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Background: It remains unclear whether an anteromedial (AM) footprint or a central footprint anterior cruciate ligament (ACL) graft
exhibits less contact stress with the femoral tunnel aperture. This contact stress can generate graft attrition forces, which can lead
to potential graft failure.

Purpose/Hypothesis: The purpose of this study was to compare the difference in contact stress patterns of the graft around a
femoral tunnel that is created at the anatomic AM footprint versus the central footprint. It was hypothesized that the difference in
femoral tunnel positions would influence the contact stress at the interface between the reconstructed graft and the femoral tunnel
orifice.

Study Design: Controlled laboratory study.

Methods: A total of 24 patients who underwent anatomic single-bundle ACL reconstruction were included in this study. In 12
patients, the femoral tunnels were created at the center of the native AM footprint (AM group), and in the remaining 12 patients the
center of the femoral tunnel was placed in the anatomic central footprint (central group). Three-dimensional knee models were
created and manipulated using several modeling programs, and the graft-tunnel angle (GTA) was determined using a special
software program. The peak contact stresses generated on the virtual ACL graft around the femoral tunnel orifice were calculated
using a finite element method.

Results: The mean GTA was significantly more obtuse in the AM group than in the central group (124.2� ± 5.9� vs 112.6� ± 7.9�; P¼
.001). In general, both groups showed high stress distribution on the anterior surface of the graft, which came in contact with the
anterior aspect of the femoral tunnel aperture. The degree of stress in the central group (5.3 ± 2.6 MPa) was significantly higher than
that in the AM group (1.2 ± 1.1 MPa) (P < .001).

Conclusion: Compared with the AM footprint ACL graft, the central footprint ACL graft developed significantly higher contact
stress in the extended position, especially around the anterior aspect of the femoral tunnel orifice.

Clinical Relevance: The contact stress of the ACL graft at the extended position of the knee may be minimized by creating the
femoral tunnel at the AM-oriented footprint.
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Although anatomic femoral tunnel placement is widely
accepted in anterior cruciate ligament (ACL) reconstruc-
tion, the femoral tunnel in the anatomic single-bundle
(SB) ACL reconstruction cannot capture the entire femoral
footprint.40 The center of the femoral tunnel is placed at the
native anteromedial (AM) bundle or centrally between the

AM and posterolateral (PL) bundles. Both femoral tunnel
positions have been accepted as “anatomic.” Each method is
associated with its own advantages in terms of isometry
and rotational stability. The enhanced isometry of ana-
tomic AM footprint ACL reconstruction may have a protec-
tive effect against graft elongation during knee range of
motion.37,41

Anatomic central footprint ACL reconstruction may
overcome the potentially inferior rotational stability pro-
vided by the AM graft because a central graft position is
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created between the AM and PL footprints in the hope of
capturing the function of both the AM and the PL bun-
dles.8,12,18 Multiple cadaveric studies have shown that cen-
trally placed anatomic SB reconstruction and anatomic
double-bundle reconstruction have similar time-zero bio-
mechanical outcomes, including both anterior and rota-
tional stability.14,15,23,24

A recent biomechanical study using human cadavers
demonstrated no biomechanical differences between the
AM footprint and central footprint grafts at time zero.7

That study compared the anterior and rotational stability
of the AM and the central grafts. However, many surgeons
are concerned about postoperative graft failure, which may
be affected by other biomechanical factors associated with
different tunnel positions. Stress load on the graft is
regarded as one of these factors.31 It is still unclear whether
the AM or the central graft exhibits less contact stress–
generating graft attritional force.

The purpose of this study was to compare the difference
in graft contact stress patterns between a femoral tunnel
created at the anatomic AM footprint and at the central
footprint. We hypothesized that the femoral tunnel position
would influence the contact stress at the interface between
the reconstructed graft and the femoral tunnel orifice.

METHODS

Patient Characteristics and Surgical Procedures

This institutional review board–approved study included
24 patients (16 men and 8 women) who underwent ana-
tomic SB ACL reconstruction. The mean ± SD age at the
index operation was 35.4 ± 5.3 years (range, 18-49 years).
Patients were excluded if they had multiple ligament inju-
ries that required additional ligament surgery, had a par-
tial ACL tear that required selective bundle reconstruction,
or were undergoing revision ACL reconstruction or if their
femoral tunnels were created in undesired positions, such
as nonanatomic placement.

All operations were performed between December 2016
and November 2019 by a single surgeon (Y.J.S.) using a
traditional transportal technique. In this study, the aiming
point of the femoral tunnel center changed in 2018 from a
central footprint to an AM footprint in response to several
clinical and biomechanical studies demonstrating the
higher failure rate in the central graft and major load-
sharing behavior by the femoral AM region.20,32,39

Thus, in 12 patients, femoral tunnels measuring 8 to
10 mm in diameter were created at the center of the native

AM footprint from the accessory AM (AAM) portal (AM
group). A pilot hole of 5 mm in depth was made by the guide
wire with the help of a 5- to 6-mm offset guide, which was
introduced through the AAM portal. The use of an offset
guide system enables reproducible femoral tunnel place-
ment. The placement of the pilot hole was carefully
inspected, and fine-tuning of the location was performed
by piercing a microfracture awl through the AAM portal
to establish a final marking.

In the remaining 12 patients, the center of the femoral
tunnel was placed in the anatomic central footprint (located
centrally between the AM and PL footprint) (central group).
The AM portal was used to inspect the ACL femoral attach-
ment. This portal enables visualization of the entire medial
wall of the lateral femoral condyle. The center of the entire
femoral footprint was identified by the tissue remnants and
the intercondylar and bifurcate ridges. A single 8- to 10-mm
tunnel was then drilled in the center of the ACL femoral
insertion site.

The final reaming process for the femoral tunnel was
conducted through the AAM portal at 120� of knee flexion
in both groups, and the angle of knee flexion was verified
using a sterilized goniometer during the surgery. The tibial
tunnel was created within the native tibial footprint corre-
sponding to each center of the femoral tunnel. Doubled
semitendinosus and gracilis tendon autografts or doubled
loops of tibialis anterior allograft over a suspensory fixation
system (EndoButton CL; Smith & Nephew Endoscopy)
were used as grafts for both groups. After the graft was
passed, the knee was then cycled 20 times under constant
manual tension to eliminate creep, and then tibial fixation
was conducted with the knee in full extension using a
bioabsorbable interference screw of the same diameter as
the tunnel and reinforced with a 5.0-mm cancellous screw
and spiked washer (Smith & Nephew). The tibial fixation
methods were identical in both groups.

The operated knees were scanned via a high-resolution
computed tomography (CT) (Siemens) scanner using 1-mm
slices in neutral rotation and full extended position at a
mean of 3.7 ± 2.4 days postoperatively. The postoperative
CT and arthroscopic images were retrospectively evaluated
to inspect precise locations of the femoral tunnel.

3-Dimensional Models of the Knee and Graft

The DICOM (Digital Imaging and Communications in
Medicine) file of the CT images was imported using the
Rapidform 2006 program (Rapidform INUS). Using a
reverse-engineering process, 3-dimensional (3D) models of
the knee were constructed by interpolating the slices made
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by stacking separate regions based on image-processing
methods. The reconstructed 3D models were identical to
the morphology of the operated knees placed in neutral
rotation and full extension. We have verified the anatomic
interpretation and accuracy of the image processing algo-
rithms in a separate study.17

The measurement of femoral tunnel locations was deter-
mined based on a true side view of the 3D model, according to
the method of Forsythe et al11 (Figure 1). The true side view of
the 3D knee model was established after the medial and lat-
eral femoral condyles were superimposed, followed by
removal of the medial condyle image at the center of the inter-
condylar notch. The femoral tunnel positions were deter-
mined in the posterior-to-anterior (deep/shallow) and
proximal-to-distal (high/low) directions and are presented
as the percentage distance from the posterior border of the
lateral femoral condyle and intercondylar notch roof, similar
to the radiographic quadrant method of Bernard et al.3 Mea-
surements were performed by 2 orthopaedic surgeons (Y.J.S.,
T.S.K.) twice with a 1-week interval between measurements.

The femoral graft-tunnel angle (GTA), which affects the
stress patterns on the graft, was determined using a special
software program (Rapidform). The GTA was defined as the
angle between a virtual ACL line connecting the centers of
the femoral and tibial tunnel apertures and an axial line
along the center of the femoral socket (Figure 2).

The virtual graft was modeled as a nonlinear hyperelas-
tic material and inserted into the corresponding bone tun-
nel (Figure 3). The hyperelastic model is generally used in
engineering applications to represent human knee liga-
ment. The model is characterized by strain energy poten-
tial, represented by mathematical equations.38,46 After the
femoral end of the graft was fixed, the tibial side of the graft
was fixed at the middle in the tibial tunnel under 40 N of
tension at full extension to simulate the suspensory fixa-
tion. The grafts were bonded to the tunnel by use of mesh
tie kinematic constraints. The degree of the tension applied
to the graft was determined based on previous testing pro-
tocols demonstrating the graft tension required to match
intact knee laxity.7,30

The rigidity of the femur and tibia was attributed to their
significantly higher stiffness compared with that of soft
tissues. The potential frictional contact was induced by the
graft wrapping around the bone tunnel edge. Several poten-
tial contact sites were triggered, and the value of the con-
tact stress was determined using finite element analysis
with ABAQUS/Explicit code.

Statistical Analysis

The femoral tunnel locations, the femoral GTA, and the
contact stress in the 2 groups were compared using the
Student t test. Statistical significance was set at P < .05.

Figure 1. Lateral view of reconstructed 3-dimensional knee
model. The medial and femoral condyles were superimposed,
and the medial femoral condyle was deleted to provide a
strict lateral position of the lateral femoral condyle. (A) An
anteromedial (AM)–oriented graft tunnel and (B) a central graft
tunnel. The AM-oriented graft tunnel was positioned higher
and deeper than was the central graft tunnel.

Figure 2. Measurement of femoral graft-tunnel angle (GTA). The
GTA was defined as the angle between a virtual anterior cruciate
ligament (ACL) line connecting the centers of the femoral and
tibial tunnel apertures and an axial line along the center of the
femoral socket. (A) Posterior view of the virtual ACL line (red
line). (B) Lateral view of the femoral GTA with the virtual ACL
line (red line) and the axial line of the femoral socket (green line).

Figure 3. The virtual graft was inserted into the correspond-
ing bone tunnel.
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All statistical analyses were performed using SPSS for
Windows (Version 12.0; SPSS Inc).

An a priori power analysis was conducted using G*Power
(Version 3.1.2) to determine the sample size required to detect
a between-group difference of 4.0 MPa in contact stress based
on preliminary data.10 Alpha was set at .05, and the power
was set at 0.8. The calculations showed that a minimum of 10
patients per group was required to detect between-group dif-
ferences in contact stress. Hence, 12 patients per group were
identified as enough to detect significance between the
groups.

The inter- and intraobserver reliability of the femoral
tunnel location measurements were calculated using the
intraclass correlation coefficient (ICC).

RESULTS

Femoral Tunnel Position

The femoral tunnel for the AM group was located at 29.3% ±
4.1% in the posterior-to-anterior direction and at 25.3% ±
4.5% in the proximal-to-distal direction. The femoral tunnel
of the central femoral tunnel group was located at 36.3% ±
5.3% in the posterior-to-anterior direction and at 40.3% ±
5.8% in the proximal-to-distal direction. Significant differ-
ences were noted regarding the percentage difference in the
mean femoral tunnel locations between the 2 groups in
terms of the posterior-to-anterior and proximal-to-distal
directions (P ¼ .001 and P < .001, respectively). The ICC
values for the inter- and intraobserver reliability were 0.92
and 0.95, respectively, which was considered to be
excellent.

Graft-Tunnel Angle

The mean graft/femoral tunnel angle was 124.2� ± 5.9� in
the AM group and 112.6� ± 7.9� in the central group. The

mean GTA was significantly obtuse in the AM group com-
pared with the central group (P ¼ .001). The intergroup
comparison of the femoral GTA is illustrated in Figure 4.

Contact Stress

Local contact stress was the highest when the grafts
wrapped over the sharp edges of the tunnels and bent to
create an acute angle (Figure 5). The highest localized
stress occurred at the tunnel edge of the femur in a very
small area, possibly resulting in graft damage.

In general, both groups showed high stress distribution
on the anterior surface of the graft, which contacted the
surrounding bony structure at the anterior aspect of the
femoral tunnel aperture. The mean ± SD highest stress was
5.3 ± 2.6 MPa in the central group, which was significantly
higher than in the AM group (1.2 ± 1.1 MPa; P < .001). The
fringe pattern distribution of the contact stresses is pre-
sented in Figure 6.

DISCUSSION

The most important finding of this study was that the cen-
tral footprint ACL graft generated significantly greater
contact stress at the edge of the femoral tunnel than did
the AM footprint ACL graft. The AM footprint ACL recon-
struction group showed greater GTA than did the central
footprint ACL reconstruction group. Sharper turning of the
graft at the tunnel orifice may trigger higher contact stress
at the interface between the graft and the bone tunnel edge.

Many surgeons have attempted to reproduce the anat-
omy as closely as possible by placing the femoral bundles
in the center of the native insertion sites between the
native AM and PL footprints. The central tunnel has
been regarded as “anatomic” based on several anatomic
and biomechanical studies arguing that the central fem-
oral footprint tunnel position is intuitively the anatomic

Figure 4. Comparison of the mean femoral graft-tunnel angle
between groups. Error bars indicate SDs. *Statistically signif-
icant difference (P < .05). AM, anteromedial.

Figure 5. Stress patterns at the interaction between the graft
and surrounding bone for the (A) anteromedial (AM) graft and
(B) central graft. Circles detail the anterior view of the graft,
where bony structure was removed. The contact stresses
generated by the anterior tunnel edge on the graft were higher
in the central graft than in the AM graft.
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position, which provides superior rotational
stability.2,5,9,12,34

The trend suggested a shift in femoral tunnel placement
from the nonanatomic high-noon position to a lower posi-
tion abutting the inferior cartilage margin, which covered
the footprint maximally at the center of the femoral foot-
print.11,19,33 However, this lower and centrally placed tun-
nel reveals indirect insertion, which plays a less significant
role when compared with the direct insertion.42,45

Based on several histologic and biomechanical studies,
an eccentric femoral socket within the native femoral foot-
print as well as the direct insertion and AM bundle orien-
tation has been advocated.32,36,39 The eccentric location of
the femoral tunnel has been demonstrated to provide better
isometry than the central femoral tunnel provides. A pre-
vious cadaveric study by Lubowitz25 demonstrated that the
centrally located ACL graft reached its maximum length at
full knee extension, followed by a gradual decrease in
length under increased knee flexion. The degree of the
length change in the central graft was greater than that
in the AM bundle–oriented graft.

Previous studies have reported that this nonisometric
behavior of the central graft is a physiologic phenome-
non.4,26,27 However, the centrally located ACL graft, which
was finally fixated at the extension position, slackened
under knee flexion, resulting in undesirable knee laxity,
especially in the flexed knee position. In addition, if this
central graft was fixated in the flexed position, excessive
tension was generated within the graft, resulting in poten-
tial graft failure.4,26,27

Thus, the term “revisitation” has been recently sug-
gested based on isometry, which is also one of the important
biomechanical factors preventing undesirable knee laxity
or potential graft failure due to excessive tension according
to the final fixation angle of the graft.25,32,49

According to the cadaveric study conducted by Kawagu-
chi et al,20 the fibers attached to the AM direct fiber yielded
a graft load ranging from 66% to 84% of the total resistance

to the anterior drawer. The study also showed that the AM
direct fiber was most important in resisting the rotational
force.

Previously, central graft placement was performed
based on the concept of maximal footprint coverage.
Thus, an excessively inferior femoral tunnel was created,
resulting in a graft location within the indirect insertion
area where the contribution of the load was relatively
low.29,36,42

Furthermore, several studies, such as the Danish Knee
Ligament Reconstruction Register39 and the prospective
and comparative study of Clatworthy et al,6 reported that
the central graft yielded a higher revision rate than the
AM graft. The Danish registry study proposed that the
steep technical learning curve resulted in higher failure
using the transportal technique targeting the femoral
central footprint. However, Clatworthy et al suggested
another cause for the high failure rate in the central fem-
oral ACL graft, based on the high-volume ACL experi-
ence. They concluded that transportal central femoral
tunnel ACL reconstruction resulted in a higher and ear-
lier failure rate than did the transtibial AM femoral tun-
nel ACL reconstruction. Furthermore, they reported a
lower failure rate in an ongoing study of the AM femoral
tunnel drilled transportally. These findings have been
corroborated by several biomechanical studies demon-
strating that a low femoral tunnel position, which is
regarded as the central graft, may experience excessive
force due to greater length change during the knee range
of motion.25,26,32 These previous studies speculated that
the trend toward lower tunnel placement in the femoral
footprint was detrimental to the graft.

However, some surgeons still believe that increased risk
for failure in lower ACL graft is due to increased graft force
in the lower flexion angle, implying that the lower position
of the ACL graft works well.1,2,8,12,18 This concept conflicts
with the foregoing studies demonstrating the eccentric
location of the AM graft in the femoral footprint bears the
major load distribution.20,32 Furthermore, there is a pau-
city of solid evidence showing that the increased graft
strain is related to the increased risk of ACL revision. In
addition, no significant differences have been reported
between the central and AM grafts in terms of anterior and
rotational stability at time zero.7

Hence, we investigated factors other than the kinematic
stability of the postoperative knee to determine the optimal
femoral tunnel placement. The AM graft through a trans-
portal technique lies in a different trajectory in the distal
femur compared with that of the central graft because of
the different center of the femoral tunnel. These different
trajectories of the ACL graft could yield different biome-
chanical consequences, such as stress patterns around the
femoral tunnel, which could be affected by different femoral
GTAs. In particular, stresses arising on the graft that
result from the interaction between the ACL graft and edge
of the bone tunnels have not been well investigated.
Increased contact pressure around the femoral tunnel may
abrade the graft, subsequently resulting in graft failure.

We, therefore, focused on the contact stress arising at the
interface between the graft and the surrounding bony

Figure 6. Comparison of the mean highest contact stresses
between groups. Error bars indicate SD. *Statistically signifi-
cant difference (P < .05). AM, anteromedial.
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structures. Several studies have demonstrated the effects
of acute bending on the development of attritional force on
the graft.28,31 A recent cadaveric biomechanical study dem-
onstrated that differences in graft bending angle at the
tunnel entrance generated different peak contact pres-
sures, suggesting that increased acute bending of the graft
resulted in greater peak contact pressures.28,31

The finite element model of the ACL by Song et al43

revealed an interaction between the grafts and the bony
structures, suggesting that the development of contact
stress on the graft was influenced by the intensity of the
frictional force. The results of the finite element study of
Kim et al21 that analyzed the local contact stress of the
double-bundle ACL graft were consistent with results of
this study on the effect of GTA on the contact pressure on
the graft. They have demonstrated that the contact stress
was highest when the grafts wrapped over the sharp
edges of the tunnels.21 In this study, the contact stress
was also induced and calculated using the finite element
tools. The GTA had a possible effect on the contact stress
on the grafts triggered by the interaction between the
graft and the tunnel edge when the graft bent around the
tunnel orifice.

The results of this study are clinically relevant because
the graft’s contact stress at the extended position was
minimized by creating the femoral tunnel at the AM-
oriented footprint. Given the previous reviews regarding
the locations of the native AM and PL footprints, our
results regarding the central and AM femoral tunnel loca-
tions are consistent with the locations of the native fem-
oral footprint demonstrated by previous anatomic
studies.3,11,22,35

As discussed earlier, it is well known that excessive
tension due to graft elongation occurs in low-placed graft
near 0�, which occasionally results in graft failure during
simulated loading tests.4,25-27,32 On the other hand, con-
tact stress between the graft and the tunnel aperture
could be another cause of graft failure because contact
between grafts and surrounding bone may also induce
graft stretching without an increment in distance
between the insertion points.21 In addition, stress gener-
ated by frictional contact between the graft and the tun-
nel aperture could be a possible cause of graft abrasion.
Thus, the findings of recent clinical studies, suggesting a
significantly higher rate of graft failure in the central
footprint ACL reconstruction group than in the AM foot-
print reconstruction group, could be reinforced by our
results.6,39

However, the results and clinical relevance of this study
should be carefully interpreted in light of its several lim-
itations. First, the effect on potential graft failure of an
approximate 10� difference in GTA and 4-MPa difference
in contact stress has yet to be clearly defined. Second, the
realistic biomechanical representation of the graft was
limited because the virtual graft used in this study was
created on the basis of biomechanical properties such as
hyperelasticity and incompressibility. Hyperelasticity and
incompressibility have been widely used in finite element
modeling of the ligament to describe large deformation
with an assumption of negligible time- and rate-

dependent effects in the preconditioned state.13,47,48

Further studies are needed for the development of more
realistic tissue properties under the finite element mod-
eling process. Third, we did not plot the changes in
graft contact stress according to the various knee flex-
ions. Because we did not test different knee flexion
angles, we did not represent the entire knee biomechan-
ics, such as gliding or the screw home mechanism.
Instead, we compared the highest contact stress between
the AM and central grafts with the knee in full extension
because the maximum stress is generated between bone
and the ACL graft under full knee extension, based on
the previous biomechanical studies.16,21 In addition, the
amounts of radiation administered to the patients could
be minimized by positioning the operated knees at only 1
flexion angle (fully extended position) during scanning.
Fourth, we did not compare the size of the femoral tun-
nels, and thus this variable may play a role. Fifth, with
respect to intra-articular graft rupture patterns, the risk
of potential proximal graft rupture could be extrapolated
by our simulated model ACL graft, whereas a clinical
study by van Eck et al44 following SB ACL reconstruction
reported that the most common rupture pattern was
elongation of the graft (58.3%), followed by proximal rup-
ture (21.7%). Although data regarding the tunnel loca-
tion were not available in the study of van Eck et al,44 the
clinical effect of our results on gradual elongation of the
graft could be elucidated by future investigations.

CONCLUSION

Compared with the AM footprint ACL graft, the central
footprint ACL graft developed significantly higher contact
stress in the extended position, especially around the ante-
rior aspect of the femoral tunnel aperture.
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