
being constrained. A small preload of 2.5 N was applied
to the knee, after which it was cyclically preconditioned
between 0 and 2 mm of deformation at a rate of 20 mm/
min for 10 cycles [17]. The laser measurement system has
an accuracy of 0.05 mm (Faro, Inc.). Thereafter, the knee
was loaded to failure at a rate of 60 mm/min [4]. The load
and elongation were recorded continuously during the test.
The failure load that was defined by the maximum load,
the displacement at failure that was defined by the dis-
placement of the maximum load, and the forces at 5 mm,
10 mm, 15 mm, and 20 mm of displacement were reported.
The failure mode of each specimen was recorded.

Sixteen knees used for this study and were randomly
divided into two groups (n=8): an intact femoral ACL
insertion (ACL intact group) and a cut posterior fan-like
extension of the ACL (ACL cut group). Each knee was dis-
sected free of all soft tissue structures, except for the ACL.
The medial femoral condyle was removed using a recipro-
cating saw along with femoral intercondylar notch in order
to better visualize the ACL footprint. The border between
the midsubstance area and the posterior fan-like extension
was apparent with the knee in extension (Fig. 1a), but a
folded border becoming more prominent with the knee
at 90° of flexion (Fig. 1b) [7]. The area posterior to the
folded border was identified as the posterior fan-like exten-
sion of the ACL and was dissected from the femur using a
surgical no. 11 blade (Fig. 1c) in the cut group.

To quantify the area of the ACL footprint that was cut,
the posterior fan-like extension and the midsubstance
insertion of the footprint were outlined and coordinates
measured using a digitizing probe (Faro, Inc.) for the ACL
cut group. A plane was fitted to the points and the coor-
dinates were exported to computer program (MATLAB,
Math Works Inc.) to compute the areas of the posterior
fan-like extension and the midsubstance insertion of the
ACL footprint (Fig. 2a).

For this study, a review request was presented to the
Institutional Review Board and the Institutional Animal
Care and Use Committee (IACUC) at the University of
Pittsburgh and was determined not to require oversight.
Procurement of the porcine knee specimens were from a
local meat market.
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Posterior

Fig.1 No border was apparent between the midsubstance area and
the posterior fan-like extension with the knee in extension (a). With
the knee at 90° of flexion a folded border becoming more promi-

Fig.2 Area of the posterior fan-
like extension ACL footprint
that was cut (green), the and the
midsubstance insertion of the
footprint (blue) were digitized
using a probe (Faro, Inc.) for the
ACL cut group (a). For testing,
the knees were mounted in an
axial testing machine (b)

Posterior

Statistical analysis

Statistical analysis of the differences in the failure load,
the displacement at failure, and the loads at 5 mm, 10 mm,
15 mm and 20 mm of displacement were analyzed using a
two-tailed independent ¢ test (SPSS Inc., Chicago, Illinois,
USA) with statistical significance was set at p <0.05. To
estimate the number of samples, an a-priori power analysis,
based on a 2-tailed paired ¢ test, was performed (v. 3.1.9.2;
G*power) using the significance level of 0.05, a power
of 0.80, with a hypothesized effect size of d=1.5, which
resulted in n= 14 samples.

Results
For the ACL cut group, the intact ACL had an area of

182.1+17.1 mm?, with a midsubstance insertion area of
113.3 +16.6 mm? and a posterior fan-like extension area of

Posterior

nent (b). The area posterior to the folded border was identified as the
posterior fan-like extension of the ACL and was dissected from the
femur using a surgical no. 11 blade (c)

3 -

ACL Intact ACL Cut

Fig.3 Anterior tibial ACL failure load (*p <0.05)

67.1+8.3 mm?. Thus, the cut area of the posterior fan-like
extension insertion site represented 37% of the total ACL
insertion site. The failure load of the ACL intact group was
3599 +457 N and was significantly higher (» <0.001) than
the 392 + 83 N failure load of the ACL cut group (Fig. 3).
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Fig.4 Anterior tibial knee displacement at ACL failure (*p <0.05)
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Fig.5 Load (N) required for displacements of 5 mm, 10 mm, 15 mm,
and 20 mm (¥*p <0.05)

The displacement at failure of the ACL intact group was
45.6+5.8 mm which was significantly higher (p <0.001)
than the 27.7 +7.7 mm failure load displacement of the ACL
cut group (Fig. 4). The load required for a given displace-
ment was also significantly higher for the ACL intact group
than the ACL cut group for 5 mm, 10 mm, 15 mm, and
20 mm of displacement (Fig. 5).

Evaluation of the failure mode in the ACL intact group
revealed a fracture of the tibia in one specimen, and fracture
of the femur in seven specimens. In the ACL cut group, all
the specimens failed at the ACL femoral insertion.

Discussion

The most important finding of this study is that the posterior
fan-like extension of the ACL femoral insertion site (the
lower part of the ACL footprint when viewed arthroscopi-
cally) significantly contributes to the ACL’s strength. While
it comprises less than 50% of the femoral insertion site area,
it greatly increases to the ACL’s ability to resist anterior
tibial displacement and to ultimate failure load. To the best
of our knowledge, this is the first study to evaluate the effects
of the posterior fan-like extension of the ACL femoral inser-
tion site on failure load.
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Earlier cadaveric studies concluded that the posterior
fan-like extension contributes little to knee stability but did
not examine the ACL under large loads. Kawaguchi et al.
sequentially transected the femoral ACL insertion from pos-
terior to anterior, dividing the footprint into twelve parts [7].
The group examined the anterior load required for 6 mm
of anterior tibial displacement and the torque required for
10° of internal and 15° external rotation. The force required
to produce the anterior translation ranged from 61+9 N to
123 +27 N. Under these conditions, they stated the cen-
tral-proximal area of the femoral insertion was primarily
responsible for providing AP and rotatory stability. Though
they did note the low magnitude load as a limitation, they
concluded that the entire femoral footprint does not need be
covered in ACL reconstruction.

Subsequently, a study by Nawabi et al. examined load
transmission across the ACL’s femoral footprint, bisecting
the insertion into an anterior band and a posterior extension
[12]. Randomly cutting each section, they simulated Lach-
man, anterior drawer, and pivot shift tests. For all knees, the
anterior displacement was evaluated at 134 N. Under their
experimental conditions, they found that the anterior fib-
ers bore more force during stability testing and were more
isometric during flexion when compared to the posterior
extension fibers. Like the Kawaguchi et al. study, they con-
cluded that since the central, anterior portion of the femo-
ral footprint is most important to resisting displacement,
suggesting tunnel placement in the “high AM location” in
reconstruction.

These studies used sequential cutting of the ligament foot-
print to assess the force distribution at the ACL insertion
and apply this information to reconstruction in terms of how
much of the insertion site must be reconstructed and tunnel
placement. Since the Kawaguchi et al. study [7] considered
the force required for the knee to reach a given displacement,
this evaluated changes in tissue stiffness with the cutting
of different portions of the insertion proceeding in a fixed
sequence from posterior to central area to anterior. The cut-
ting of the central area led to the largest decrease in stiffness.

No ACL reconstruction technique restores the native
tissue attachment, fiber orientation or morphology at the
insertion site which are the factors governing the force dis-
tribution, so there are limitations in assuming that a recon-
struction will restore the intact ligament force distribution.
With regard to ACL footprint restoration, the aspect of tun-
nel placement has been evaluated through the study of knee
biomechanics with ACL reconstruction techniques that con-
sider this factor in which knee kinematics and graft force are
compared to that of the intact ACL for actual reconstruction
[2].

By stressing the porcine ACL to failure, this high load
test revealed that in the ACL cut group, the ACL failed
at 392.0+83.1 N, compared to a significantly higher
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3598.9+456.5 N failure load in the ACL intact group. Sim-
ilarly, in the ACL cut group, the ACL had 27.7+7.7 mm
of displacement before failure, significantly less than the
45.6 +5.8 mm displacement experienced by the intact ACL.
Finally, the forces required to reach given levels of displace-
ment (5 mm, 10 mm, 15 mm, and 20 mm) were significantly
lower for the ACL cut group.

The significant findings suggest that under large loads,
the posterior fan-like extension plays a substantial role in
the strength of the ACL. Though further analysis in human
cadavers is necessary, these findings reveal that the femoral
footprint morphology is important to resisting ACL failure
and should be considered during ACLR. The effect of the
fan-like shape of the ligament may serve to reduce stress at
the insertion site under loading.

This study has some limitations. Porcine knees were used
that have different bone and ACL morphology than humans,
however, the porcine model is the preferred animal model for
studies of in situ forces in the ACL [9, 19]. Additionally, the
porcine model benefits from consistency of specimen size
and age. Human cadavers tend to be older and more vari-
able in age and aging significantly decreases linear stiffness,
ultimate load, and energy absorbed of the ACL [17]. Future
studies could compare age-matched models on failure testing
in human specimens.

With regard to clinical relevance, this study sheds light on
the contribution of the posterior fan-like extension to resist-
ing ACL failure. In the present study, the posterior fan-like
morphology plays a significant role in increasing anterior
failure load. This may suggest remnant preservation in ACL
reconstruction, which may potentially retain the insertion
site morphology. Femoral insertion remnant preservation
may allow incorporation of the fan-like structure into the
graft increasing graft strength.

Conclusion

Transection of the posterior fan-like extension of the ACL
femoral insertion site has a significant effect on the failure
load of the ligament during AP translation at full extension.
Clinically, consideration should be given remnant preserva-
tion in ACL reconstruction.
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